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1.1 Every electromagnetic (photonic) mode is quantized and posseses zero-
point-fluctuations, finite electromagnetic fluctuations/noise. (a) Metal-
dielectric interfaces support surface plasmon polaritons, (b) microring res-
onators support guided mode resonances, and (c) free space cavities sup-
port Fabry-Perot resonances; the ground state of each of these photonic 
modes is populated with zero-point-fluctutations. (d) The interior of a 
photonic crystal has a photonic bandgap, supporting no modes. In this 
case there is no zero-point-fluctuations because there exists no modes! In 
this thesis we utilize plasmonic Metamaterials to engineer vacuum fluctu-
ations with the ultimate end goal of fundamentally extending the range 
of dipole-dipole interactions and enhancing single photon sources. The 
key principle is that the dispersion of quantum vacuum is altered by a 
homogeneous material response as opposed to resonant structures. . . . . . 1 

1.2 Single-atom radiation field interactions. The photon states of the electro-
magnetic radiation field (right, red) interacts with the states of an atom 

ˆor molecule (left, green) through an interaction Hamiltonian Hint. This 
interaction Hamiltonian couples the normally stable atomic states and 

ˆcauses transitions between atomic energy levels. Hatom is the Hamiltonian 
ˆdescribing the unperturbed atomic states, and Hfield is the Hamiltonian 

describing the unperturbed photon states. . . . . . . . . . . . . . . . . . . 2 

1.3 Multiple atoms interacting via radiation field. The energy levels of atoms 
and molecules can mutually interact through the radiation field as in van 
Der Waals forces, Dicke Super Radiance, and Förster Resonance Energy 
Transfer. The atoms do not directly interact; the coupling between the 
them is mediated by their individual coupling with the photon field. The 
Hamiltonians are as defined in the caption of figure 1.2. The dominant 
coupling between atoms is through dipole-dipole interactions. . . . . . . . 3 

1.4 Interactions of atoms and fluorophores with the evnironment are engi-
neered by tailoring the local photonic density of states (LDOS). Dipole-
dipole interactions are governed by the two point spectral energy density 
(SEE ) and are engineered separately from the LDOS. Here we utilize hy-
perbolic media to extend the Coulombic near-field of SEE ) to the far-field 
to enable long-range non-radiative dipole-dipole interactions. . . . . . . . . 6 
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1.5 Iso-frequency curves for dielectric media and hyperbolic media are shown. 
Conventional materials such as a dielectric (� > 0) have closed iso-frequency 
curves, limiting the maximum spatial frequency that is allowed to propa-
gate. Hyperbolic media (�̄ = diag[�x, �x, �z], �x · �z < 0) have a hyperbolic 
isofrqeuency curve and there is no cut-off to the spatial frequencies that 
can propagate within the bulk of the material. We utilize this property to 
engineer light-matter interactions and long-range dipole-dipole interactions. 8 

1.6 Comparison of dipole-dipole interactions (Vdd) in metallic waveguides, pho-
tonic crystal band-edge structures and hyperbolic metamaterials. Here r 
is the distance between interacting emitters, vg is the group velocity of 
the waveguide mode with wavevector k, ωcut−off is the cut-off frequency 
of the metallic waveguide mode or photonic crystal and ξ is an interaction 
range. (A) When the transition frequencies of interacting atoms lie above 
the cut-off, they will have a sinusoidal-type interaction; (B) on the other 
hand, at the band-edge of a photonic crystal there occur interactions with 
a divergent strength as well as range (C) Hyperbolic media exhibit fun-
damentally different Coulombic long-range interactions which diverge for 
specific angular directions in the low-loss effective medium limit. . . . . . . 9 

1.7 Disordered gold nanoparticle films display enhanced resonant dipole-dipole 
interactions. Top: Atomic Force Microscope thickness map of a typi-
cal sample reveals the presence of gold nanoparticles. Bottom Left: A 
schematic of the nanoscale structure. Bottom Right: A schematic of the 
many-body resonant dipole-dipole interactions (RDDI) observed in exper-
iment. We observe that the interactions between dipoles near the metallic 
nanoparticles exceeds their individual interactions with the nanoparticles. . 11 

2.1 A material composed of periodic arrays of sub-wavelength building blocks 
yields an effective anisotropic dielectric tensor. This effective dielectric 
tensor can be engineered by designing the shape and relative positioning 
of the building blocks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

2.2 The real part of the dielectric permittivity tensor is shown for silver/silica 
multilayer metamaterials with a silver thickness of 20 nm and silica thick-
nesses (a) 20 nm, (b) 30 nm, and (c) 40 nm. The dispersion is calculated 
using experimentally obtained dielectric permittivities for the constituents. 
(d) The imaginary part of the complex propagation constant k⊥ for p-
polarized light is shown for the metamaterials samples in panels (a)-(c), 
and for bulk silver. Im[k⊥ 

p ] governs the transparency window and exhibits 
an anomalous peak at the ENZ of of the constituent silver (λ ≈ 326 nm) 
for obliquely incident light. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
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2.3 Experimental s- and p-polarized transmission at angles of incidence 0o , 20o , 
40o and 60o is shown for five period silver/silica multilayer metamaterials 
with layer thicknesses (a) 20/20 nm, (b) 20/30 nm, (c) 20/40 nm, and 
for a (d) 100 nm silver film. The excitation and subsequent dissipation of 
Ferrell-Berreman (FB) modes within the silver films appears as anomalous 
transmission for obliquely incident p-polarized light at the ENZ frequency 
of the constituent silver films (λ ≈ 326 nm). FB modes can not be excited 
with s-polarized light and thus no anomalous transmission is present. The 
FB mode is only weakly present in the relatively thick silver film. Panel 
(e) shows the strong agreement of EMT calculations with experiment for 
the five period 20/20 nm sample. Inset: SEM micrograph of the sample. . 21 

2.4 Ferrell-Berreman (FB) mode dispersion for (a) a 20 nm and a 100 nm thick 
Ag foil on glass, and (b) for a 5 period 20/30 nm Ag/SiO2 multilayer on 
glass. The silver and silica glass is modeled in the limit of neglible material 
losses. (c) Figure of merit, ratio of the decay length to the wavelength, 
is shown for the 20 nm and 100 nm Ag foils and the 20/30 nm Ag/SiO2 

multilayer. The large figure of merit for the metamaterial FB modes allow 
them to couple strongly to free-space light. Their low group-velocity, slow-
light nature leads to dissipation due ohmic losses in the metal, not re-
radiation to be the dominant decay channel for the FB excitations. . . . . 25 

2.5 Top: transparency window. At λ = 340 nm, p-polarized light obliquely 
incident on the metamaterial is transmitted without significant attenu-
ation. Bottom: Ferrell-Berreman Mode. Within the transparency win-
dow at the plasma frequency of the constituent silver, there is an anoma-
lous decaying mode which attenuates very rapidly and is not transmitted. 
Ferrell-Berreman modes are excited within the constituent silver films and 
charge oscillates across the volume of the silver resulting in a strong field 
enhancement in each silver layer. The solid curve (—) is the exact mul-
tilayer calculation and the dashed curve (- - -) is the effective medium 
approximation. (Note the logarithmic scale in the bottom panel.) . . . . . 28 
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3.1 (a) A multilayer stack of Ag/TiO2 with 10/30 nm layer thicknesses behaves 
like a homogeneous metamaterial slab with hyperbolic dispersion (�k < 
0, �⊥ > 0) above λ ≈ 720 nm. The emitter is embedded symmetrically 
in a 30 nm layer of TiO2. (b) The direction of power flow is normal to 
the isofrequency surface. In HMMs, the power flow of all high-k states 
tends to bunch and point in the same direction, thus forming resonance 
cones. (c) A quantum dot embedded in a HMM emits preferentially into 
high-k states and hence the resonance cone (λ = 800 nm). The Power 
Density and Poynting Vector are are normalized by the total time averaged 
power emitted from the oscillating point dipole. The grey arrows show the 
asymptotic direction of power flow for extremely high-k states for an ideal 
HMM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 

3.2 (a) A large decay rate enhancement is predicted across the region of hy-
perbolic dispersion. (b)The W-LDOS (normalized by vacuum) available 
to a quantum emitter embedded in a multilayer realization of a HMM 
show that emission occurs into bulk waveguide modes of the HMM slab in 
the region of hyperbolic dispersion. (c) The transmission coefficient (com-
puted using a transfer matrix method for a plane wave launched from the 
embedded layer) at the top of the multilayer slab shows that the HMM 
waveguide modes propagate to the top of the HMM slab and can be out-
coupled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 

3.3 (a) A dipole is embedded symmetrically between two 370 nm thick HMM 
slabs composed of Ag/TiO2 with a silver filling fraction of 0.25. Type 2 
hyperbolic dispersion is predicted above λ ∼ 720 nm. The embedded layer 
thickness is varied. (b) A dipole is placed above one of the finite HMM 
slabs from ())a. The dipole/interface distance is varied. (c) Calculated 
enhanced decay rate β at λ = 900 nm show that the decay rate enhance-
ment is stronger when the dipole is embedded between two HMMs. (d) In 
the extreme near-field, the decay rate enhancement varies as the inverse 
cube of the interaction distance which is attributed to emission into high-k 
HMM modes and quenching. At far-field interaction distances, the decay 
rate enhancement is governed by plane wave interference effects. . . . . . 40 
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3.4 (a) A dipole with vertical dipole moment is embedded symmetrically be-
tween two 4.5 period multilayer HMM slabs composed of Ag/TiO2 with 
thicknesses 10/30 nm respectively. Type 2 hyperbolic dispersion is pre-
dicted above λ ∼ 720 nm. The embedded layer thickness is varied. (b) 
A dipole is placed above one of the finite HMM slabs from (a). The 
dipole/interface distance is varied. (c) Calculated enhanced decay rate β 
calculations at λ = 900 nm show that the decay rate enhancement is con-
siderably stronger when the dipole is embedded between two multilayer 
HMMs. (d) In the extreme near-field, the decay rate enhancement varies 
as the inverse cube of the interaction distance; this is attributed to (i) 
emission into a gap plasmon mode and quenching when the emitter is em-
bedded and (ii) emission quenching when the emitter is placed above the 
multilayer. At far-field interaction distances, the decay rate enhancement 
is governed by propagating wave interference effects. . . . . . . . . . . . . 42 

3.5 Low-k LDOS: Calculated wave vector resolved LDOS at various far-field√ 
interaction distances at λ = 900 nm show that when d ≥ 1/2 λ/ � ∼ 
150 nm, low-k interactions dominate. As the dipole is brought closer 
(embedded layer shrunk), emission is shifted into high-k modes. The peaks 
in the low-k LDOS are due to propagating wave interference. . . . . . . . . 45 

3.6 High-k LDOS - Effective Medium Theory: Calculated wave vector resolved 
LDOS at various near-field interaction distances at λ = 900 nm show 
that as the interaction distance d is decreased, additional high-k modes 
become accessible to the emitter. The HMM modes are recognizable as 
sharp peaks in ρ and are attributed to propagating waveguide modes of 
the HMM. When the emitter is embedded between two HMM slabs the 
coupling to high-k HMM modes is slightly stronger and the onset of the 
strong near-field interactions occurs at larger d. At very small d, emission 
quenching begins to dominate. This is recognized as the wide smooth 
peak in ρ. Emission into the high-k HMM modes and emission quenching 
cause the total decay rate enhancement β to scale as ∼ d−3 in the extreme 
near-field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 
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3.7 High-k LDOS - Multilayer System:Calculated wave vector resolved LDOS 
at various interaction distances at λ = 900 nm show that as the interaction 
distance d is decreased, additional high-k modes become accessible to the 
emitter. No high-k HMM modes exist above the cut-off (dashed line). In 
the case of the emitter above the multilayer slab the onset of emission into 
lossy surface waves (smooth broad peak) occurs at much smaller distances 
than in the EMT case. In the embedded case we see the presence of a gap 
plasmon mode, identified by the large peak which shifts with embedded 
layer thickness. Again, the onset emission into lossy surface waves occurs 
at smaller distances than in the EMT case. . . . . . . . . . . . . . . . . . . 49 

3.8 (a) Parallel and perpendicular components of the dielectric permittivity 
predicted by EMT for a 10 nm and 30 nm Ag/TiO2 multilayer structure. 
A topological transition between elliptical dispersion and hyperbolic dis-
persion occurs just above λOT T ≈ 720 nm. (b) Using a large dielectric 
constant half-space superstrate (� >> 1), the high-k modes of the reso-
nance cones are outcoupled into well defined propagating modes in the 
far-field of the dielectric over a broadband spectral range. There is excel-
lent agreement between the topological transition predicted by EMT and 
the large Purcell factor achieved in the practical multilayer structure. . . . 51 

3.9 HMM-based single photon source utilizing a bullseye grating to outcou-
ple single photon resonance cones from the metmaterial. (a) A subwave-
length cylindrical Bullseye grating can be used to scatter the high-k states 
which are intrinsically confined to the HMM slab, into vacuum propagat-
ing modes. (b) FDTD simulations show that the spectral location of the 
maximum far-field Purcell factor Fp can be tuned by varying the grating 
period. (c) The directivity D = P (θ)/(Ptot/4π) is shown at the location 
of maximum far-field enhancement (Λ = 400 nm; λmax ≈ 900 nm). The 
emission from the bullseye occurs into a highly directive conical shell. The 
small grey curve shows the directivity of a dipole in TiO2. Directivity is a 
measure of the power density directed along a particular direction relative 
to an isotropic point source emitting the same total power. . . . . . . . . . 53 
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3.10 (a) Schematic of the HMM composed of Ag/Al2O3. (b) Cross-sectional 
TEM image showing smooth continuous films of Ag (dark) and Al2O3 

(bright). (c) Permittivity of the structure as calculated from Effective 
Medium Theory based on experimentally determined dielectric constants 
and metal fill fraction. Dotted line corresponds to the emission spectrum 
of the QDs. Inset, hyperbolic isofrequency contour of an ideal HMM over-
laid on the spherical IFC of air. (d) Lifetime distribution of QDs on glass, 
1-period, 4-period, and inside a 7-period nonpatterned HMM. Experiment 
credit goes to Dr. Tal Galfsky and Prof. Vinod Menon of the City Univer-
sity of New York. Figure reprinted with permission from ref. [50], Optical 
Society of America. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

3.11 The experimental setup measuring the fluorescence lifetime of the QD 
emitters embedded in the HMM is shown. The QDs are excited by a 
solid-state laser diode pump (440 nm, ≈ 90 ps pulses at 8 MHz repetition 
rate), while the fluorescence emission is collected in a confocal pin-hole 
geometry. The emission kinetics are measured via time-correlated-single-
photon-counting and the collection location is raster scanned via a piezo-
electric stage. Experiment credit goes to Dr. Tal Galfsky and Prof. Vinod 
Menon of the City University of New York. Figure reprinted with permis-
sion from ref. [50], Optical Society of America. . . . . . . . . . . . . . . . . 57 

3.12 SEM image of Δ = 150 nm germanium bullseye grating on top of a mul-
tilayer metamaterial. Left inset: array of gratings with different periods. 
Experiment credit goes to Dr. Tal Galfsky and Prof. Vinod Menon of 
the City University of New York. Figure reprinted with permission from 
ref. [50], Optical Society of America. . . . . . . . . . . . . . . . . . . . . . 58 

3.13 (a) Confocal microscope image of PL emission from bullseye gratings with 
half periods Δ = 125 nm, Δ = 150 nm, Δ = 170 nm, and Δ = 200 
nm on 7P HMM. The measurements were carried out over a scan area of 
10 µm×40 µm. (b) Experimentally measured ratio between the intensity 
at the center of the grating to that of nonpatterned background for 7P and 
1P for different grating periods. Solid lines are the calculated ratios from 
simulations. Inset, fluorescence lifetime map of the Δ = 125 nm device. 
Experiment credit goes to Dr. Tal Galfsky and Prof. Vinod Menon of 
the City University of New York. Figure reprinted with permission from 
ref. [50], Optical Society of America. . . . . . . . . . . . . . . . . . . . . . 59 
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4.1 Comparison of dipole-dipole interactions (Vdd) in metallic waveguides, pho-
tonic crystal band-edge structures and hyperbolic metamaterials. Here r 
is the distance between interacting emitters, vg is the group velocity of 
the waveguide mode with wavevector k, ωcut−off is the cut-off frequency 
of the metallic waveguide mode or photonic crystal and ξ is an interaction 
range. (A) When the transition frequencies of interacting atoms lie above 
the cut-off, they will have a sinusoidal-type interaction; (B) on the other 
hand, at the band-edge of a photonic crystal there occur interactions with 
a divergent strength as well as range (C) Hyperbolic media exhibit fun-
damentally different Coulombic long-range interactions which diverge for 
specific angular directions in the low-loss effective medium limit. . . . . . . 63 

4.2 (A) The calculated vacuum fluctuation induced dipole-dipole interaction 
potential is shown for two molecules separated by a realistic (dissipative) 
slab of HMM, SiO2 and Ag is shown. γo is the free space decay rate. 
The HMM provides strong dipole-dipole interactions along the asymp-
totes of the resonance cone which show a Coulombic near-field scaling 
(∼ 1/r3) even for distances comparable with the free-space wavelength 
– orders of magnitude stronger than conventional materials. The HMM 
dielectric constants are �x ≈ −4.2 + 0.2i, �z ≈ 5.4 + 0.01i. (B) FRET is 
used as a probe for long-range super-Coulombic RDDI. The donor atom’s 
radiative dipole transition is resonant with the acceptor absorption dipole-
transition. (C,D) The enhanced RDDI mediated by directional hyperbolic 
polaritons is shown for a dipole located below a 100 nm slab of SiO2 and 
HMM. The HMM allows a single dipole (white arrow, bottom) to interact 
with many physically separated acceptors (orange arrows, bright regions, 
top) giving rise to unique super-Coulombic enhancements for thin films of 
acceptors and donors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 
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4.3 (A) The sample-types used to isolate RDDI in various material systems 
is shown. Donors (Alq3) are shown green on top while acceptors (R6G) 
are shown red on the bottom. (B,C,D) The transmitted PL spectra for 
the donor and acceptor separated by dielectric, metal and metamaterial 
is shown. We note that energy transfer is clearly visible in all three mate-
rial systems; that is, the donor excited state is causing the acceptor to be 
excited and subsequently relax and emit a photon. This is concluded by 
noting an increased intensity of acceptor emission and a quenched donor 
emission when the emitters are placed in the hybrid geometry (black curve) 
relative to the donor-only (blue curve) and acceptor-only (red curve) con-
trol systems. (E,F,G) The time resolved donor fluorescence for donor-only 
(blue) and hybrid (black) samples are shown for the three material sys-
tems. For the donors:acceptors separated by 100 nm of SiO2 or Ag (G, H), 
the hybrid decay traces reveal no additional lifetime reduction compared 
to the donor-only case, indicating no long-range RDDI. When the donor 
and acceptors are separated by a 100 nm Ag/SiO2 multilayer metamate-
rial (G), we observe a marked excited state lifetime reduction when the 
acceptor molecules are present, providing evidence of long-range super-
coulombic RDDI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 

4.4 Spatial scaling of Super-Coulombic interactions. (A) Experimental con-
firmation of enhanced energy transfer rates due to the Super-Coulombic 
effect in a hyperbolic metamaterial (green) compared to silver film (blue) 
and SiO2 film (red). The noise floors are denoted by dashed curves and the 
numerically calculated many-body dipole-dipole interaction curves are de-
noted by the colored bands. The theoretical predictions include 10% error 
bands accounting for uncertainty in the independently extracted physical 
parameters. (B) Numerically simulated spatial dependence of sheet-to-
slab (2D sheet of donors and thin slab of acceptors) many-body dipole-
dipole interactions demonstrating an enhanced FRET rate of the effective 
medium model (yellow) with ∼ d−3 power law dependence. Super-lattice 
structures with unit-cell sizes of 40 nm, 20 nm, and 4 nm respectively are 
also shown exhibiting an extended spatial range with enhanced Coulombic 
interactions beyond the scale of a wavelength. The green stars correspond 
to the experimentally measured data. The solid grey line shows the ideal 
EMT limit of adsorbed quantum emitters on a hyperbolic medium whereas 
the dashed black line presents the analytical scaling law taking into ac-
count the finite distance between the emitter and metamaterial. . . . . . . 70 

4.5 The schematic flow chart describing the modeling of many-body super-
Coulombic interactions is shown. . . . . . . . . . . . . . . . . . . . . . . . 74 
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5.1 Results of AFM measurements are shown. (a) Before annealing, the film is 
semi-continuous and composed of many small islands. (b) After annealing 
the gold islands have reflowed into larger more circular particles. If we 
assume the particles in both cases have a circular lateral cross section, 
and a half ellipsoidal top, then the islands/particle size statistics can be 
extracted. (c) The relative frequency of particle radius (assumed to have 
circular lateral shape) is increased upon annealing. (d) The measured 
particle height as a function of extracted particle radius reveals the NP 
heights increases an order of magnitude upon annealing. We note that 
the particle height is approximately proportional to the cube root of the 
particle radius; this purely empirical result indicates that the gold islands 
(pre-anneal) and gold particles (post-anneal) tend to have an island-like 
shape (height<lateral dimensions). . . . . . . . . . . . . . . . . . . . . . . 89 

5.2 (a) The extinction spectra reveals scattering and absorption losses at λ ≈ 
530 nm due to he presence of a LSP resonances in the annealed gold 
NP films (no ALD applied). The complex morphology of the unannealed 
gold film possesses low quality resonances over a broad spectral range 
and indicates the lack of strong plasmonic resonances. The additional 
ALD deposition of a conformal 4 nm Al2O3 layer shows the red-shifting 
and increase in quality of the LSP resonances (see main text for more 
details). The observed extinction is modeled reasonably well with Mie 
scattering theory for spherical Au NPs. In the model, an ensemble of Au 
NPs (extracted from experiment, inset right) is averaged to get the theory 
curve shown. The blue vertical band depicts the spectral location of the 
peak FRET interaction between Alq3 donors and R6G acceptors. (b) A 
schematic overview of the fabrication procedure is shown. . . . . . . . . . . 90 

5.3 The experimental schematic for a hybrid dark-field / fluorescence micro-
scope is shown. (1) Pulsed white light undergoing total internal reflection 
reveals the position of resonant LSP particles via dark-field scattering mi-
croscopy. (2) At the same physical sample location, fluorescence emission, 
pumped via narrowband pulsed light, is collected in a confocal geome-
try. This fluorescence signal is then imaged via the imaging spectrograph. 
The fluorescence emission kinetics are also simultaneously measured via 
time-correlated single photon counting. A pin-hole is used to increase spa-
tial resolution in this case. Details on the light sources can be found in 
appendix E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
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5.4 (a) White light scattering image from gold nanoparticle film, pumped with 
white light continuum. (b) The corresponding fluorescence image is shown. 
For both (a,b) the imaging spectrograph slit is open and the grating is 
tilted such that the zeroth order diffraction illuminates the CCD, i.e. dis-
persion off. (c) The same fluorescence image as (b) is shown, except the 
spectrograph slit is closed. (d) The same image as (c) is shown, except the 
spectrograph grating has been tilted such that the first diffraction order 
illuminates the CCD, i.e. dispersion on. To obtain a 1D spectrum (signal 
vs wavelength) from the image shown in (d), we combine (sum/bin) the 
CCD counts in the y-direction. . . . . . . . . . . . . . . . . . . . . . . . . 92 

5.5 (a) The spectra of dye:PMMA mixtures on top of the gold NPs are shown. 
The curves are labeld as follows: D = Alq3 donor alone, A = R6G acceptor 
alone, DA = donor and acceptor mixed with the same concentration as D 
and A alone. (b) The differential spectra ΔPL = DA − (D + A) reveals 
the quenching of the donor fluorecence and enhancement of the acceptor 
fluorescence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 

5.6 The normalized donor fluorescence decay traces for donor only (D) and 
donor with acceptor (DA) samples are shown for three material systems: 
(a) on glass, (b) on 18 nm a continuous Au, and (c) on a gold NP film. 
All three material systems have a 4 nm continuous layer spacer of Al2O3 

between the material system and the dyes. In all three material systems 
we see that the donor emission kinetics are more rapid when the acceptors 
are present due to FRET. . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

¯5.7 (a) The effective donor decay rate Γ is plotted for the donor only (D) 
and donor with acceptor (DA) samples . (b) The effective FRET rate 
¯ ¯ΓET = ΓDA − Γ̄ 

D is plotted alongside the effective donor only decay rate. 
(c) The FRET efficiency ηET is plotted alongside the radiative decay rate 
enhancement β. For donors on the Au NP substrate, we observe a 13.3× 
increase in the effective FRET rate, outpacing the radiative decay rate 
enhancement of β = 9. As a result, the FRET efficiency, relative to glass 
has increased from 48% to 58%. . . . . . . . . . . . . . . . . . . . . . . . . 94 
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5.8 The decay function h(t) = − log [IDA(t)/ID(t)] is shown for the three ma-
terial systems. The dashed lines for the function atb with b = 1/2 for 3D 
interactions and b = 1/3 for 2D interactions. On glass and 18 nm contin-
uous Au, the 20 nm thick FRET mixtures are well approximated by a 3D 
ensemble with spherically symmetric dipole-dipole interaction potential. 
On the disordered Au NP substrate, however, the same thickness FRET 
mixture behaves as though in a 2D mixture. This indicates that the FRET 
radius has increased in the vicinity of the gold NP film or the dipole-dipole 
interaction potential is favoring interactions in the plane parallel to the 
substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 

A.1 Dielectric permittivity for a 100 nm thick silver foil as determined by 
ellipsometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

B.1 The real and imaginary part of the dielectric permittivity tensor for sil-
ver/silica superlattices is shown for various silver volume filling fractions. 
The ENZ in the parallel direction is red-shifted with decreasing silver filling 
fraction while the ENP in the perpendicular direction is blue-shifted with 
decreasing silver filling fraction. The dielectric tensor shows no remarkable 
features in the real or imaginary parts at the ENZ of the consituent silver 
(λ ≈ 326 nm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 

B.2 At a fixed wavelength, a structure can support many different modes char-
acterized by a set of poles of the reflection coefficient rp. These poles lie in 
the complex wavevector plane kk. We search for the zeros of the function 
α = 1/rp(kk) by systematically sweeping the initial guesses which are fed 
to the minimization algorithm fminsearch in MATLAB. The algorithm 
can converge on a different zero of α = 1/rp(kk), depending on the ini-
tial guess. The black points are the location of the poles in the complex 
kk-plane. The crosses are the initial guesses fed to the algorithm. The 
grey paths illustrate the pole to which the algorithm converges for a given 
initial guess. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 

B.3 The evolution of the Ferrell-Berreman mode, the long-range SPP, and the 
short-range SPP for a thick silver foil to a thin silver foil. For thick films 
(dm ≥ 100 nm) the long-range SPP and short-range SPP are degenerate 
and as the foil thickness decreases the dispersion of these two modes “split” 
into disctintly different modes. For very thin films of silver, the Ferrell-
Berreman mode has a very slow, negative group velocity that couples with 
free-space. For thicker films, the Ferrell-Berreman mode has a much larger 
negative group velocity and couples poorly with free-space light. . . . . . 118 
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C.1 Nine normalized decay trace measurements at far separated locations on 
the metamaterial (Δx ≈ 10µm) are shown for the donor alone sample 
(left) and the donor with acceptor, hybrid sample (right). Different colors 
present indicate the measurements at different locations. . . . . . . . . . 122 

C.2 The effective decay rates of the donor alone and donor with acceptor sam-
ples observed in experiment are shown. The donor alone data are shown 
with hollow, open data markers while donor with acceptor data are shown 
with solid data markers. . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

C.3 Experimental apparatus for obtaining time resolved fluorescence. The 
repetition rate of the pump laser is 100 KHz. The λ = 400 nm, 25 fs 
pulses arriving at the sample have pulse energies ranging from 0.01-100 
nJ. Typical lifetime traces are acquired with pulse energies around 0.1 nJ. 125 

C.4 Reflected PL is used to monitor the donor fluorescence lifetime while the 
transmitted PL is used to monitor the acceptor fluorescent emission intensity.126 

C.5 Background Fluorescence: (A) We pump the metamaterial structure with 
ultrashort 25 fs laser pulses centered at λ = 400 nm from the substrate 
side of the sample. The resulting fluorescence is collected in a confocal 
geometry with a 10x objective and sent to a spectrograph coupled with a 
high sensitivity gated CCD. (B) The metamaterial control sample with no 
Alq3 donor dyes present (the undoped PMMA film is still present) shows 
a broad fluorescence in the green and a sharp fluorescent peak around λ 
= 660 nm. This sharp fluorescence peak in the background signal is well 
out of the range of detection of our emission time dynamics measurements 
which are centered at λ = 500 nm. (C) Fluorescence intensity versus inci-
dent laser pump power is shown for the control sample (no dyes present) 
and the Alq3-doped (donor alone) metamaterial sample. We find that 
both fluorescence signals are in the linear regime (dashed lines) at our 
experimental bandwidth of λcenter = 500 nm Δλ = 20 nm. Furthermore, 
at all pump powers the background fluorescence (blue) is about 1/250x 
the intensity of the Alq3-doped metamaterial (red). . . . . . . . . . . . 128 

C.6 The time resolved background fluorescence emission of the multilayer meta-
material structure whose spectrum is shown in figure C.5. The metamate-
rial background emission at a wavelength of 500 nm (the wavelength of the 
decay traces shown in the figure 4.3 of chapter 4) is very rapid, with over 
75% the emission coming in the first 500 ps after the laser pulse. There is 
also a slow component to the background fluorescence, decaying at a time 
scale of ≈ 200 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 

C.7 Experimental apparatus for measuring the steady state energy transfer 
through the dielectric, metal and metamaterial films is shown. . . . . . . 130 
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C.8 Photoluminescence emission and absorption cross section spectra of Alq3 
and R6G dyes. Alq3 having a PL quantum efficiency of ≈ 35% is spin-
casted as a monolayer while R6G is spin-casted as 20 nm films in PMMA 
495. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

C.9 Fabrication process flow for multilayer metamaterials displaying super-
Coulombic interactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 

C.10 A SEM micrograph of the nanofabricated HMM structure is shown. It is 
difficult to obtain high contrast in the samples with R6G:PMMA present, 
as low electron fluxes are required to prevent the organic PMMA film from 
disintegrating and taking over the image. . . . . . . . . . . . . . . . . . . 134 

C.11 Spectroscopic ellipsometry measurements and modeling for the PMMA 
film results in a highly reliable estimate of the dielectric permittivity and 
film thickness (tPMMA ≈ 20 ± 1.5 nm). . . . . . . . . . . . . . . . . . . . 136 

C.12 (a) AFM line scans of Ag/SiO2 multilayer deposited on a glass microscope 
slide (top and bottom layer silver). The inset shows an overview of the 
surface topography measured via the AFM scan. (b) The AFM depth 
histogram of all the line scans from panel (a) reveals an RMS surface 
roughness of ≈ 1.7 nm. The inset shows a SEM micrograph of a five 
period Ag/SiO2 multilayer on a glass substrate. . . . . . . . . . . . . . . 138 

C.13 (A) Schematic of the fabricated sample used to extract the fluorescence 
lifetimes of ultrathin layers of Alq3 donor dyes used for theory simulations 
of more complex metamaterial nanostructures. (B) Ultrathin Alq3 donor 
dyes embedded within glass exhibit a dynamic fluorescence bi-exponential 
decay. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 

C.14 Alq3 Fluorescence Signal vs Background Fluorescence under pulsed illumi-
nation. Under the same pulsed laser pump conditions as the lifetime data 
of Alq3 embedded within 100 nm glass shown above, we find that the 100 
nm SiO2 + 20 nm PMMA structure itself do not significantly contribute 
to our Alq3 dye signal better than one part in one hundred. . . . . . . . 140 

C.15 Size scales of nanofabrication and optical interrogation in relation to the 
physical size of the sample . . . . . . . . . . . . . . . . . . . . . . . . . . 141 

C.16 If the count rate of the SPAD detector exceeds 1% of the laser pump rep-
etition rate, artifacts due to Poissonian emission from many fluorescence 
emitters causes significant artifacts in the decay trace. See ref [166] for 
further details of this unique experimental artifacts in TCSPC experiments.142 
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C.17 (A) The Alq3 donor emitters relax, emitting energy into a SPPs which 
are weakly coupled to the opposite side of the 100 nm Ag film.These SPP 
propagates along the Ag/PMMA interface for some distance before it is 
(1) scattered to free space by surface roughness or (2) absorbed by Drude-
type losses within the Ag. (B) When the top PMMA layer is doped with 
acceptors (R6G), there is an additional decay channel for the propagating 
SPPs – namely, SPP absorption by acceptors. The damping of SPPs via 
R6G absorption is much more probable than scattering by surface rough-
ness and we therefore observe a “quenched” intensity of Alq3 emission 
relative to (A). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 

C.18 Propagation length of SPPs propagating along silver/PMMA interface. 
The blue curve shows the propagation length resulting from SPPs scatter-
ing to free-space via surface roughness of the silver. The black surve shows 
the propagation length resulting from damping due internal Ohmic losses 
of the silver. The dashed red curve shows the propagation length for SPPs 
propagating along a silver/PMMA with the PMMA doped with R6G. The 
presence of the R6G dopants significantly reduces the propagation length 
in the absorption band of the R6G. . . . . . . . . . . . . . . . . . . . . . 144 

C.19 The observed intensity of scattered donor Alq3 emitted SPPs is reduced 
by 70-80% when acceptors are present on the opposite side of the 100 nm 
Ag film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 

D.1 We measure the donor and acceptor emission kinetics separately using 
bandpass filters centered at 510 nm (donor emission) and 560 nm (acceptor 
emission). Shown is the corresponding decay traces for donor alone (D), 
acceptor alone (A), and donors mixed with acceptors (DA) above our gold 
NP films. We observe the well known quenching of the donor emission 
kinetics due to FRET in the mixed samples (D→DA at 510 nm, blue, 
red). In addition, we notice the acceptor emission is significantly less 
rapid in the presence of FRET (A→DA at 560 nm, green, purple). This 
is a distinct signature of FRET. . . . . . . . . . . . . . . . . . . . . . . . 149 

D.2 The process flow for the fabrication of self-assembled gold nanoparticle 
films is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 
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D.3 (a) A macroscopic image of a pre- and post-annealed 3 nm gold film on 
glass is shown. The samples are illuminated via standard fluorescent room 
lights. (b) A simple schematic of the fabrication procedure is shown. 
The post-annealed self-assembled gold nanoparticle films are coated with 
Al2O3 via atomic layer deposition (ALD).(c) The localized surface plasmon 
resonance spectral location red-shifts and the quality factor increases upon 
coating with the high index Al2O3 dielectric. Prior to gold deposition, 
cleaning with acid as opposed to organic solvents results in higher quality 
plasmonic resonances. The unannealed 3 nm Au film supports no well 
defined resonances regardless of the initial substrate cleaning method. . . 156 

D.4 Mie scattering theory is used to model the the observed optical response of 
the gold nanoparticle films. The model can easily account for the addition 
of dielectric spacer layers deposited on the gold NPs. To accurately predict 
experimental observations the ensemble of NP sizes must be included in 
the model (see inset). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 

D.5 Ordering of spectroscopic ellipsometry for gold nanoparticle films. Note, 
for spectroscopic analysis, the gold films were deposited on the wet-oxide 
of a silicon wafer and not a glass slide. (a) The thickness of wet-oxide 
on the silicon wafer is extracted first. (b) The gold nano particle film 
is treated as an effective homogeneous medium of finite thicknes. The 
effective dielectric function of the gold naoparticle film is modeled using 
a Lorentz oscilator to account for the plasmon resonance. (c) The affects 
of the conformal ALD coating is modeled in two ways. First, the spectral 
location of the Lorentz oscillator from (b) must be allowed to red-shift 
due to the red-shifting plasmon resonance. Second, the ALD film must be 
added directly into the film stack. (d) The affects of the top PMMA film 
are modeled similar to that of the ALD film. First, the Lorentz oscillator 
resonance of the effective gold NP dielectric function must be allowed to 
red-shift. Secondly, the PMMA film is added directly into the film stack. If 
the PMMA is doped with fluorescent particles, then the film stack should 
be modeled away from the fluorescent particles absorption resonances to 
avoid adding another Lorentz oscillator to the model. It is critical to 
note, that going from (a)-(d), the model parameters such as thicknesses 
and dielectric functions from the previous step remain fixed, except where 
noted above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 

D.6 (a) A schematic is shown of the final spectroscopic model used to determine 
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ABSTRACT 

Newman, Ward D. PhD, Purdue University, December 2017. Experimental Demon-
stration of Engineered Dipole-Dipole Interactions in Nanophotonic Environments. 
Major Professor: Zubin Jacob. 

Zero point fluctuations of the electromagnetic radiation field have profound effects 

on the electronic states of atoms and molecules. For example, vacuum fluctuations 

of the photonic radiation field stimulate the spontaneous decay of excited states of 

atoms (spontaneous emission), shift atomic energy levels (Lamb Shift), and allow 

nearby atoms and molecules to couple via dipole-dipole interactions (van der Waals 

interactions, Casimir effect, super radiance, Förster resonance energy transfer). The 

control and modification of vacuum fluctuations has been a long-standing theme in 

quantum engineering as one can then truly control single photon emission and alter 

dipole-dipole interactions spatial scaling with distance. The ability to do so would 

have far reaching impacts in physics (quantum computing and cryptography), engi-

neering (harnessing van der Waals forces), and bio-imaging. In this thesis we leverage 

the emerging new technology of metamaterials to design and fabricate devices that 

facilitate strong light matter interactions and allow for long-range dipole-dipole in-

teractions among quantum emitters. 

Our approach utilizes the unique photonic modes and intrinsically broadband na-

ture of hyperbolic metamaterials, uniaxial media with extreme anisotropy. We show 

experimentally that hyperbolic media fundamentally extend the non-radiative near-

fields of dipole-dipole interactions. In conventional media, these non-radiative near-

fields decay dramatically with distance curtailing interactions to only a few nanome-

ters. This first experimental demonstration was achieved through synergistic advances 

in theory, ultrafast optics, low-light level detection and nanofabrication. We find that 
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dipole-dipole interactions are not directly related to the photonic density of states, but 

instead are quantified by the two-point spectral density function, a physical quantity 

distinct from the photonic density of states. We engineer this quantity and construct 

a metamaterial device that displays dipole-dipole interactions far beyond the range 

of the conventional Coulombic near-field, achieving Super-Coulombic Dipole Inter-

actions. Our approach is distinct from existing techniques which generally rely on 

narrow band resonant cavities or band edge photonic crystals to engineer the radiative 

far-field interactions. 

We also design a hyperbolic metamaterial device to enhance and direct the sponta-

neous emission from isolated fluorescent emitters. Stimulating experimental evidence 

demonstrates that hyperbolic metamaterials are viable candidates for enhancing sin-

gle photon emission into well defined spatial modes. 

This thesis also describes rigorous metamaterial fabrication and design principles, 

and presents experimental isolation of unique Ferrel-Berreman modes in epsilon-near-

zero media which are radiative collective charge oscillations in ultrathin films. 

Finally, we make advancements in nanofabrication of disordered plasmonic media 

that achieves localized plasmonic resonances to demonstrate giant enhancement in 

many-body dipole-dipole interactions. From experiments, we infer that the normally 

spherically symmetric near-field Coulombic potential is anisotropic above disordered 

gold nano-particle substrates. 

We envision that controlled dipole-dipole interactions can impact deterministic 

entanglement creation between remote emitters, quantum coherence in metamaterial 

mediated photosynthetic energy transfer, lead to many-dipole interactive states in 

metamaterials, increase the range of biomolecular FRET rulers as well as FRET 

imaging systems, and accelerate progress towards the long-standing goal of strongly 

coupled quantum systems at room temperature (Vdd > kBTroom). 



1 

1. ENGINEERING THE QUANTUM VACUUM 

1.1 Light-Matter Interactions 

surface plasmon 

polariton
microring 

resonators

free space

cavities
photonic crystal

(a) (b) (c) (d)

metal

dielectric

mirrors

dielectric

Fig. 1.1. Every electromagnetic (photonic) mode is quantized 
and posseses zero-point-fluctuations, finite electromagnetic fluctua-
tions/noise. (a) Metal-dielectric interfaces support surface plasmon 
polaritons, (b) microring resonators support guided mode resonances, 
and (c) free space cavities support Fabry-Perot resonances; the ground 
state of each of these photonic modes is populated with zero-point-
fluctutations. (d) The interior of a photonic crystal has a photonic 
bandgap, supporting no modes. In this case there is no zero-point-
fluctuations because there exists no modes! In this thesis we utilize 
plasmonic Metamaterials to engineer vacuum fluctuations with the ul-
timate end goal of fundamentally extending the range of dipole-dipole 
interactions and enhancing single photon sources. The key principle is 
that the dispersion of quantum vacuum is altered by a homogeneous 
material response as opposed to resonant structures. 

The quantization of the electromagnetic radiation field described by Maxwell’s 

equations shows the well known result that radiation is absorbed and emitted in 

discrete bundles called photons [1]. One peculiar result of this quantized electromag-

netic field is that the ground state of vacuum, a volume of empty space containing 

no photons nor matter, has finite fluctuations in the electric and magnetic fields, 
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Fig. 1.2. Single-atom radiation field interactions. The photon states 
of the electromagnetic radiation field (right, red) interacts with the 
states of an atom or molecule (left, green) through an interaction 
Hamiltonian Ĥ 

int. This interaction Hamiltonian couples the normally 
stable atomic states and causes transitions between atomic energy 

ˆlevels. Hatom is the Hamiltonian describing the unperturbed atomic 
states, and Ĥ 

field is the Hamiltonian describing the unperturbed pho-
ton states. 

analogous to the ground state motion of the quantized harmonic oscillator [2]; these 

zero photon ground state fluctuations are called the zero-point-fluctuations or vac-

uum fluctuations [3]. Interestingly, the macroscopic Maxwell’s equations describing 

electromagnetic radiation in and around materials (�(~r), µ(~r)) can also be quantized 

and thus show that any electromagnetic mode (solutions to Maxwell’s equations) also 

exists as discrete quanta and has zero-point-fluctuations. Figure 1.1 shows a few such 

modes, each of which has zero-point-fluctuations and whose strength is distributed in 

space according to the modal profile of the specific photonic mode [2–4]. 

The actual existence of these vacuum fluctuations is well established and gives rise 

to a myriad of well known observable phenomena: spontaneous emission [1, 5]; the 

Lamb shift [6, 7]; van der Waal’s forces and the Casimir effect [8]; Förster resonance 

energy transfer (FRET) [9]; and, spontaneous parameteric downconversion [10–12]. 

Recent experiments (2015-17) have shown that vacuum fluctuations can be measured 

directly; ground state noise at one frequency can be imprinted on the polarization 
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Fig. 1.3. Multiple atoms interacting via radiation field. The energy 
levels of atoms and molecules can mutually interact through the ra-
diation field as in van Der Waals forces, Dicke Super Radiance, and 
Förster Resonance Energy Transfer. The atoms do not directly inter-
act; the coupling between the them is mediated by their individual 
coupling with the photon field. The Hamiltonians are as defined in 
the caption of figure 1.2. The dominant coupling between atoms is 
through dipole-dipole interactions. 

state of a laser at a different frequency via coupling in an electro optic crystal. The 

noise of the vacuum fluctuations can then be directly read out with classical polar-

ization optics [13, 14]. 

While spontaneous emission and the Lamb shift arise from a single atom (or 

molecule) interacting with the electromagnetic vacuum fluctuations (figure 1.2), van 

der Waal’s forces, super radiance, FRET and the Casimir effect arise from two or more 

atoms mutually interacting through the quantum ground state of vacuum (figure 1.3). 

These quantum interactions are fully characterized to first order (dipole approxima-

tion) by Coulombic dipole-dipole interactions whose strength Vdd decreases rapidly 

with distance, scaling as Vdd ∼ 1/r3 in the near-field [4,9,15,16]. We note that these 

interactions between atoms and molecules separated by a small vacuum gap are not 

due to electron wavefunction overlap, but stem from the existence of fluctuations in 

the ground state of the photon field. 
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Engineering dipole-dipole interactions is paramount for both fundamental science 

and device technology, and as such has been a long standing goal of quantum engineer-

ing due the breadth of physical phenomena whose root cause is dipole-dipole couping. 

For example, extending the range of atom-atom coupling via dipole-dipole interac-

tions would serve as a rich testing ground for long-range quantum entanglement, but 

can also result in practical technology relating to quantum state engineering. 

In this thesis, we leverage the emerging physics of metamaterials, bulk media 

with designed and exotic optical properties, for the ultimate purpose of extending 

near-field dipole-dipole interactions to the far-field. The thesis starts by detailing 

the microscopic physics and photonic mode structure of nanofabricated epsilon-near-

zero (ENZ) metamaterials; we observe unique bulk plasmon modes that couple to 

the optical far-field called Ferrell-Berreman modes and cause a polarization sensitive 

absorption in ENZ metamaterials. Next, we design a hyperbolic metamaterial based 

single photon source and provide an experimental proof of principle for its promise 

as an efficient nanoscale light source. We then provide experimental verification 

of Super-Coulombic dipole-dipole interactions, an extension of the Coulombic near-

field of dipole-dipole coupling, by showing long range resonant energy transfer ten 

times the traditional near-field. Lastly, we provide an outlook on promising evidence 

for engineering and harnessing dipole-dipole interactions using disordered plasmonic 

substrates. The basic principles of engineering the quantum vacuum with hyper-

bolic metamaterials and the corresponding applications for single photon sources and 

Super-Coulombic dipole-dipole interactions is outlined in the next sections. 

1.2 Engineering Dipole-Dipole Interactions 

1.2.1 Two Point Spectral Energy Density Function 

It has been shown conclusively that vacuum fluctuations can be locally tailored 

with photonic structures to strongly affect spontaneous emission by engineering the 

local photonic density of states (LDOS), loosely speaking the density of vacuum fluc-
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tuations at the fluorophore location [1, 5]. The LDOS is quantified by the Green’s 

function at the location of the fluorophore G(ω, ~r, ~r). This has led a number of break-

throughs in engineering materials and structures for tailoring spontaneous emission 

for highly efficient single photon fluorescence sources [17–29]. Complementary to this, 

photonic bandgap structures have been designed to inhibit spontaneous emission by 

expelling any vacuum fluctuations (see figure 1.1) [30–33]. 

However, dipole-dipole interactions can not be controlled by engineering the pho-

tonic density of states and a fundamentally different approach must be used [34]. 

Instead dipole-dipole interactions are quantified by the two-point spectral density 

function (SEE ), a physical quantity distinct from the photonic density of states (see 

Chapter 4 and appendices). SEE can be rigorously quantified by the evaluation of 

the Green’s function of fluorophore at position ~rA at the separate location of the 

fluorophore at position ~rB G(ω, ~rA, ~rB). SEE scales rapidly with distance r in the 

near-field 1/r3 while in the far-field it scales slowly as a radiative interaction 1/r. 

The control and modification of dipole-dipole interactions’ rapid scaling with dis-

tance has become a long-standing theme in quantum engineering. Progress in the 

engineering of dipole-dipole interactions has led to long-range qubit interactions in 

circuit QED [35], super-radiance in atoms and quantum wells mediated by photonic 

crystals [36,37], collective Lamb shifts of atoms in cavity QED [38], enhanced energy 

transfer between molecules in cavities [39] and quantum phases in optical lattices [40]. 

A unifying theme in these approaches, however, is the enhancement of radiative 

interactions and departure from the far-field (Vdd ∼ 1/r) scaling of interaction with 

distance. A still outstanding challenge has been the control of the non-radiative 

Coulombic near-field interactions which scale considerably faster with distance (Vdd ∼ 

1/r3) and are conventionally limited to the extreme near-field [3]. Here we utilize 

Hyperbolic metamaterials to tailor the quantum vacuum and extend the Coulombic 

near-field of dipole-dipole interactions. The basic principles of this are shown in figure 

1.4. 
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range dipole-dipole interactions
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Fig. 1.4. Interactions of atoms and fluorophores with the evniron-
ment are engineered by tailoring the local photonic density of states 
(LDOS). Dipole-dipole interactions are governed by the two point 
spectral energy density (SEE ) and are engineered separately from the 
LDOS. Here we utilize hyperbolic media to extend the Coulombic 
near-field of SEE ) to the far-field to enable long-range non-radiative 
dipole-dipole interactions. 



¯

7 

1.2.2 Super-Coulombic Dipole-Dipole Interactions in Hyperbolic Media 

Hyperbolic media are a class of uniaxial crystal whose optical response is described 

by a dielectric tensor with extreme anisotropy: �̄  = diag[�x, �x, �z] with �x · �z < 

0. Fourier analysis of Maxwell’s equations in such media show that the dispersion 

relation for plane extraordinary waves (TM polarization) in such a crystal is ω2/c2 = 

kρ 
2/�z +kz 

2 , where ω is the temporal frequency, c is the speed of light, kρ is the transverse 

wavevector (normal to the crystal optic axis), and kz is the wavevector parallel to the 

optic axis. As shown in figure 1.5, for materials with extreme anistropy, the dispersion 

relation is hyperbolic and there is no upper cutoff to the spatial frequencies allowed 

to propagate within the bulk. This is in stark contrast to traditional dielectrics with 

�x · �z > 0 whose dispersion relation is spherical (or elliptical) [41]. These so called 

high-k modes of hyperbolic media are collectively referred to as hyperbolic polaritons. 

Hyperbolic media have garnered intense interest since 2005 due to the lack of a 

spatial wavevector cut-off as described in figure 1.5 [42]. The initial burst of interest 

for this exotic property was for sub-diffraction imaging applications [43,44]. However, 

around the beginning of this thesis work (2010-2011), it was noted that media with 

an unbound hyperbolic dispersion provide a diverging density of photonic states and 

thus quantum processes such as spontaneous emission will be significantly enhanced 

near such materials [17,45]. Most importantly, Cortes and Jacob [46], and Milton et 

al. [47] have recently shown that media with hyperbolic dispersion can fundamentally 

alter the strength and spatial scaling of dipole-dipole interactions. 

Theoretically, hyperbolic metamaterials cause an indefinite extension of extreme 

short-range dipole-dipole distance scaling Vdd ∼ 1/r3 despite the physical separation 

between interacting quantum emitters [46, 47]. Since the non-radiative Coulombic 

near-field is extended indefinitely, we call these interactions Super-Coulombic Dipole-

Dipole Interactions. As shown in figure 1.6, this route to controlling dipole-dipole 

interactions is a significant departure from current resonant approaches (photonic 
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Fig. 1.5. Iso-frequency curves for dielectric media and hyperbolic me-
dia are shown. Conventional materials such as a dielectric (� > 0) have 
closed iso-frequency curves, limiting the maximum spatial frequency 
that is allowed to propagate. Hyperbolic media (�̄ = diag[�x, �x, �z], 
�x ·�z < 0) have a hyperbolic isofrqeuency curve and there is no cut-off 
to the spatial frequencies that can propagate within the bulk of the 
material. We utilize this property to engineer light-matter interac-
tions and long-range dipole-dipole interactions. 

crystals and resonant cavities) that alter only the weak far-field ∼ 1/r scaling of the 

interaction. 

To show this novel effect, we utilize Förster Resonance Energy Transfer (FRET), 

a form of resonant dipole-dipole interactions (RDDI), as a probe . We fabricate a 100 

nm thick metal-dielectric multilayer possessing an effective hyperbolic dispersion and 

observe FRET between donor and acceptor fluorophores separated by the metamate-

rial. Using time-resolved fluorescence emission measurements, a marked reduction in 

the excited state lifetime of the donor fluorophores; as described in detail in Chapter 

4, these observations indicate, a long-range Coulombic dipole-dipole interaction and 

offer proof of the extension of the non-radiative Coulombic near-field of dipole-dipole 

interactions. 
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Fig. 1.6. Comparison of dipole-dipole interactions (Vdd) in metal-
lic waveguides, photonic crystal band-edge structures and hyperbolic 
metamaterials. Here r is the distance between interacting emitters, 
vg is the group velocity of the waveguide mode with wavevector k, 
ωcut−off is the cut-off frequency of the metallic waveguide mode or 
photonic crystal and ξ is an interaction range. (A) When the tran-
sition frequencies of interacting atoms lie above the cut-off, they will 
have a sinusoidal-type interaction; (B) on the other hand, at the band-
edge of a photonic crystal there occur interactions with a divergent 
strength as well as range (C) Hyperbolic media exhibit fundamentally 
different Coulombic long-range interactions which diverge for specific 
angular directions in the low-loss effective medium limit. 

It should be noted that a simple semiclassical model can also be used to under-

stand FRET in the weak coupling (irreversible) limit. However, the theory developed 

by our group [46] takes a unified approach to understand all resonant dipole-dipole 

interaction effects beyond FRET such as super-radiance, collective Lamb shift and 

Casimir-Polder force. These effects are all manifestations of RDDI but sensitively 

depend on the initial state preparation conditions. No semiclassical theory can take 

into account all the effects in this unified form and a quantum electrodynamic theory 

is necessary. 

1.2.3 Resonant Dipole-Dipole Interactoins in Disordered Plasmonic Me-

dia 

For engineering dipole-dipole interactions, the primary challenge for the field is 

increasing rates of interaction beyond those of decoherence (i.e. coupling to the 
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environment) at room temperature. The issue of using a simple Purcell factor (LDOS 

engineering) approach is that it increases coupling to the environment (i.e. cavity) 

and only modestly changes the interactions. Here, the first step towards achieving 

interactions between quantum emitters at the same strength as their independent 

interactions with the environment is proposed and demonstrated through the use of 

disordered plasmonic media. 

A summary of the work and relevant distance scales is shown in figure 1.7. We fab-

ricate self-assembled disordered gold nanoparticle (NP) films via conventional sput-

tering and a rapid annealing process. We then probe near-field resonant dipole-dipole 

interactions (RDDI) by monitoring Förster Resonance Energy Transfer (FRET) in 

thin-films above the gold NPs. The key here is the energy transfer bandwidth be-

tween donors and acceptors overlaps with the gold NPs’ localized surface plasmon 

resonances. Interestingly, we observe an enhancement of RDDI strengths of 13× rel-

ative to those on glass and these outpace the coupling strengths of the dipoles with 

the gold NPs (spontaneous emission enhancement of 9×). As a result, we observe a 

10% increase in FRET quantum efficiency relative to the same mixture on glass. A 

careful analysis of fabricated control samples leads us to infer the FRET radius, the 

characteristic interaction distance has increased by 50%! 

1.3 Overview of Thesis 

The thesis is arranged as follows: 

In Chapter 2, we explore the photonic modes of epsilon-near-zero (ENZ) meta-

materials. We experimentally observe unique absorption resonances in silver/silica 

multilayer-based (ENZ) metamaterials that are related to radiative bulk plasmon-

polariton states of thin-films originally studied by Ferrell (1958 [48]) and Berreman 

(1963 [49]). In this chapter we make nanofabrication and characterization advances on 

ultra-smooth thin films and metamaterials. We use Ferrel-Berreman modes as a key 

characterization tool later for multilayer thin film hyperbolic metamaterials as well 
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Fig. 1.7. Disordered gold nanoparticle films display enhanced reso-
nant dipole-dipole interactions. Top: Atomic Force Microscope thick-
ness map of a typical sample reveals the presence of gold nanoparti-
cles. Bottom Left: A schematic of the nanoscale structure. Bottom 
Right: A schematic of the many-body resonant dipole-dipole inter-
actions (RDDI) observed in experiment. We observe that the inter-
actions between dipoles near the metallic nanoparticles exceeds their 
individual interactions with the nanoparticles. 
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as disordered plasmonic media. This thesis utilized a host of deposition approaches 

such as e-beam evaporation, sputtering and atomic layer deposition to fabricate meta-

materials. At the same time, we also utilized a suite of characterization approaches 

including ellipsometry, spectrophotometry, x-ray diffraction analysis and atomic force 

microscopy to quantify the quality of the practically achieved metamaterial response. 

An increasing number of research groups are now exploring the use of Ferrel-Berreman 

modes in nonlinear and switching phenomena and using the mode to quantitatively 

characterize the epsilon-near-zero wavelength of any thin film. We believe our work 

can emerge as an important benchmark for verifying the ENZ behavior of any thin 

film including Indium Tin Oxide (ITO), Aluminum Zinc Oxide (AZO) and Titanium 

Nitride (TiN). 

In chapter 3, we design a hyperbolic metamaterial device to enhance and direct 

the spontaneous emission from isolated fluorescent emitters. We provide stimulating 

experimental evidence demonstrating that hyperbolic metamaterials are viable can-

didates for enhancing single photon emission into well defined spatial modes. At the 

time of publication, it was the first design to address the challenge of out-coupling 

light efficiently from a hyperbolic metamaterial. Previous work in the field suffered 

from the significant drawback that outcoupling efficiency was low and absorption loss 

was significantly large. This theoretical work stimulated an intense experimental ef-

fort in the group of Prof. Vinod Menon (City University of New York) on successful 

light outcoupling strategies from hyperbolic media [50]. 

In chapter 4, we show that metamaterials can fundamentally modify dipole-dipole 

interactions and cause a near-field Coulombic scaling in spite of large physical sepa-

ration between interacting quantum emitters. We measure a two orders of magnitude 

increase in the near-field resonant dipole-dipole interactions (RDDI) and the show sur-

prising extension of the characteristic non-radiative Coulombic scaling law of RDDI 

to intermediate field distances (10 times the near field). 

In chapter 5, we present exciting evidence that disordered plasmonic substrates 

enhance dipole-dipole interactions. We observe a 50% increase in the effective FRET 
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radius and thirteen times increase in the energy transfer rate between donor-acceptor 

mixtures deposited on self-assembled, disordered plasmonic films. We believe that 

this increased range of dipole-dipole interactions on disordered gold nanoparticle sub-

strates will lead to a simple solution for increased FRET interactions in bio-imaging, 

and also lead to new directions of research of dipole-dipole interactions in random 

media. 

A comprehensive set of appendices outlining the experimental techniques and 

key specifications used in this thesis is provided at the end. These appendices will 

serve as a detailed guide to other experimentalists and theorists working towards 

engineered dipole-dipole interactions and single photon sources via nanofabricated 

metamaterials. 
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2. FERRELL-BERREMAN MODES IN PLASMONIC 

EPSILON NEAR ZERO MEDIA 

We observe unique absorption resonances in silver/silica multilayer-based epsilon-

near-zero (ENZ) metamaterials that are related to radiative bulk plasmon-polariton 

states of thin-films originally studied by Ferrell (1958) and Berreman (1963). In the 

local effective medium, metamaterial description, the unique effect of the excitation of 

these microscopic modes is counterintuitive and captured within the complex propa-

gation constant, not the effective dielectric permittivities. Theoretical analysis of the 

band structure for our metamaterials shows the existence of multiple Ferrel-Berreman 

branches with slow light characteristics. The demonstration that the propagation con-

stant reveals subtle microscopic resonances can lead to the design of devices where 

Ferrell-Berreman modes can be exploited for practical applications ranging from plas-

monic sensing to imaging and absorption enhancement. 

2.1 Principle of Optical Metamaterials 

In naturally occurring materials, the bulk properties such as the refractive index 

are governed by the complex three-dimensional arrangement of atoms and molecules: 

the atomic lattice. Despite the microscopic complexity, the effect the material has on 

monochromatic optical field can be well characterized by two single parameters (or 

tensors), the relative dielectric permittivity � and the relative magnetic permeability 

µ. 1 Optical metamaterials are engineered, artificial media that have macroscopic 

electromagnetic properties (�, µ) resulting from the designed nanoscopic structure. 

Metamaterials are composed of periodically arranged unit-cell building blocks with a 

1Of course � and µ are spectrally dispersive, that is � → �(ω) and µ → µ(ω); however, this spectral 
dependence has been suppressed for brevity. 
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characteristic size much smaller than the optical wavelength. To lowest order, these 

metamaterials are described as a single effective dielectric permittivity tensor �̄ and 

magnetic permeability tensor µ̄ (figure 2.1). By designing the resonances of the unit 

cells and the mutual coupling between unit cells, a bulk electromagnetic response can 

be tailored to achieve exotic properties not available with natural or conventional 

materials. 

In the fictitious metamaterial example shown in figure 2.1, it is clear that the 

optical response would be anisotropic as different polarizations and propagation di-

rections of an electromagnetic wave would drive different plasmonic resonances along 

the metallic extruded cross object. Tuning the mutual coupling between adjacent 

unit cells hybridizes the single particle resonances and thus provides a method for 

tailoring the bulk optical response [51–54] 

λ

Homogenization

geometry

Fig. 2.1. A material composed of periodic arrays of sub-wavelength 
building blocks yields an effective anisotropic dielectric tensor. This 
effective dielectric tensor can be engineered by designing the shape 
and relative positioning of the building blocks. 
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Metamaterial technologies have matured over the past decade for a variety of 

applications such as super-resolution imaging [43, 55, 56], cloaking [57] and perfect 

absorption [58]. Various classes of metamaterials have emerged that show exotic 

electromagnetic properties like negative index [59,60], optical magnetism [61] , giant 

chirality [62–64], epsilon-near-zero [65, 66], bi-anisotropy [67] and spatial dispersion 

[68] among many others. 

2.2 Epsilon Near Zero Metamaterials 

An important class of artificial media are the epsilon-near-zero (ENZ) metama-

terials that are designed to have a vanishing dielectric permittivity |�| → 0. Waves 

propagating within ENZ media have a divergent phase velocity that can be used to 

guide light with zero phase advancement through sharp bends within sub-wavelength 

size channels [69, 70], or to tailor the phase of radiation/luminescence within a pre-

scribed ENZ structure [71, 72]. The electric field intensity within an ENZ medium 

can be enhanced relative to that in free space leading to strong light absorption [73]. 

This enhanced absorption in ENZ media has been exploited for novel polarization 

control and filtering in thin films [74], as well the proposal to use ENZ absorption 

resonances to tune thermal blackbody radiation of a heated object to the band-gap of 

a photovoltaic cell [75]. An enhanced non-linear response based upon strong spatial 

dispersion of waves in ENZ media has been demonstrated, and proposed for all-optical 

switching [53, 54]. 

Here we show theoretically and experimentally that ENZ metamaterials support 

unique absorption resonances related to radiative bulk plasmon-polaritons of thin 

metal films. These radiative bright modes exhibit properties in stark contrast to con-

ventional dark modes of thin-film media (surface plasmon polaritons). The unique 

absorption resonances manifested in our metamaterials were originally studied by 

Ferrell in 1958 for plasmon-polaritonic thin-films in the ultraviolet [48], and by Berre-

man in 1963 for phonon-polaritonic thin-films in the mid-infrared spectral region [49]. 
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Surprisingly, two research communities have developed this independently with little 

communication or overlap until now: we therefore address these resonances as Ferrell-

Berreman (FB) modes of our metamaterials. Counterintiutively, in the metamaterial 

effective medium picture, these resonances are not captured in the metamaterial di-

electric permittivity constants but rather in the effective propagation constant. Fur-

thermore, we show the existence of multiple branches of such FB modes that have 

slow light characteristics fundamentally different from the single thin film case. Our 

work can lead to applications where FB modes are used for thin-film characteriza-

tion [76], sensing [77], imaging [78], absorption enhancement [79] and polarization 

control [80]. 

An isotropic ENZ occurs naturally in metals such as silver and aluminum, and in 

polar dielectrics such as silicon carbide and silicon dioxide. However, due to the low 

effective mass of electrons, the ENZ inevitably occurs in the ultraviolet (UV) spectral 
√ 

range for metals (ωp ∝ 1/ me). On the other hand the large effective mass of ions 

shifts the ENZ at the longitudinal optical phonon frequency to the the infrared (IR) 
√ 

spectral range for polar dielectrics (ωLO ∝ 1/ Mion). Thus very few natural materials 

exhibit ENZ behaviour in the optical frequency range, and designed artifical media 

must be used for ENZ-based applications in the visible [54,81]. Here, we design ENZ 

media using silver (Ag) /silica SiO2 multilayers with nanoscale, sub-wavelength layer 

thicknesses to achieve a tunable anisotropic ENZ at optical frequencies. 

Zeroth order Maxwell-Garnett Effective Medium Theory (EMT) shows that the 

permittivity of multilayer structures composed of a subwavelength thickness metal/dielectric 

unit cells with dielectric constants �m and �d, and layer thicknesses dm and dd is in-

deed uniaxially anisotropic. The response of the multilayer is described via a di-

electric permittivity tensor of the form �̄  eff = diag[�||, �||, �⊥], where �|| = ρ�m + 

(1 − ρ)�d is the permittivity for polarizations along the layer interfaces, and �⊥ = 

(ρ/�m + (1 − ρ)/�d)
−1 is the permittivity for polarizations perpendicular to the layer 

interfaces. ρ = dm/(dd + dm) is the metal volume filling fraction. 
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We apply the local EMT model that is valid for free space wavelengths that are 

much longer than the multilayer unit cell thickness equal to dm + dd. However, it has 

been shown that this local EMT model fails to accu-rately describe the highly confined 

Bloch surface plasmon-polariton modes of metal/dielectric superlattices (so called 

high-k waveguide modes of hyperbolic metamaterials). There has been significant 

development of a non-local EMT that more accurately describes the high-k waveguide 

modes of metal/dielectric superlattice-based metamaterials [82–85]. In this chapter 

we study photonic modes that can be excited from free space (exist within the light 

cone) and are therefore not deeply sub-wavelength. Our simulations of practical 

multilayer structures beyond the effective medium model consider the role of finite 

unit cell size, absorption and dispersion. The results show strong agreement with 

experimental observations. 

The permittivity of almost all traditional metals can be approximated using free-

electron Drude dispersion and using this fact, we see that the parallel dielectric con-

stant �k is a modified Drude-like dispersion, and the presence of the weakly dispersive 

dielectric layers effectively adds a positive background dielectric constant. As a re-

sult, the dielectric layers serve to dilute the metal and red-shift the effective plasma 

frequency of the multilayer superlattice. The metamaterial has an ENZ in the parallel 

direction at the spectral frequency satisfying the relation ρ�m(ωENZ ) = −(1 − ρ)�d. 

We can thus tune the parallel permittivity ENZ frequency by choosing an appropriate 

metal �m(ω), dielectric �d, and fill fraction ρ. Similarly, the perpendicular permittiv-

ity �⊥ has a Lorentz-like response with a resonance pole at the spectral frequency 

satisfying the relation (1 − ρ)�m(ωLP ) = −ρ�d. The Lorentz-resonance pole for the 

perpendicular permittivity �⊥ is blue-shifed to higher frequencies with decreasing fill 

fractions of metal while the resonance pole quality is reduced. 



19 

2.3 Experimental Evidence of Radiative Bulk Plasmons in ENZ Meta-

materials 

Figure 2.2(a)-(c) shows the calculated dispersion of the effective medium dielectric 

constants for silver/silica metamaterials with various fill fractions of silver. The fill 

fractions shown in Figure 2.2 correspond to multilayers with silver thickness 20 nm 

and silica thickness 20, 30 and 40 nm. We see that the ENZ in the parallel direction 

can be spectrally tuned by varying the relative fill fraction of the silver within the 

metamaterial. We also note that a resonant ENZ effect can occur in the perpen-

dicular component of the dielectric constant as well; however the dissipative, lossy 

component of the perpendicular permittivity is relatively large with Im[�⊥] ∼ 1 − 10 

in the perpendicular direction. This severely weakens the observable ENZ effects. 

Furthermore, we emphasize that for small enough fill fractions of silver, the Lorentz-

resonance pole in the permittivity in the perpendicular direction is weakened to that 

point where the real part of the perpendicular permittivity does not vanish at all, as 

shown in Figure 2.2(c). 

We now discuss wave propagation through multilayer metamaterial slabs. The 

~dispersion of p-polarized plane waves with wave vector k and spectral frequency ω 

is described by q the equation kk 
2/�⊥ + k⊥ 

2 /�k = ko 
2 for waves in the metamaterial. We 

define k⊥ = �k(ko 
2 − kk 

2/�⊥) as the propagation constant of waves in the metama-

terial. Figure 2.2(d) shows the imaginary part of the propagation constant for the 

three metamaterial samples shown in Figure 2.2(a)-(c),and for bulk silver. We see 

the metamaterials possess a spectral range where the attenuation of waves within the 

medium is low (small Im[k⊥]). Over this spectral range the metamaterial is effec-

tively dielectric with Re[�k,⊥] > 0. The real part of the propagation constant in the 

metamaterial Re[k⊥] is close to the propagation constant of vacuum and �k ≈ �o = 1, 

thus resulting in a low reflectivity. This spectral range where both Im[k⊥] and reflec-
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Fig. 2.2. The real part of the dielectric permittivity tensor is shown 
for silver/silica multilayer metamaterials with a silver thickness of 
20 nm and silica thicknesses (a) 20 nm, (b) 30 nm, and (c) 40 nm. 
The dispersion is calculated using experimentally obtained dielectric 
permittivities for the constituents. (d) The imaginary part of the 
complex propagation constant k⊥ for p-polarized light is shown for the 
metamaterials samples in panels (a)-(c), and for bulk silver. Im[k⊥ 

p ] 
governs the transparency window and exhibits an anomalous peak 
at the ENZ of of the constituent silver (λ ≈ 326 nm) for obliquely 
incident light. 
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Fig. 2.3. Experimental s- and p-polarized transmission at angles of 
incidence 0o , 20o , 40o and 60o is shown for five period silver/silica mul-
tilayer metamaterials with layer thicknesses (a) 20/20 nm, (b) 20/30 
nm, (c) 20/40 nm, and for a (d) 100 nm silver film. The excitation 
and subsequent dissipation of Ferrell-Berreman (FB) modes within 
the silver films appears as anomalous transmission for obliquely inci-
dent p-polarized light at the ENZ frequency of the constituent silver 
films (λ ≈ 326 nm). FB modes can not be excited with s-polarized 
light and thus no anomalous transmission is present. The FB mode is 
only weakly present in the relatively thick silver film. Panel (e) shows 
the strong agreement of EMT calculations with experiment for the 
five period 20/20 nm sample. Inset: SEM micrograph of the sample. 
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tivity are small defines the transparency window of the metamaterial. Transparency 

windows have been exploited for optical filters in the UV [86]. 

We note that Figure 2.2(d) shows a counterintuitive local absorptive peak in the 

propagation constant for p-polarized waves obliquely incident at λ ≈ 326 nm, the 

ENZ of silver. The spectral location of this peak is fixed, independent of the silver 

filling factor ρ and is not observed in bulk silver or bulk silica. It should also be 

stressed that this absorption peak does not occur for s-polarized waves propagating 

in the metamaterials. Therefore, its physical origin is not solely material absorption 

within the constituent layers of the metamaterial but must be due to special modal 

properties. We emphasize that the anomalous peak at λ = 326 nm occurs at the ENZ 

of the constituent silver films and does not occur at the ENZ nor at the Lorentz-pole of 

the metamaterial permittivity tensor components; there is no peak in the imaginary, 

dissipative part of the permittivity tensor components 2 . 

Our main aim is to show theoretically and experimentally that the physical origin 

of this anomalous absorption peak in metamaterial propagation constant is due to the 

excitation of microscopic resonances of the metamaterial: radiative bulk polaritons of 

thin-films which we call Ferrell-Berreman modes. This absorption peak exists within 

the light cone of vacuum and can therefore be observed in the free-space transmission 

spectrum of the metamaterials. 

We deposited five-period silver/silica multilayer metamaterials on glass microscope 

slides via electron beam evaporation. The permittivities of silver and silica were 

extracted through ellipsometry on individual silver and silica films. Atomic Force 

Microscope measurements indicate an RMS surface roughness of ≈ 1 − 2.5 nm. For 

a control sample, a 100 nm silver film was also fabricated. By volume, the control 

sample contains an equal amount of silver as the metamaterials. In Figure 2.2 we 

showed the extracted permittivity tensors and propagation constants, calculated using 

the extracted dielectric constants for the fabricated samples. 

2See appendix A for the imaginary part of the dielectric permittivity tensors 
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Figures 2.3(a)-(c) show the experimentally observed s- and p-polarized specu-

lar transmission through the three silver/silica multilayer samples and through the 

control sample. Each metamaterial displays a transparency window whose width 

increases as the metal is diluted further (decreasing ρ). As expected from EMT 

predictions, the three metamaterial samples exhibit a counterintuitive p-polarized 

transmission dip at the silver ENZ λ ≈ 326 nm. Furthermore, we observe that this 

anomalous dip does not depend on the silver filling fraction nor on the total metama-

terial thickness. This clearly implies that the effect is not due to cavity Fabry-Perot 

resonances. Another important aspect is that this anomalous transmission dip is 

hardly distinguishable in the 100 nm thick silver control sample (Figure 2.3(d) while 

the dip’s spectral energy is slightly red-shifted from the ENZ of silver. Panel (e) of 

Figure 2.3 shows the excellent agreement between the local EMT predictions and the 

experimentally observed transmission. 

2.4 Modal structure of metal-dielectric metamaterial and the radiative 

bulk plasmons - Ferrell-Berreman Modes 

Through modal analysis, taking into account the finite unit cell size of the meta-

material, we now show that the physical origin of this bulk absorption in the meta-

materials is due to the excitation of leaky bulk polaritons called Ferrell-Berreman 

modes [87, 88]. Bulk metal supports volume charge oscillations at the ENZ of the 

metal (bulk or volume plasmons). These excitations are a completely longitudinal 

wave and therefore can not be excited with free space light, a transverse wave. For 

films of metal with thicknesses less than the metal skin depth, the top and bottom 

interface couple, allowing for collective charge oscillations across the film. The bulk 

plasmon then is no longer purely longitudinal and can interact with free space light 

at frequencies near the metal ENZ [89]. This was originally pointed out by Ferrell 

for metallic foils [48, 90, 91], and by Berreman for polar dielectric films [49]. Our 

multilayer metamaterials support several of these radiative excitations which we call 

FB modes. 
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These FB modes differ from the well known surface plasmon polaritons supported 

by metal foils, by the fact that in surface plasmon modes, energy propagates along 

the surfaces of the metal, whereas in FB modes volume charge oscillations are setup 

across the foil and energy propagates within the bulk of the metal. Additionally, 

surface plasmon modes lie to the right of the light line and do not interact with free 

space light. The thin-film bulk polaritons we observe have transverse wavevectors 

similar to free space light and exist to the left of the light line. In Figure 2.4(a), 

we show the dispersion of the radiative bulk plasmon and the surface plasmons for 

a thin and a thick silver foil treated in the low loss limit. The thin vertical line is 

the light line of vacuum. We determine the modal dispersion by locating the poles 

of the reflection coefficient of the structure rp(kk, λ) (see appendix A and references 

therein for details) Here kk = kk
0 + ikk

00 is the complex wavevector along the direction 

parallel to the interfaces. kk
0 describes the wavelength parallel to the interface and 

thus phase advancement of the guided wave, while kk
00 describes the propagative decay 

or attenuation. To the right of the light line we see the two well known surface 

plasmon modes of a single metallic thin-film: the long- and short-ranged surface 

plasmon polaritons (LRSPPs and SRSPPs). To the left of the light line we see the 

radiative bulk plasmon, FB mode of the silver film which exists at energies near the 

ENZ of silver. The radiative bulk plasmon mode exhibits a nearly flat anomalous 

dispersion with a negative group velocity vg = ∂ω/∂kk
0 < 0. The negative group 

velocity indicates a strong presence of electromagnetic energy flow within the metal 

and this energy flow is opposite to the direction of phase front advancement [92]. 

Even in the low loss limit, the FB modes are described with a complex propaga-

tion wavevector kk. This fact immediately implies that FB modes attenuate as they 

propagate along the film due to loss of energy from radiation into free-space light. 

On the other hand, in the low-loss limit, the surface plasmons are described by a 

completely real propagation wavevector kk and do not radiate. 

To understand the role of the multiple FB branches in thin film metamaterials, 

we define the figure-of-merit for the radiative FB modes to be F OM = L/λk where 
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Fig. 2.4. Ferrell-Berreman (FB) mode dispersion for (a) a 20 nm and 
a 100 nm thick Ag foil on glass, and (b) for a 5 period 20/30 nm 
Ag/SiO2 multilayer on glass. The silver and silica glass is modeled in 
the limit of neglible material losses. (c) Figure of merit, ratio of the 
decay length to the wavelength, is shown for the 20 nm and 100 nm 
Ag foils and the 20/30 nm Ag/SiO2 multilayer. The large figure of 
merit for the metamaterial FB modes allow them to couple strongly 
to free-space light. Their low group-velocity, slow-light nature leads 
to dissipation due ohmic losses in the metal, not re-radiation to be 
the dominant decay channel for the FB excitations. 
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L = 1/kk
00 and λk = 2π/kk

0 are the decay length and effective wavelength of the mode 

as it propagates along the film. The F OM defined here is analogous to the quality 

factor of the excitation. If F OM . 1 the FB excitation is overdamped and essentially 

attenuates before propagating one wavelength. The figure-of-merit gives insight to 

the coupling of the FB modes with free-space radiation. 

Figure 2.4(c) shows the F OM for the FB modes for the thin and thick silver 

films. We see that for thicker films of silver, the FOM is strongly reduced relative 

to thin-film silver and the radiative surface mode of thick silver films interact poorly 

with free space light despite lying to the left of the light-line. It is worth emphasizing 

that as the thickness of the silver film increases, the F OM of the FB mode decreases, 

and in the limit of extremely thick silver film the figure-of-merit vanishes F OM → 0. 

Thus silver films with thicknesses greater than about four to five skin-depths of silver 

do not support a FB mode and optical measurements will not reveal an anomalous 

transmission for p-polarized light. The LRSPP and SRSPP are pure surface waves 

and their figure-of-merit diverges in the low loss limit F OM →∞. 

Note that despite treating the silver in the low-loss limit, the FB mode dispersion 

and FOM for the 100 nm silver film shown in Figure 2.4 agrees with the experimentally 

observed behaviour of silver. The observed anomalous transmission for a 100 nm silver 

foil on glass, shown in Figure 2.3(d), is red shifted from the λ = 326 nm ENZ of silver 

as predicted by modal analysis. Furthermore, the experimental dip in p-polarized 

transmission is hardly discernible indicating poor free-space/FB mode coupling (low 

FOM). 

We have treated the silver films with a completely local dielectric model and 

predict the existence of a radiative bulk plasmon mode. The full non-local dielec-

tric response gives rise to multiple absorption resonances called Tonks-Dattner res-

onances [93]. Experimental observation of these multiple bulk plasmon absorption 

resonances only becomes apparent for silver films thinner than about 12 nm, much 

thinner than the film thicknesses considered here. Our experimental results and single 

film / multilayer plasmonic band structure calculations are in agreement with Ferrells 
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original prediction that the radiative polaritons in thin metal films occur at energies 

slightly below the ENZ frequency. This is in complete contrast to the Tonks-Dattner 

resonances that are observed at energies above the ENZ frequency. 

We now discuss the multiple radiative bulk plasmon, FB modes supported by 

metal/dielectric multilayer metamaterials that show fundamental differences from the 

thin film case. Figure 2.4(b) shows the predicted modal dispersion of the radiative 

FB modes supported by a five period 20/30 nm silver/silica multilayer on glass in the 

limit of negligible material losses. Analogous to the single interface surface-plasmons 

splitting into the LRSPP and SRSPP for a thin film of metal, the FB radiative surface 

plasmon of a single film splits into several radiative modes for the multilayer structure 

with the dominant modes existing only in a narrow spectral range below the ENZ 

of the silver film. Figure 2.4(c) shows that the figures of merit for the multilayer 

radiative FB modes are much greater than unity and they are orders of magnitude 

higher than the equal thickness of bulk silver (100 nm), and thus the multilayer FB 

modes interact strongly with freespace light. The dominant radiative state is loosely 

defined as the mode with the slowest group velocity and highest FOM (see mode 

labelled m1 in Figure 2.4(b)-(c)). 

The slow-light nature of the FB modes leads to the anomalous transmission ob-

served experimentally. As shown in Figure 2.4, the FB excitations in thin-films have 

a slow, negative group velocity and long lifetimes as the mode propagate along the 

film. When dissipation in silver is included, a competing decay or attenuation channel 

for the FB modes is present. Propagation losses due to dissipative ohmic heating in 

the metal is enhanced for slow light [94], and thus the dissipative ohmic losses are the 

dominant decay channel for the FB modes, not re-radiation [90,95]. Therefore, we in-

terpret the observed anomalous p-polarized transmission in the multilayer structures 

as the excitation and subsequent dissipation of the dominant FB mode. 

We note also that the electric field profile for the FB modes excited in our mul-

tilayer metamaterial is completely different from the well-known modes in the trans-

parency window [86]. Figure 2.5 shows the predicted electric field distribution for a 
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p-polarized 60o obliquely incident wave upon the 20/30 nm siliver/silica multilayer. 

The top panel shows light incident at λ = 340 within the transparency window where 

both the exact multilayer and the effective medium approximation predict that the 

wave is transmitted through the metamaterial without significant attenuation. In the 

bottom panel we show light incident at the ENZ of silver λ ≈ 326 nm. The FB modes 

are excited within the constituent silver layers resulting in a strong attenuation of the 

wave (note the logarithmic scale). In the exact multilayer treatment we see a strong 

field enhancement due to the excitation of radiative bulk plasmon modes within the 

metal layers. Charge oscillations are setup across the volume of the silver films re-

sulting in a static capacitor-like electric field profile. In the effective medium picture 

however, the wave attenuates continuously. We emphasize, that this bulk-like loss in 

the effective medium approximation is highly angle and polarization dependent. In 

stark contrast, the normally incident and s-polarized waves are transmitted at the 

ENZ of the silver. 

2.5 Conclusion 

To summarize we have shown that metal/dielectric superlattice based epsilon-

near-zero metamaterials exhibit unique micropscopic radiative bulk plasmon reso-

nances called Ferrell-Berreman modes that can be excited with free-space light. In 

the metamaterial, effective medium picture the excitation of these modes is captured 

in the propagation constant, not in the effective dielectric permittivity constants. We 

observe these modes as anomalous transmission minima which lie within the trans-

parency window of the metamaterials. These radiative volume polaritonic modes 

could be exploited in applications such as sensing, imaging and absoprtion spec-

troscopy. 
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3. ENHANCED AND DIRECTIONAL-SINGLE-PHOTON 

EMISSION IN HYPERBOLIC METAMATERIALS 

It was noted in 2010 that hyperbolic media strongly influence the quantum vacuum 

as their lack of a spatial frequency cut-off effectively supports an infinite amount of 

propagating bulk modes [17]. A finite slab of such hyperbolic material supports an in-

finite amount of slab waveguide modes, where the wavevector along the slab can take 

on arbitrarily large values. Collectively, these modes are called hyperbolic polaritons: 

light fundamentally coupled with hyperbolic matter. The quantized macroscopic 

Maxwell’s equations imply each of these hyperbolic modes (bulk or guided modes) 

is quantized; at a given frequency ω and wavevector ~k, hyperbolic polaritons can be 

absorbed, emitted, scattered, etc in discrete bundles of energy E = ~ω. Further each 

polaritonic mode has a quantum ground state, a state that is void of any observ-

able (absorbable) polaritons but does indeed possess zero-point-fluctuations [2]. A 

fluorescent emitter (atom) in the vicinity of hyperbolic media is then coupled to the 

infinite amount of hyperbolic polaritons, each mode populated by zero-point noise, 

that effectively stimulates spontaneous emission – the emitter sees an infinite density 

of photonic states [1–3,17]. Near hyperbolic media, the density of photonic radiation 

modes (free space) is completely overwhelmed by the density of hyperbolic polariton 

modes and therefore the fluorescent emitter then has an extremely high probability 

of emitting into the hyperbolic material. 

In this chapter, we propose an approach to enhance and direct the spontaneous 

emission from isolated emitters embedded inside hyperbolic metamaterials into sin-

gle photon beams. The approach rests on the collective plasmonic Bloch modes of 

hyperbolic metamaterials (hyperbolic polaritons) which propagate in highly direc-

tional beams called quantum resonance cones. We propose a pumping scheme using 

the transparency window of the hyperbolic metamaterial that occurs near the topo-
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logical transition. Finally, we address the challenge of outcoupling these broadband 

resonance cones into vacuum using a dielectric bullseye grating We give a detailed 

analysis of quenching and design the metamaterial to have a huge Purcell factor in 

a broad bandwidth inspite of the losses in the constituent metal. At the end of the 

chapter, we provide experimental proof of principle for the hyperbolic metamaterial-

based light source designed here; we provide data showing the drastically increased 

local density of states in metamaterials and show the promise of diffractive grat-

ings to outcouple hyperbolic polaritons to the far-field. Our work should help direct 

and motivate experiments in the development of single photon sources for broadband 

emitters such as nitrogen vacancy centers in diamond. The theory and design work 

shown here was published in [19] while experimental evidence was published in [50]. 

3.1 Introduction 

Nanoscale light-matter interactions can be tailored using plasmonic approaches 

to have an impact on quantum information processing [96]. It has been conclusively 

demonstrated that propagating surface plasmon polaritons (SPPs) can possess non-

classical properties such as entanglement [97] and squeezing [98]. Furthermore, inspite 

of the decoherence expected from losses and electron collisions, these properties are 

preserved during propagation and are manifested in the outcoupled photons [99]. 

Thus SPPs could potentially be used as a carrier of quantum information at the 

nanoscale [45, 100]. 

One important application where plasmonics can play a key role is in the devel-

opment of room temperature single photon sources [20,27]. The broadband nature of 

many quantum emitters such as nitrogen vacancy (NV) centers in diamond make them 

unsuitable for conventional resonant cavity based approaches [101]. The high index of 

diamond leads to total internal reflection of photons and a poor collection efficiency 

(4 %) [21]. Therefore, the use of nanoplasmonic structures capable of a broadband 

Purcell effect is necessary for efficient extraction of single photons [22,102]. Plasmonic 
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metamaterials which engineer the spontaneous emission can also be used to enhance 

the absorption spectrum of the isolated emitter [103]. 

However, a significant limitation of any plasmonic approach is the presence of 

loss and non-radiative quenching [104]. Especially near the plasmon resonance, only 

a modest increase in quantum efficiency and collection efficiency is possible [105]. 

The key is to move away from resonant approaches and focus on low mode volume 

plasmons. The figures of merit for single photon sources are the collection efficiency, 

directional spontaneous emission and Purcell effect [23, 24, 28]. Deterministic out-

coupling of single photons and tolerance to emitter positioning is another important 

factor affecting device performance [26]. 

Below, we show that tailored plasmonic metamaterials support collective modes 

which can efficiently channel single photons from an isolated quantum emitter to 

highly directional beams and simultaneously provide a broadband Purcell effect. Our 

design for the single photon source, compatible with emitters such as NV centers in 

diamond, takes into account all non-idealities in the structure arising from the finite 

patterning scale, absorption and dispersion. We also provide a detailed account of 

quenching and function away from resonance to achieve an efficient single photon 

source inspite of the losses. 

3.2 Quantum Resonance Cones 

Our approach relies on engineering the plasmonic Bloch modes of periodic metal-

dielectric structures. Such 1D (multilayer) or 2D (nanowire) plasmonic crystals can 

behave as an effective metamaterial when the lattice spacing is far below the oper-

ating wavelength [52, 68, 106]. We consider a 1D multilayer metal-dielectric lattice 

as shown in Fig.3.1a. The short range propagating surface plasmon polaritons on 

each metal-dielectric interface couple, leading to Bloch modes with unique proper-

ties not available in conventional photonic crystals. They are described by effective 

medium theory (EMT) in the metamaterial limit by a homogeneous medium that has 

https://Fig.3.1a
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Fig. 3.1. (a) A multilayer stack of Ag/TiO2 with 10/30 nm layer 
thicknesses behaves like a homogeneous metamaterial slab with hy-
perbolic dispersion (�k < 0, �⊥ > 0) above λ ≈ 720 nm. The emitter is 
embedded symmetrically in a 30 nm layer of TiO2. (b) The direction 
of power flow is normal to the isofrequency surface. In HMMs, the 
power flow of all high-k states tends to bunch and point in the same 
direction, thus forming resonance cones. (c) A quantum dot embed-
ded in a HMM emits preferentially into high-k states and hence the 
resonance cone (λ = 800 nm). The Power Density and Poynting Vec-
tor are are normalized by the total time averaged power emitted from 
the oscillating point dipole. The grey arrows show the asymptotic 
direction of power flow for extremely high-k states for an ideal HMM. 

a metallic dispersion along one direction but a dielectric dispersion in the perpendic-

ular direction. 

The multilayer structure behaves as an effective metamaterial slab with an ex-

tremely anisotropic dielectric tensor �̄ = diag[�k, �k, �⊥], where the directions are par-

allel and perpendicular to the above mentioned layers. Extraordinary plane wave 

propagation in uniaxial anisotropic media is governed by the dispersion relation 

kx 
2/�⊥ + kz 

2/�k = (ω/c)
2 . (3.1) 

which describes an open hyperboloid (Fig.3.1(b)) when �k�⊥ < 0. These artificial 

media are known as hyperbolic metamaterials (HMM) [107]. They have the property 

of large momentum bulk propagating waves (high-k modes with unbounded magni-
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tudes of kx and kz) which arises due to surface-plasmon-polariton Bloch waves in the 

plasmonic crystal. For ordinary materials such as glass with �k�⊥ > 0, the dispersion 

relation describes a bounded sphere and the magnitudes of kx and kz have an upper 

cut-off. Above this cut-off, waves are evanescent and simply decay away. 

The Poynting vector in a medium is related to the normal vector to the dispersion 
−→ 

relation (blue arrows in Fig.3.1(b)). The Poynting vector, given by S = kx/(k0�⊥)x̂+ 

kz/(�kk0)ẑ, where kx and kz are related by the dispersion relation, eq. 3.1, lie within 

a narrow region known as the resonance cone. Thus energy flow due to the bulk 

plasmonic Bloch modes in this metamaterial is inherently directional. The half angle 

of the plasmonic resonance cone is given by [108] r 
�k 

tan θRC = − . (3.2)
�⊥ 

Furthermore, for all the waves in the medium with wavevectors along the asymptotes 

of the hyperbola, the Poynting vectors point in the same direction. Since there are 

infinitely many waves (in the EMT limit) with wavevectors along the asymptotes 

of the hyperbola, a spatial crowding of Poynting vectors is expected in preferred 

directions (Fig.3.1(b)). This phenomenon has been observed in anisotropic plasmas 

[108, 109] and emulated in microwave metamaterial circuits [110]. Here, we consider 

the plasmonic equivalent of resonance cone behavior at optical frequencies. Below, 

and in the following sections we show that spontaneous emission from an isolated 

emitter is enhanced and directed into sub-diffraction resonance cones. The enhanced 

emission can lead to single photon resonance cones which propagate 100’s of nm, thus 

allowing the study of non-classical light propagation in metamaterials and opening 

the route to quantum applications. 

We consider the case of an emitter such as a quantum dot or dye molecule with a 

dipole transition, placed within the practical multilayer metal-dielectric metamaterial. 

Preferential emission into the resonance cone is observed for a dipole emitter placed 

within a 30 nm TiO2 layer surrounded on top and bottom by alternating layers 

of silver and TiO2. The thickness of the silver layer and TiO2 layers are 10 nm 

and 30 nm respectively. There are 5 Ag layers and 4 TiO2 layers on each side of 
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the embedded layer. The resonane cone phenomenon is due to the combination of 

three effects: a) strong overlap of the plasmonic Bloch modes with the emitter b) 

presence of a large number of such modes and c) subwavelength confinement of the 

emitter. The resonance cone emission in the finite multilayer realization matches 

quite closely with the high-k limit predicted by effective medium theory for an ideal 

hyperbolic metamaterial. The Poynting vector is non-zero only outside the resonance 

cone (θ ≥ θRC ) and energy tends to flow along the surface of the resonance cone 

θ ≈ θRC (Fig.3.1(c)inset) 

3.3 Decay Rate Enhancement 

Along with the directional nature of radiation, we show that a large Purcell factor 

in a broadband range is possible especially when the emitter is embedded inside the 

metal-dielectric multilayer structure. The plasmonic Bloch modes of the multilayer 

structure have a higher momentum than conventional SPPs even away from reso-

nance. This leads to broadband enhancement in the local density of states and these 

modes are a new radiative decay channel for embedded dye molecules or quantum 

dots [17, 18, 100, 111]. This initial research into hyperbolic metamaterials has shown 

their potential for radiative decay engineering and here we consider the transmission 

of these modes for applications such as single photon sources. We use a Green’s func-

tion formalism [4] and define the local density of states (LDOS) within a practical 

multilayer structure taking into account non-idealities such as loss and dispersion. A 

large increase in the LDOS at the location of the emitter is observed which results in 

a large decay rate enhancement due to Fermi’s Golden Rule [104]. 

Figure 3.2(a) shows the large total decay rate enhancement β = Γ/Γ0 of an emitter 

embedded in a Ag/TiO2 multilayer slab across the region of hyperbolic dispersion 

(λ > 720 nm) (Γ0 is the decay rate in a homogeneous slab of TiO2). The Green’s 

tensor calculation of β shows extremely good agreement with the full wave FDTD 

calculation. The monotonically increasing behaviour of β(λ) is explained by noting 
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that the coupling strength between the emitter and the HMM modes increases at 

shorter interaction distances, d/λ. In figure 3.2(a) d is fixed, however as λ increases 

the interaction distance decreases; furthermore, material dispersion plays a strong role 

in the exact nature of the β(λ) scaling. In sections 3.4 and 3.5 we elucidate a semi-

analytic Green’s Function technique for calculating the local density of states and 

predicting the dominant decay channels of the emitter. We shows that the dominant 

decay channels are plasmonic bloch and gap modes. Thus emission is not quenched 

and the large total decay rate enhancement shown in figure 3.2 can be utilized for 

single photon sources. 
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Fig. 3.2. (a) A large decay rate enhancement is predicted across the 
region of hyperbolic dispersion. (b)The W-LDOS (normalized by vac-
uum) available to a quantum emitter embedded in a multilayer realiza-
tion of a HMM show that emission occurs into bulk waveguide modes 
of the HMM slab in the region of hyperbolic dispersion. (c) The 
transmission coefficient (computed using a transfer matrix method 
for a plane wave launched from the embedded layer) at the top of the 
multilayer slab shows that the HMM waveguide modes propagate to 
the top of the HMM slab and can be outcoupled. 
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3.4 Local Density of States 

This enhanced spontaneous emission is channeled to multiple modes all of which 

carry energy along the above mentioned resonance cones. We therefore analyze the 

modal distribution of the spontaneously emitted radiation by defining the wavevec-

tor resolved local density of states (W-LDOS) [112]. This separates the density of 

states available to the emitter within the multilayer structure according to the modes 

characterized by the wavevector parallel to the layers (kx). 

Figure 3.2(b) shows the enhanced W-LDOS available to a single emitter embedded 

in a 30 nm thick layer of TiO2 clad by realistic finite slabs of Ag/TiO2 multilayer 

HMM (see figure 3.1(a)). We identify the series of bright vertical bands as high-

k HMM waveguide modes that arise from coupled surface-plasmon-polaritons, and 

identify the last bright line as the gap mode. When the embedded layer thickness is 

kept above ≈ 30 nm, emission into the high-k modes of the HMM and hence resonance 

cones dominates the total decay enhancement β. When the embedded layer is smaller, 

emission into the gap plasmon mode and emission quenching begins to dominate the 

total decay enhancement β. 

Two severe limitations on plasmonic approaches in general are the finite absorption 

length in the structure and non-radiative quenching. To study the propagation length 

of high-k modes in the hyperbolic metamaterial we plot the transfer function of a 

practical structure. Figure 3.2(c) shows the transmission coefficient at the top of the 

multilayer HMM slab, and shows that the high-k HMM waveguide modes propagate 

a distance of L ≈ 170 nm to the edge of the slab, and therefore can indeed be out 

coupled. A detailed account of non-radiative decay and quenching is provided later 

in this chapter. We note that functioning away from resonance and optimizing the 

embedded layer thickness can lead to a large fraction of spontaneous emission directed 

into the high-k modes and hence resonance cones. 

We emphasize that single photon sources based on the HMM high-k modes are 

fundamentally different than those based on MIM plasmonic modes [113, 114], slow 
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light modes [115], localized plasmons [25,29] and slot waveguide modes [116]. In MIM 

and slot waveguides, energy flow is along the MIM interfaces; while in HMM systems 

energy flows through the metal-dielectric multilayers at oblique angles. Furthermore, 

by examining the band structure in the W-LDOS calculation we observe that the 

group velocity vg = ∂ω/∂k does not vanish and the HMM waveguide modes are 

therefore, not slow light modes. 

3.5 Green’s function technique 

In the general quantum mechanical approach, the decay rate of a single emitter 

where G(r0, r0, ω) is the Green’s tensor of the electromagnetic wave-equation, evalu-

is given by 

Γ = 
� h i �2ω2 

¯ ~ G(r0, r0, ω) µµ · Im · ~ 
2~c 

(3.3) 

¯ 

ated at the location of the quantum emitter with dipole moment ~µ. 

Here we use the semi-classical approach developed by Ford and Weber [104] which 

treats the quantum emitter as a radiating point dipole. In the weak coupling limit, the 

general quantum mechanical approach and the semi-classical approach are equivalent, 

¯since the power radiated from an electric point dipole is proportional to G(r0, r0, ω). 

Similar to the general quantum mechanical approach, this semi-classical approach 

employs a Green’s function technique to compute the fields and thus the radiated 

power from a point dipole. 

Using this approach, we find for a point dipole with dipole moment ~µ placed a 

distance d above (or embedded in) a HMM planar slab, the decay rate enhancement 

(relative to vacuum) is computed as �Z ∞ � 
~β = Γ/Γ0 = (1 − η) + η Re ρ(λ, d, k)dkk (3.4) 

0 

where kk is the wavevector parallel to the interface of the HMM, and η is the intrinsic 

~ quantum yield. Where ρ(λ, d, k) is the local density of states (LDOS) seen by the 

emitter, normalized by the LDOS of vacuum. The LDOS is computed by taking into 
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account the various modes of the system which is captured by the angular reflection 

spectrum. � � 
~ 3 1 1 kx i2kz d 1 2 

� 
(s))k2 (p))k2 

� 
2 (p))k2ρ(ω, d, k) = e µ (1 + r − (1 − r + µ⊥(1 + r 

2 k1
3 |µ~ |2 kz 2 k 1 z k 

(3.5) 

(p)where r(s) and r are the reflection coefficients for s- and p-polarized light respec-

tively. k1 is the magnitude of the wavevector in the medium where the dipole resides 
√ 

k1 = �(ω/c). Finally kz is determined from the dispersion relation where the dipole q 
resides kz = k1

2 − kk 
2 . 

Peaks in ρ indicate dominant decay channels of the emitter, and as shown below, 

when the emitter is in the near-field of a HMM slab, ρ is dominated by unique high-k 

propagating waveguide modes. In the following sections, the interaction distance d 

dependence of β and ρ for an effective metamaterial and a physical realizable structure 

are investigated. To help elucidate the dependence on the interaction distance we 

compute the effective power dependence 

d log β 
n = (3.6)

d log d 

which approximately gives β ∼ dn . 

3.5.1 β(d) for Effective HMM Slabs 

In this section, we treat the HMMs using effective medium theory. The systems 

studied are shown schematically in figure 3.3a,b. To compute the reflection coefficients 

required to calculate β and ρ for each of these two geometries, the fresnel reflection 

coefficients for plane waves incident on a finite slab are used. 

In the case of a dipole placed above the HMM slab the reflection coefficients are 

(s,p) (s,p) j2k2,z tr + r e
(s,p) 1,2 2,3 
r = (3.7)

(s,p) (s,p) j2k2,z t1 + r r e1,2 2,3 

(s,p)
where t is the thickness of the HMM slab and r are the fresnel reflection coefficients q i,j 

for a single interface, and k2,z = �k(k0
2 − kk 

2/�⊥). 
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Fig. 3.3. (a) A dipole is embedded symmetrically between two 370 nm 
thick HMM slabs composed of Ag/TiO2 with a silver filling fraction 
of 0.25. Type 2 hyperbolic dispersion is predicted above λ ∼ 720 
nm. The embedded layer thickness is varied. (b) A dipole is placed 
above one of the finite HMM slabs from ())a. The dipole/interface 
distance is varied. (c) Calculated enhanced decay rate β at λ = 
900 nm show that the decay rate enhancement is stronger when the 
dipole is embedded between two HMMs. (d) In the extreme near-
field, the decay rate enhancement varies as the inverse cube of the 
interaction distance which is attributed to emission into high-k HMM 
modes and quenching. At far-field interaction distances, the decay 
rate enhancement is governed by plane wave interference effects. 

For the case of a dipole embedded between two finite HMM slabs the reflection 

coefficients are computed using plane wave reflection coefficients in the tunnel junction 

geometry which can found in [104]. 

The calculated β and n are shown in figure 3.3c,d for a vertically oriented dipole 

at a wavelength of λ = 900 nm and for 370 nm thick metamaterial slabs consisting of 

Ag/TiO2 with a metal filling fraction of 0.25. Realistic loss and dispersion were used 

for the effective medium computation [117,118]. The metamaterial is predicted to be 

type 2 (�k < 0, �⊥ > 0) above λ ∼ 720 nm; the predicted permittivity dispersion of 

this structure are shown in figure 3.8a. At λ = 900 nm, the dielectric response of the 
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parallel and perpedicular compenent of the dielectric tensor are �k = −4.3+ i0.4 and 

�⊥ = 11.0 + i0.07 

Due to confinement effects, the embedded dipole has a larger enhanced decay 

rate than the dipole simply above the effective medium HMM slab. Furthermore, in 
√ 

the limit of the dipole located very close to the HMM interface(s) d << λ/ �, the 

decay rate enhancement is proportional to the inverse cube of the interaction distance 

β ∼ d−3 . This extreme near-field behaviour is attributed to emission into the unique 

high-k modes of the HMM and emission into lossy surface waves (quenching) which 

is discussed in more detail in the following sections. For large interaction distances 
√ 

where d ∼ λ/ �, plane wave interference/field intensity effects govern the decay rate 

enhancement; this is discussed in more detail in the following sections. 

3.5.2 β(d) for Practical Realization of HMMs: Multilayer Slabs 

In this section, we treat the HMMs using a physical realizable multilayer struc-

ture. The systems studied are shown schematically in figure 3.4a,b. To compute the 

reflection coefficients required to calculate β and ρ, a transfer matrix method is used. 

We first consider the case of a dipole placed above a N-layer stack with the ith 

(s,p)layer having a dielectric constant �i and a thickness ti. The reflection coefficient r 

can be found by solving the matrix equation at each incident kx ⎡⎣ 1 
⎤⎦ ⎡⎣ t(s,p) 

⎤⎦(s,p)
)−1T (s,p)D(s,p)

= (D0 (3.8)N +1 
s,pr 0 

where T (s,p) is the transfer matrix product 

YN 

T (s,p) (s,p) (s,p)
)−1 = Di Pi(Di (3.9) 

i=1 
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with the individual propagation and interface matrices for the ith layer defined as 

1 1 
⎤⎦ ⎡⎣(p)

D = i k
�i 

i 
z −k

�i 

i 
z 

1 1 

ki 
z −ki 

z 

⎡⎣ ⎤⎦(s)
D = i ⎡⎣ ⎤⎦e−jk izti 0 
Pi = 

0 ejk izti 
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Fig. 3.4. (a) A dipole with vertical dipole moment is embedded sym-
metrically between two 4.5 period multilayer HMM slabs composed 
of Ag/TiO2 with thicknesses 10/30 nm respectively. Type 2 hyper-
bolic dispersion is predicted above λ ∼ 720 nm. The embedded layer 
thickness is varied. (b) A dipole is placed above one of the finite 
HMM slabs from (a). The dipole/interface distance is varied. (c) 
Calculated enhanced decay rate β calculations at λ = 900 nm show 
that the decay rate enhancement is considerably stronger when the 
dipole is embedded between two multilayer HMMs. (d) In the extreme 
near-field, the decay rate enhancement varies as the inverse cube of 
the interaction distance; this is attributed to (i) emission into a gap 
plasmon mode and quenching when the emitter is embedded and (ii) 
emission quenching when the emitter is placed above the multilayer. 
At far-field interaction distances, the decay rate enhancement is gov-
erned by propagating wave interference effects. 
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This transfer matrix method is generalized in the tunnel junction geometry, where 

the dipole is embedded between two multilayer stacks. 

The calculated β and n are shown in figure 3.4c,d at a wavelength of λ = 900 

nm and a 4.5 period Ag/TiO2 multilayer with thicknesses 10/30 nm respectively. 

Realistic loss and dispersion were used for the calculations [117,118]. At λ = 900 nm, 

TiO2 is lossless and the loss in the structure is due to silver which has �Ag ≈ −40+i1.7 

The metamaterial is predicted to be type 2 (�k < 0, �⊥ > 0) at this wavelength; the 

predicted effective medium dispersion of this structure can be in figure 3.8a, later in 

this chapter. 

We observe that in general, the embedded dipole has a larger enhanced decay 

rate than the dipole simply above the multilayer. For large interaction distances 
√ 

where d ∼ λ/ �, plane wave interference/field intensity effects govern the decay 

rate enhancement; this is observed in the low-k LDOS shown following sections. In 
√ 

the limit of the dipole located extremely close to the HMM interface d << λ/ �, 

the behaviour of the dipole located above the multilayer and the dipole embedded 

between the multilayers is different: there are different modes available for dipole to 

decay into in each geometry. This is elucidated through the high-k LDOS discussed 

in the following sections. 

3.6 Quenching 

~The wave vector resolved density of states ρ(ω, d, k) provides insight into the 

dominate decay channels of the emitter and helps explain the dependence of β on the 

interaction distance. Here we show the preferred decay channels of a dipole at various 

distances from an effective medium HMM and a physically realizable multilayer HMM. 

3.6.1 Far-Field Interference: Low-k Interactions 

Figure 3.5 shows the calculated low-k LDOS for the four geometries considered in 

the previous two sections. We see distinct peaks in the LDOS attributed to propagat-
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ing wave interference effects. When the waves interfere constructively at the location 

of the emitter, there is an enhancement in the electric field intensity, and thus an 

enhancement in the decay rate of the emitter. In the embedded case, the propagating 

wave interference is due in Fabry-Perot modes. Purely dielectric microresonators used 

to enhance spontaneous emission utilize these low-k modes. 

As the dipole is brought closer to (embedded layer shrunk), the k-space location 

of the emission enhancement is shifted from low-k modes to high-k modes. For 

interaction distances smaller than approximately half the wavelength in the medium 
√ 

λ ≤ 1/2 λ/ � ∼ 150 nm near-field interactions begin to dominate, and emission into 

low-k modes no longer takes place. 

3.6.2 EMT Near-Field Modes: High-k Interactions 

When the dipole is located at near-field distances, emission directed into the high-

k modes of HMM slab. In the effective medium limit there is no upper cut-off on the 

allowed wave vectors, and as the dipole is brought closer to (embedded layer shrunk), 

extremely larger wave vector modes become available to the emitter. At very small 
√ 

distance d/(λ/ �) � 1 emission into these infinite amount of high-k propagating 

modes of the HMM contribute to the enhanced total decay rate as the inverse cube 

of the interaction distance β ∼ 1/d3 [100]. However, there is a competing decay 

channel, namely quenching. If the emitter is brought extremely close to the interface 

then emission into lossy surface waves begins to dominate the emission into high-k 

HMM modes, thus β is mainly due to non-radiative decay. This is demonstrated in 

~figure 3.6 which shows the wave vector resolved local density of states ρ(ω, d, k) for a 

perpendicular oriented dipole placed above a HMM slab and embedded between two 

HMM slabs. The geometry is the same as that used in figure 3.3. As the emitter is 

brought closer to the HMM slab (embedded layer shrunk) larger and larger high-k 

propagating modes appear to the emitter. These modes are interpreted as confined 

waveguide modes of the HMM slab. In the LDOS, these modes are manifested as 
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Fig. 3.5. Low-k LDOS: Calculated wave vector resolved LDOS at 
various far-field interaction distances at λ = 900 nm show that when√ 
d ≥ 1/2 λ/ � ∼ 150 nm, low-k interactions dominate. As the dipole 
is brought closer (embedded layer shrunk), emission is shifted into 
high-k modes. The peaks in the low-k LDOS are due to propagating 
wave interference. 

distinct, relatively narrow peaks. When the emitter is at extreme near-field distances 

quenching begins to dominate the total decay enhancement β. Quenching (emission 

into lossy surface waves) appears as a broad peak in the LDOS. 
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By separating the LDOS integral which determines the decay rate enhancement 

(equation 3.4) into the two dominant decay channels, the decay rate enhancement 

due to the HMM waveguide modes (HMM) and the lossy surface waves (LSW) can 

be estimated from 

β = βHMM +Z βLSW Z (3.10) 

∼ ~ρ(λ, d, k)dkk + ~ρ(λ, d, k)dkk (3.11) 

HMM LSF 

By examining equation 3.11 and figure 3.6, we then conclude, at optical wavelengths 

and at intermediate near-field distance d ∼ 5 − 20 nm, emission into high-k HMM 

waveguide modes, and hence resonance cones dominates in the EMT limit. For inter-

action distances of d < 5 nm, the emission is quenched, and the decay enhancement 

is largely unusable. 
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Fig. 3.6. High-k LDOS - Effective Medium Theory: Calculated wave 
vector resolved LDOS at various near-field interaction distances at 
λ = 900 nm show that as the interaction distance d is decreased, ad-
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modes are recognizable as sharp peaks in ρ and are attributed to 
propagating waveguide modes of the HMM. When the emitter is em-
bedded between two HMM slabs the coupling to high-k HMM modes 
is slightly stronger and the onset of the strong near-field interactions 
occurs at larger d. At very small d, emission quenching begins to 
dominate. This is recognized as the wide smooth peak in ρ. Emission 
into the high-k HMM modes and emission quenching cause the total 
decay rate enhancement β to scale as ∼ d−3 in the extreme near-field. 
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3.6.3 Multilayer Realization Near-Field Modes: High-k Interactions 

In the effective medium limit there is no upper cut-off on the transverse wave vec-

tor allowed by the medium. In a physical realizable system, the maximum transverse 

wave vector kk that can be supported is inversely proportional to the unit cell size 

1/a. As a result, there is finite number high-k modes supported by the multilayer 

HMM structure and thus high-k modes will have a limited effect on the β depen-

dence on d in the extreme near-field. This is demonstrated in figure 3.7 which shows 

the LDOS dependence on the interaction distances d for the above and embedded 

multilayer geometries shown in figure 3.4. 

As the emitter is brought closer the multilayer slab (embedded layer shrunk), 

additional high-k modes of the HMM appear to the emitter. We observe the presence 

of the finite period cut-off, above which no high-k HMM waveguide modes are present. 

The onset of quenching (broad smooth peak in LDOS) occurs at much closer distances 

in the physical multilayer system than in the EMT approximation (compare figures 

3.6 and 3.7). In the case of an emitter embedded between two multilayer HMMs, we 

see the presence of a gap plasmon mode (metal-insulator-metal plasmon mode) when 

the embedded layer thickness (gap) is smaller than about 15 nm. The gap mode can 

identified by a large sharp peak in the LDOS. 

Similar to above, the LDOS integral which determines the decay rate enhancement 

β (equation 3.4) is separated into the three dominant decay channels: high-k bloch 

plasmon modes (HMM), the gap plasmon mode (GPM), and lossy surface waves 

(LSW). The decay rate enhancement from each can then be determined from 

β = βHMM + βGP M + βLSW (3.12) R R R 
~ ~ ~∼ ρ(λ, d, k)dkk + ρ(λ, d, k)dkk + ρ(λ, d, k)dkk (3.13) 

HMM GPM LSF 
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Fig. 3.7. High-k LDOS - Multilayer System:Calculated wave vector re-
solved LDOS at various interaction distances at λ = 900 nm show that 
as the interaction distance d is decreased, additional high-k modes be-
come accessible to the emitter. No high-k HMM modes exist above 
the cut-off (dashed line). In the case of the emitter above the multi-
layer slab the onset of emission into lossy surface waves (smooth broad 
peak) occurs at much smaller distances than in the EMT case. In the 
embedded case we see the presence of a gap plasmon mode, identified 
by the large peak which shifts with embedded layer thickness. Again, 
the onset emission into lossy surface waves occurs at smaller distances 
than in the EMT case. 
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Utilizing equation 3.13 and figure 3.7 we conclude that at optical wavelengths and 

at intermediate near-field interaction distances of d ∼ 10 − 20 nm, the first term 

(HMM) in equation 3.13 is much greater than the other two contributions, and thus 

emission into the finite number of high-k HMM modes dominates the total decay 

enhancement β. These high-k modes contribute to emission into highly directive 

resonance cones. By moving the emitter closer to the multilayer HMM, emission 

into the gap mode and quenching begins to dominate the total decay enhancement. 

However, in contrast to the EMT case, when the emitter is embedded in an extremely 

small layer, emission into the gap plasmon mode dominates, not quenching, the other 

decay channels. This result is in agreement with [113]. The gap plasmon mode does 

not contribute to emission into resonance cones. 

3.7 Topological transition assisted pumping scheme 

We now address the critical challenge of pumping embedded emitters in metama-

terials. Quite often the large impedance mismatch with vacuum leads to inefficient 

coupling of radiation to emitters placed inside such structures. We design our meta-

material to have a transparency window at the pumping wavelength and a large 

density of states (plasmonic response) only in the wavelength of emission. 

Figure 3.8(a) shows the effective medium dielectric response of the Ag/TiO2 

multilayer. Below λOT T ≈ 720 nm the multilayer slab is effectively a dielectric 

(�k > 0, �⊥ > 0) and transparent to normal incident light. Above λOT T ≈ 720 

nm the multilayer slab is a type 2 HMM (�k > 0, �⊥ < 0), where enormous increase 

in the LDOS yields large decay rate enhancement β into high-k modes of the HMM. 

This significantly different behaviour is attributed to an optical topological transition 

(OTT) in the iso-frequency (k-space) surface from a closed ellipsoid to an open hyper-

boloid at λOT T ≈ 720 nm which drastically changes the decay channels available to 

the emitter (see Eq.3.1) [119]. The difference in the electromagnetic responses above 

and below the topological transition allows for a novel realistic pumping scheme: a 
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single emitter can be pumped where the HMM is transparent, and in turn have its 

lower energy emission enhanced and extracted in the type 2 hyperbolic dispersion 

region. 

To understand the nature of spontaneously emitted radiation we consider the 

case of a high index superstrate (� >> 1) and define the Purcell factor using only 

propagating waves that reach the far-field. As expected, without the superstrate 

all the modes are confined to the structure and do not out couple to the far-field. 

However a very interesting transitional behavior is seen in the far-field with the high 

index superstrate. Figure 3.8b shows the predicted far-field Purcell factor Fp of the 

emitter inside a practical metal-dielectric multilayer with a high-index superstrate 

(� ≈ 30). Enhanced spontaneous emission reaches the far-field of the superstrate and 

there is a large increase in the Purcell factor exactly at the transition wavelength 

predicted by effective medium theory (λOT T ). Note the broad bandwidth in which 

this Purcell factor occurs. 
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Fig. 3.8. (a) Parallel and perpendicular components of the dielectric 
permittivity predicted by EMT for a 10 nm and 30 nm Ag/TiO2 multi-
layer structure. A topological transition between elliptical dispersion 
and hyperbolic dispersion occurs just above λOT T ≈ 720 nm. (b) Us-
ing a large dielectric constant half-space superstrate (� >> 1), the 
high-k modes of the resonance cones are outcoupled into well defined 
propagating modes in the far-field of the dielectric over a broadband 
spectral range. There is excellent agreement between the topological 
transition predicted by EMT and the large Purcell factor achieved in 
the practical multilayer structure. 
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3.8 Outcoupling 

We now address the outcoupling of high-k modes which has been the significant 

limiting factor for all applications of hyperbolic metamaterials [18, 119]. Given the 

cylindrical symmetry of the dipole/multilayer system, we propose a Bullseye grating 

structure [120] to out couple the resonance cone to vacuum. Figure 3.9a shows the 

proposed bullseye structure etched into an 85 nm TiO2 layer on top of the Ag/TiO2 

HMM structure. Figure 3.9b shows that the far-field Purcell factor can exceed 6, 

and the spectral location of the maximum Fp can be tuned by varying the Bullseye 

grating period Λ. It is worth emphasizing that the colour selective out coupling by 

the grating is a resonant phenomenon [121], however the magnitude of the Fp is due 

to the decay rate enhancement into the high-k HMM modes (resonance cones), which 

is fundamentally non-resonant and broadband. 

Since the quantum emitter couples into specific metamaterial modes with a unique 

lateral wave vector kx (figure 3.2a), the Bullseye grating scatters these modes into 

well defined free space modes. The directivity D gives a measure of the enhanced 

directivity of a given emission pattern relative to an isotropic point source; it is defined 

as D(θ) = P (θ)/(Prad/4π) where P (θ) is the power density at a given far-field angle 

θ and Prad/4π is the total power radiated into the far-field averaged over all solid 

angles. Figure 3.9(c) shows the directivity on a linear scale for a grating period of 

Λ = 400 nm at the wavelength of maximum far-field Purcell factor λ ≈ 900 nm. We 

see that the Bullseye scatters the resonance cone into a highly directive well defined 

spatial mode: a thin conical shell with a half angle of θ ≈ 34o . 

In this investigation, we have considered a single period Bullseye grating which 

can be used to outcouple a single wavelength despite the fact that the HMM structure 

provides a spectrally broad decay rate enhancement. In high-Q microcavities large 

decay rate enhancements and outcoupling occur at the same resonant wavelength 

with far-field Purcell factors that can far exceed the values demonstrated here. This 

process is fundamentally narrow band and therefore not suitable for broadband single 
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Fig. 3.9. HMM-based single photon source utilizing a bullseye grat-
ing to outcouple single photon resonance cones from the metmaterial. 
(a) A subwavelength cylindrical Bullseye grating can be used to scat-
ter the high-k states which are intrinsically confined to the HMM 
slab, into vacuum propagating modes. (b) FDTD simulations show 
that the spectral location of the maximum far-field Purcell factor 
Fp can be tuned by varying the grating period. (c) The directivity 
D = P (θ)/(Ptot/4π) is shown at the location of maximum far-field 
enhancement (Λ = 400 nm; λmax ≈ 900 nm). The emission from the 
bullseye occurs into a highly directive conical shell. The small grey 
curve shows the directivity of a dipole in TiO2. Directivity is a mea-
sure of the power density directed along a particular direction relative 
to an isotropic point source emitting the same total power. 

emitters. Recent work on broadband plasmonic scattering [122,123] has demonstrated 

that efficient outcoupling of plasmons across the optical spectrum can be achieved 

with chirped gratings. Therefore with chirped gratings, it may be possible to utilize 

the broadband decay rate enhancement provided by the HMM, and achieve a broad-

band far-field Purcell factor. The single-period Bullseye structure described here is a 

proof of principle showing that decay rate enhancement provided by HMMs may be 

utilized for far-field single photon sources. Further design of the Bullseye grating and 

other outcoupling techniques will fully utilize the non-resonant broadband decay rate 

enhancements provided by HMMs making them far more advantageous than micro-

cavities for applications with broadband emitters. In the next section, we provide an 

experimental proof of principle for the promise of this device. 
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3.9 Experimental Proof of Principle 

Motivated by the promise of the hyperbolic metamaterial, bullseye grating device 

for use as a single photon source, we forged a collaboration with Dr. Tal Galfsky and 

the Prof. Vinod Menon group in the Dept. of Physics at the City University of New 

York. This section outlines the key results from a proof of principle experiment and 

the nano fabrication for our device above. We observe that for quantum dot emitters 

(QDs) embedded within a multilayer HMM, the spontaneous emission lifetime is 

decreased by about a factor 10 and the addition of a bullseye grating boosts the 

total fluorescence output to the far-field by a factor of about 20 relative to a blank 

metamaterial (no grating). We note that these experiments are not yet in the single 

dipole emitter regime, but in the many dipole emitter limit. 

In the design outlined above TiO2 was used as the dielectric. However, in these 

experiments we use Al2O3 as the dielectric material in the metamaterial unit cell. 

Ag/Al2O3 multilayer metamaterials were fabricated via electron beam evaporation. 

Figure 3.10(a) shows a schematic of the Ag/Al2O3 metamaterial and figure 3.10(b) 

shows a TEM cross section confirming the key geometrical parameters (Ag thickness ≈ 

12 nm, Al2O3 thickness ≈ 20 nm). An ultrathin (≈ 1−2 nm) germanium wetting layer 

was deposited below each Ag film; this allows the fabrication of thinner, smoother Ag 

films with lower optical losses as described in detail in ref. [124]. Embedded within 

the metamaterial between a metamaterial unit cell, CdSe/ZnS core-shell QDs were 

spin-cast as a thin film (≈ 20 nm thick). Figure 3.10(c) shows the effective dielectric 

tensor of the metamaterial extracted from spectroscopic ellipsometry; from this data 

type II hyperbolic dispersion is confirmed throughout the spectral bandwidth of the 

QD fluorescence emission. 

Figure 3.10(d) shows the measured fluorescence lifetime of the QDs embedded in 

HMMs with different total number of total periods (metamaterial unit cells); also 

shown is the corresponding measurement on glass. The experimental setup is shown 

in figure 3.11. We observe that the QDs fluorescence lifetime reduces as the total 
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number of unit cell periods is increased thus confirming the broadband increase in 

the density of states within hyperbolic media. A 10× decrease in the spontaneous 

emission lifetime (relative to glass) is inferred for QDs embedded within a seven period 

metamaterial. 

The emission of the QD fluorophores is guided into hyperbolic polariton modes, 

the so called high-k states; the transverse wavevector of these modes lies outside the 

light cone of vacuum (and glass) and a grating must be used to scatter (diffract) these 

modes into vacuum. We now show that a bullseye grating effectively out-couples the 

high-k states of the metamaterial to the far-field. We fabricate germanium bullseye 

gratings on top of the multilayer metamaterials via electron beam lithography and 

lift-off lithography. Figure 3.12 shows an example SEM micrograph of a fabricated 

bullseye grating on top of the multilayer metamaterial. The left inset shows a low 

magnification SEM micrograph of different grating periods fabricated adjacent one 

another on the same sample. 

Figure 3.13 shows experimental evidence of the bullseye grating’s ability to ef-

fectively outcouple the high-k states of the metamaterial. We observe a 20× en-

hancement in fluorescence emission intensity when the grating period is tuned to 

Δ = 125 nm. If we take into account the ensemble of random QD dipole moment 

angular orientations, then FEM Comsol simulations accurately model and predict 

this enhancement. 

To conclude, we have experimental proof that HMMs drastically decease (10×) the 

fluorescence lifetime of quantum dots due to the broadband increase in local density 

of photonic states inside hyperbolic media. Nanofabricated bullseye gratings on top 

of the metamaterials show that the high-k states making up the majority of the QD 

emission are effectively out-coupled to the far-field via diffractive scattering. 
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Fig. 3.10. (a) Schematic of the HMM composed of Ag/Al2O3. (b) 
Cross-sectional TEM image showing smooth continuous films of Ag 
(dark) and Al2O3 (bright). (c) Permittivity of the structure as cal-
culated from Effective Medium Theory based on experimentally de-
termined dielectric constants and metal fill fraction. Dotted line cor-
responds to the emission spectrum of the QDs. Inset, hyperbolic 
isofrequency contour of an ideal HMM overlaid on the spherical IFC 
of air. (d) Lifetime distribution of QDs on glass, 1-period, 4-period, 
and inside a 7-period nonpatterned HMM. Experiment credit goes to 
Dr. Tal Galfsky and Prof. Vinod Menon of the City University of 
New York. Figure reprinted with permission from ref. [50], Optical 
Society of America. 
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Fig. 3.11. The experimental setup measuring the fluorescence lifetime 
of the QD emitters embedded in the HMM is shown. The QDs are 
excited by a solid-state laser diode pump (440 nm, ≈ 90 ps pulses at 
8 MHz repetition rate), while the fluorescence emission is collected in 
a confocal pin-hole geometry. The emission kinetics are measured via 
time-correlated-single-photon-counting and the collection location is 
raster scanned via a piezo-electric stage. Experiment credit goes to 
Dr. Tal Galfsky and Prof. Vinod Menon of the City University of 
New York. Figure reprinted with permission from ref. [50], Optical 
Society of America. 
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Fig. 3.12. SEM image of Δ = 150 nm germanium bullseye grating 
on top of a multilayer metamaterial. Left inset: array of gratings 
with different periods. Experiment credit goes to Dr. Tal Galfsky 
and Prof. Vinod Menon of the City University of New York. Figure 
reprinted with permission from ref. [50], Optical Society of America. 
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Fig. 3.13. (a) Confocal microscope image of PL emission from bullseye 
gratings with half periods Δ = 125 nm, Δ = 150 nm, Δ = 170 nm, 
and Δ = 200 nm on 7P HMM. The measurements were carried out 
over a scan area of 10 µm×40 µm. (b) Experimentally measured ratio 
between the intensity at the center of the grating to that of nonpat-
terned background for 7P and 1P for different grating periods. Solid 
lines are the calculated ratios from simulations. Inset, fluorescence 
lifetime map of the Δ = 125 nm device. Experiment credit goes to 
Dr. Tal Galfsky and Prof. Vinod Menon of the City University of 
New York. Figure reprinted with permission from ref. [50], Optical 
Society of America. 
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3.10 Conclusion 

We have proposed a device using plasmonic metamaterials to efficienctly extract 

single photons from broadband quantum emitters such as NV centers in diamond. 

Detailed analysis of quenching and non-radiative decay shows that the device can 

achieve a broadband Purcell effect and directional far-field spontaneous emission de-

spite the metal losses. Low mode volume confinement of the emitter and the ability 

to function away from plasmonic resonances holds the key to efficient outcoupling of 

light. The proposed structure will lead to a platform for understanding propagation 

of non-classical light in plasmonic metamaterials and can be integrated with other 

plasmonic structures for future nanoscale quantum information applications. 
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4. SUPER-COULOMBIC DIPOLE-DIPOLE 

INTERACTIONS IN METAMATERIALS 

4.1 Introduction 

Zero point fluctuations not only cause the decay of an excited state and energy 

level shifts of atoms but also induce dipole-dipole interactions (Vdd) between nearby 

atoms and molecules. These universal interactions are related to real photon and 

virtual photon exchange between quantum emitters and decrease in the near-field 

with the characteristic Coulombic dipole field law (Vdd ∼ 1/r3). The control and 

modification of this dramatic scaling with distance has become a long-standing theme 

in quantum engineering since dipole-dipole interactions govern Van der Waals forces, 

collective Lamb shifts, atom blockade effects and Förster resonance energy transfer. 

Here, we show that metamaterials can fundamentally modify the interactions and 

cause a near-field Coulombic scaling in spite of large physical separation between 

interacting quantum emitters. We demonstrate two orders of magnitude increase in 

the near-field resonant dipole-dipole interactions and, the surprising extension of the 

characteristic non-radiative Coulombic scaling law to intermediate field distances (10 

times the near field). In marked distinction to existing approaches of engineering 

long-range radiative interactions, our work paves the way for controlling real photon 

and virtual photon interactions using metamaterials. 

Engineering of dipole-dipole interactions has led to demonstrations of long-range 

qubit interactions in circuit QED [35], super-radiance of atoms and quantum wells me-

diated by photonic crystals [36,37] , collective lamb shifts of atoms in cavity QED [38], 

enhanced energy transfer between molecules in cavities [39], and quantum phases in 

optical lattices [40]. A unifying theme in these approaches is the enhancement of ra-

diative interactions and departure from the far-field (Vdd ∼ 1/r) scaling of interaction 
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with distance. A significant challenge is the control of the non-radiative Coulombic 

near-field interactions which scale considerably faster with distance (Vdd ∼ 1/r3) and 

are conventionally limited to the extreme near-field [3]. 

The canonical understanding of dipole-dipole interactions in cavity/waveguide 

QED stems from modification of the vacuum density of states and spectral tuning of 

atoms towards regions where the group velocity goes to zero and the corresponding 

density of states diverges. The two conventional approaches to achieve this criterion, 

as shown in figure 4.1(A-B), use either metallic waveguides operating near the cut-off 

frequency or cavities operating near a photonic band-edge [125–127]. The resonant 

nature of the density of states modification leaves little room for tolerance in terms 

of the range of emitters that can be used, as well as the environmental conditions 

necessary for direct experimental observation. All experiments so far have relied on 

a resonant interaction intrinsically requiring emitters with linewidths much smaller 

than the resonance linewidth of the cavity or waveguide mode; this condition inher-

ently requires either cold atom systems where the linewidth of the atoms are on the 

order of GHz or less, or circuit QED systems where the metallic waveguide is cooled 

to ultra-low temperatures. 

In this work, we provide the first experimental demonstration of the Super-

Coulombic dipole-dipole interaction recently predicted to occur in hyperbolic me-

dia [46]. We employ many-body dipole-dipole interactions between quantum emitters 

mediated by a nano-structured hyperbolic metamaterial to show the dramatic spatial 

extension of the Coulombic near-field compared to conventional media. Our work is 

the first to provide a direct comparison between theory and experiment comparing 

the magnitude, range and distance scaling of this modified dipole-dipole interaction. 

4.2 Theory 

Resonant dipole-dipole interactions (RDDI) in metamaterials with hyperbolic dis-

persion are fundamentally different from photonic crystal waveguides [36] or cir-



63 

Fig. 4.1. Comparison of dipole-dipole interactions (Vdd) in metal-
lic waveguides, photonic crystal band-edge structures and hyperbolic 
metamaterials. Here r is the distance between interacting emitters, 
vg is the group velocity of the waveguide mode with wavevector k, 
ωcut−off is the cut-off frequency of the metallic waveguide mode or 
photonic crystal and ξ is an interaction range. (A) When the tran-
sition frequencies of interacting atoms lie above the cut-off, they will 
have a sinusoidal-type interaction; (B) on the other hand, at the band-
edge of a photonic crystal there occur interactions with a divergent 
strength as well as range (C) Hyperbolic media exhibit fundamentally 
different Coulombic long-range interactions which diverge for specific 
angular directions in the low-loss effective medium limit. 

cuit QED waveguides [35]. The unique RDDI properties of the hyperbolic medium 

[41], which is a homogeneous material with dielectric tensor � = diag[�x, �x, �z] with 

�x�z < 0, arises from the topology of the k-surface of extraordinary waves [see SI]. 

It takes on a hyperboloidal relation ((k2 + k2)/�z − k2/|�x| = ω2/c2 = k2) between x y z 0 

wavevector (k = [kx, ky, kz]) and frequency (ω) instead of the usual spherical form 

for conventional media. This k-surface allows for giant interactions mediated by real 

and virtual hyperbolic polaritons [46] along the asymptotes of the hyperboloid when p
the radius vector joining the two emitters makes an angle θR ≈ arctan −�x/�z with 

respect to the optic axis (z-axis). To illustrate the unique properties of the Super-

Coulombic interaction, we consider a hyperbolic medium where the permittivity along 

the optic axis is modeled as a free-electron Drude metal with plasma frequency ωp, 
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�z = 1 − ωp 
2/ω2 , while �x is equal to one [46], resulting in the RDDI for hyperbolic 

media (ω < ωP ) � � 
ω3 −r/ξ e 1 

Vdd ∼ q 
3 

(4.1) 
ωp 
3 3 sin2 θ − ω2/ωp 

2 r q 
where the interaction range is given by ξ−1 = ωp sin2 θ − ω2/ω2 in this ideal limit.ideal c p 

This equation shows a striking similarity to the RDDI in band-edge cavities or cut-off 

waveguides clearly outlining the origin of the singular Super-Coulombic interaction 

strength and diverging spatial range. In stark contrast to the single-frequency di-

vergence that occurs near a band-edge, the anisotropy of the medium provides an 

additional degree of freedom (directional angle θ) allowing the interaction strength 

to diverge for a broad range of wavelengths. This result provides an interesting inter-

pretation of the hyperbolic medium as a directionally-dependent band-gap medium 

where certain directions (θ < θR, θ ∈ [0, π/2]) allow propagating modes with tradi-

tional Coulombic dipole-dipole interactions limited only to the near-field, while other 

directions (θ > θR, θ ∈ [0, π/2]) only allow for exponentially decaying evanescent-

type interactions. Exactly at the resonance angle θR (or cut-off angle) of propagating 

modes, there exists a diverging interaction strength similar to photonic crystals and 

waveguides. We further note that the resonant dipole-dipole interaction in hyper-

bolic media contains a dominant Coulombic r−3 power law dependence as opposed 

to either the purely exponential decay that occurs inside a photonic band gap, or the 

sinusoidal dependence that occurs above cut-off (see figure 4.1). Thus quantum emit-

ters interacting along these special angular directions will have a Coulombic power 

law scaling irrespective of their physical separation [46, 47]. We also note that the 

two-dimensional quasi-static (Coulombic) equation in the hyperbolic medium remark-

ably resembles a wave equation implying the extension of Coulombic near-fields to 

infinity [46, 47]. Figure 4.2 (A) shows the point-to-point scaling of RDDI along the 

resonance angle for a hyperbolic medium with realistic loss compared to metal (Ag) 

and dielectric (SiO2). These long-range Coulombic (non-radiative) interactions are 
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fundamentally different from long-range radiative interactions [103] and interactions 

in plasmonic waveguides [72, 128, 129]. 

The real part of the RDDI generally predicts a cooperative frequency shift, while 

the imaginary part predicts a cooperative decay rate between resonant atoms. Isolat-

ing such effects is quite difficult at room temperature due to inhomogeneous broad-

ening and vibrational dephasing mechanisms that destroy coherence between atoms. 

Nevertheless, it is still possible to isolate dipole-dipole interactions at room temper-

ature through the well-known Forster resonance energy transfer process [130]. This 

type of dipole-dipole interaction is an energy transfer process which occurs when 

two distinct molecules with overlapping emission and absorption spectra are in the 

extreme near-field (< 10 nm apart). The FRET rate is dependent on the squared 

magnitude of the RDDI, ΓET = 2π~−1|Vdd|2δ(~ωa−~ωb), thus providing a direct probe 

of the Super-Coulombic dipole-dipole interaction (Figure 4.2). Here, the delta func-

tion δ(~ωa − ~ωb) imposes the requirement that the two dipole transitions must occur 

at the same energy (emission and absorption overlap). This energy transfer provides 

an additional decay channel for the excited state of the donor and here we use this 

increased relaxation rate of the donor excited state as a distinct signature of FRET 

across a 100 nm metamaterial (Figure 4.2(C,D)). The broadband and non-resonant 

nature of hyperbolic dispersion [44, 112] allows us to observe the Super-Coulombic 

interaction through FRET at room temperature and at optical frequencies. In exper-

iment we choose as the interacting FRET molecules, the organic dyes Alq3 (donor, 

peak emission λ ≈ 523 nm) and R6G (acceptor, peak absorption λ ≈ 525 nm) whose 

FRET radius we estimate to be Ro ≈ 5.1 nm using their photoluminesnce and ab-

sorption spectra. 

4.3 Design of Metamaterial 

Extremely thin films (< 2 nm) of Alq3 donor molecules are spin-cast onto glass 

substrates. On top of these dyes we then fabricate a metal-dielectric thin film imple-
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Fig. 4.2. (A) The calculated vacuum fluctuation induced dipole-dipole 
interaction potential is shown for two molecules separated by a real-
istic (dissipative) slab of HMM, SiO2 and Ag is shown. γo is the free 
space decay rate. The HMM provides strong dipole-dipole interactions 
along the asymptotes of the resonance cone which show a Coulombic 
near-field scaling (∼ 1/r3) even for distances comparable with the 
free-space wavelength – orders of magnitude stronger than conven-
tional materials. The HMM dielectric constants are �x ≈ −4.2+ 0.2i, 
�z ≈ 5.4 + 0.01i. (B) FRET is used as a probe for long-range super-
Coulombic RDDI. The donor atom’s radiative dipole transition is res-
onant with the acceptor absorption dipole-transition. (C,D) The en-
hanced RDDI mediated by directional hyperbolic polaritons is shown 
for a dipole located below a 100 nm slab of SiO2 and HMM. The HMM 
allows a single dipole (white arrow, bottom) to interact with many 
physically separated acceptors (orange arrows, bright regions, top) 
giving rise to unique super-Coulombic enhancements for thin films of 
acceptors and donors. 

mentation of a hyperbolic medium: electron beam evaporation of a multilayer stack 

of alternating silver/silicon dioxide layers (20 ± 2 nm thick layers � λAlq3 = 525 

https://��4.2+0.2i
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nm) . Deviations from effective medium theory are expected but ellipsometric trans-

mission and reflection measurements confirm that hyperbolic dispersion is achieved 

within the entire bandwidth of overlap between the emission spectrum of the donor 

and absorption spectrum of the emitter. The effective dielectric constants can be 

approximated by �x ≈ −4.2 + 0.2i, �z ≈ 5.4 + 0.01i at λ = 525 nm [66]. This con-

firms the effective hyperbolic dispersion behavior essential to create super-coulombic 

interaction pathways. 

Figure 4.3(A) shows the comprehensive set of samples required to demonstrate 

super-Coulombic interactions in the metamaterial, not present in any conventional 

material. We isolate the role of the metamaterial on enhancing RDDI as opposed 

to its role in increasing two competing physical phenomena - the local photonic den-

sity of states (LDOS) and non-radiative quenching of donor molecules on top of the 

metal. [34, 119, 131]. This is achieved using a careful comparison between donors 

with acceptors (hybrid, front row of figure 4.3(A)) to the donor-alone and acceptor 

alone cases (middle and back rows, figure 4.3(A)). Along with the metamaterial, we 

fabricate Ag and SiO2 control samples of equal thickness to the metamaterial (100 

nm). 

4.4 Photoluminescence Enhancement 

To demonstrate evidence of energy transfer from donors to acceptors we measure 

the steady state fluorescence of the control samples and contrast these to the hybrid, 

donor with acceptor samples. Figure 4.3(B,C,D) shows the transmitted photolumi-

nescence (PL) spectra of the control samples and the hybrid samples for the three 

types of material systems. The samples are optically pumped with steady state flu-

ence of ≈ 25µ/W/1 mm2 from 405 nm CW laser. We note clear evidence of energy 

transfer from donors to acceptors in all three material systems. We conclude this by 

observing that when acceptors are present on the opposite side of the donors (hy-

brid, black curve), there is an increase in the acceptor emission intensity compared 

https://��4.2+0.2i
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Fig. 4.3. (A) The sample-types used to isolate RDDI in various ma-
terial systems is shown. Donors (Alq3) are shown green on top while 
acceptors (R6G) are shown red on the bottom. (B,C,D) The trans-
mitted PL spectra for the donor and acceptor separated by dielectric, 
metal and metamaterial is shown. We note that energy transfer is 
clearly visible in all three material systems; that is, the donor ex-
cited state is causing the acceptor to be excited and subsequently 
relax and emit a photon. This is concluded by noting an increased 
intensity of acceptor emission and a quenched donor emission when 
the emitters are placed in the hybrid geometry (black curve) relative 
to the donor-only (blue curve) and acceptor-only (red curve) control 
systems. (E,F,G) The time resolved donor fluorescence for donor-only 
(blue) and hybrid (black) samples are shown for the three material 
systems. For the donors:acceptors separated by 100 nm of SiO2 or Ag 
(G, H), the hybrid decay traces reveal no additional lifetime reduc-
tion compared to the donor-only case, indicating no long-range RDDI. 
When the donor and acceptors are separated by a 100 nm Ag/SiO2 

multilayer metamaterial (G), we observe a marked excited state life-
time reduction when the acceptor molecules are present, providing 
evidence of long-range super-coulombic RDDI. 



69 

to acceptors alone (red curve). This is accompanied by a decrease in donor emission 

intensity (relative to donors alone, blue curve). 

To gain insight into the nature of this energy transfer process, we utilize time-

resolved emission kinetics of the Alq3 donor and isolate the additional increase to the 

donor relaxation rate in the presence of R6G acceptors across the metamaterial. 

4.5 Time-Correlated Single Photon Counting Measurements 

Figure 4.3(E) compares the decay trace for the 100 nm SiO2 film with and without 

acceptors. We denote these traces by D (blue data points) and Hybrid (black data 

points). We note that the introduction of acceptors to the far-side of the SiO2 film 

produces no change in the emission kinetics, despite the fact that the steady state 

fluorescence indicates that there is energy transfer from donors to acceptors. This 

clearly shows that the energy transfer mechanism is radiative, mediated by a photon 

emitted by the excited donor which propagates through the 100 nm SiO2 film and 

is subsequently absorbed by the acceptor. The 100 nm Ag material system only 

causes the well-known decrease in lifetime of the donor lifetime due to the metallic 

environment [104, 132]. Similar to the SiO2 thin film, this system also lacks strong 

long range interactions since no additional decrease in lifetime is observed when the 

acceptors are introduced on the opposite side of the metal [133]. 

Figure 4.3(G) shows the fundamentally different emission kinetics of the donor in 

the HMM system. The donor only sample shows a decreased excited state lifetime 

relative to the pure Ag sample (blue Figure 4.3(F)). This is due to the enhanced 

optical density of photonic states in the near-field of HMMs [112,119]. When acceptors 

are introduced on the opposite side of the HMM in the hybrid sample (black data 

points), we observe a marked additional reduction in the excited state lifetime of the 

donor. This lifetime reduction offers proof of super-Coulombic dipole-dipole coupling 

of donors and acceptors with a physical separation distance of 100 nm. 
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Fig. 4.4. Spatial scaling of Super-Coulombic interactions. (A) Ex-
perimental confirmation of enhanced energy transfer rates due to the 
Super-Coulombic effect in a hyperbolic metamaterial (green) com-
pared to silver film (blue) and SiO2 film (red). The noise floors are 
denoted by dashed curves and the numerically calculated many-body 
dipole-dipole interaction curves are denoted by the colored bands. 
The theoretical predictions include 10% error bands accounting for 
uncertainty in the independently extracted physical parameters. (B) 
Numerically simulated spatial dependence of sheet-to-slab (2D sheet 
of donors and thin slab of acceptors) many-body dipole-dipole interac-
tions demonstrating an enhanced FRET rate of the effective medium 
model (yellow) with ∼ d−3 power law dependence. Super-lattice struc-
tures with unit-cell sizes of 40 nm, 20 nm, and 4 nm respectively 
are also shown exhibiting an extended spatial range with enhanced 
Coulombic interactions beyond the scale of a wavelength. The green 
stars correspond to the experimentally measured data. The solid grey 
line shows the ideal EMT limit of adsorbed quantum emitters on a 
hyperbolic medium whereas the dashed black line presents the ana-
lytical scaling law taking into account the finite distance between the 
emitter and metamaterial. 

4.6 Comparison of Theory and Experiment 

To elucidate the distance scaling law of dipole-dipole interactions mediated by 

metamaterials, we fabricate additional structures displaying varying strengths of 
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RDDI owing to the different separation distance (20, 60 nm) between donors and 

acceptors. We robustly quantify the effective FRET strength between the donors and 

acceptors using the harmonic mean of the measured decay rates of the donor emission 

kinetics with and without the presence of acceptors (see SI, [130]). If the observed 

decay traces I(t) are normalized to unity at time zero, then the integral of the trace R 
γ−1over time yields the average excited state lifetime, that is ¯ = τ̄ = dtI(t). Since 

we are in the weak coupling limit, the difference between the average decay rate of the 

donors with and without acceptors present yields the effective FRET rate of donors 

¯ to acceptors: ΓET = γ̄ DA − γ̄ D. 

The observed effective FRET rates and their scaling for the three separation dis-

tances between donor and acceptor molecules are shown in figure 4.4. To connect 

these data with theory, we have developed a rigorous theoretical framework of many-

body dipole-dipole interactions which allows for quantitative comparison of the meta-

material response in the ideal effective medium theory (EMT) limit as well as the 

practical absorptive-dispersive, finite-sized multilayer structure. Using only physical 

quantities extracted independently from experiment (permittivity, layer thicknesses, 

FRET radius, donor decay rate, and acceptor concentration) and no fitting parame-

ters, the many-body Super-Coulombic interaction theory shows excellent agreement 

with experimentally observed FRET rates across the metamaterial (figure 4.4(A)). 

The enhancement of FRET due to the HMM is close to two orders of magnitude 

compared to the dielectric and one order of magnitude compared to the metal. We 

note that our simulations take into account the discrete nature of the metamaterial 

and the sawtooth behavior of the RDDI enhancement is related to the influence of 

the metamaterial termination layer (metal or dielectric). 

We now compare the ideal super-Coulombic interaction predicted by Eq. (1) and 

the regime of enhanced FRET rate observed in experiment. We emphasize that the 

characteristic Coulombic scaling ΓET ∼ r−6 only occurs for point-to-point interactions 

along the resonance angles. In contrast, for sheet-to-slab (2D sheet of donors and thin 

film slab of acceptors) interactions, a many-body behavior starts manifesting since 
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each donor molecule can interact with multiple acceptor molecules at the base of 

conical region formed at the resonance angles. Using the FRET radius, concentration 

of dye molecules, photoluminscence and absorption spectra, collection optics and 

beam size, we estimate a single donor to interact with approximately 16,000 acceptors. 

The characteristic scaling of Coulombic energy transfer in this many-dipole interacting R∞ RR 
limit is given by ΓET = γoca d dza ρ dρdθ (Ro/r)

6 = γocaπRo 
6/6d3 ∼ d−3 where d is 

the distance between the sheets (see appendix C). 

Motivated by the excellent agreement between theory and experiment (green stars 

and green dots in Fig. 4B), we compare the scaling law of interactions for the ex-

perimental realization of the metamaterial to the ideal effective medium theory limit 

of super-Coulombic RDDI for adsorbed quantum emitters on a hyperbolic medium 

(light grey line). As the unit cell size is decreased to 4 nm, a very strong agreement 

is noticed between effective medium theory (yellow curve) and the multilayer system 

x 

(black dots). We emphasize that the dramatic spatial extension of the Coulombic 

z 

z 

scaling law (ΓET ∼ d−3) to beyond the wavelength scale (d > 500nm) in spite of 

x 

z x 

losses, dispersion, absorption and finite unit cell size of the metamaterial is evidence 

of the super-Coulombic effect. Furthermore, the dashed black curve presents our 

analytical model of super-Coulombic FRET taking into account the finite distance 

between the emitter and metamaterial (za). The modified Coulombic scaling law 

taking into account this proximity effect is 

p 
)−3ΓET ∼ (d Re[ �x/�z] + za (4.2) 

A strong agreement in the scaling law between EMT and multi-layer simulations 

occurs when the unit-cell size is significantly smaller than the molecule-interface sep-

aration distance (see SI). The spatial range of the Super-Coulombic interaction is 

ultimately curtailed by material absorption (�00) and the resulting interaction rangeq
�00|�0 |+�00|�0 |
|�0 |+|�0becomes ξ−1 = ω 

| . 
c 
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4.7 Synergy between Theory and Experiment 

The accurate modeling of our experimental results took a strong collaboration 

between theory and experiment. The tour de force of theory and modeling techniques 

used in this chapter were developed by Cristian Cortes (Purdue University) and, to 

our knowledge, have not been used before in many-body dipole-dipole interactions 

in nanophotonic environments. A detailed theoretical analysis of many-body dipole-

dipole interactions in nanoscale plasmonic metamaterials will be explored fully in 

Cristian Cortes’s thesis (expected early 2018). A brief overview of the modeling 

technique is outlined here. Figure 4.5 shows the flow-chart describing the careful 

strategy required to go from point-to-point dipole-dipole interactions to the many-

body super-Coulombic dipole-dipole interactions observed in experiment. 

Point-to-point dipole-dipole interactions near the hyperbolic metamaterial are 

modeled with a Green’s function method. At this point, key experimental parameters 

are input such as experimentally observed thicknesses and dielectric permittivities to 

accurately model the exact structure used in the experiment. Experimental uncer-

tainties are also included and carried forward into the next step. 

Position (six degrees of freedom) and dipole orientation (6 degrees of freedom) 

averaging of the RDDI fields are then completed with a combination of numerical 

integration, identification of degeneracies, and clever simplifications with less well 

known mathematical identities of the cylindrical Bessel functions that appear as ba-

sis functions in the Green’s function of dipoles near planar structures. Several key 

experimental constants such as FRET radius, acceptor molecule concentration and 

donor fluorescence lifetime are required to accurately model the ensembles of donors 

and acceptors in experiment. Uncertainties in these physical constants are also in-

serted into the model to predict the error bands on the theory curves appearing in 

figure 4.4(A). 
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Fig. 4.5. The schematic flow chart describing the modeling of many-
body super-Coulombic interactions is shown. 
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4.8 Conclusion 

This metamaterial mediated non-radiative Förster interaction with with Coulom-

bic scaling should be contrasted with the previously reported super-radiant lifetime 

change in quantum dots which only showed a radiative interaction and Vdd ∼ 1/R 

scaling at the comparable distance of 150 nm [134]. Furthermore, two mesoscopic 

atomic clouds have shown Förster interaction at 40 microns [135]. However, the tran-

sition wavelength is 1 cm placing the experiment in the extreme near-field regime 

(d ≈ λ/250). For comparison, if similar mesoscopic atomic systems were interacting 

through a hyperbolic metamaterial functioning at ω = 30 GHz ≡ 1 cm, the interaction 

distance would be a centimeter. 

In conclusion, we have demonstrated long-range Super-Coulombic dipole-dipole in-

teractions mediated by metamaterials which fundamentally extend the non-radiative 

near-fields as opposed to engineering radiative interactions. We envision that Super-

Coulombic interactions can impact deterministic entanglement creation between re-

mote emitters [136], quantum coherence [137, 138] in metamaterial mediated pho-

tosynthetic energy transfer, lead to many-dipole interactive states in metamateri-

als [126], increase the range of biomolecular FRET rulers as well as FRET imaging 

systems [139], and accelerate progress towards the long-standing goal of strongly cou-

pled quantum systems at room temperature (Vdd > kbTroom). 
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5. RESONANT DIPOLE-DIPOLE INTERACTIONS IN 

DISORDERED PLASMONIC MEDIA 

In this chapter we provide evidence of RDDI enhancement in the vicinity of disor-

dered plasmonic media. A significant amount of research has shown the ability of 

random plasmonic media to engineer spontaneous emission [130,140], and act as seed 

locations in random nanolasers [141, 142]. However, very little work has investigated 

the effects of such disordered media on dipole-dipole interactions. Here we show that 

a thin-film of disordered gold nanoparticles results in a 50% increase in the effec-

tive FRET radius of donor-acceptor pairs. Since dipole-dipole interactions scale so 

rapidly in the near-field, this results in the observation of a thirteen times increase in 

the FRET rate relative to a glass or thin metal substrate. This increase in FRET rate 

is larger than the increase in fluorescence decay rate due to the interactions of the 

individual emitters with the plasmonic environments. This work then makes major 

progress to the long-standing goal of engineering emitter-emitter interactions (dipole-

dipole coupling) beyond the coupling of the individual emitters with the photonic 

environment. This result stands in contrast to several other experiments and theory 

work that claim that plasmonic substrates can only reduce or enhance RDDI by about 

a factor of 1.5 [34, 143]. We predict that this increased range of dipole-dipole inter-

actions on disordered gold nanoparticle substrates will provide a rich testing ground 

of QED in disordered plasmonic media and also offer a simple solution for increased 

FRET interactions in bio-imaging. 

5.1 Introduction 

Nanoscale metal particles support resonant electromagnetic states called localized 

surface plasmon polaritons (LSPs). They arise from the coupling of the photonic 
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radiation field with the motion of free electronic charges within the metal. The 

electromagnetic energy density of LSPs is enhanced and sharply confined to the par-

ticle. As a result, in the near-field of plasmonic nanoparticles (NPs), electromagnetic 

fluctuations are strongly altered. This has resulted in a explosion of work in engi-

neering spontaneous emission [114, 130, 144], stimulated emission [145], Raman scat-

tering [146], and even novel optics such as filters and polarizers [147, 148]. There is 

definitive evidence that dipole-dipole interactions can also be tailored via plasmonic 

NPs. Recent work has shown that carefully designed individual plasmonic particles 

can enhance FRET in the immediate near-field of LSPs [149,150]. 

Random plasmonic NP ensembles have been used to engineer spontaneous emis-

sion in colloidal suspensions and numerous applications have emerged in bio-imaging 

[130, 140] and nanoscale light sources such random lasers [141, 142]. However, open 

questions remain on the ability of random plasmonic media to alter or enhance dipole-

dipole interactions. Here, we fabricate a thin-film of disordered, self-assembled gold 

NPs and show that such a film enhances resonant dipole-dipole interactions beyond 

the coupling of the individual dipoles (emitters) with the photonic environment. This 

work then makes criticial progress to the long-standing quantum engineering goal of 

tailoring emitter-emitter coupling to be stronger than emitter-environment coupling. 

5.2 Fabrication and Characterization of Disordered Gold Nanoparticle 

Films 

Here, we exploit the concept of the percolation threshold in metals to fabricate 

disordered plasmonic media. When thin metal films are deposited via physical vapor 

deposition techniques such as sputtering or electron beam evaporation there exists 

a critical thickness called the percolation threshold, below which the metal film is 

not continuous but semi-continuous and island-like [151]. At this threshold there are 

significant changes to the physical properties of the film [152,153]. For example, when 

the film is thicker than the percolation threshold, it will tend to conduct electricity 
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with a conductivity similar to the bulk; as discussed extensively in Chapter 2 a thin 

continuous film of metal will also support a radiative bulk plasmon called a Ferrell-

Berreman mode. On the contrary, when the film is thinner than the percolation 

threshold, the island-like metallic film will not continuously conduct electricity and 

no Ferrell-Berreman mode will be supported. Interestingly however, the individual 

metallic islands, regardless of how oddly they are shaped support localized surface 

plasmons (LSPs) that couple to free space radiation [140,144]. Typically, these semi-

continuous island-like films have an extremely complex morphology and as a result, 

even small nanoscale areas (< 100 nm2) support LSPs at a broad range of spectral 

frequencies. Here, we apply a rapid annealing process to semi-continuous gold films 

that triggers the self-assembly of a thin-film of gold NPs. Although the exact physical 

locations of the particles remain random and disordered, we find the self assembled 

gold NPs are of a circular island shape and their LSPs resonate at a very consistent 

spectral frequency. 

A brief overview of the fabrication procedure is provided below while a detailed 

description of the fabrication is provided in the appendix D. We start by sputtering a 

3 nm layer of gold (Au) on a glass microscope slide substrate. This thickness is below 

the percolation threshold of Au (≈ 6 − 10 nm) and the Au film is semi-continuous 

and island-like as revealed by an atomic force microscope (AFM) as shown in figure 

5.1(a). We then anneal the semi-continuous Au film in an inert nitrogen atmosphere 

at 600oC for four minutes. Although this is below the melting temperature of bulk 

gold (≈ 1, 064oC), the small islands are able to migrate, reflow and recombine into 

larger NPs at this elevated temperature [124,151]. The annealing process yields well 

defined circular looking NPs as shown in figure 5.1(b). 

Using the open access AFM analysis software Gwyddion, we extract the particle 

and island size statistics using a common watershed/grain analysis method. Figure 

5.1(c,d) shows the NP size distributions for the annealed and unannealed Au films. 

We observe that the annealing process causes the average NP size to increase by about 

a factor of five while the particle height increases by about a factor of eight. We find 
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empirically that in both the unannealed and annealed samples the particle height is 

approximately the cube root of the particles’ lateral radius. From this, we conclude 

that the NPs and islands are not spherically symmetric but probably shaped similar 

to a pancake or downwardly squeezed sphere. 

If we assume the gold NPs are half ellipsoids, then the total volume of the unan-

nealed islands to that of the annealed gold NPs is smaller by about a factor eight – 

a violation in conservation of mass (elemental gold in this case). This indicates that 

our particle shape extraction algorithm is flawed and that we need to take into ac-

count the finite tip size of the AFM probe. These effects are likely to be significantly 

higher on the unannealed gold islands and more thorough AFM techniques will need 

to be used to accurately extract the sizes and distributions of the gold islands here. A 

TEM cross-section would further elucidate the exact shape distributions of the NPs 

and islands, and would thus result in more accurate electromagnetic modeling of the 

NP film optical response. This is beyond the immediate scope of the current work 

and is an ongoing subject of future work. 

5.3 Localized Surface Plasmon Resonances of Disordered Gold Nanopar-

ticle Films 

Figure 5.2(a) shows the measured specular extinction spectra of the disordered 

gold nanoparticle films. The extinction spectra shows optical losses experienced by 

a specular beam due to both scattering and absorption losses. We note that the 

annealed Au film displays a resonant extinction peak at around λ ≈ 530 nm. This 

observation provides evidence of the presence of well defined LSP resonances in the 

annealed gold NP film since spherical gold nanoparticles are well known to have a 

strong scattering and absorption cross section around λ ≈ 520 nm. The unannealed 

island-like film, on the other hand, displays a broad spectral extinction with no marked 

resonance; the complex island morphology results in the islands’ LSPs resonating in 

a broad spectral range with poor quality factors [124, 140]. 
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We deposit an ultrathin 4 nm conformal coating of Al2O3 on the Au nanoparti-

cle films via atomic layer deposition (ALD) to prevent NP migration/agglomeration 

and any unwanted chemistry between the gold NPs and fluorescent emitters. Plas-

monic resonances are extremely sensitive to the local dielectric media surrounding 

the metal/dielectric interfaces, and as the Al2O3 dielectric film thickness increases, 

the LSP resonance red-shifts and the quality factor increases. The quality factor in-

creases due to the fact that the Al2O3 can support a higher proportion of the LSP 

resonance electromagnetic energy density than vacuum; as a result, more of the LSP 

electromagnetic energy is contained within the dielectric coating surrounding the NP, 

and Ohmic losses within the metal play less of a role in damping the resonance. 

We model the extinction spectra of the annealed gold NP film with Mie scat-

tering theory [140, 144]. Figure 5.2(a) shows the relatively good agreement of the 

Mie scattering theory with experimental observations, confirming that we are indeed 

observing a LSP resonance. In the modeling, the experimentally extracted ensemble 

of gold nanoparticle sizes and densities (inset) must be included to accurately pre-

dict the spectral location, width and strength of the disordered film’s LSP extinction 

resonance. Here we assume that the gold NPs are spherical (and not island-like) in 

shape; mutual coupling between the adjacent gold NPs was also neglected. Further 

details of this modeling can be found in the appendix D. 

5.4 FRET Experiment Details and Methods 

We monitor FRET in the near-field of our gold nanoparticle films to investigate 

the effects of disordered plasmonic films on resonant dipole-dipole interactions. We 

fabricate 20 nm layers of dye-doped PMMA films on top of the disordered gold NP 

substrates via spin casting (figure 5.2(b)). The donor was the fluorescent dye Alq3, 

while the acceptor was the organic laser dye R6G. The Alq3 donor concentration 

in the PMMA was about 3.6 × 1019 dyes/cm3 while that of the R6G acceptor was 

about 1.1 = ×1019 dyes/cm3 . Films consisting of donor-only and acceptor-only were 
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also fabricated to isolate the effects of the LDOS from those of RDDI. The peak 

FRET interaction strength occurs at λ ≈ 525 nm, where there is maximum emission-

absorption overlap between the donor-acceptor pair (blue vertical band, figure 5.2(a)). 

We quantify FRET by monitoring fluorescence emission spectra and kinetics of 

the dye-doped PMMA films on top of the disordered gold NP substrates. Figure 

5.3 shows a schematic of the experimental setup. With very fast, minor changes to 

the apparatus (flip mirrors), the setup is capable of measuring dark-field plasmonic 

NP scattering, fluorescence spectra, and fluorescence emission kinetics of the same 

physical sample area. The benefits of this experimental apparatus are discussed below. 

Utilizing a refractive total-internal-reflection prism, we pump the sample with the 

evanescent decaying light field of pulsed white light (see appendix E). The LSP reso-

nances of the gold NP film strongly scatter the white light, and we directly obtain high 

magnification images of the disordered plasmonic film with an imaging spectrograph 

and intensified CCD camera. 

To measure the fluorescence of the donors and acceptors, we pump the dyes in 

a confocal geometry with ultrafast laser pulses (400 nm, 30-50 fs, 100 KHz, 7 µW, 

spot size ≈ 9 µm2), coinciding with the minimum of the acceptor absorption band 

. The resulting fluorescence is collected and sent to the aforementioned imaging 

spectrograph as well to a single photon avalanche diode (SPAD) coupled with time-

correlated single photon counting (TCSPC) electronics. This allows the simultaneous 

measurement of fluorescence spectra and emission kinetics. 

To avoid any spurious effects of aggregate dyes or large Au NPs, it is critical that 

we observe FRET in a region of high uniformity of dyes and plasmonic NPs. Of course 

microscopically the NPs and dyes will be extremely random, however, we must avoid 

any large obvious defects. Figure 5.4 show an example of this. 

Figure 5.4(a) shows the dark-field scattering image of the disordered gold NPs film 

A small region of abnormally bright signal is observed in the bottom left of the image. 

This is likely due to a larger agglomeration of gold NPs that are also occasionally 

observed via AFM. We avoid this region by collecting fluoresence away from the defect 
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center as shown in figure 5.4(b). The basis of the resulting spectral measurement of 

this region is shown in panels (c-d). Emission kinetics of the fluorescence from the 

same physical region is also sent to the SPAD and TCSPC electronics. 

After a typical fluorescence data acquisition, we retake a scattered white-light 

dark-field image to ensure the laser pump for fluorescence measurements has not 

physically altered the gold NP film (see figure D.8 in appendix D.7 for an example 

of such damage). It is relatively easy to ablate and melt the gold nanoparticles with 

400 nm light since gold has strong interband absorption in this region. To avoid this 

unwanted side effect of the fluorescence laser pump, we ensure the 30-50 fs duration 

400 nm laser pump is kept to pump fluences less than 70 pJ/9 µm2 . In the next 

section, we utilize the power of this experimental setup to show that dipole-dipole 

interactions are enhanced in the vicinity of disordered gold NP films. 

5.5 Evidence of Enhanced Dipole-Dipole Interactions on Disordered Gold 

Nanoparticle Films 

Figure 5.5 shows the spectral fluorescence intensities of donor only (D), acceptor 

only (A), and donors with acceptors (DA) deposited as a 20 nm thick homogeneous 

mixture on top the Au NP substrate. These data show the spectral signature of 

FRET in the donor with acceptor mixtures. In figure 5.5(a) we observe the donor 

fluorescence intensity is quenched while that of the acceptor is enhanced. 

The differential spectra, defined as the difference between the FRET emission 

spectra (DA) and the sum of the donor alone and acceptor alone emission spectra 

(D+A) quantifies the quenching and enhancement intensities (figure 5.5(b)). We ob-

serve that the acceptor emission is enhanced by nearly two times the amount that 

the donor is quenched! This quantitative result hints that at least some of the energy 

transfer from donor to acceptor is being mediated by dark-modes – LSP modes that 

rigorously do not couple to the far-field. Examples of such modes are multipolor 

localized surface plasmon of the NPs such as quadrapole and octopole modes [140]. 
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It is also probable that more complex dark mode band structures are supported by 

the disordered plasmonic films. Interestingly, these dark modes are not observed in 

far-field specular extinction measurements as shown in figure 5.2. To elucidate this 

interesting observation, a much more thorough quantitative analysis is required in-

cluding the internal quantum efficiencies of the dyes, far-field Purcell factors, and the 

coupling of the quantum emitters to bright and dark LSP modes on the microscopic 

distance scales of the disordered films. Complex electromagnetic modeling of the dis-

ordered gold NP films is required to fully quantify the Purcell factors and quantum 

coupling of emitters to the disordered gold NP array, and this is the focus of future 

work. 

Figure 5.6 shows the donor emission kinetics for the donor alone and donor with 

acceptor samples for dyes mixed on top of our gold nanoparticle substrate. We also 

show the relevant emission kinetics for the control samples of glass (dielectric envi-

ronment) and continuous gold film (metallic environment). All of the samples contain 

a 4 nm Al2O3 spacer layer as a control. In all three material systems, we observe a 

reduction in the donor fluorescence lifetime due to FRET when acceptor molecules 

are mixed with the donors. We unravel the separate effects of the LDOS and RDDI 

on the emission kinetics below. 

As described in the preceding chapter and derived in the Appendix C.1, we ro-

¯bustly quantify the effective decay rate Γ of a normalized emission trace I(t) with R
¯the equation Γ = I(0)/ I(t)dt. We emphasize that this calculation yields the har-

monic mean of the decay rate distribution A(Γ) and takes into account all decay 

rates present in the decay trace I(t), not just the long or short times-scales. Figure 

5.7(a) shows the effective decay rate for the donor alone (blue squares) and donor 

with acceptors (red stars) for all three material systems. We observe the well known 

decay rate enhancement due to surface plasmon polaritons for the donors alone on 

top both metallic material systems. Note that the donor alone decay on top of the 

disordered Au NP films is faster than the donor alone on top of continuous Au film 

despite the fact that at long time-scales, the continuous Au system decays faster. 
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We now emphasize that for all three material systems the addition of the acceptor 

¯has increased the effective decay rate of the donor due to FRET (Γ̄ 
DA > ΓD). We 

define the effective FRET rate as the difference between the average decay rate of the 

¯ ¯donors with and without acceptors present: ΓET = ΓDA −Γ̄ 
D. Figure 5.7(b) shows the 

FRET rate (green circles) alongside the donor alone decay rate (blues squares, same 

as panel (a)). We note that the FRET rate on the 18 nm continuous gold substrate 

is only slightly larger than that on glass (1.3×). This agrees with recent observations 

of FRET mixtures on smooth metallic films and multilayer hyperbolic metamaterials 

made by Noginov, Poddubny and co-workers [143, 154]. However, in the case of the 

disordered gold nanoparticle substrate, we observe a thirteen times increase in the 

FRET rate relative to on glass! This indicates that the effective FRET strength 

and RDDI have drastically increased on top of the disordered nanoparticle substrate. 

Furthermore, the effective FRET rate increase on the gold NPs has outpaced that of 

the LDOS: the effective FRET rate is larger than the donor’s spontaneous emission 

rate by about 20%. 

The precise reason for this tremendous enhancement of RDDI is not fully explored 

at the moment but must be due to the precise band structure and specific electric 

field distributions of the plasmonic modes supported by the disordered plasmonic 

NP substrate. Photonic bandstructures of disordered media is an active field of 

research [155] and work in this direction in the context of enhanced RDDI will yield 

a rich testing ground for QED interactions in disordered systems. 

The quantum FRET efficiency ηET is defined as the probability of FRET relative 

¯ to all other decay processes, and is expressed mathematically as ηET = ΓET /Γ̄ 
DA. In 

Figure 5.7(c) we plot the FRET efficiency ηET along with the spontaneous emission 

Γglass¯ rate enhancement β = ΓD/¯ D for the three material systems. On glass we ob-

serve the FRET efficiency to be about 48%. This indicates that within the mixture, 

donors are separated by acceptors by about the FRET radius Ro on average1 On the 

1The FRET radius is defined as the donor-acceptor separation distance at which the FRET rate 
equals the spontaneous emission rate. At this distance ηET ≡ 50%. 
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Table 5.1. 
¯The summary of key decay rates Γ, Radiative Decay Rate Enhance-

ments β and FRET efficiencies η is shown for the two control samples 
and the NP sample. 

SiO2 18 nm Au Au NPs 

Γ̄D (ns
−1) 0.05 0.31 0.44 

Γ̄DA (ns
−1) 0.09 0.37 1.04 

Γ̄ET (ns
−1) 0.04 0.06 0.60 

ΓglassΓ̄ET /¯ET 1 1.2 12.2 
glass¯β = ΓD/Γ̄D 1 6 9 

¯η = ΓET /Γ̄DA 48% 17% 58% 

continuous gold film, the FRET efficiency is reduced dramatically to 17% since the 

radiation rate has significantly increased while the FRET rate has remained the same; 

this indicates most of the donor decay above continuous gold is comprised of emission 

into surface plasmons that radiate away some finite distance before being absorbed 

by the gold or acceptors. Above the disordered gold NP film we estimate a FRET 

efficiency of 58%, a 10% improvement over the glass substrate. The key quantative 

results from above are summarized in table 5.1. 

5.6 Discussion: Anisotropic FRET Interactions 

We now estimate the effective increase in FRET radius of the donor-acceptor 

pair on top of the golf NP films. The FRET rate within glass is calculated with 

Γglass¯the well known spherically symmetric Förster equation ET = (Ro/ hRi)6 , where 

Ro = 5.1 nm for our donor-acceptor pairs in PMMA, and hRi is the expectation value 

of the donor-acceptor separation distance in PMMA. Assuming the RDDI interactions 

above the Au NP film is also spherically symmetric and isotropic (a crude assumption 

to be sure), then a similar equation holds for the FRET rate above the Au NPs, 
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Γ̄NPs (RNPs= / hRi)6 , where RNPs is effective the FRET radius above the gold NPs.ET o o 

Since the concentration of dyes is the same above glass and above the gold NPs, then 

hRi is equivalent in both cases. Taking the ratio between these two simple equations 

and performing some algrebra yields an equation for the effective FRET radius above 

the gold NPs: !1/6 
Γ̄NPs 

RNPs ET = × Ro (5.1)o ¯glassΓET 

Given the increase in the observed effective FRET rate of donor-acceptor mixtures 

on the gold NP films of 13.3 and our value of the FRET radius of the donor-acceptors 

in PMMA, we crudely estimate that the effective FRET radius has increased about 

1.54×, increasing from 5.1 nm to 7.9 nm. 

In FRET mixtures, donor emission kinetics display unique signatures of dimen-

sionality that are easily observable [130,143,156]. It turns out, that in homogeneous 

ensembles of donors and acceptors that when the near-field Coulombic potential of the 

dipole-dipole interactions is spherically symmetric, as is the case within a dielectric, 

then donor emission decay trace takes on the simple analytical form 

IDA(t) ∼ exp(−ΓDt − atb), (5.2) 

where ΓD is the spontaneous emission rate, a is a constant related to the FRET 

radius and the acceptor concentration, and b is a constant determined solely by the 

dimensionality of the interactions. In particular, for donor:acceptor mixtures in the 

bulk 3D b ≡ 1/2, while in 2D sheets b ≡ 1/3, and along lines b ≡ 1/6. The critical 

length scale here is the FRET radius Ro; for the mixture to behave as a 2D sheet, 

the thickness of the slab must be on the order of Ro. Similarly for a 1D line, the 

mixture must be confined in two dimensions on the order of Ro [156]. We emphasize 

that this constant b arises solely due to dimensional symmetry (1D, 2D or 3D) and 

due to the spherical symmetry of the near-field Coulomb potential in ensembles of 

random dipoles. 
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By dividing the normalized donor with acceptor decay trace in equation 5.2, by 

the normalized donor alone decay trace ID(t) ∼ exp(−ΓDt) and taking the natural 

logarithm, we isolate the effect of the FRET in the decay function h(t): 

h(t) = − log [IDA(t)/ID(t)] = atb . (5.3) 

Figure 5.8 shows h(t) for the three material systems, calculated from the data in 

figure 5.6. Note that the plot is in a log-log scale so that the exponent b containing 

dimensional information is easily discernible from the slope. We observe that in the 

case of FRET mixtures on glass and on a continuous gold film, the FRET interactions 

take place as though in a 3D bulk (b = 1/2). This is not unexpected. The 20 nm 

dye:PMMA films are roughly four times the FRET radius of 5.1 nm and there is 

thus no major symmetry breaking for the majority of the interacting dyes. This also 

suggests the dipole-dipole interaction potential remains spherically symmetric above 

the continuous thin gold film. 

Meanwhile, in the case of the same thickness FRET mixture on our gold NP 

substrate, the interactions take place as though in a 2D sheet (b = 1/3). Here 

again the film thickness of the 20 nm dye:PMMA film is roughly two and half times 

larger than the estimated FRET radius of 7.8 nm; we therefore do not expect to see 

major 2D dimension confinement effects here! This b = 1/3 observation can then be 

explained in two ways: (1) our estimated FRET radius increase of 5.1 nm to 7.8 nm 

in the vicinity of the disordered gold NP is an underestimate, or (2) the gold NP film 

facilitates a near-field Coulombic potential that is no longer spherically symmetric but 

anisotropic, favoring interactions in planes parallel to the substrate. To verify either 

of these conjectures via theory requires a much more sophisticated electromagnetic 

model to capture the effects of gold NP enhancement on many-body FRET in the 

near-field of the disordered Au NP film. In any case, this result is interesting and will 

stimulate interest in engineering anisotropic resonant dipole-dipole interactions. 
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5.7 Conclusion 

In conclusion, we have shown enhanced dipole-dipole interactions in the optical 

near-field of self-assembled disordered gold NP films enhance resonant dipole-dipole 

interactions. A 50% increase in the FRET radius of Alq3-R6G donor-acceptor pairs 

is observed. Since dipole-dipole interactions scale so rapidly in the near-field, this 

results in the observation of a thirteen times increase in the FRET rate relative to a 

glass or thin metal substrate. The increase in FRET rate is larger than the increase 

of the LDOS and we observe a 10% increase in FRET quantum efficiency relative to 

the same mixture on glass. 

Motivated by these promising results, future work will investigate how the level 

of disorder in the resonant plasmonic films affects dipole-dipole interactions. Tuning 

the temperature and duration of the rapid annealing process results in different Au 

nanoparticle morphologies this may in turn be exploited to further enhance FRET. 

From a strictly engineering standpoint, we predict that this increased range of 

dipole-dipole interactions on disordered gold nanoparticle substrates will lead to a 

simple solution for increased FRET interactions in bio-imaging. 
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Fig. 5.1. Results of AFM measurements are shown. (a) Before an-
nealing, the film is semi-continuous and composed of many small is-
lands. (b) After annealing the gold islands have reflowed into larger 
more circular particles. If we assume the particles in both cases have 
a circular lateral cross section, and a half ellipsoidal top, then the 
islands/particle size statistics can be extracted. (c) The relative fre-
quency of particle radius (assumed to have circular lateral shape) 
is increased upon annealing. (d) The measured particle height as a 
function of extracted particle radius reveals the NP heights increases 
an order of magnitude upon annealing. We note that the particle 
height is approximately proportional to the cube root of the particle 
radius; this purely empirical result indicates that the gold islands (pre-
anneal) and gold particles (post-anneal) tend to have an island-like 
shape (height<lateral dimensions). 
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Fig. 5.2. (a) The extinction spectra reveals scattering and absorption 
losses at λ ≈ 530 nm due to he presence of a LSP resonances in the 
annealed gold NP films (no ALD applied). The complex morphology 
of the unannealed gold film possesses low quality resonances over a 
broad spectral range and indicates the lack of strong plasmonic res-
onances. The additional ALD deposition of a conformal 4 nm Al2O3 

layer shows the red-shifting and increase in quality of the LSP reso-
nances (see main text for more details). The observed extinction is 
modeled reasonably well with Mie scattering theory for spherical Au 
NPs. In the model, an ensemble of Au NPs (extracted from exper-
iment, inset right) is averaged to get the theory curve shown. The 
blue vertical band depicts the spectral location of the peak FRET in-
teraction between Alq3 donors and R6G acceptors. (b) A schematic 
overview of the fabrication procedure is shown. 



91 

TIR

prism

sample

index 

matching 

fluid

pulsed white light 

supercontinuum

filter 

wheel

PL or 

scattered  

light

to imaging

spectrograph/ 

emICCD

pinhole
SPAD

to TCSPC 

electronics

pulsed 

OPA

dichroic 

mirror

50:50

tube 

lens

(1)

(2)

Fig. 5.3. The experimental schematic for a hybrid dark-field / flu-
orescence microscope is shown. (1) Pulsed white light undergoing 
total internal reflection reveals the position of resonant LSP particles 
via dark-field scattering microscopy. (2) At the same physical sam-
ple location, fluorescence emission, pumped via narrowband pulsed 
light, is collected in a confocal geometry. This fluorescence signal is 
then imaged via the imaging spectrograph. The fluorescence emission 
kinetics are also simultaneously measured via time-correlated single 
photon counting. A pin-hole is used to increase spatial resolution in 
this case. Details on the light sources can be found in appendix E. 
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dispersion on. To obtain a 1D spectrum (signal vs wavelength) from 
the image shown in (d), we combine (sum/bin) the CCD counts in 
the y-direction. 
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Fig. 5.5. (a) The spectra of dye:PMMA mixtures on top of the gold 
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with the same concentration as D and A alone. (b) The differential 
spectra ΔPL = DA − (D + A) reveals the quenching of the donor 
fluorecence and enhancement of the acceptor fluorescence. 
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Fig. 5.6. The normalized donor fluorescence decay traces for donor 
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material systems: (a) on glass, (b) on 18 nm a continuous Au, and (c) 
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more rapid when the acceptors are present due to FRET. 
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only decay rate. (c) The FRET efficiency ηET is plotted alongside 
the radiative decay rate enhancement β. For donors on the Au NP 
substrate, we observe a 13.3× increase in the effective FRET rate, 
outpacing the radiative decay rate enhancement of β = 9. As a result, 
the FRET efficiency, relative to glass has increased from 48% to 58%. 
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2D mixture. This indicates that the FRET radius has increased in the 
vicinity of the gold NP film or the dipole-dipole interaction potential 
is favoring interactions in the plane parallel to the substrate. 
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6. CONCLUSIONS AND FUTURE OUTLOOK 

At the outset of this thesis work in 2010-2011, the main excitement surrounding 

metamaterials was their applications in super-resolution imaging and cloaking; the 

quantum and thermal aspects of these artificial media were just emerging. This 

thesis made important progress in the development of single photon sources and ex-

perimental verification of enhanced dipole-dipole interactions enabled by plasmonic 

metamaterials, and in particular hyperbolic metamaterials. We have made advances 

in nanofabrication of nanoscale metamaterials and ultrafast low-light level detection 

to verify the exotic classical and quantum optical properties of metamaterials. The 

two main contributions that we believe will have a long lasting impact in both fun-

damental science as well as in engineering applications are outlined below. Here, we 

also list the future directions of metamaterials and plasmonics research. 

(1) we have provided the first experimental demonstration of the ability of hyper-

bolic metamaterials to extend the Coulombic near-field of dipole-dipole interactions to 

the far-field. This materials approach is non-resonant and fundamentally broadband, 

well suited for room-temperature solid-state dipole-dipole coupling, and therefore of-

fers a paradigm shift in engineering long-range quantum interactions. 

(2) We have utilized the broadband surface plasmon resonances supported by dis-

ordered gold nano-particle films to fundamentally enhance the Coulombic near-field 

dipole-dipole interactions in Forster Resonance Energy Transfer. In fact, the fluores-

cent emitter-emitter coupling strength exceeds the coupling of the individual emitters 

with the environment! This work then makes major progress to the long-standing 

goal of engineering emitter-emitter interactions (dipole-dipole coupling) beyond the 

coupling of the individual emitters with the photonic environment. Hitherto, other 

researchers had concluded that plasmonic resonances can only enhance or suppress 

dipole-dipole interactions by a factor of about 1.5. However, in our disordered gold 
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nanoparticle films, we observe an enhancement of dipole-dipole interaction strength 

by a factor of about 13! This work therefore stimulates further study of dipole-dipole 

coupling in the presence of disordered plasmonic films and also for the application of 

disordered plasmonic particle substrates for the application of bio-imaging. 

This thesis work also made major experimental strides in ultrafast excitation and 

low light level detection techniques applied to nanofabricated metamaterials. On the 

one hand challenges were overcome for precise fabrication of thin film metamaterials 

as well as optical characterization using unique electromagnetic states such as Ferrel-

Berreman modes. On the other hand ultrafast streak camera measurements as well 

as time- correlated single photon counting set-ups were built from the ground up, 

specifically to verify the super-Coulombic effect. This was a mammoth task to say 

the least but this thesis lays the foundation of long range dipole-dipole interactions at 

room temperature. This presents a new direction of research for the field which will 

hopefully pay dividends in scaling up nanoscale light sources and possibly enabling 

solid state room temperature quantum technologies. The experimental set-ups built 

during the thesis can now be advanced to the single photon detection regime with 

correlation set-ups. 

The recent discovery and materials engineering refinement of natural hyperbolic 

media shows a promising direction of quantum optics in hyperbolic media. Van der 

Waals bonded meterials such as Hexagonal Boron Nitride, Bismuth Selenide/Telluride 

and Black phosphorus possess a natural hyperbolic dispersion in the near-infrared/optical 

and infrared spectral ranges [157–162]. In such materials, the curtailing of the hyper-

bolic mode dispersion is primarily due to intrinsic material losses and not the finite 

unit cell size1 . Reduction in the intrinsic losses in these natural hyperbolic media and 

the design of appropriate quantum emitters in these frequency bands will no doubt 

result in a breakthroughs in room-temperature solid-state quantum optics and this 

1Of course the finite unit cell of the atomic lattice will eventually curtail the complete divergence of 
the hyperbolic dispersion, however, this cut-off would be at spatial frequencies approximately 200× 
larger than current state of the art hyperbolic metamaterials. 
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prospect offers a rich field of exciting research in both fundamental science and in 

engineering for the foreseeable future. 

Another interesting and brand-new prospect for quantum physics in hyperbolic 

media is in the application of entangled photon generation. Current entangled photon 

sources rely on spontaneous parametric down-conversion in χ(2) crystals with uniaxial 

dielectric dispersion such as Beta Barium Borate (BBO) [12]. Although ultrabright 

sources of entangled photons have been generated and applied in a wide variety of 

quantum optics experiments, the inherently weak optical non-linearities and lack of 

strong spatial mode confinement in such crystals implies that the size of these en-

tangled photon sources will always remain relatively large. Very recent work by the 

Atwater group at Caltech [163], as well as my own independent theoretical calculations 

(unpublished) shows that the designed non-linear response of plasmonic hyperbolic 

metamaterials may allow for a two-orders of magnitude enhancement in the brightness 

of entangled photon generation in devices with a truly nanoscale footprint! Moreover, 

the unique hyperbolic photonic mode dispersion allows the radiation pattern of en-

tangled photons to be engineered and thus offers a paradigm shift in phase matching 

in optical parametric processes. We foresee that hyperbolic metamaterials may also 

find applications in chip-scale entangled photon generation. 
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“Coherent dipole-dipole coupling between two single rydberg atoms at an 
electrically-tuned forster resonance,” Nature Physics, vol. 10, no. 12, pp. 914– 
917, 2014. 

[139] P. C. Ray, Z. Fan, R. A. Crouch, S. S. Sinha, and A. Pramanik, “Nanoscopic 
optical rulers beyond the FRET distance limit: fundamentals and applications,” 
Chemical Society Reviews, vol. 43, no. 17, pp. 6370–6404, 2014. 

[140] S. A. Maier, Plasmonics: Fundamentals and Applications, 1st ed. Springer, 
2007. 

[141] T. Zhai, X. Zhang, Z. Pang, X. Su, H. Liu, S. Feng, and L. Wang, “Random 
Laser Based on Waveguided Plasmonic Gain Channels,” Nano Letters, vol. 11, 
no. 10, pp. 4295–4298, oct 2011. 

[142] T. Zhai, Z. Xu, S. Li, and X. Zhang, “Red-green-blue plasmonic random laser,” 
Optics Express, vol. 25, no. 3, pp. 2100–2106, 2017. 

[143] T. U. Tumkur, J. K. Kitur, C. E. Bonner, A. N. Poddubny, E. E. Narimanov, 
and M. A. Noginov, “Control of Förster energy transfer in the vicinity of metallic 
surfaces and hyperbolic metamaterials,” Faraday Discussions, vol. 178, pp. 395– 
412, 2015. 

[144] G. Mie, “Contributions to the optics of turbid media, particularly of colloidal 
metal solutions,” Annalen der Physik, vol. 25, no. 3, pp. 377–445, 1908. 



109 

[145] M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E. 
Narimanov, S. Stout, E. Herz, T. Suteewong, and U. Wiesner, “Demonstration 
of a spaser-based nanolaser,” Nature, vol. 460, no. 7259, pp. 1110–1112, aug 
2009. 

[146] J.-M. Nam, J.-W. Oh, H. Lee, and Y. D. Suh, “Plasmonic Nanogap-Enhanced 
Raman Scattering with Nanoparticles,” Accounts of Chemical Research, vol. 49, 
no. 12, pp. 2746–2755, dec 2016. 

[147] T. Ellenbogen, K. Seo, and K. B. Crozier, “Chromatic plasmonic polarizers for 
active visible color filtering and polarimetry,” Nano Letters, vol. 12, no. 2, pp. 
1026–1031, 2012. 

[148] S. J. Tan, L. Zhang, D. Zhu, X. M. Goh, Y. M. Wang, K. Kumar, C.-W. Qiu, 
and J. K. W. Yang, “Plasmonic color palettes for photorealistic printing with 
aluminum nanostructures,” Nano Letters, vol. 14, no. 7, pp. 4023–4029, 2014. 

[149] J. Zhang, Y. Fu, and J. R. Lakowicz, “Enhanced Förster Resonance Energy 
Transfer (FRET) on a Single Metal Particle,” The Journal of Physical Chem-
istry C, vol. 111, no. 1, pp. 50–56, 2007. 

[150] J. Zhang, Y. Fu, M. H. Chowdhury, and J. R. Lakowicz, “Enhanced Förster 
Resonance Energy Transfer on Single Metal Particle. 2. Dependence on Dono-
rAcceptor Separation Distance, Particle Size, and Distance from Metal Surface,” 
The Journal of Physical Chemistry C, vol. 111, no. 32, pp. 11 784–11 792, 2007. 

[151] S. A. Campbell, Fabrication Engineering at the Micro- and Nanoscale. Oxford 
University Press, 2012. 

[152] D. J. Bergman and D. Stroud, “Physical Properties of Macroscopically Inhomo-
geneous Media,” H. EHRENREICH and D. B. T. S. S. P. TURNBULL, Eds. 
Academic Press, 1992, vol. 46, no. Supplement C, pp. 147–269. 

[153] A. L. Efros and B. I. Shklovskii, “Critical Behaviour of Conductivity and Dielec-
tric Constant near the Metal-Non-Metal Transition Threshold,” physica status 
solidi (b), vol. 76, no. 2, pp. 475–485, 1976. 

[154] A. N. Poddubny, “Collective Forster energy transfer modified by a planar metal-
lic mirror,” Physical Review B, vol. 92, no. 15, p. 155418, 2015. 

[155] A. K. Boddeti, R. Kumar, and S. Mujumdar, “Figures-of-merit of Anderson lo-
calization cavities in membrane-based periodic-on-average random templates,” 
Optics Communications, vol. 397, no. April, pp. 39–43, 2017. 

[156] L. Klushin and O. Tcherkasskaya, “Effects of molecular distribution on the 
fluorescence transfer: Exact results for slab geometry,” Journal of Chemical 
Physics, vol. 119, no. 6, pp. 3421–3428, 2003. 

[157] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, and W. Ji, “High-mobility transport 
anisotropy and linear dichroism in few-layer black phosphorus,” Nature Com-
munications, vol. 5, p. 4475, jul 2014. 

[158] H. O. H. Churchill and P. Jarillo-Herrero, “Two-dimensional crystals: Phospho-
rus joins the family,” Nature Nanotechnology, vol. 9, no. 5, pp. 330–331, may 
2014. 



110 

[159] M. Esslinger, R. Vogelgesang, N. Talebi, W. Khunsin, P. Gehring, S. de Zuani, 
B. Gompf, and K. Kern, “Tetradymites as Natural Hyperbolic Materials for the 
Near-Infrared to Visible,” ACS Photonics, vol. 1, no. 12, pp. 1285–1289, dec 
2014. 

[160] D. N. Basov, M. M. Fogler, and F. J. G. de Abajo, “Polaritons in van der Waals 
materials,” Science, vol. 354, no. 6309, p. aag1992, 2016. 

[161] S. Dai, Q. Ma, M. K. Liu, T. Andersen, Z. Fei, M. D. Goldflam, M. Wagner, 
K. Watanabe, T. Taniguchi, and M. Thiemens, “Graphene on hexagonal boron 
nitride as a tunable hyperbolic metamaterial,” Nature Nanotechnology, vol. 10, 
no. 8, pp. 682–686, 2015. 

[162] S. Dai, Q. Ma, T. Andersen, A. S. Mcleod, Z. Fei, M. K. Liu, M. Wagner, 
K. Watanabe, T. Taniguchi, M. Thiemens, F. Keilmann, P. Jarillo-Herrero, 
M. M. Fogler, and D. N. Basov, “Subdiffractional focusing and guiding of po-
laritonic rays in a natural hyperbolic material,” Nature Communications, vol. 6, 
p. 6963, apr 2015. 

[163] A. Davoyan and H. Atwater, “Tailoring Spontaneous Parametric Downconver-
sion in Hyperbolic Metamaterials,” in Conference on Lasers and Electro-Optics, 
ser. OSA Technical Digest (online). San Jose, California: Optical Society of 
America, 2016, p. FW1B.2. 

[164] H. Fujiwara, Spectroscopic Ellipsometry. Chichester, UK: John Wiley & Sons, 
Ltd, jan 2007. 
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A. FABRICATION, CHARACTERIZATION AND 

MEASUREMENTS OF EPSILON NEAR ZERO 

METAMATERIALS 

A.1 Fabrication 

Silver and silica multilayer films were deposited using electron beam evaporation 

on BK7 glass microscope slides. A 40 nm wetting layer of silica was deposited onto the 

substrate to help remove initial surface roughness. The silver and silica multilayers 

were then deposited and capped with a top 40 nm layer of silica to help prevent 

oxidation of the silver films. Film thicknesses were verified through JEOL 6301F 

scanning electron microscope micrographs. RMS surface roughness was measured 

with an Alpha-Step IQ contact profilometer and was estimated to be between 1-2 

nm for all layers. 

A.2 Determining Optical Constants 

Optical constants of individual silica and silver films were determined via ellip-

sometry using a JA Woollam VASE ellipsometer and the inferred optical constants 

showed good agreement with literature [117, 124]. We modeled the dielectric per-

mittivity function of silver as �Ag ≈ �FC + �bound, with �FC being the contribution 

from the free carriers and �bound being the contribution of bound or valence electrons. 

Free electron motion in the silver is treated with a Drude dispersion while interband 
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transition of bound electrons in the UV are modeled with five Lorentz osscillators as 

described by Chen et al [124, 164]: 

ω2 
p

�fc ≈ �drude = 1 − (A.1)
ω2 + iω/τ 

5 5X X ω2An n�bound ≈ �bg + �lorentz = �bg + . (A.2)
ω2 − ω2 − iω/τn n=1 n=1 n 

ωp is the plasma frequency of the metal, τ is the free electron scattering time, ωn 

is the nth interband transition frequency, τn is the dissipation time of the interband 

excitation, and An is the amplitude of the interband excitation. �bg represents a 

background dielectric constant from the metal’s core-shell electrons. Figure A.1 shows 

the experimentally determined dielectric permittivity of a 100 nm thick silver foil on 

a glass microscope slide substrate. 

The amorphous silica layers are modelled using Sellmeier’s equation with an Ur-

bach absorption tail. The real part of the refractive index is defined with Sellmeier’s 

equation while the extinction coefficient is treated with a exponential absorption tail 

with an onset ≈ 330 nm. It is important to note that this model does not satisfy the 

Kramers-Kronig relation but does acurrately model the dielectric function of amor-

phous silica in the near-UV to infrared range. A more complete, physically reasonable 

description of the optical response of silica can be achieved with a Tauc-Lorentz model; 

see page 170 of [164]. 

A.3 Transmission Measurements 

Optical and UV transmission measurements were taken using a Perkin-Elmer 

Lambda900 IR-UV spectrophotometer equipped with a UV polarizer (λ = 300 − 400 

nm) and an IR polarizer (λ = 400 − 800 nm). Baseline measurements indicate that 

the precision of transmission measurements is ±0.2 − ±0.4%. The precision of the 

Spectrophotometer is minimized by using longer detector intergration times and by 

allowing the source lamp to warm-up and stabilize for ≈ 30 − 60 min. 
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Fig. A.1. Dielectric permittivity for a 100 nm thick silver foil as 
determined by ellipsometry. 
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B. PHOTONIC BAND-STRUCTURE OF HYPERBOLIC 

METAMATERIALS 

B.1 Dielectric Tensor for silver/silica multilayer superlattices 

This section shows the real and imaginary (lossy) components of the effective 

medium, metamaterial dielectric permittivity tensor for the three silver/silica multi-

layer samples in our experiment. The dielectric permittivity tensor is computed using 

zeroth order Maxwell-Garnett effective medium theory and yields �̄  eff = diag[�||, �||, �⊥] 

where �|| = ρ�m + (1 − ρ)�d is the dielectric permittivity for polarizations along the 

interfaces of the multilayer and �⊥ = (ρ/�m + (1 − ρ)/�d)
−1 is the dielectric permit-

tivity for polarizations perpendicular to the interfaces of the multilayer. �m is the 

silver permittivity and �d is the permittivity of the silica. ρ is the metal volume filling 

fraction. 

Figure B.1 shows the full metamaterial dielectric permittivity tensor for multilayer 

samples with silver film thicknesses of 20 nm and silica film thicknesses of 20 nm 

(ρ = 0.5), 30 nm (ρ = 0.4), and 40 nm (ρ = 0.33). The individual permittivity 

tensor components of the silver/silica multilayer-based metamaterials exhibit nothing 

remarkable at the ENZ of the constituent silver films which occurs at a wavelength of 

λ = 326 nm. This reinforces the fact that complex propagation constant k⊥ reveals 

underlying modal resonances of the metamaterial which can not be ascertained by 

examining the effective permittivity tensor alone. 

B.2 Modal Analysis - Finding the poles of the reflection coefficient rp 

A mode supported by a particular structure can be characterized by a unique 

spectral frequency ω (or free space wavelength λ) and a spatial wavevector ~k. These 
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modes are manifested as poles of the structure’s response function, which for planar 

structures is the reflection (or transmission) coefficient. The reflection and transmis-

sion coefficients have poles at the same locations and are thus equal candidates for 

finding the modes. For a fixed wavelength λ the reflection coefficient of a planar 

structure can be completely specified by the transverse wavevector kk. The energy-

momentum (energy-wave vector) dispersion of a mode is then described by a path 

in the frequency-wavevector space, and at every point along this path, the reflection 

coefficient has a pole or equivalently, the inverse of the reflection coefficient has a 

zero. 

To determine the dispersion of modes supported by planar structures, we seek 

all the zeros (local minima) of the function α(kk) = 1/rp(kk) in the complex plane 
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Fig. B.1. The real and imaginary part of the dielectric permittivity 
tensor for silver/silica superlattices is shown for various silver volume 
filling fractions. The ENZ in the parallel direction is red-shifted with 
decreasing silver filling fraction while the ENP in the perpendicular 
direction is blue-shifted with decreasing silver filling fraction. The 
dielectric tensor shows no remarkable features in the real or imaginary 
parts at the ENZ of the consituent silver (λ ≈ 326 nm). 
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of kk = kk
0 + ikk

00 , and perform this search iteratively at a series of wavelengths λ. 

An optimized transfer matrix method is used to calculate the reflection coefficient, 

while the minimum of the function α(kk) is determined with the built-in MATLAB 

function fminsearch. This built-in MATLAB function utilizes an optimized local-

minimum search algorithm known as the Nelder-Mead simplex direct search method. 

The algorithm is considered to have converged and the “pole” is found when the 

function value α(kk) < 10−4 . 

Figure B.2 illustrates the method used to determine all modes supported by a 

planar structure at a fixed wavelength. Depending on the location of the initial guess 

in the complex wavevector plane that is fed to the algorithm, the algorithm will 

converge on different poles. We then interatively sweep through the initial guesses to 

ensure convergence of all poles (modes) at a given wavelength. Physically reasonable 

“leaky modes” correspond to a complex transverse wavevectors kk = kk
0 + ikk

00 such q 
that the complex propagation constant k⊥ = ko 

2 − kk 
2 in the vacuum superstrate 

has Re[k⊥] > 0 and Re[k⊥]+ Im[k⊥] > 0. 

B.3 Ferrell-Berreman modes in thin- vs. thick-films 

Figure B.3 shows the dispersion of the Ferrell-Berreman mode along with the dis-

persion of the long- and short-range surface plasmon polaritons that are supported 

by various thickness silver films. When the silver foil thickness is greater than a 

few skin depths of silver (dm ≥ 100 nm), the film supports two independent surface 

plasmons on either side of the foil which weakly interact with each other (see “100 

nm”). As the film thickness decreases these modes interact and split into two distinct 

surface plasmons: the long- and short-range surface plasmons (see “10 nm”). For 

thick-films the Ferrell-Berreman mode (see inset) has a large negative group velocity, 

large imaginary part of its transverse wavevector Im[kk] and this mode couples poorly 

with free-space light. As the film thickness decrease, the Ferrell-Berreman modes be-

comes a slow-light mode and the imaginary part of its transverse wavevector Im[kk] is 
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Fig. B.2. At a fixed wavelength, a structure can support many differ-
ent modes characterized by a set of poles of the reflection coefficient 
rp. These poles lie in the complex wavevector plane kk. We search 
for the zeros of the function α = 1/rp(kk) by systematically sweep-
ing the initial guesses which are fed to the minimization algorithm 
fminsearch in MATLAB. The algorithm can converge on a different 
zero of α = 1/rp(kk), depending on the initial guess. The black points 
are the location of the poles in the complex kk-plane. The crosses are 
the initial guesses fed to the algorithm. The grey paths illustrate the 
pole to which the algorithm converges for a given initial guess. 
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Fig. B.3. The evolution of the Ferrell-Berreman mode, the long-range 
SPP, and the short-range SPP for a thick silver foil to a thin silver foil. 
For thick films (dm ≥ 100 nm) the long-range SPP and short-range 
SPP are degenerate and as the foil thickness decreases the dispersion 
of these two modes “split” into disctintly different modes. For very 
thin films of silver, the Ferrell-Berreman mode has a very slow, neg-
ative group velocity that couples with free-space. For thicker films, 
the Ferrell-Berreman mode has a much larger negative group velocity 
and couples poorly with free-space light. 

significantly reduced, thus leading to the Ferrell-Berreman mode interacting strongly 

with free-space light in the case of a very thin silver foil. In the effective medium, 

metamaterial limit the silver foils making up the metamaterial are considered to have 

vanishingly thin thicknesses. 
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C. EXPERIMENTAL VERIFICATION OF 

SUPER-COULOMBIC DIPOLE-DIPOLE INTERACTIONS 

C.1 Experimental Determination of Average Decay Rates of Donors 

In this section, we describe how we extract the effective FRET rate across meta-

materials. 

We utlize time-correlated single photon counting (TCSPC) to measure our fluo-

rescence decay traces (see figure C.3) Microscopically, the fluorescence decay I(t) that 

we detect with TCSPC originates from a discrete number of emitters. Each emitter 

can emit at most one photon per laser pump pulse. This is a good assumption since 

the excited state lifetimes of the emitters (100 ps - 200 ns) is much longer than the 

duration of the laser pump pulse in our experiments (25-40 fs). Therefore, if the laser 

pump pulse has triggered an emitter to make a transition to its excited state, there 

is a > 99.98% probability the emitter is still in the excited state by the time the laser 

pump pulse has propagated away. 

In the continuum limit of arbitrarily long acquisition times (many many observed 

detector clicks), the ith emitter, will emit a decaying single exponential after the pump 

laser has arrived (and gone) so that our detected signal from this ith single emitter 

takes the form 

Ii(t) = u(t − to)e
−γi(t−to), (C.1) 

where u(t) is the unit step heaviside function, γi is the fluorescence decay rate of the 

ith emitter, and to is the arrival time of the laser pump pulse at the emitter [130]. In 

these nanoscale geometries to can be taken as the same constant for all emitters since 

the transit time of the pulse through the sample (≈ 1 fs) is much shorter than our 

instrument response time of the TCSPC apparatus (≈35 ps). 
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In experiment, we simultaneously measure the fluorescence decay trace of many 

donors (> 10, 000) at once, each of which will emit a unique decaying single exponen-

tial with decay rate γi. In this limit of many emitters, the fluorescence decay trace 

I(t) in general will be multi-exponential and can be approximated as a Laplace Trans-

form of a continuous distribution of decay rates, that is an integral of a distribution 

of decaying exponentials Z∞ 

I(t) = dγ A(γ)u(t)e−γt (C.2) 

0 

where A(γ) is the distribution of decay rates present in the signal I(t) for t > 0. We 

have now set to = 0 for simplicity and without a loss of generality. 

If the fluorescence decay trace I(t) is normalized such that I(t = 0+) ≡ 1, we 

necessarily apply the normalization condition Z∞ 

1 ≡ dγ A(γ) (C.3) 

0 

on the distribution of decay rates. With this normalization, the integral over all times 

of the decay trace yields Z∞ Z∞ Z∞ 

dt I(t) = dt dγ A(γ)u(t)e−γt (C.4) 

−∞ −∞ 0 Z∞ 
1 

= dγ A(γ). 
γ 

(C.5) 

0 

We now note that the Harmonic mean of a decay rate distribution is rigorously defined 

as 

γ̄ = 

⎛ ⎜⎜⎝ 
R∞ 

dγ 
γ 
1 A(γ) 

0 R∞ 

dγ A(γ) 
0 

⎞ ⎟⎟⎠ (C.6) 

R∞ 

Since we have 1 ≡ dγ A(γ), then the integral 
0 Z∞ 

γ−1dt I(t) = ¯ . (C.7) 

0 
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That is, by normalizing our measured decay traces I(t=0) = 1, we can estimate our 

average donor decay rates by integrating the observed decay trace and performing a 

single division. 

To quantify the additional decay pathway of the donor molecules with the acceptor 

molecules present on the opposite of the metamaterial, we subtract the effective decay 

rate of the donor alone measurements with that of the donor with acceptors: 

= ΓDA ΓFRET eff − Γeff
D . (C.8) 

Figure C.1 shows a set of measurements for the 100 nm multilayer metamaterial 

sample, from which we build up statistics of the average decay rate for the donor 

alone and donor with acceptor hybrid samples as shown in figure C.2. 

In the Ag and metamaterial samples, a 3.5 nm SiO2 cap layer is used to prevent 

complete fluorescence quenching at the metal surface (see figure C.9). Due to slight 

instabilities in the ultrathin deposition of this SiO2, the exact thickness of the cap 

layer varies from deposition to deposition (3.3-4 nm). From the quartz crystal mon-

itor, this variation is known for each run and this accounts for the variation in the 

exact magnitude of the effective decay rate for the donor and donor with acceptor 

samples. It is important to note that for a particular set of samples (e.g. donor alone 

and donor with acceptor for the ”trilayer” metamaterial) the thickness of the capper 

layer is fixed and the computation of th 
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Fig. C.1. Nine normalized decay trace measurements at far sepa-
rated locations on the metamaterial (Δx ≈ 10µm) are shown for the 
donor alone sample (left) and the donor with acceptor, hybrid sample 
(right). Different colors present indicate the measurements at differ-
ent locations. 
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C.1.1 Experimental Apparatus for acquiring Fluorescence Lifetimes 

Figures C.3 and C.4 shows the schematic layout of the experiment to determine 

the fluorescent lifetime of the molecules in the experiment. We pump the samples 

from the donor side (reflection mode, figure C.4) with ≈ 40 fs, 400 nm laser pulses 

from an optical parametric amplifier (Spectra Physics NOPA 2H, 2016) which is in 

turn pumped by 1040 nm, 400 fs, 20 J laser pulses (Spectra Physics Spirit, 2016). The 

resulting fluorescence is collected by the same objective and sent through a variable 

filter wheel that can be used select different bands of emitted colors. 

A flip mirror allows us to divert the fluorescent emission to an imaging spectrom-

eter to monitor the total spectrum of emission and the uniformity of the emission 

intensity. To monitor the emission spectra, we utilize a 450 nm long pass filter in 

the filter wheel and tune the spectrometer spectral dispersion window to λ = 550 

nm. To directly image and ensure the uniformity of the emission intensity, we turn 

off the spectral dispersion of the spectrometer (tune the spectrometer grating so that 

the zeroth order, specular reflection is incident on the CCD) and open the entrance 

slit to the spectrometer. Different bands of colors can then be imaged by selecting 

different narrow-band pass filters in the variable filter wheel. 

When the flip mirror is removed, the emission passes through a spatial filter and 

is then focused onto a single photon avalanche diode (SPAD) whose ”clicks” are 

referenced with the synchronized clock pulse of the pump laser. Statistics are then 

built up of the relative arrival times of the SPAD clicks (time correlated single photon 

counting, TCSPC). The approximate resolution (instrument response function) of our 

SPAD/TCSPC system is ≈ 35 ps, measured with an extremely attenuated 500 nm, 

100 fs pulse output from the OPA (see Figure C.3). Donor fluorescence emission 

is isolated from that of acceptor fluorescence and any background with a narrow 

band-pass filter centered on the blue edge of the donor PL spectrum. 

We use a three axis piezo electric translation stage, along with the imaging spec-

trograph to ensure we are acquiring lifetime data at a portion of the sample which 
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Fig. C.3. Experimental apparatus for obtaining time resolved fluores-
cence. The repetition rate of the pump laser is 100 KHz. The λ = 
400 nm, 25 fs pulses arriving at the sample have pulse energies rang-
ing from 0.01-100 nJ. Typical lifetime traces are acquired with pulse 
energies around 0.1 nJ. 

has uniform fluorescent emission (no hot spots, scattering centers, nor areas of un-

usually bright emission). The calibration curve for the piezo electric translation stage 

is shown in Figure C.3. 

The cross sectional area of the λ = 400 nm ultrafast optical excitation beam is 

≈ 2µm2 . For the same sample (≈ 1”×1” macroscopic size), individual data sets (20 
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Fig. C.4. Reflected PL is used to monitor the donor fluorescence 
lifetime while the transmitted PL is used to monitor the acceptor 
fluorescent emission intensity. 

or more points on a ≈ 10µm2 pitch square grid) are recorded at far separated areas 

of the sample (≈ 4 mm). These individual data sets are then averaged as shown in 

the fluorescence decay traces shown in chapter 4, figure 4.3. The errors bars shown 

therein represent the uncertainty due to the spread in the measured individual decay 

traces. Note that the error bars contain (1) the shot noise of detection and, (2) the 

spread in measured data (standard deviation) due to long- (4 mm) and short-range 

(10 m) non-ideal uniformities of sample geometry and dye concentration. 

Measurement uncertainty and the propagation of this uncertainty is carefully con-

sidered based on techniques and theory from An Introduction to Error Analysis, John 

Taylor, University Science Books (1997). 
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C.2 Isolation of Donor Emission from background fluorescence emission 

Thin films of SiO2 fluoresce in the green part of the visible at ns-time scales under 

UV light excitation. Since our pump is an ultrashort pulse centered around 400 nm 

(see figure C.3), we must ensure that any emission from the Ag/SiO2 metamaterial 

structure itself, as well as any emission from undoped PMMA film, do not cloud our 

measurements on the donor emission kinetics. Figure C.5 shows (1) the background 

fluorescence emission that is present in our donor measurements of the metamaterial 

sample and, (2) the signal intensity for the donor only sample. We find that at the 

fluorescence peak of Alq3 (λ ≈ 520 nm), the background flourescence is approximately 

250x weaker than the Alq3 emission. 

Figure C.6 shows the time dynamics of background emission from the metama-

terial structure at a wavelength of λ = 500 nm. This background emission displays 

two distinct time scales. Over 75% of the emission decays in the first 500 ps after the 

ultrafast laser excitation, while the remaining fluorescence slowly decays at a time 

scale of ≈ 200 ns. 

From this data, we definitively conclude that the nanofabricated metamaterial 

structure itself does not contribute to the observed donor emission kinetics of Figure 

3 in the main manuscript greater than one part in two hundred fifty. 

C.3 Steady State Energy Transfer Measurements 

Steady state fluorescence measurements are taken in Transmittance mode (see 

figure C.4. This allows us to determine whether or not energy transfer (of any kind) 

is taking place across the samples. The experimental schematic is shown in C.7. The 

samples are pumped from the donor side by a 405 nm CW laser (Spectra Physics 

Excelsior). The fluorescent emission (both donor and acceptor emission) is collected 

from the acceptor side (the opposite side of the thin films). The steady state spectra of 

the fluorescence is then measured with a fiber coupled high sensitivity CCD miniature 

spectrometer (made by Ocean Optics). 
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Fig. C.5. Background Fluorescence: (A) We pump the metamaterial 
structure with ultrashort 25 fs laser pulses centered at λ = 400 nm 
from the substrate side of the sample. The resulting fluorescence is 
collected in a confocal geometry with a 10x objective and sent to a 
spectrograph coupled with a high sensitivity gated CCD. (B) The 
metamaterial control sample with no Alq3 donor dyes present (the 
undoped PMMA film is still present) shows a broad fluorescence in the 
green and a sharp fluorescent peak around λ = 660 nm. This sharp 
fluorescence peak in the background signal is well out of the range 
of detection of our emission time dynamics measurements which are 
centered at λ = 500 nm. (C) Fluorescence intensity versus incident 
laser pump power is shown for the control sample (no dyes present) 
and the Alq3-doped (donor alone) metamaterial sample. We find 
that both fluorescence signals are in the linear regime (dashed lines) 
at our experimental bandwidth of λcenter = 500 nm Δλ = 20 nm. 
Furthermore, at all pump powers the background fluorescence (blue) 
is about 1/250x the intensity of the Alq3-doped metamaterial (red). 

Control experiments were undertaken to test whether the background fluorescence 

emission of the undoped PMMA films and the nanofabricated Ag/SiO2 multilayer 

metamaterial structure itself were present in the observed donor or acceptor spectra 

(Figure 3 in main manuscript). We find that the background spectra are at least one 

order of magnitude weaker than the transmitted Alq3 donor emission, and the R6G 

acceptor emission. The spectra shown in Figure 3 of the main manuscript are then 

reliable measurements of the Alq3 donor and R6G acceptor spectra. 
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Fig. C.6. The time resolved background fluorescence emission of the 
multilayer metamaterial structure whose spectrum is shown in figure 
C.5. The metamaterial background emission at a wavelength of 500 
nm (the wavelength of the decay traces shown in the figure 4.3 of 
chapter 4) is very rapid, with over 75% the emission coming in the 
first 500 ps after the laser pulse. There is also a slow component to 
the background fluorescence, decaying at a time scale of ≈ 200 ns. 

C.4 Metamaterial Design and Forster Resonance Energy Transfer Pair 

Selection 

Multilayer Metamaterial Design The hyperbolic medium is designed using a 

metal(Ag)-dielectric(SiO2) plasmonic super-lattice with layer thicknesses (20±2 nm), 

making the unit cell of the metamaterial much smaller than the central wavelength of 

donor emission at λ = 525 nm. This ensures condition ensures multilayer behaves like 

an effective medium. Using these equal SiO2/Ag layers thicknesses of 20 nm allows a 

hyperbolic dispersion across the entire spectral overlap region between Alq3 donors 

and R6G acceptors. Deviations from effective medium theory are expected for high 

spatial frequency light, however, spectroscopic ellipsometry measurements confirm 

that the effective dielectric permittivity tensor of the multilayer can be approximated 

by �x ≈ −4.2 + 0.2i, �z ≈ 5.4 + 0.01i at λ = 525 nm [66]. This confirms the type 

II hyperbolic metamaterial behavior essential to create Super-coulombic interaction 

pathways between donor and acceptor molecules, while simultaneously suppressing 

https://��4.2+0.2i
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Fig. C.7. Experimental apparatus for measuring the steady state 
energy transfer through the dielectric, metal and metamaterial films 
is shown. 

conventional radiative interactions as the propagating spatial modes in vacuum decay 

within the metamaterial (transmission < 1% at λ = 525 nm). In this multilayer 

metamaterial, the microscopic origin of super-Coulombic RDDI is the coupled charge 

oscillations of Bloch surface plasmon-polaritons supported by the thin silver films. 

Donor and Acceptor For our acceptors we choose the organic laser dye R6G 

(purchased from Sigma-Aldrich Corp.). The fluorescence emission and absorption 

cross section of R6G are shown in figure C.8. For our donors we choose the organic 

fluorophore Alq3 (purchased from Sigma-Aldrich Corp.), whose fluorescence emission 

spectrum, peaking at λ ≈ 525 nm is shown in figure C.8. Alq3 has a strong absorption 

at λ = 400nm, far removed from the absorption band of R6G, making it an ideal 
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FRET pair for R6G: the laser pump exciting the donors has a low probability of 

exciting R6G into its excited state. 

FRET Radius Estimation The FRET radius is the donor-acceptor distance 

at which the FRET rate will be equal to the spontaneous emission rate of the donor. 

It can be calculated from the following equation, derived from first principles [4]: 

= 

⎡⎣ ⎤⎦ 1/6Z∞ 
3c 

4 
fD(λ)σA(λ)λ

2dλRo . (C.9)
32π4n 

0 

Here c is the speed of light, n is the refractive medium of the donor-acceptor host 

medium, fD(λ) is the donor emission spectrum and σA(λ) is the acceptor absorption 

cross section. The normalization imposed on fD(λ) is Z∞ 

QE = 2πc fD(λ)/λ
2dλ (C.10) 

0 

where QE is the internal quantum efficiency of the Alq3, taken from literature to be 

around 0.35 [165]. 

Using the quantitative emission and absorption properties present in figure C.8, 

along with the quantum yield of Alq3 of ≈ 0.35, we find the FRET radius to be 

Ro ≈ 5.1 ± 0.1 nm. 

C.5 Metamaterial Fabrication and Material Characterization 

C.5.1 Fabrication 

Silver and silica multilayer films were deposited on BK7 glass microscope slides us-

ing a multi-source electron beam evaporation vacuum chamber. Film thicknesses and 

deposition rates were calibrated through JEOL 6301F scanning electron microscope 

micrographs and through ellipsometry. In situ measurements of deposition rates and 

hence thicknesses were monitored during deposition with a quartz crystal oscillator. 

Electron beam evaporation was performed at a vacuum pressure of P ≈ 9 × 10−7 
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Fig. C.8. Photoluminescence emission and absorption cross section 
spectra of Alq3 and R6G dyes. Alq3 having a PL quantum efficiency 
of ≈ 35% is spin-casted as a monolayer while R6G is spin-casted as 
20 nm films in PMMA 495. 
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Torr. The substrates were ≈ 50 cm from the evaporation sources. Prior to any thin-

film deposition, BK7 glass Substrates were cleaned via a triple ultrasonic cleaning in 

solvents in the following order: toluene, acetone, isopropyl alcohol, methanol. Silicon 

substrates (for ellipsometry and SEM measurements) were cleaned in a piranha etch 

(three parts sulphuric acid to one part H2O2) prior to deposition. 

Fig. C.9. Fabrication process flow for multilayer metamaterials dis-
playing super-Coulombic interactions. 
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Fig. C.10. A SEM micrograph of the nanofabricated HMM structure 
is shown. It is difficult to obtain high contrast in the samples with 
R6G:PMMA present, as low electron fluxes are required to prevent the 
organic PMMA film from disintegrating and taking over the image. 

C.5.2 Determining Optical Constants 

Optical constants of the constituents making up our multilayers exhibiting super-

Coulombic dipole-dipole interactions, namely Ag and SiO2 were extracted as de-

scribed in the Appendix A.2. 

C.5.3 Fluorescent Dye Film Fabrication 

Donor, Alq3 films Very thin, 0-1 nm thick films of Alq3 molecules (donor 

in experiment) are fabricated by spin-casting a solution composed of 5 mg Alq3 in 

15 mL of chloroform. A few drops of this solution are placed in the center of the 

substrate. The substrate is then spun at 8000 RPM. The centrifugal force causes 

the solution to rapidly accelerate towards the edge of the substrate and the solution 

is transformed from a droplet to a flattened shape. Most of the original solution is 

lost as it flung from the substrate, while the remaining solution has a large surface 
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area to volume ratio and the volatile chloroform solvent begins to rapidly evaporate. 

The rapidity of this evaporation is further increased by an exhaust fan removing the 

gaseous chloroform in the vicinity of the substrate, and thus reducing the chloroform 

partial pressure. At the end of the 60 s spin cycle, only the Alq3 dyes remain, spread 

out stochastically with a surface concentration depending on the original dye solution 

concentration, the spin speed and the volatility of the chloroform solvent. 

Acceptor, R6G films PMMA is a polymer based glass (i.e. plastic) that acts 

as a very good dielectric host matrix for fluorescent particles (e.g. dyes and quantum 

dots). The procedure to make nanoscale films of R6G-doped PMMA films is as 

follows. R6G and PMMA are dissolved in a solution anisole and methanol. A few 

drops of the R6G:PMMA solutions placed roughly in the center of a substrate and 

the substrate is spun at high angular velocity (≈ 8000RP M). Due to the centrifugal 

force felt by the liquid, the drops tend to thin out. At a certain thickness, the surface 

tension forces of the thin pancake of solution balance (or close to) the centrifugal 

force. If the solution is held at this condition for some time, the solvents dissolving the 

PMMA (and dyes) begin to evaporate and the former solution transforms into, more 

or less, a solid, rigid film or PMMA:R6G. After the spinning procedure is finished, the 

substrate and the PMMA film are baked (annealed) at 180 oC, a temperature higher 

than the boiling temperature of the solvents. This serves two purposes: (1) boil 

off any remaining solvents and (2) reflow the PMMA film. (1), above, is critical to 

achieve repeatable results for any remaining high vacuum thin-film deposition, while 

(2) is useful to increase the flatness and uniformity of the PMMA film. Pre-anneal 

and post-anneal measurements of the R6G:PMMA fluorescence emission intensity 

(the R6G:PMMA is pumped by a CW λ = 532 nm laser) confirm that the annealing 

process does not degrade or significantly alter the R6G dyes. 
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Fig. C.11. Spectroscopic ellipsometry measurements and modeling for 
the PMMA film results in a highly reliable estimate of the dielectric 
permittivity and film thickness (tPMMA ≈ 20 ± 1.5 nm). 

C.5.4 Determination of dye film thicknesses and the dye concentrations 

Acceptor, PMMA:R6G films We determine the thickness and optical wave-

length scale uniformity of the R6G:PMMA films using ellipsometry of films deposited 

on a silicon wafer. First, we refine the dielectric permittivity function for undoped 

PMMA films as shown in figure C.11. A Cauchy model with a UV absorption band 

edge is utilized for PMMA, where local thickness measurements yield a ±0.5 nm 

uncertainty. The variation of PMMA thickness across the entire sample leads to a 

thickness uncertainty of ±1.5 nm. 

Second, we then spin-cast R6G doped PMMA films, as described above. Using 

ellipsometry, we determine the thickness of this film utilizing the undoped PMMA 

model, fitting the spectroscopic ellipsometry data for wavelengths longer than the 

absorption band of the R6G (λ > 600 nm). For our R6G:PMMA solutions, we 

estimate our final acceptor R6G:PMMA films to have a thickness of 20 ± 1.5 nm. 
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To determine the R6G dye concentration in the vicinity of the metamaterial, we 

ulilize thin-films of R6G:PMMA spin-casted on glass substrates where we model the 

transmittance T through a film with the Beer-Lambert law Z 
− log10 T = σ dz c(z), (C.11) 

where σ is the absorption cross section of the dye and c(z) is the dye concentration 

profile of the film (remember the films are uniform in thickness to ±7%, so there is a 

translation invariance in the xy-plane). In this case the transmittance is T = P/Po, 

where P is the power transmitted through the glass substrate and the thin film of 

R6G:PMMA, while Po is the power transmitted through an equal thickness film of 

undoped PMMA on glass. We assume that the concentration profile is uniform within 

the film so that the dye concentration is c within the film and zero elsewhere. It then 

follows that the dye concentration can be estimated from the relation 

− log T 
c = , (C.12)

Lσ 

where L is the film thickness. The absorption cross section of R6G in PMMA is 

approximately 3.36 Å2 , the film thickness is L = 20 ± 1.5 nm, and the negative 

logarithm of the transmittance is measured to be as log T = 0.05 ± 0.01. We then 

estimate the acceptor R6G concentration in the vicinity of the metamaterial as 

C = 0.074 ± 0.012 particles /nm3 = 7.4 × 1021 ± 1.2 × 1021 particles /cm3 . (C.13) 

These calculations agree closely with the Stoichiometric calculation of c = 0.070 ± 

0.05 particles /nm3 , based on the initial molar concentrations of the R6G dye and 

PMMA in the initial spin-casting solution. 

C.5.5 Roughness measurements via Atomic Force Microscopy 

Atomic Force Microscopy (Bruker: Dimension Edge) was performed on the the 

fabricated Ag/SiO2 metamaterials, and the individual constituent materials respec-

tively. Figure C.12 shows AFM measurements and the inferred surface roughness for 
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Fig. C.12. (a) AFM line scans of Ag/SiO2 multilayer deposited on a 
glass microscope slide (top and bottom layer silver). The inset shows 
an overview of the surface topography measured via the AFM scan. 
(b) The AFM depth histogram of all the line scans from panel (a) 
reveals an RMS surface roughness of ≈ 1.7 nm. The inset shows 
a SEM micrograph of a five period Ag/SiO2 multilayer on a glass 
substrate. 



139 

the top layer of a five-period Ag/SiO2 metamaterial deposited on a glass substrate. 

From these measurements we estimate the RMS surface roughness of our multilayer 

metamaterial to be RHMM ≈ 1.7 nm. Similar measurements were performed are bare 

Ag and bare SiO2 films. The RMS surface roughness of a bare (50 nm thick) Ag film 

on glass microscope slide was estimated to be RAg ≈ 2.5 nm, slightly larger than that 

of the metamaterial. The RMS surface roughness of a bare (100 nm thick) SiO2 film 

on a glass microscope slide was estimated to be RSiO2 ≈ 1.3 nm. 

Fig. C.13. (A) Schematic of the fabricated sample used to extract the 
fluorescence lifetimes of ultrathin layers of Alq3 donor dyes used for 
theory simulations of more complex metamaterial nanostructures. (B) 
Ultrathin Alq3 donor dyes embedded within glass exhibit a dynamic 
fluorescence bi-exponential decay. 

C.5.6 Spectrum of energy transfer and role of SPPs: Propagation Lengths 

of SPPs 

In our experiment, we observe Alq3 donor emission from the opposite side of a 

100 nm silver film (Figure C.17(A)). Interestingly, we observe that when acceptors 

are introduced on the opposite side of the 100 nm Ag film, the donor emission in-

tensity previously observed is significantly quenched1 (Figure C.17(B)). This is easily 

explained by noting that absorption of propagating donor emitted SPPs by R6G is 

see figure 4.3 in chapter 4. 1
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Fig. C.14. Alq3 Fluorescence Signal vs Background Fluorescence un-
der pulsed illumination. Under the same pulsed laser pump conditions 
as the lifetime data of Alq3 embedded within 100 nm glass shown 
above, we find that the 100 nm SiO2 + 20 nm PMMA structure itself 
do not significantly contribute to our Alq3 dye signal better than one 
part in one hundred. 

much more probable than scattering to free space. This section of the appendix 

explains this observation. 

At the emission wavelengths of the donor (Alq3) the silver is optically thick (i.e. 

negligible transmittance of free-space propagating light). Thus we conclude that 

we observe scattered propagating surface plasmons. The Alq3 donor emitters relax, 

emitting energy into a SPPs which are weakly coupled to the opposite side of the 

100 nm Ag film. These SPP propagates along the Ag/PMMA interface for some 

distance before it is (a) scattered to free space by surface roughness or (b) absorbed 

by Drude-type losses within the Ag (Figure C.17(A)). 
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Fig. C.15. Size scales of nanofabrication and optical interrogation in 
relation to the physical size of the sample 

The propagation length of the SPP along the interface is finite due to Ohmic, 

Drude-type losses within silver. It can be computed analytically by utlilizing the 

dispersion relation of the SPP at a metal/dielectric interface: r 
�m�d

kx = ko . (C.14)
�m + �d 

Here, kx is the propagation wavevector along the metal/dielectric interface, �m is the 

permittivity of the metal (silver), �d is the permittivity of the dielectric (PMMA), 

and ko = ω/c is the freespace wavevector. The propagation length is then computed 

as 
1 1 

Lohmic = . (C.15)
2 Im[kx] 

The competing decay channel for the SPPs in this case is surface roughness scat-

tering to free space (radiation of SPPs from surface roughness). The propagation 
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Fig. C.16. If the count rate of the SPAD detector exceeds 1% of the 
laser pump repetition rate, artifacts due to Poissonian emission from 
many fluorescence emitters causes significant artifacts in the decay 
trace. See ref [166] for further details of this unique experimental 
artifacts in TCSPC experiments. 

length of SPPs on a rough surface can be estimated using the perturbative approach 

taken in Heinz Raether’s book on surface plasmons (see equation 2.57 in [167]): 

3 |Re[�m]|1/2 1 
Lrad = (C.16)

4 ko 
5 σ2δ2 

Here, δ is the RMS surface roughness of the silver while σ is the correlation of noise 

between seperate regions of the metal/dieletric interface. Using our AFM measure-

ments, we estimate δ ≈ 2.5 nm and σ ≈ 30 nm. 

Figure C.18 shows the estimated propagation lengths of a surface plasmon propa-

gating along a silver/PMMA interface. The black curve shows the propagation length 

for losses due to Drude damping (equation C.15) and the blue curve shows the prop-

agation length for losses due scattering to freespace (radiation losses, equation C.16). 

The total propagation length is 1/Ltot = 1/Lohmic + 1/Lrad. It should be noted that 

Lohmic << Lrad so that internal, Ohmic damping is the dominant damping mecha-

nism of surface plasmons. However, in experiment we do indeed detect the scattered 

plasmons in the form of visible PL. 
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Fig. C.17. (A) The Alq3 donor emitters relax, emitting energy into a 
SPPs which are weakly coupled to the opposite side of the 100 nm Ag 
film.These SPP propagates along the Ag/PMMA interface for some 
distance before it is (1) scattered to free space by surface roughness or 
(2) absorbed by Drude-type losses within the Ag. (B) When the top 
PMMA layer is doped with acceptors (R6G), there is an additional 
decay channel for the propagating SPPs – namely, SPP absorption 
by acceptors. The damping of SPPs via R6G absorption is much 
more probable than scattering by surface roughness and we therefore 
observe a “quenched” intensity of Alq3 emission relative to (A). 
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Fig. C.18. Propagation length of SPPs propagating along sil-
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from damping due internal Ohmic losses of the silver. The dashed 
red curve shows the propagation length for SPPs propagating along 
a silver/PMMA with the PMMA doped with R6G. The presence of 
the R6G dopants significantly reduces the propagation length in the 
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However, when the top PMMA layer is doped with acceptors (R6G), there is 

an additional decay channel for the propagating SPPs – namely, SPP absorption 

by acceptors. The PMMA:R6G film has an absorption resonance at the transition 

frequency of the R6G molecule. That is, the dielectric permittivity of the PMMA 

layer now has an appreciable imaginary component at the transition frequency of the 

R6G molecules. 

Utilizing ellipsometry, we can measure the complex dielectric permittivity of the 

PMMA:R6G film. We estimate �R6G ≈ �PMMA + i0.05 within the absorption band of 

the R6G (in calcuations we use the exact shape of the absorption specta). When this, 

now complex, permittivity is substitued into equations C.14 and C.15, we can estimate 

the propagation length of SPPs along the silver/PMMA:R6G interface Lohmic+R6G 

(dashed red curve, Figure C.18). Relative to SPPs propagating along a silver/undoped 

PMMA interface, the propagation length of the SPPs is significantly shorter in the 

absorption band of the R6G. 

In the experiment shown in Figure C.17(A), we measure an intensity I of out-

scattered plasmons (with the Alq3 spectrum) 

I = ηPradIo, (C.17) 

where Io is some initial energy of surface plasmons, η is the optical collection efficiency, 

and Prad is the probability of a plasmon being scattered relative to all other damping 

mechanisms. It is expressed in terms of propagation lengths as 

1/Lrad 1/Lrad 
Prad = = . (C.18)

1/Ltot 1/Lrad + 1/Lohmic 

In the experiment shown in Figure C.17(B), acceptors are present on the opposite 

side and we measure an intensity (with the Alq3 spectra) I 0 = ηP 0 Io, withrad 

1/Lrad 1/Lrad 
P 0 rad = = . (C.19)

1/Ltot0 1/Lrad + 1/Lohmic+R6G 

To qualitatively explain our experimental observations, the key quantity of inter-

est here is the relative observed intensity of scattered donor-emitted SPPs. This is 
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Fig. C.19. The observed intensity of scattered donor Alq3 emitted 
SPPs is reduced by 70-80% when acceptors are present on the opposite 
side of the 100 nm Ag film. 
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= P 0 

plasmon intensity remains constant between the two experiments, then only the ratio 

of scattering probability dictates the observed relative intensities. Using our calcu-

lations from Figure C.18, we estimate that the observed intensity of scattered donor 

Alq3 emitted SPPs is reduced by 70-80% when acceptors are present on the opposite 

side of the 100 nm Ag layer. This agrees well with experiment where we observe a 

significant quenching of Alq3 emission (see figure 4.3 in chapter 4.) 

calculated as I 0/I rad/Prad. Notice that since the collection efficiency and initial 
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D. FABRICATION AND CHARACTERIZATION OF 

SELF-ASSEMBLED, DISORDERED GOLD 

NANOPARTICLE FILMS 

D.1 Donor vs Acceptor Fluorescence Emission in FRET 

When FRET occurs, the donor fluorescent emitters in a donor-acceptor mix ex-

perience an additional decay channel from FRET and the donor fluorescence decay is 

more rapid. This is shown in the donor emission kinetics in figure D.1. In the main 

text, we utilize this property to distinctively identify and quantity FRET on the gold 

NP substrates. 

Another distinct identifier of FRET is the emission kinetics of the acceptor fluo-

rescent emitters. If the normal decay of the acceptors is much more rapid than the 

donors, then during FRET the acceptor fluorescence decay will be slowed and begin 

to approach the donor decay. This is due to the fact that the FRET process yielding 

excitation of the acceptors is now the rate limiting factor in the acceptor fluorescence 

decay (see section D.6 below). This unique feature is shown in the acceptor emission 

kinetics in figure D.1. This observation provides further proof of FRET on top of our 

gold NP films. 

D.2 Analytic Model of Dye concentrations in doped PMMA films 

D.2.1 Introduction 

Fluorescent dyes embedded within PMMA are often spin-cast as thin-films on 

top of resonant or plasmonic nanostructures. In experiments involving many-body 

interactions between dyes and nanostructures, the local number concentration of the 

dyes strongly affects the strength of interactions observed. It is therefore paramount 
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Fig. D.1. We measure the donor and acceptor emission kinetics sep-
arately using bandpass filters centered at 510 nm (donor emission) 
and 560 nm (acceptor emission). Shown is the corresponding decay 
traces for donor alone (D), acceptor alone (A), and donors mixed with 
acceptors (DA) above our gold NP films. We observe the well known 
quenching of the donor emission kinetics due to FRET in the mixed 
samples (D→DA at 510 nm, blue, red). In addition, we notice the 
acceptor emission is significantly less rapid in the presence of FRET 
(A→DA at 560 nm, green, purple). This is a distinct signature of 
FRET. 
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to accurately estimate the fluorescent dye density in the vicinity of nanostructures in 

order to accurately model experimental observations. In this short section, we work 

from first principles using simple relations to estimate the dye density in dye-doped 

spin-cast PMMA films. We find that under normal conditions the dyes occupy only 

about 1-2% of the total film volume and we can regard the film as a PMMA matrix 

doped with dye particles. Typical dye concentrations within the film are estimated 

to be on the order of 1 − 5 × 1019 particles/cm3 . 

D.2.2 General Theory 

We start out with two separate solutions, namely, (1) a dye solvent mixture and 

(2) a PMMA solvent mixture. 

1. The initial concentration of the of the dye solvent mixture is cdo = md/Vs, where 

md is the mass of dye dissolved in the volume Vs of solvent. 

2. The initial concentration of the PMMA solvent mixture is calculated from its 

concentration by mass in the solvent which is provided by the manufacturer. 

Typically, the PMMA solution will be named PMMA 495 A2, where 495 refers 

to molecular mass 495,000 g/mol and A2 refers to the PMMA concentration by 

mass in the solvent anisole, in this case 2%. Since the PMMA is dissolved in the 

anisole, the mass density in the solvent can be calcuated as cpo = xρanisole/(1−x), 

where x is the percent by mass of the PMMA in the solvent anisole, and ρanisole 

is the bulk mass density of anisole. 

As an example, we now mix (1) the dye solutions with (2) the PMMA solution and, 

pure anisole (also called ZEP A) in the proportions 1:2:2 1 . It then follows directly 

that in this new solution, the dye concentration and PMMA concentrations are 

cd = cdo × 1/5 (D.1) 

cp = cpo × 2/5. (D.2) 

1This ratio of 1:2:2 chloroform:PMMA 495 A2: anisole has been shown to consistently yield 20 nm 
films if spin-cast at 8000 RPM with a 3 s ramp time. 
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This solution is now spin-cast into a film; the solvents evaporate (or are boiled/baked 

off by a post-spin annealing process), leaving the dye in a solid PMMA film. We now 

make a big assumption: 

The mass ratios of the dye particles to PMMA molecules is the same in 

the final spin-cast film (no solvents), as it is in solution (with solvents). 

This is stated mathematically as � � � � 
md md cd 

= = ≡ η, (D.3) 
mp mp cpfilm sol 

where we have defined the unitless mass ratio η ≡ cd/cp, specified by the initial dye 

and PMMA concentrations within the spinning solution. Now suppose we have a film 

of volume V . We must have 

V = mp/ρp + md/ρd, (D.4) 

where mp and md are the total mass of PMMA molecules and dye particles in the 

film, and ρp and ρd is the bulk mass density of the PMMA and dyes respectively. 

Using this relation we find that mass densities of each species within the film to be 

ηρdρp
md/V = , (D.5)

ρd + ηρp 
ρdρp

mp/V = . (D.6)
ρd + ηρp 

This can be easily converted into number of particles per volume using the Sto-

icheometric relation m/N = M/Na where m is a given mass, N is the number of 

particles, M is the molar mass and Na is Avogadro’s number. This leads to the fol-

lowing expression for the number density of dye particles nd and PMMA molecules 

np: 

Na ηρdρp
nd = (D.7)

Md ρd + ηρp 

Na ρdρp
np = . (D.8)

Mp ρd + ηρp 

Another key quantity is the volume filling fraction both the PMMA molecules and 

dye particles respectively. In the final film, the volume of PMMA is Vp = mp/ρp and 
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the volume of dyes is Vd = md/ρd. We are interested in the relative volumes occupied 

by each species, namely Ṽ 
p = Vp/V and Ṽ 

d = Vd/V . Using V = Vd + Vp along with 

our definitions of Vp, Vd and η, we find the volume filling fraction of each species to 

be 

ηρp
Ṽd = (D.9)

ρd + ηρp 
ρd

Ṽ 
p = . (D.10)

ρd + ηρp 

Example: Calculate Molecules / mL 

Suppose we dissolve 20 mg of Alq3 dyes in 30 mL of chlofororm. We then have 

cdo = 0.67 mg/mL. We then mix this dye solution with the PMMA 495 A2 and 

anisole in the proportions 1:2:2. The dye concentration in the final solution has the 

dye concentration diluted as cd = 1/5 × cdo = 0.13 mg/mL. 

The initial PMMA 495 concentration in the PMMA A2 495 mixture is calculated 

from its mass concentration by percent x as cpo = xρanisole/(1 − x). For PMMA A2 

495, we have x = 0.02. The density of anisole is ρanisole = 0.995 g/mL. Combining 

this data we find cpo = 20 mg/mL. As above, the dye solution is mixed with this 

PMMA solution and anisole in the proportions 1:2:2, so that the PMMA is diluted 

by a factor 2/5 leading to a final PMMA concentration of cp = 8.1 mg/mL. 

We then calculate the unitless mass filling factor to be η = cd/cp = 0.016. Using 

η, Mp = 495, 000 g/mol, Md = 459 g/mol, Avogadro’s number Na = 6.02 × 1023 , 

ρp ≈ 1.2 g/mL, ρd ≈ 1.3 g/mL, and equations D.7 and D.8 above, we find 

np ≈ 1.4 × 1018 PMMA molecules/mL (D.11) 

nd ≈ 2.5 × 1019 Alq3 molecules/mL. (D.12) 

The relative volumes occupied by each species is calculated using equations D.9 

and D.10: 

Ṽd ≈ 1.5% (D.13) 

Ṽ 
p ≈ 98.5%. (D.14) 
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We see that the majority of the film is composed of PMMA molecules and we can 

indeed regard the film as a PMMA matrix doped with Alq3 particles. 

D.2.3 Future Work: Dye-Dopant Confinement in Thin-Films 

Above, we have made the assumption that the ratio of the mass concentrations of 

PMMA to dye dopants is the same in solution as it is in the film: 

[cd/cp] ≡ [cd/cp]film solution . 

This may be a good assumption for bulk films where the film thickness Z is much 

larger than the average separation distance between dopant dyes, Z � 1/ (nd)
1/3 . 

In this case the concentration profile of the dopant dyes can still be regarded as a 

3D-distribution. However, if the film thickness is smaller than the average separation 

distance, 

Z ≤ 1/ (nd)
1/3 , (D.15) 

then confinement effects and the exact microscopic behavior of the massive PMMA 

molecule chains will play a major role in the actual concentration profile and further-

more, for Z � 1/ (nd)
1/3 , the bulk dopant concentration nd will become a 2D surface 

concentration σd. 

At present, I do not have an exact theory to model the transition of the bulk 3D 

dopant concentration to the 2D surface dopant concentration, that is the true con-

centration density function f(Z, nd) where σd = lim f(Z, nd) and nd = lim f(Z, nd).
Z→0 Z→∞ 

This function can be extracted empirically from experiment using ellipsometry and 

spectral absorption measurements. The basic procedure is as follows: (1) accurately 

measure the absorbance resonance strength of dye-doped PMMA films of different 

thickness using a spectrophotometer; (2) accurately determine the film thickness Z 

by performing spectroscopic ellipsometry of the dye:PMMA film and modeling the 

data at spectral frequencies away from any of the dopant absorption resonances, typ-

ically in the λ ≈ 700 − 1200 nm range. (3) apply the Beer-Lambert law [168, 169] 
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along with the assumption that the absorption cross section of the dopant-dye is on 

the order of 1-3 nm2 . This will yield an estimate of the average dopant-dye con-

centration within the film that is accurate to a factor of ×1 − 3 since within the 

Beer-Lambert law, the absorption cross section enters linearly. This accuracy may 

be high enough to determine if the dye-dopant ultra-thin film (2D) concentration is 

significantly deviating from the bulk (3D) dye-dopant concentration. 

D.3 Fabrication of Disordered Gold NP Films 

The process flow for the fabrication of self-assembled gold nanoparticle films on 

glass is summarized in figure D.2 and the text descriptions therein. 

D.4 Optical Characterization of Disordered Gold NP Films 

Figure D.3(a) shows a macroscopic image of the pre- and post-annealed films. 

The unannealed gold film appears a dark-grey indicating no sharp spectral response. 

Upon annealing the gold nanoparticle film acquires a distinct red color indicating the 

presense of a LSP resonance. We utilize an ultrathin dielectric coating to tune the 

LSP spectral response of the annealed gold nanoparticle films as described below. 

Figure D.3(b) shows a simple summary of this fabrication procedure. 

Figure D.3(c) shows the normal incidence extinction spectrum (− log10 T where 

T is the specular transmittance) for the unannealed and annealed 3 nm Au films. 

As expected, we note that the annealed Au film displays a well defined extinction 

peak whereas the unannealed island-like film displays a broad spectral extinction 

with no marked resonance. These observations provide evidence of the presence of a 

well defined plasmonic resonance in the annealed film while in the unnanealed film 

the complex island morphology results in the islands resonating in a broad spectral 

range [124, 140]. 

Another key observation shown in figure D.3(c) is the marked effect that the 

substrate cleaning method has on the plasmonic resonances. The initial island for-
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substrate: 1”x3” Fishers Finest 

Microscope Slide. 1mm thick.
piranha etch

3:1

H2SO4 : H2O2

1. Cleaning Substrates

2. Sputter 3 nm Au

3. Anneal sample in N2

4. Conformal ALD Al2O3 Coating

substrate

Au film will be discontinuous. The quartz crystal monitor (deposition rate monitor) reads a mass M. The deposi-

tion rate monitor assumes the film is continuous and then estimates the deposited thickness as t = M/(Aρ), 

where t is the thickness, A is the area of the crystal and ρ is the density of the deposited material. Sputtering at 

60 W and 15 mTorr, 3 nm takes about 21 s. 

~3 nm discontinuous 

layer of Au

cross section view

cross section view

top view

top view

Anneal in at 600 C 

in nitrogen 

atmosphere for 

240 s.

pre-anneal post-anneal

600oC N
2

20-40 cycles (2 - 4 

nm) of thermal Al2O3 

ALD @ 250 C
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appears white/gray 
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(a) Clean the substrates via piranha etch for 10-15 minutes.

(b)  Thoroughly wash substrates with water and blow dry with pure nitrogen.

15 min

Fig. D.2. The process flow for the fabrication of self-assembled gold 
nanoparticle films is shown. 
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Fig. D.3. (a) A macroscopic image of a pre- and post-annealed 3 
nm gold film on glass is shown. The samples are illuminated via 
standard fluorescent room lights. (b) A simple schematic of the fab-
rication procedure is shown. The post-annealed self-assembled gold 
nanoparticle films are coated with Al2O3 via atomic layer deposition 
(ALD).(c) The localized surface plasmon resonance spectral location 
red-shifts and the quality factor increases upon coating with the high 
index Al2O3 dielectric. Prior to gold deposition, cleaning with acid 
as opposed to organic solvents results in higher quality plasmonic 
resonances. The unannealed 3 nm Au film supports no well defined 
resonances regardless of the initial substrate cleaning method. 
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mation of thin metal films will of course be very sensitive to the deep nanoscale 

surface chemistry between Au and the glass substrate. We observe that cleaning the 

substrate prior to gold deposition with piranha etch (3:1 sulphuric acid: hydrogen 

peroxide) as opposed to organic solvents (toluene, acetone, methanol) always results 

in higher quality factor plasmonic resonances in the self assembled gold nanoparticle 

films. This potentially stems from two non-mutually exclusive causes: (1) The pi-

ranha etch simply leaves a cleaner surface and there is less wide spread organic debris 

on the surface preventing gold growth. (2) The piranha solution etches the glass sub-

strate surface, reducing nanoscopic roughness and yielding more efficient gold island 

and nanoparticle formation. These causes have not been explored fully and will be 

studied in future work. 

To confirm that we are indeed observing a LSP resonance and not a chemical 

change of the glass substrate or gold particles, we must be able to predict the spec-

tral response of the ensemble of gold NPs. We model the extinction spectra of the 

annealed gold nanoparticle film with Mie scattering theory [140, 144]. Figure D.4 

shows the relatively good agreement of the Mie scattering theory with experimental 

observations, confirming that we are observing a LSP resonance. We assume the 

gold NPs are spherical and that they do not mutually interact (couple); the dielec-

tric permittivity of gold used in the model was extracted via ellipsometry on a 18 

nm thick continuous Au film and agreed well with refs. [117, 170]. In the modeling, 

the experimentally extracted ensemble of gold nanoparticle sizes and densities (figure 

D.4 inset) must be included to accurately predict the spectral location, width and 

strength of the LSP extinction resonance. We model the effect of the 4 nm ALD 

Al2O3 layer as though the gold NPs are embedded in a bulk space of Al2O3. The 

dielectric permitivitty of Al2O3 was taken from NanoHub [118]. 
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Fig. D.4. Mie scattering theory is used to model the the observed 
optical response of the gold nanoparticle films. The model can eas-
ily account for the addition of dielectric spacer layers deposited on 
the gold NPs. To accurately predict experimental observations the 
ensemble of NP sizes must be included in the model (see inset). 
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D.5 Ellipsometry of Disordered Gold NP Ensembles 

We use spectroscopic ellipsometry to verify that the surface morphology of the 

nanoparticle film does not result in major changes to the dye:PMMA film thickness 

relative to the same spincast recipe on blank glass. In this process, the optical response 

of the gold-nanoparticle layer is treated as an effective Lorentz oscillator. We find that 

the Lorentz oscillator model accurately predicts the optical response of the gold NP 

films. To accurately determine each layer thickness, a specific order of ellipsometric 

analysis of control samples must be followed to limit the total number of free fitting 

parameters. Figure D.5 describes the details of the spectroscopic ellipsometry analysis 

while figure D.6 shows the key results from the model. 
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Si

wet-oxide

gold NPs
conformal ALD

spincast dyes:PMMA

(a) (b) (c) (d)

Fig. D.5. Ordering of spectroscopic ellipsometry for gold nanoparticle 
films. Note, for spectroscopic analysis, the gold films were deposited 
on the wet-oxide of a silicon wafer and not a glass slide. (a) The thick-
ness of wet-oxide on the silicon wafer is extracted first. (b) The gold 
nano particle film is treated as an effective homogeneous medium of 
finite thicknes. The effective dielectric function of the gold naoparticle 
film is modeled using a Lorentz oscilator to account for the plasmon 
resonance. (c) The affects of the conformal ALD coating is modeled 
in two ways. First, the spectral location of the Lorentz oscillator from 
(b) must be allowed to red-shift due to the red-shifting plasmon res-
onance. Second, the ALD film must be added directly into the film 
stack. (d) The affects of the top PMMA film are modeled similar 
to that of the ALD film. First, the Lorentz oscillator resonance of 
the effective gold NP dielectric function must be allowed to red-shift. 
Secondly, the PMMA film is added directly into the film stack. If the 
PMMA is doped with fluorescent particles, then the film stack should 
be modeled away from the fluorescent particles absorption resonances 
to avoid adding another Lorentz oscillator to the model. It is critical 
to note, that going from (a)-(d), the model parameters such as thick-
nesses and dielectric functions from the previous step remain fixed, 
except where noted above. 
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Fig. D.6. (a) A schematic is shown of the final spectroscopic model 
used to determine the top PMMA thickness. (b) Shown is the effective 
permittivity of the gold NP film is modeled with a Lortentz Extracted 
effective dielectric permittivity. 
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D.6 Monte-Carlo FDTD Methods for Solving Emission Kinetics of many-

body FRET 

The time dynamics of FRET within an random distribution of N donors and M 

acceptors is governed by a set of M + N coupled non-linear differential equations 

(assuming that donor:donor interactions are negligible, i.e. super- and sub-radiance 

is ignored). The excited state population of each donor is coupled to the ground 

state population of each and every acceptor, while the ground state population of 

each acceptor is coupled to the excited state population of each and every donor. 

The set of differential rate equations and the procedure to solve these equations 

described here is general and can thus be extended to predict time dynamics of 

FRET in arbitrarily complex environments. This section lays out the physical origin 

of the coupled differential equations and describes an FDTD method for solving these 

coupled differential equations. A Monte Carlo method is used to model realistic 

experimental, ensemble conditions. 

D.6.1 One fluorescent emitter species near a nanophotonic structure 

We start this discussion with equations that govern the expected emission kinet-

ics of a single fluorescent emitter species in a non-homogeneous environment (i.e. 

nanophotonic structure). In vacuum or bulk (infinite dimension) dielectric, each 

donor is assumed to be identical and can be characterized by an intrinsic quantum 

yield η and an excited state relaxation rate of γo. When these emitters are placed 

near a photonic environment, the Local Density of Optical States (LDOS) changes 

and thus the radiative part of the excited state relaxation rate is reduced or enhanced 

depending on whether the LDOS has decreased or increased [104, 112]. Each and 

every emitter will have a slightly different position and dipole orientation relative to 

the photonic structure and each emitter will therefore have a slightly different LDOS. 
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The probability that the ith donor is in the excited state at a given time t is denoted 

by ni(t) and is described by the linear differential equation 

dni � � 
= − (1 − η)γo + ηβiγo ni, (D.16)

dt 

where βi is the enhancement or reduction factor of the excited state relaxation rate 

of the ith donor [19,104,112]. The non-radiative relaxation rate (1 − η)γo is assumed 

to be unaffected by the local environment. If we assume that at time t = 0 all the 

emitters are in the excited state (ni(t = 0) = 1) then each emitter spontaneously 

relaxes via single exponential decay 

ni(t) = e 
−γit (D.17) 

with the exponential decay constant 

� � 
γi = (1 − η) + ηβi × γo. (D.18) 

An observable quantity is spontaneously emitted photons (or confined modes that 

scatter to freespace), therefore we expect to observe a spontaneous emission intensity 

that is an ensemble of all the N emitters: X XN 
ηβiγo

N 
ηβiγo −γitI(t) ∼ Ci × × ni(t) = Ci × × e . (D.19)

γi γi 
i=1 i=1 

Ci is the probability of detection of a photon emitted from the ith emitter. This 

empirical term has been introduced to account for the fact that not all spontaneously 

emitted photons have an equal chance of observation. This is due to the fact that some 

emitters preferentially emit into rigorously dark modes (i.e. plasmons, waveguide 

modes, lossy surface waves). In the ideal case, these dark modes are not observable 

using conventional far-field microscopy techniques; however, due to scattering from 

surface roughness or other such local defects, some of these dark modes are scattered 

and collected by the microscope/ detector. Methods for estimating Ci for planar 

metallic structures are outlined in appendix C.5.6. This is the main focus of Chapter 

3 in this thesis. 
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Critically, equation D.19 shows fundamentally that due to the ensemble of loca-

tions of emitters relative to the inhomogeneous photonic structure, a non-trivial multi-

−γmintexponential photoluminescence decay will be observed. For t >> 0, I(t) ∼ e , 

where γmin = min [γi]; that is, for long times, the emitters with slowest relaxation 

rate γi will be observable as a decaying single exponential. These observations are 

supported by the donor only decay traces observed the experiments of chapters 4 and 

5. 

D.6.2 FRET near a nanophotonic structure 

We now explore the emission kinetics of two emitter species near a nanophotonic 

structure in the context of Förster Resonance Energy Transfer (FRET): that is, the 

emission kinetics of donors and acceptors. A very different emission physics relative to 

a single emitter species is observed due to the spatially dependent coupling of donors 

to acceptors. Even in a homogeneous environment where the donors alone (or ac-

ceptors alone) normally emit more or less the same single exponential decay, a donor 

with acceptor ensemble fundamentally yields a multi-exponential decay [130]. The 

emission kinetics can also be strongly affected by acceptor concentration. This section 

outlines a general method for calculating and quantifying FRET using emission ki-

netics of donor-acceptor ensembles near arbitrarily complex nanophotonic structures. 

One potential ensemble with two donors and two acceptors is shown in Figure D.7. 

Using a QED/Green function method, the FRET rate between the ith donor and the 

jth i,jacceptor can be estimated aa Γ However, for a donor to transfer it’s dipole ET . 

excitation energy to an acceptor, the donor must be in the excited state and the 

acceptor must be in the ground state. This critical requirement leads to the coupled 

relaxation rate equations 

MXdni 
Γi,j= −γdi ni −ni (D.20)ET pjdt 

j=1 

N
dpj X 

Γi,j= +γj (1 − pj ) −pj (D.21)a ET ni
dt 

i=1 
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photonic 

structure

Fig. D.7. Key constants and physics for an example coupled FRET 
system with 2 donors and 2 acceptors. 
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Here pj is the probability that the jth acceptor is in the ground state, and γq
k is the 

spontaneous emission rate of the kth emitter of species q (see equation D.18). The 

excited state of donor i is depleted by spontaneous emission and FRET while the 

ground state of the acceptor j is depleted via FRET and replenished via spontaneous 

emission of its excited state. 

These M + N coupled non-linear differential equations governing the excited and 

ground state populations can not be solved analytically (to the best of our knowl-

edge) but must be solved numerically; here we employ an FDTD method. To model 

experimental conditions of many donors and acceptors distributed randomly within 

a dielectric medium, we employ the following procedure: 

• a Monte-Carlo method is used to generate random positions of M acceptors and 

N donors rq
k = [xk, yk, zk] 

• Using a QED/Green function method the FRET rates are calculated for each of 

the M + N possible donor:acceptor pairs Γi,j 
d
i , r j , ωd). At this point, ET = ΓET (r a 

the spontaneous emission rate of each emitter is also calculated. 

• An numerical (FDTD) method is then used to compute the time evolution of ni 

and pj using the initial conditions of ni(t = 0) = 1 and pj (t = 0) = 0. 
NP dni(t)• The observed photoluminesnce decay of the N donor molecules is I(t) ≈ 

dt 
i=1 

It should be emphasized that the Monte-Carlo numerical method of solving the 

coupled rate equations for ensemble FRET can be applied to arbitrarily complex 

photonic environments, as long as the electromagnetic Green Tensor G(r, r0, ω) can 

be calculated. The method described here can also capture concentration effects. 

D.7 Laser Ablation and Melting of gold NPs 

In the FRET experiments on gold NPs, it is critical that the laser pump for 

the fluorescent donor-acceptor dyes is at a low enough fluence so as not to melt or 

rearrange the NPs. We pump the dyes with 400 nm, 30-50 fs laser pulses from an 

OPA. Gold has interband transitions at this wavelength and thus strong absorption 
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Fig. D.8. Dark-field scattering microscopy reveals laser induced melt-
ing and ablation of the gold NP substrate. 

and heat when pumped with 400 nm light. In FRET experiments we typically pump 

the gold NP / dyes sample with about 60 pJ pulses at 100 KHz repetition rate. 

Figure D.8 shows a white-light, dark-field scattering image of the gold NP sub-

strate. Before this image was taken, we translated the sample while pumping it in 

the confocal geometry with 5-10 nJ pulses at 100 KHz, λ = 400 nm. We observe 

castrophic laser induced ablation and melting of the gold NP films. Time resolved 

studies reveal that under continuous 100 KHz 400 nm laser pumping, this melting 

occurs on sub-100 ms time scales. 

D.8 Dark-Field and Fluorescence Microscope Calibration 

We calibrate our fluorescence and dark-field microscopes with a commercial cal-

ibration slide. We image the scattering from the metal calibration tick marks on a 

glass slide via dark-field white light scattering microscopy as shown in our optical 

setup shown in figure 5.3 of chapter 5. In such an dark-field, scattering image, the 

contrast of the tick marks is reversed as described schematically in figure D.9. 
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Fig. D.9. The contrast of dark-field images is reversed relative to bright field image 
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Fig. D.10. (a) Raw dark-field image of calibration ruler. (b) CCD 
counts are binned/ summed in the vertical direction to get a 1D signal 
versus the horizontal direction. (c) The FFT of this 1D signal reveals 
the spatial frequency of the ruler tick marks. 

Figure D.10(a) shows the dark-field image of the calibration ruler, imaged with 

50x microscope objective. We sum the counts in the vertical direction to obtain a 

clean 1D signal as plotted in figure D.10(b). We utilize fast Fourier transforms (FFT) 

to extract the spatial period of the tick marks. This spatial period multiplied by the 

10 µm period of the ruler, yields the calibration constant for the objective, namely, 

the number of micrometers per pixel on the CCD. It is assumed that the microscope 

is more or less symmetric and this calibration holds for the vertical direction as well. 

To test this calibration constant we perform a simple test. We shift the 1D 

calibrated signal by exactly 10 µm and observe that the shifted signal overlaps almost 

perfectly with the previous signal (figure D.11). 

The above calibration technique worked well for the 10x, 20x and 50x objectives 

but worked poorly for the 100x objective, which contained too few calibration ruler 

tick marks for an accurate FFT. In this case, the calibration ruler scattering peaks in 

the 1D signal were directly fit with gaussian shapes, and their center locations were 

used to extract the calibration constant (as shown D.12). 

Table D.1 summarizes the calibration results while figure D.13 shows the calibrated 

images of the calibration ruler tick marks for each microscope objective magnification. 
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Fig. D.11. Simple calibration test. 

Table D.1. 
Microscope calibration constants are summarized. 

Objective 10x 20x 50x 100x 

Field of View (µm) 321 155 64 31 

µm/pixel 0.8 0.39 0.16 0.077 

Method FFT FFT FFT Peaks 
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Fig. D.12. Calibration of 100x objective. 
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(a) 10x 

(b) 20x 

(c) 50x 

(d) 100x 

Fig. D.13. Using a commerical calibration slide, the magnification, 
field of view, and abberations of the microscope can be calibrated. 
(a-c) The 10x, 20x and 50x objectives were calibrated with a Fast-
Fourier-Transform method, while (d) the 100x objective was calbi-
rated with a peak-finding and fitting procedure as described in within 
the main body. 
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E. KEY LIGHT-SOURCE SPECIFICATIONS 

E.0.1 Pulsed White Light 

The pulsed white light is spectrum is shown in figure E.1. We generate this light 

source via supercontinuum generation in a undoped YAG crystal [171]. The time 

duration of the pulsed white light has not been measured as of yet. 

E.0.2 Narrowband Pulsed Light: Optical Parametric amplifiers 

The tuning curves for our two separate OPAs are shown in figure E.2. Power mea-

surements were made with a photodiode-based power meter. Spectral measurements 
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Fig. E.1. The spectrum for the pulsed white light supercontinuum is 
shown. Residual 1040 nm laser pump from the back port of the optical 
parametric amplifier is used to pump an undoped YAG crystal. 
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were made with a hand-held spectrometer. The pulse duration was measured via an 

autocorrelator. 

The OPAs are pumped with a 400 fs, 23.5 µJ, 1040 nm laser pulses. Part of 

this signal is split to generate white light in a YAG crystal, seeding the OPA, while 

the remainder of the 1040 nm light is sent to a second (2H) or third (3H) harmonic 

generating crstal (BBO, or two BBOs). The second and third harmonic pump the 

actual parametric mixing process with the white light. 
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(a) NOPA 2H (b) NOPA 3H 

Fig. E.2. The tuning curves for the optical parametric amplifiers is 
shown. The NOPA 2H is pumped by the second harmonic of a pulsed 
1040 nm laser and the NOPA 3H is pumped by the third harmonic 
of a pulsed 1040 nm laser. Both OPAs are seeded by a white light 
supercontinuum generated via pumping an undoped YAG crystal. 
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