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Abstract
Optical Antenna Enhanced Spontaneous Emission in Semiconductors
by
Kevin James Messer
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Eli Yablonovitch, Chair

Optical antennas can be used to dramatically increase the rate that semiconductors
spontaneously emit photons. While traditional LEDs are limited in bandwidth due to the
"slow" rate of spontaneous emission, antenna-enhanced LEDs have the potential to be a
fast, efficient, nanoscale light emitter. Traditionally, lasers have dominated LEDs as the
emitter in optical interconnects due to a 200x speed advantage of stimulated emission
over spontaneous emission. This paradigm may be reversed by coupling LEDs to optical
antennas. In fact, antenna enhanced spontaneous emission can be faster than the fastest
stimulated emission.

Spontaneous emission originates from dipole fluctuations within the emitting material.
The size of these fluctuations is much less than the wavelength of light emission, which
leads to slow spontaneous emission. Coupling the material to an optical antenna corrects
the size mismatch and improves the rate of radiation. An optical antenna circuit model is
developed to predict the degree to which spontaneous emission can be enhanced. The
circuit model presented in this dissertation shows that enhancement over 1000x is
possible while still maintaining greater than 50% efficiency.

The circuit model provides insight how to design optical antennas for coupling to dipole
sources, for maximum enhancement, and for high efficiency. A method for incorporating
the anomalous skin effect, often overlooked in metal optics, is provided. While
FDTD/FEM simulations cannot include this effect due to its nonlocal nature, its impact
can be examined through the use of the optical antenna circuit model. Analysis of the
tradeoff between achieving large spontaneous emission enhancement and maintaining
high efficiency leads to an ideal antenna feedgap size of 10nm.

Experimental demonstration of spontaneous emission enhancement from InP coupled to
an arch-dipole antenna is presented. Photoluminescence measurements show light
emission from antenna-coupled InP over bare InP ridges was enhanced by 120x. The
results correspond to a 14x enhancement of spontaneous emission once absorption
enhancement is taken into account.



To improve on the previous results, 2D materials from the family of transition metal
dichalcogenides are used as the active material. In monolayer form, these materials are
direct band gap semiconductors with very low rates of surface recombination. The cavity-
backed slot antenna is used to couple to the monolayer semiconductor. The resonant
properties of the cavity-backed slot antenna are measured through dark-field scattering
and used to match the antenna resonance to the wavelength of light emission. A WSe;
monolayer is etched into ribbons and coupled to the hotspot of a silver cavity-backed slot
antenna resulting in an observed spontaneous emission enhancement of 318x.

Finally, an unetched MoS; monolayer is coupled to an array of gold cavity-backed slot
antennas in order to demonstrate both high enhancement and high quantum efficiency.
Spatially resolved photoluminescence measurements show efficient emission only in the
location of optical antennas. Areas of the MoS; monolayer coupled to antennas show 7%
quantum efficiency corresponding to a >250x increase in efficiency over bare MoS,
monolayers. These results demonstrate the exciting potential for antenna-enhanced LEDs
to be both fast and efficient light emitters.
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1 Introduction

Antennas are used to focus electromagnetic radiation to length scales much smaller than a
wavelength. Operated in reverse, antenna can be used to efficiently transfer energy from
a sub-wavelength structure into electromagnetic radiation. This holds true for all
frequency regimes of the electromagnetic spectrum. We have all had experience with
radio frequency antennas through cell phones, radios, and televisions, but the applications
of optical antennas are only now beginning to be explored. Interestingly, the designs used
for optical antennas are very similar to radio frequency antennas. This is a result of the
linearity of Maxwell’s equations. A million-fold decrease in the wavelength results in an
equivalent million-fold decrease in the antenna dimensions. However, a notable
difference in the optical regime is the properties of the metals used to make the antennas.
The effects of material properties on optical antennas will be discussed in Chapter 3 of
this dissertation.

Optical antennas have numerous potential applications due to their ability to enhance
light-matter interactions at the nanoscale. Inefficient light emitters can get a boost in
efficiency when coupled to an optical antenna resulting in stronger photoluminescence
(PL). The vibrational structure of materials can be explored by using optical antennas for
surface-enhanced Raman spectroscopy (SERS). Nonlinear effects can be enhanced by
strengthening the local electric field in an optical antenna gap. The focusing nature of
optical antennas can be utilized for nanoscale imaging. Optical antennas can be used to
focus energy from a laser to heat nanoscale magnets for heat-assisted magnetic recording
(HAMR) in the hard drive industry.

Incorporating a semiconductor in the feedgap of an optical antenna leads to even more
potential applications. Acting as a receiver, there is potential for optical antenna enhanced
photodetectors and photovoltaics. As an emitter, the potential for antenna-enhanced
LEDs exists. This application, enhancing spontaneous emission in semiconductors using
optical antennas, is the prime focus of this dissertation.

The fundamental physics behind spontaneous emission and antenna-enhanced
spontaneous emission will be discussed in Chapter 1. In Chapter 2, the potential for
antenna-enhanced LEDs to compete with lasers as the emitter in optical interconnects
will be presented. Chapter 3 develops a circuit model that describes the enhancement and
efficiency attainable using optical antennas. This circuit model gives insight into proper
optical antenna design and can incorporate effects not included in simulation tools.
Chapter 4 provides analysis of optical antenna materials and some antenna designs.
Experimental demonstration of spontaneous emission enhancement in InP is shown in
Chapter 5. Finally, Chapter 6 contains experiments demonstrating spontaneous emission



enhancement in WSe; and MoS,. Both high efficiency and large enhancement are
observed by coupling the monolayer semiconductors to an optical antenna.

1.1 Spontaneous Emission

Spontaneous emission is the process by which an excited electron spontaneously loses
energy to emit a photon. In semiconductors, this occurs when an electron in the
conduction band recombines with a hole in the valence band to emit a photon of energy
close to the semiconductor’s band gap. By connecting a supply of energized electrons to
a semiconducting material, spontaneous emission can efficiently generate light as is done
in LEDs. The goal of this section will be to explain what drives this light emission
process and what determines the average time it takes to occur.

Figure 1. Spontaneous emission of a photon from an excited electron-hole pair in a
semiconductor.

The seemingly simple process of spontaneous emission is actually a result of one of the
most fundamental ideas in Quantum Mechanics, the Heisenberg Uncertainty principle.
The principle states that there is always a minimum uncertainty in knowing the position
and momentum of a particle. Equivalently, this means that the lowest energy state of a
system will have non-zero energy. As is done in many textbooks, applying this principle
to a quantum harmonic oscillator yields the zero point energy of half a photon,

Ey = hw/2. Quantum field theory extends the idea of the harmonic oscillator to
electromagnetic fields. Each electromagnetic mode of a system consists of a harmonic
oscillator and will contain a minimum energy, E,. Understanding the time averaged
energy density of an electromagnetic wave can be expressed as E/V = €,n?E? allows us
to define the zero-point electric field as:

Expr =\ hw/2en2V (1.1)

where € is the permittivity of free space, n is the index of refraction, and V is the volume
of the electromagnetic mode.



The zero-point electric field is present in every electromagnetic mode, including regions
where energized electrons are present. The interaction of the zero-point field with the
electron is a perturbation to the excited state of the electron. Fermi’s Golden Rule can be
employed to describe transitions between states when such a perturbation is
present[1],[2]. The transition rate, W;¢, from an initial state, i, to a final state, f, due to the

perturbation, H', can be expressed as:

Wy = %ﬂ(fIH’Ii)zc?(Ef — E; + hw) (1.2)

The perturbation, H', for the interaction between the electron and photon in the dipole
approximation is given by:

H' = —(flqr - E|i) (1.3)

where 7 is the position vector of the electron of charge g, and E is the electric field
vector. For spontaneous emission, the only field present will be the zero-point electric
field given in (1.1). By recognizing the electric field will not change appreciably over a
unit cell, we may reduce (1.3) to include the dipole moment, xo = (f|r|i).

H = —qx, - E (1.4)

The spontaneous emission process requires the transition of electron from excited state, i,
to ground state, f, and the emission of a photon with energy hw = E; — Er. An available
photon state must therefore exist at energy hw. The density of photon states, pppo¢, must
be included in the transition rate of Fermi’s Golden rule. We may now express the
spontaneous emission rate, [, as:

21 2 1.5
I—;p = 7 (qxogzpf) Pphot ( )

The consequences of equation (1.5) are profound. It tells us that the spontaneous

emission rate is not a fixed quantity, but instead depends on the electromagnetic
environment of the excited electron. The electric field perturbation will depend on the
refractive index of the medium and mode volume through (1.1), and the optical density of
states can be engineered to be either very high or low at the frequency of our choosing. If
we ask how fast the spontaneous emission rate can be, this would suggest that the only
limit would be when perturbation theory breaks down near the strong coupling regime.
Practical considerations due to loss in antennas will limit the spontaneous emission rate
before the perturbation theory limit occurs, but it gives an indication that spontaneous
emission can be greatly enhanced beyond typical rates.

Equation (1.5) also draws an interesting comparison between spontaneous emission and
stimulated emission. While stimulated emission requires an applied electric field in order
to drive transitions from the excited state to ground state, spontaneous emission only
requires the zero-point field. Both light emission processes have rates dependent on the



intensity of the driving electric field. Because of this, lasers require a high photon density
in the laser cavity in order to achieve fast modulation. Materials will always undergo
some type of breakdown due to the high fields involved in stimulated emission, leading
to the practical limit of stimulated emission around S0GHz. Spontaneous emission has
no such limitation because no applied field is required for emission to occur. Instead, the
electromagnetic environment can be designed so that the zero-point field is incredibly
strong and spontaneous transitions occur quickly.

An additional requirement for spontaneous emission to occur is momentum matching of
the electron-hole pair. The spontaneous emission rate derived here is valid under the
assumption that the excited state is already momentum matched to an available ground
state. In real semiconductors, terms would be added to account for the k-space
distribution of carriers in the conduction and valence band as well as the carrier
occupation in each band.

Let us now consider the case of spontaneous emission in a homogenous medium of
refractive index, n. The density of photon states, in a volume, V, for this case is easily
derived in optics textbooks[1].

w?n3V (1.6)
pphot = T[ZflC3

We insert (1.1) and (1.6) into (1.5) to give the spontaneous emission rate. Additionally,
we average over all dipole orientations in three dimensions giving a factor of 1/3.

- w3q?xin (1.7)
P 3mhc3e,

This is the conventional rate of spontaneous emission from a dipole. When coupled to the

carrier dynamics in semiconductors this yields a spontaneous emission lifetime,

Tsp = 1/I5p, on the order of Ins. It should be noted that finding the analytic solution for

the photon density of states for this situation is incredibly easy. For complicated

structures involving metals, a simple analytic solution of the photon density of states

cannot be done. In light of this, it is much more intuitive to treat the problem of

spontaneous emission enhancement with antenna theory.

1.2 Antenna Enhanced Spontaneous Emission

The spontaneous emission rate of light from semiconductors can be expressed in terms of
antenna theory. In the analogy to classic antenna theory, the optical dipole matrix
element, x,, of a semiconductor material can be treated as a small dipole emitting
radiation. For most semiconductors the dipole moment is on the order of a unit cell,
corresponding to a length of roughly 0.5 nm [3]. The wavelength of light emission from



most semiconductors is several hundreds of nanometers. Clearly, the dipole moment is
much smaller than the wavelength of emission, so we may treat it as a radiating Hertzian
dipole. This large dimensional mismatch is an unfortunate act of nature, but gives us the
opportunity to dramatically increase the rate of spontaneous emission.

We may treat the spontaneous emission of a photon from an electron-hole pair in terms of
radiated power in the following way:

i _ Prad — Ierad _ (qw)erad (18)
hw 2hd 2hw
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Here, I = qw is the quantum mechanical current due to the oscillating dipole moment in
the material. R, is the radiation resistance of the material dipole moment, and can be
expressed as the radiation resistance of a Hertzian dipole [4] with length £ = 2x,,.

2 (2xg)\2 (1.9)
Rraa =5 2(F)

where Z, = 1/¢,c is the impedance of free space. Inserting (1.9) into (1.8) and
converting wavelength terms to frequency gives an expression for the spontaneous
emission rate:

1 wlq’xin (1.10)
Tsp ~ 3mhc3e,

This is precisely the same expression as (1.7) which was derived directly from Fermi’s
Golden Rule. For this simplest case, we may draw a circuit model to express the
situation.

I=qo <1> R .

Figure 2. Circuit Model for spontaneous emission in homogenous electromagnetic
environment

Here, the power dissipated in the radiation resistance is the power radiated by the dipole
source, which can be related to the spontaneous emission lifetime through (1.8). The
radiation resistance given in (1.9) is proportional to x3 /A%, making it immediately
obvious that the small dipole moment will result in a very small radiation resistance. In



fact, for x, = 0.5 nm and 4 = 1000nm, we get a radiation resistance of 0.8 mQ. In
contrast, antennas can easily have a radiation resistance of 50 Q. Therefore, we should
expect to be able to increase the power radiated by the source by several orders of
magnitude with the use of an optical antenna.

In order to understand what type of spontaneous emission rate enhancement is possible

using optical antennas we will construct a very basic model. Our antenna will be the
dipole antenna with an emitted coupled to the feedgap as shown Figure 3.

X0
j -0 |
G— d —_—

L

Figure 3. Dipole emitter coupled to an optical antenna

The radiation resistance for this antenna will be taken as that of a small dipole antenna

[4].

s L 1.11
Rraa = 5% () o

In addition to power loss by radiation, the unavoidable loss in metal materials means
there will also be some power dissipated as heat through ohmic losses. An extra resistor,
R,,, will be used to represent this loss.

The final piece to the model is a description of the current source driving the antenna. In
the case of spontaneous emission in a homogenous environment as in Figure 2, the dipole
moment acts as its own antenna and gets the full benefit of the quantum mechanical
current, gw. However, when a dipole emitter is coupled to an antenna, as in Figure 3, the
full current is not induced into the arms of the antenna. The situation of a dipole
oscillating in the feedgap of an antenna is essentially equivalent to that of a moving
charge between to electrodes (Figure 4).

Figure 4. A moving charge with velocity, v, between two electrodes separated by a
distance, d, induces a current in the electrodes. Reproduced from [5]



These two situations can be treated equivalent as long as we are able to make the
quasistatic approximation, which is the case for a small antenna feedgap size, d.
Following the work of Shockley [6] and Ramo [5], we can get the current induced in the
antenna arms by the oscillating dipole source.

I =E,qv (1.12)

where E,, is the component of electric field in the direction of the moving charge at the
position of the charge when the electrode is at 1 V and the charge is removed [5], [6]. For
the case of a small gap between to parallel electrodes, the solution is:

_ 4wXo (1.13)
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The simple circuit model describing antenna enhanced spontaneous emission is shown
below in Figure 5.
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Figure 5. Simple circuit model for spontaneous emission from an emitter in the feedgap
of a dipole antenna

The enhancement of the spontaneous emission rate can now be estimated by taking the
ratio of the power emitted in the radiation resistance of Figure 5 to the power emitted in
the radiation resistance of Figure 2. Nearly all terms cancel and we are left with an
expression depending only on the length of the antenna and the size of the feedgap.

L>2 (1.14)

Enhancement « <E

Based on (1.14), the spontaneous emission enhancement can be very large for long
antennas and small feedgaps. The benefit of an antenna is maximized when its length is
roughly A1/2, so for a feedgap of 10 nm with emission at 1000 nm, we might expect an
enhancement on the order of 2500x. This basic circuit model is only intended to give a



rough idea of what order of magnitude spontaneous emission enhancement is possible
using optical antennas. A more detailed circuit model incorporating the resonant nature of
antennas, the response of metals at optical frequencies, and the impact of ohmic loss will
be presented in a later section.

A natural question to ask is, how is it possible for the same oscillating dipole moment to
emit a different amount of power based only on its environment? Surely this violates
some type of conservation law. The answer lies in the nature of the dipole moment. The
oscillating dipole moment is almost an ideal current source due to its high impedance.
The impedance of a small dipole is |Z| = Z,A/2mx, which is greater than 10° Q for most
materials [7]. So, by placing this source in a different environment we are merely
changing the voltage on the quantum current source. The zero-point fluctuations of the
excited electron are doing more work when it is placed in the feed gap of the antenna.
The concern of violating an energy conservation law is answered by noticing that energy
must constantly be supplied to the system by an external source to maintain a
concentration of excited carriers above thermal equilibrium. Once the external source is
removed, the material will return to thermal equilibrium and the rate of spontaneous
emission will be exactly balanced by absorption. The equilibration of carriers will of
course occur more quickly when the material is coupled to an optical antenna.

1.3 The Purcell Effect and Antennas

Enhancement of the spontaneous emission rate was predicted by Purcell in a short
conference paper in 1946 [8]. Purcell noticed that the optical density of states was not the
typical free space value when a source was coupled to a resonator. In fact, the density of
states could be much higher in the resonator than in free space. This has led to a large
amount of work on exploiting microcavities to leverage the Purcell effect to enhance
spontaneous emission. In this section the Purcell effect will first be derived followed by
an explanation of the drawbacks to using the Purcell interpretation of optical antenna
enhanced spontaneous emission.

To derive the Purcell enhancement of spontaneous emission, we proceed by reexamining
(1.5). Instead of taking the photon density of states for a homogenous medium, we
modify it to that of an optical cavity [1].We will treat this cavity as a Lorentzian
resonance at resonant frequency, w,, with a bandwidth, Aw.

_ (hdw)/(2m) (1.15)
Prrot = (0 — hag)? + (hdw/2)?

The zero-point electric field must also be defined in the cavity in order to make use of
(1.5). In the case of a homogenous medium, the zero-point electric field is uniform in
space and was derived from the energy density of zero-point energy. For the case of an



optical cavity, a mode volume must be defined such that the cavity still contains a zero-
point energy of hw/2.

hw (1.16)
Vers = 2¢2
26011 gmax
where &, 1s the magnitude of the maximum zero-point electric field in the cavity. If we
now take the location of the dipole emitter to be at the location and in the orientation of
E max» the spontaneous emission rate at w = w, becomes:

20%x2Q (1.17)
r.,= 29 Xol
UV hegn?V,pp

where Q = wy/Aw is the quality factor of the cavity. Taking the ratio of (1.17) to (1.7)
gives the Purcell enhancement of the spontaneous emission rate [8].

. 30 < A>3 (1.18)
p 47T2Veff n
Using the Purcell factor, F,, to estimate spontaneous emission enhancement is a useful
tool when the quality factor and mode volume are well-defined quantities. This approach
is applicable to dielectric cavities with minimal optical loss. In these cavities analytic
solutions can be obtained for @ and V, s yielding a straightforward solution to (1.18).
However, there are a number of issues that arise when the Purcell effect is used to explain
antenna enhanced spontaneous emission.

First, the mode volume of an optical antenna cannot be well defined. A good antenna
design has low Q due to the dominant rate of energy loss through radiation. Therefore, a
method of calculating mode volume must be used which separates fields radiating into
the far-field from fields contributing to stored energy in the antenna “cavity”. This
method of mode volume approximation has been shown to lead to significant error in
prediction of the spontaneous emission enhancement [9].

Second, the Purcell factor in (1.18) accounts for all forms of energy dissipation from the
cavity. In fact, it is correct to interpret the Purcell factor as the ratio of power dissipated
by a dipole source placed in the position of interest, P.,,,, to the power dissipated by a
dipole in freespace, P,.

Peav (1.19)

For dielectric cavities with minimal absorption nearly all loss from the cavity is in the
form of radiation. In optical antennas there are significant losses due to absorption in
metals. A significant portion of the power dissipated by a dipole source coupled to an
optical antenna may be going directly to heat via ohmic loss. The Purcell factor simply



treats these losses as another form of energy decay adding to the emitter’s decay rate.
Instead of sweeping these non-radiative losses into the total decay rate, this dissertation
will distinguish the various decay channels into which the emitter loses its energy. Due to
this distinction, an added emphasis is put on the efficiency of devices used to enhance the
spontaneous emission rate.

1.4 Speed and Quantum Efficiency

Highly efficient conversion of energy between electricity and light is a desirable quality
for any optoelectronic device. The simultaneous desire for high-speed devices often
comes with a trade-off in device efficiency. This section will study the connection
between the modulation rate of LEDs and their quantum efficiency. The interplay
between these two design requirements leads to interesting design choices for antenna
enhanced LEDs.

Carriers in semiconductors may decay radiatively by emitting a photon of light or non-
radiatively by converting their energy into heat. These recombination processes occur in
parallel and therefore compete with one another. Each may be assigned a lifetime
describing the average rate of occurrence. In this way, the quantum efficiency, QE, and
total carrier recombination rate, [;,;, can be defined.

1 (1.20)
T
QF =4~
_+_
Tr an
1 1 (121)
[oo=—y—
tot T-r-+TT”,-

The connection between efficiency and speed in clear from (1.20) and (1.21). As an
example, let us consider a bulk semiconductor know to have a spontaneous emission
lifetime of 1 ns. If the material is completely free of defects, we may take 7,,,, = ©°. This
situation would yield of quantum efficiency of 100% and I;,; = 1 GHz. If the material
were suddenly inundated with defects so that 7,,,, = 1 ps, the quantum efficiency would
plummet to 0.1%, but the total rate of recombination would increase to 1 THz. Due to the
tradeoff between efficiency and speed, an increase in the spontaneous emission rate of a
semiconductor is only useful if it maintains high efficiency.
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Figure 6. Energy decay channels for a semiconductor coupled to an optical antenna.

When optical antennas are used to modify the spontaneous emission rate, the efficiency
and decay rate equations must be adjusted to incorporate both the new rate of
spontaneous emission as well as the rate of energy dissipation into ohmic losses in the
antenna. Figure 6 shows the three decay channels present when a semiconductor is
coupled to an optical antenna. Incorporating ohmic loss gives the new efficiency and rate
equations:

1 (1.22)
QF = 4"
1., 1.1
Tr T Tar
1 1 1 1.2
Rt =—+—+— (29

Alternatively, it can be useful to express (1.22) and (1.1)in terms of the homogenous
material (bulk semiconductor) spontaneous emission lifetime, 7,. To do so, we make use
of the enhancement factor, F,,. Recall that this factor incorporates both power radiated by
the antenna and ohmic losses in the antenna, so we have the expression:

1.1 (1.24)
P T, T
F o= ant _ Ty 0
I 1
To

1 (1.25)

Nane quantifies the radiation efficiency of a dipole source coupled to the optical antenna.
If a semiconductor with no defects (7,,- = ©°) were used as the source, the quantum
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efficiency would be equal to the antenna efficiency. Finally, the expressions for quantum
efficiency and total recombination rate can be expressed as:

E, (1.26)
%T’Ant
QF = -——
B, 1
To Tor
E 1 1.27
[;rot =2 +— ( )
To Tor

Equations (1.26) and (1.27) summarize the exciting potential of using optical antenna
enhanced spontaneous emission. For materials that are typically very inefficient light
emitters (7, < T,), an optical antenna can boost their quantum efficiency to a maximum
of Nane. Together, equations (1.26) and (1.27) demonstrate perhaps the more exciting
application of creating very fast and highly efficient LEDs.
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2 Optical Interconnects

Worldwide demand for data continues to grow at an extreme pace. Total internet traffic is
expected to rise at a rate of 23% per year largely due to increased video and mobile
demand [10]. By 2019, Internet traffic will reach 168 exabytes (10'® bytes) per month.
This is in comparison to the mere 5.2 exabytes per month of global Internet traffic in
2007. While consumer demand for greater bandwidth continues to grow, power
consumption has emerged as a serious limitation to providing it. Without major
breakthroughs in energy efficiency, the power consumption of the network required to
provide the Internet with sufficient throughput will quickly get out of hand.

m

per Month

2014 2015 2016 2017 2018 2019

Figure 7. Growth forecast for global internet traffic. It is predicted that traffic will growth
at a rate of 23% per year. Reproduced from [10]

The electric power used by data centers already accounted for around 2% of all electricity
used in the United States in 2010 [11]. The equivalent of 34 coal-fired power plants (500
MW) were used to supply the electricity necessary to power data centers in the US in
2013. This is expected to rise to 50 power plants by 2020 [12]. Clearly this is not a
sustainable trend. In order to overcome this challenge, a more efficient method of
communicating data must be developed.

Optical interconnects provide a solution for more efficient data communication. Using
optics to transmit data can be significantly favorable to using wires due to the absence of
capacitance that must be charged and discharged when transmitting voltage along a wire.
The steady change from electrical to optical interconnects has been progressing from long
distances (the transatlantic fiber in 1988) to lengths on the order of meters (rack-to-rack
optical communication in datacenters) used today. The progression of optics to shorter
and shorter length scales is illustrated in Figure 8. If the energy consumption of optical
interconnects continues to decrease, the possibility of using light for communication on-
chip becomes very real.
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Figure 8. Optical Interconnect applications for various distances. Reproduced from [13]

2.1 Energy Requirements

Energy consumption in interconnects of microprocessors is estimated to be 50-80% of all
power consumed on chip [14], [15]. This energy is expended in the dynamic charging and
discharging of the capacitances in the interconnect wires. The capacitance of all on-chip
wires is around 2 pF/cm [15]. We can estimate the energy dissipated by an electrical
interconnect as:

Energy/bit = C,, ;. V? (2.1)
For a 1 V signal transmitting 100 um, this gives 20 fJ/bit. If we look at the longest wires
on a chip, of order 1 cm, the energy cost becomes 2 pJ/bit. In order to provide an
advantage over electrical interconnects, an optical link would need to perform
significantly better than this. An analysis from [15] suggests that optical links would need
to achieve 2-10 fJ/bit to be a viable alternative for on-chip electrical interconnects.
Realistically, optical links would never replace all electrical interconnects because very
short wires still perform quite well. The benefit of optical interconnects would come
when replacing the longest on-chip wires and for connecting chips to nearby chips.

Optical interconnects can transmit data with significantly less energy than wire
interconnects. The transmission of light through fibers or waveguides does not suffer
from capacitive charging that is required for wires. The minimum energy per bit
limitation for optical interconnects comes in the form of signal to noise ratio. For an
interconnect to be viable, it must transmit data with a signal to noise ratio such that the bit
error rate (BER) does not exceed a value specified by the circuit designer. The BER can
vary for particular applications and error correction strategies, but here we will assume a
required BER of 10°"°. For the ideal case of an optical link with a photodetector that can
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detect single photons, the noise limitation will be due to photon shot noise. Shot noise
follows a Poisson distribution:

Py = e o @2

where P(n) is the probability of receiving n photons and M is the average number of
photons [16]. The rate of errors will be the average probability of detecting a “1” when a
“0” is sent and the probability of detection a “0” when a “1” is sent. Since there is no shot
noise for sending “0” bits, only the second probability will be non-zero.

BER = —e~M 2.3)
2

We may now conclude the average number of photons per bit necessary for a given BER
is:

In(2 - BER) (2.4)
ph =TT

where Ny, = M /2 is the average number of photons per bit including both the “0” and
“1” states. For a BER of 107" this gives 17 photons/bit. If an optical link is used with 1eV
photons, the minimum energy per but of the interconnect is only 3 aJ/bit. Giving a little
room to work with, we could say an optical link using 100 photons/bit is possible and
would consume only 20 aJ/bit. This is a three orders of magnitude decrease in energy
consumption when compared to a 100 um electrical interconnect.

The potential energy advantage of optical interconnects over electrical is clear.
Unfortunately, the technology required for such a low-power optical interconnect does
not exist. Today’s best optical interconnects can operate using around 10,000 photons/bit
at the photodetector [16]. Breakthroughs in both the photodetector and light emitter are
required for 100 photon/bit communications to become a reality. With high efficiency,
low-power, and high speed, the antenna enhanced LED is an excellent candidate for the
light emitter in such a low energy optical interconnect.

2.2 Light Emitters

Lasers have completely dominated in practice as the primary light emitter used for optical
interconnects. While there are many benefits to using lasers for the emitter, there are also
significant drawbacks. This section will compare the benefits and drawbacks for using
LEDs and lasers as the emitter in optical interconnects.

The major differentiating benefit that lasers have over LEDs is their modulation speed.
Fundamentally, the stimulated emission process driving electron-hole recombination in
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lasers follows Fermi’s Golden Rule as shown in (1.2). The perturbation driving the
transition is cause by the electric field of photons in the laser cavity. As the density of
photons increases, the rate of stimulated emission increases. Therefore, the rate of
stimulated emission, and the maximum modulation rate of lasers, is proportional to the
optical power output of the laser.

We may deduce a similar conclusion by small signal analysis of the laser rate equations.
Doing so yields the laser 3dB frequency [1], [17]:

(2.5)

where v,is the photon group velocity, g’ is the differential gain coefficient, S is the
photon density in the laser cavity, and 7,, is the photon lifetime in the cavity. For an

electrically injected device, we find f345 o« /I — I;;, where [ is the current and I, is the
current required to achieve lasing. Two conclusions may now be drawn regarding lasers:
(1) There is always a minimum power required to achieve stimulated emission in lasers,
and (2) To achieve a high modulation rate, the laser must be operated above this
minimum threshold. While lasers have been demonstrated with modulation rates up to 50
GHz, the potential for extremely low-power optical communications in the 100
photon/bit energy range does not exist due to the fundamental limitations of stimulated
emission.

LEDs typically suffer from a low modulation rate due to spontaneous emission lifetimes
on the order of 1 ns. However, as this dissertation will show, the spontaneous emission
rate can be greatly enhanced by coupling the semiconductor to an optical antenna. Small
signal analysis of the LED rate equations yield a 3dB frequency:

1 (2.6)
27T

f3q =
Sp

The spontaneous emission lifetime leads to a maximum modulation rate of around 250
MHz in LEDs. If the spontaneous emission rate could be enhanced using an optical
antenna by a factor of 200x, LEDs would be competitive with the 50 GHz modulation
rate of the fastest lasers.

In addition, it is also important to look at how the modulation rate of LEDs depends on
input power. A 100 photon/bit interconnect would require high speed even at very low
power operation. The carrier recombination rate equation in an LED is:

dn n (2.7)
— =—+Bnp + Cn®
T, + Bnp +(Cn
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where n is the electron density, p is the hole density, 7, is the non-radiative lifetime due
to Shockley-Read-Hall recombination, B is the bimolecular recombination coefficient
responsible for spontaneous emission, and C is the Auger recombination coefficient. For
simplicity, we will make the assumption that the device is very efficient and the
contribution from non-radiative recombination can be ignored. The LED will be operated
at very low power so we will also neglect the contribution of Auger recombination. The
active region may also be p-doped, so the hole density can be taken as a constant. In this
case we may introduce a spontaneous emission lifetime as 75, = 1/Bp and the rate
equation simplifies to:

dn _ n (2.8)
dt T4

The recombination lifetime for the LED is a constant, 7g,, which yields the maximum
modulation rate given in (2.6). Notice that the modulation rate contains no dependence on
the carrier concentration or photon density, as is the case for the laser. Therefore, even at

extremely low power operation, the LED can achieve its maximum modulation rate.

Other considerations for the light emitter in an optical interconnect include waveguide or
fiber coupling, data propagation, and device size. Single mode lasers are presently used in
Silicon Photonics for optical transceivers. Single mode operation is important to
minimize differential group delay, which can limit the maximum attainable bandwidth for
longer distance interconnects. Single mode operation of conventional LEDs is not
possible due to the large area of incoherent emission. However, antenna enhanced LEDs
are nanoscale devices and will emit radiation from a single spatial mode that can be
efficiently coupled to an optical waveguide [18]. While the broadband spectrum emitted
by LEDs will lead to some dispersion in the waveguide mode, this is not expected to limit
the modulation bandwidth for the few centimeter length scale of these interconnects.
Finally, antenna enhanced LEDs are fundamentally on the order of the wavelength of
light emission in size. Therefore these devices are only 100s of nanometers in size
allowing for compact integration for on-chip optical interconnects.

In conclusion, the antenna enhanced LED can be a viable emitter for short-range optical
interconnects. High-speed data communication at extremely low power is achievable
with antenna enhanced LEDs, and cannot be achieved by lasers due to the fundamental
limitations of stimulated emission. While developing and integrating an efficient antenna
enhanced LED will prove a challenge, the potential to make the required emitter for 100
photon/bit optical communications is possible.
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3 Circuit Model for Optical
Antennas

Antenna enhanced spontaneous emission has so far been described using two different
methods. The first approach utilized the radiation resistance of antennas to estimate the
enhancement that an antenna can provide. While illustrating the concept of antenna
enhanced spontaneous emission, this approach failed to properly account for the resonant
behavior of antennas or to estimate the achievable efficiency. The second method utilized
the Purcell factor to describe the enhancement in terms of quality factor and mode
volume. The Purcell approach fails to adequately describe the enhancement because
mode volume is not well defined for antennas and cannot be calculated in a
straightforward manner for arbitrary antenna geometries. To more completely understand
antenna enhanced spontaneous emission, a complete circuit model will be developed in
this section.

3.1 RLC Circuit

Any piece of metal is a resonator with a characteristic resonant frequency and quality
factor. This resonance comes from the fact that any piece of metal will have some
capacitance and inductance associated with an oscillation between electric and magnetic
fields. The resonant frequency of the piece of metal will be w, = 1/+vLC. When provided
with an excitation at w,, the energy in the piece of metal will decay either as ohmic loss
or radiation. These loss mechanisms may be treated as a resistance, R. The quality factor
may then be found as Q = wyL/R. By defining a point in space with which to measure
voltage and current, we may extract the quantities R, L and C. Knowing these components
gives a complete description of the resonance of the piece of metal in question. We may
therefore construct the RLC circuit in Figure 9 to describe an optical antenna used for
spontaneous emission enhancement. Throughout this section we will focus on the
fundamental mode (lowest frequency resonance) of the antenna. For a dipole antenna this
corresponds to the oscillation of charge at each of its ends. In general, the same approach
can be taken to analyze higher order modes as well.
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Figure 9. Circuit model for fundamental resonance of an antenna. a) Circuit model
overlaying antenna. Fundamental mode has charge located at each end of the antenna. b)
Circuit diagram for antenna resonance.

The circuit in Figure 9 describes the fundamental resonance of a straight wire, but this
geometry does not couple well to a dipole source unless there is a feedgap. Adding a
feedgap will change the resonance of the antenna due to the extra capacitance of a small
gap between two metals. As the gap in the antenna increases, one would expect the
resonant frequency to increase due to lower capacitance. If the two halves are separated
even further, the two halves of the antenna will eventually be entirely decoupled and the
resonant frequency will be twice that of the antenna with no gap. The effects of a feedgap
on the resonant properties of the dipole antenna can be modeled using the circuit in
Figure 10.

C
a) C, b) I I A

Rrad RQ
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Figure 10. Circuit Model for dipole antenna with a feedgap. a) Circuit overalying antenna
geometry. Charge accumulates at the ends of each section of metal at resonance. b)
Circuit diagram for the dipole antenna with a feedgap.

The circuit diagram in Figure 10 includes the capacitance due to the parallel capacitor
created by the feedgap, Cgqp. It also includes a term to account for the fringe fields
around the feedgap, aC,. Here, a is a term to account for the strength of the fringing

19



capacitance in terms of the main antenna capacitance C,. o has been found to be near
unity for small antenna gaps (gap distance less than the wire radius). As the gap size
decreases, the gap capacitance, Csqp, = €,€0A4/d, will increase. A large Cgqy will
essentially short the antenna for very narrow gap due to the low gap impedance,

Zc = 1/jwC. In this case, the circuit diagram in Figure 10b will converge to that of the
simple wire antenna in Figure 9b.

The inductance and capacitance used in the circuit model will depend on the geometry of
the antenna used. For the simple cases of a dipole with or without a feedgap, these circuit
parameters can be estimated using the inductance and capacitance of a wire.

A
Gap Capacitance Gap = %
t (?
Faraday Inductance [19] Ly = 'ulzln (—)
n r
_ €g€p?
Antenna Capacitance [19] A In (f)
? 2
Radiation Resistance Rygy = - Z, (z)

Figure 11. Circuit model components of a dipole antenna. The gap of the antenna
contains material with permittivity €,. The antenna is embedded in an environment with

permittivity €,.
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Figure 12. Physical dimensions used to characterize the dipole antenna

With the antenna capacitance and inductance given as functions of the antenna’s
geometry given in Figure 11, we may now analyze the resonant frequency of the dipole
antenna using the circuit diagram in Figure 10. The simplest case to analyze is when the
antenna has no gap. In this situation, the gap is shorted and the circuit diagram reduces to
Figure 9b.
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As expected, the length of a dipole antenna with no gap is a half-wavelength. The
resonant frequency for the dipole antenna with a gap becomes a more complicated
function of the dipole antenna geometry.
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The dependence of the resonant frequency on the size of the gap, d, is seen in (3.5).
When d is small, the square root term will converge to one and the resonant frequency is
equivalent to the case with no gap. When d becomes large, the resonant frequency
increases. As stated earlier, the model given here begins to break down as d becomes
much greater than r due to the slight dependence of @ on those terms.
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Figure 13. Comparison of resonant frequency using the antenna circuit model and full
FDTD Maxwell solver.

The impedance of the feedgap is crucial in determining how various sources can couple
to the antenna. In RF applications it is normal to connect the antenna feedgap to a 75 Q
transmission line. For coupling to a dipole source, the feedgap impedance should very
high. The effect of various antenna feedgap terminations on the resonance of the antenna
is shown in Figure 13. For each case, the resonance was analyzed using the circuit model
and by using an FDTD Maxwell simulator. The circuit model predicts the shift in
resonant frequency for different feedgap impedances with reasonably low error.

3.2 Kinetic Inductance

In the RF regime, the antenna capacitance and inductance for a given antenna do not
depend on the metal material used. The capacitance and inductance of the antenna are
only dependent on geometry due to their origin in the electric and magnetic fields outside
the metallic structure. This picture of antennas breaks down at optical frequencies. At
very high frequencies, electrons in metals are not able to respond exactly in phase with
the optical field. A phase shift between electric field and electron motion arises from the
fact that the electrons have mass and therefore inertia. Equivalently, this effect may be
treated as an added inductance in the antenna. A similar effect has been observed in
superconductors, and is named Kinetic Inductance.
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The impact of kinetic inductance on optical antennas can be quantitatively included in the
optical antenna circuit model by adding an additional inductance. The complex
permittivity of a metal is sufficient to completely describe the ohmic loss and kinetic
inductance in that material. For metals, the Drude model can be used to relate physical
material parameters to the complex permittivity.

wph (3.4)

T w4

where €. is the permittivity at infinite frequency due to bound electrons, w,, is the
plasma frequency, and y, is the electron collision frequency. The Drude model given in
(3.7) relies on only three parameters and gives a good fit for most metals in the visible
and near-infrared regime. For materials that contain absorption bands in the frequency
regime of interest a multi-oscillator model will be required.

The permittivity at optical frequencies has been experimentally determined for a variety
of materials in the literature. However, it will be more convenient to include the material
properties in the circuit model through a real and imaginary impedance. To do so requires
conversion of complex permittivity to complex conductivity, o. The relationship between
the two is seen from Ampere’s Law. In the microscopic picture, only current density, /,
and charge density, p, describe the physical situation with no need for relative
permittivity, €,,. In the macroscopic picture, the complicated situation of currents and
charge density inside a material are all lumped into a relative permittivity. Using the
definition of conductivity, o = J/E, gives a comparison of the two pictures of Ampere’s
Law.

VXH = oE + jweyE (3.5)
VXH = jweyenE (3.6)
Recognizing that (3.8) and (3.10) must be equivalent yields the desired relationship
between conductivity and permittivity.
0= jwey(ey — 1) (3.7)

Since we will want to work with impedances, it is useful to convert the complex
conductivity to a resistivity[20].

1 1 (3.8)

p= E :jweo(em - 1)

Now, we may convert the complex resistivity into impedance Z = R, + jwLg = pf/A,
where ¥ is the length of the metal and A is the cross sectional area. The real part of this
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impedance is the ohmic loss resistance, Rj,. The imaginary portion of this impedance is
the impedance due to kinetic inductance, Lg.

B _ Re{p}t Em ﬁ (3.9
R_() — Re{Z} - A - 600)((1 _ E;n)z + 6-;,’12) <A>
B Im{Z} B Im{p}¢ B 1—e€,) <£> (3.10)
T 0 wA (11— ep)? +ep?)\A

where the metal permittivity has been divided into its real and imaginary parts such that
€Em = Em — j€m. The conversions given by (3.9) and (3.10) allow any piece of material
to be characterized by circuit components R, L, and C. Metals, which have negative €',
will correspond to an inductance. Dielectrics, which have positive €', correspond to a
capacitance. Materials that have loss, a non-zero €, will include a resistance.

Upon examination of (3.10), we see that the kinetic inductance will become large as €,
approaches one. This occurs near the plasma frequency where the material transitions
from a metal to a dielectric. The field of plasmonics essentially operates in this regime
where kinetic inductance is dominant. In fact, both plasmonic devices and optical
antennas can be described using circuit models. Moving forward, the kinetic inductance
will be simply added in series to the magnetic field inductance, Ly, so that the total

inductance in the antenna is L = Ly + L.

3.3 Coupling Sources to Antennas

A dipole source placed in the feedgap of an antenna will induce current into the arms of
the antenna. These currents drive the RLC circuit described in the previous section
producing radiation and heat. As described by equation (1.13), Ramo’s theorem can be
used to calculate the magnitude of current induced in the antenna by the dipole source. As
the gap of the antenna decreases, the induced current increases. Current coupling can be
included in a circuit model for optical antenna enhanced spontaneous emission by
including a current source with magnitude I, = qwx,/d.
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Figure 14. Antenna circuit model including coupling to a dipole source

The capacitance of fringing fields, aC,, and the gap capacitance, Cg4yp, appear in parallel
to the current source. These capacitances have impedance that essentially shorts the
source. For example, if the antenna did not have a gap, the driving source would have no
voltage across it and would not induce current into the antenna. This effect highlights the
importance of considering the gap impedance when designing an optical antenna. The
impedance of the dipole sources used for spontaneous emission enhancement can be
estimated as |Z| = Z,A/2mx,, which is on the order of 10° Q. Therefore, the gap
impedance of the antenna needs to be very high. As a comparison, a 10 nm gap consisting
of a wire with 20 nm radius operating at A = 1000 nm will have an impedance of only
477 Q. If the gap is filled with a semiconductor of index n = 3.5, the same size gap now
only has an impedance of 39 Q. The shorting of the dipole source will ultimately limit the
amount of spontaneous emission enhancement achievable for the structure in Figure 10.
The induced current increases as the gap size decreases, but this benefit is countered by
the decrease in gap impedance.

To overcome the limitations that the gap impedance puts on sponteneous emission
enhancement, one must change the geometry near the feedgap of the antenna. The
strategy employed is essentially the same as including an impedance matching network in
an RF antenna design. However, in this case we would like the source to see as high an
impedance as possible. To do this, either we can attempt to reduce the gap capacitance or
we can add inductance to make a resonant matching circuit.
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Figure 15. Antenna circuit model with a matching network. An inductance at the feedgap
of the antenna can be utilized to decrease shorting of the dipole source current that occurs

when Cgyp 18 large.

The capacitance of the gap can be controlled through the exact geometry at the gap of the
antenna. Up to this point, it has been assumed that the feed gap in the antenna consist of
two flat electrodes. This is actually a very unfavorable situation due to the large
capacitance of the parallel plate geometry. The capacitance of the same size antenna gap
can be reduced by rounding the electrode tips. The rounded gap capacitance can be
estimated as:

Coap = % (ln (g) + 2y) (.11

where 7 is the radius of the tips and y is Euler’s constant [21]. The depedance of gap
capacitance on gap spacing given for rounded tips only increases logarithmically. The
reduction in gap capacitance leads to less current being shunted and therefore a larger
enhancement for the same antenna gap. Alternatively, adding an inductance near the
antenna gap allows one to control the gap impedance as a function of frequency. Extra
inductance can be achieved by adding a small arch around the gap of the antenna. By
changing the size of the arch used, the impedance of the gap can be controlled.

3.4 Losses in Optical Antennas

In order to estimate the achievable efficiency that optical antennas can obtain, we must
understand the various sources of loss. The antenna circuit model so far contains two
resistances. Power dissipated in R,.q4 corresponds to power radiated while power
dissipated in R, corresponds to ohmic loss in the antenna. These two loss mechanisms
sufficiently describe the fundamental mode of the antenna.

However, when a dipole source is brought very close to an antenna or is placed in the gap
of an antenna, it does not only excite the fundamental mode of the antenna. The dipole
source generates a field profile that is very tightly confined. The confinement of the fields
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near the source results in confined currents induced on the antenna electrodes. As current
flows away from the tips of the antenna, it spreads out. This current spreading results in
additional ohmic losses that were not accounted for in the antenna mode.

The electric field profiles in Figure 16 show the contrasting situations of exciting the
antenna with a plane-wave and exciting with a dipole in the feedgap. Plane-wave
excitation results in the field distribution corresponding to the antenna mode, which has a
very uniform electric field in the gap. Dipole excitation results in additional fields that are
tightly confined to the gap of the antenna.
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Figure 16. a) Electric field profile for an optical antenna excited by an incoming plane
wave. The fundamental antenna mode has a uniform field distribution in the feedgap. b)
Electric field profile for optical antenna excited by a dipole placed in the feedgap. Near

the dipole the tightly confined field distribution results in additional ohmic loss. These

losses can be included in a circuit model through a spreading resistance, Rgpreqq-

The resistance due to current spreading can be estimated by treating the induced currents
on the antenna tips as a point contact of size fa, where a is the distance between the
metal and dipole source and £ is a factor related to the geometry of the antenna tips.
Figure 17 shows this geometry of spreading resistance near the antenna gap, which
corresponds to the situation in Figure 16b.
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Figure 17. Diagram of dipole induced spreading resistance. Dipole excitation of an
antenna results in additional loss that is not inherent to the fundamental antenna mode.

The field confinement that corresponds to spreading resistance can easily be seen in
simulations by bringing a dipole near a metal surface. Electric field profiles for a dipole
source 10, 5, 2 and 1 nm away from a metal surface a shown in Figure 18. The electric
field been normalized to the maximum field in the metal for each case. The fields become
more confined laterally as the dipole approaches the metal surface, which results in
increased spreading resistance.

10nm Away Snm Away

2nm Away Inm Away

Figure 18. Electric field profile in a metal as the dipole source approaches. In each case
the field is normalized to the maximum field inside the metal. The induced current is
confined to a smaller lateral dimension as the dipole nears the interface.
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If the dipole is always placed in the center of the antenna gap, the contact size will
decrease as the gap size decreases. The spreading resistance may then be taken as:

_ Re{p} (3.12)
Rspread - lg—d

where p is the complex resistivity defined in (3.8). The additional loss resistance,
Rgpreaa, 1s not related to the losses in the fundamental antenna mode. Therefore this loss
term is not included in the resonating portion of the circuit in Figure 14. Instead, Rgpreqq

is added directly in series with the driving current, I,. Including the spreading resistance
leads to the final form of the antenna circuit model as shown in Figure 19.

A

_ qox, - L+L
1= (D — Ly

Rspread I

Rrad+ RQ

Figure 19. Complete antenna circuit model for spontaneous emission enhancement.
Ripread accounts for losses due to currents confined to a small cross sectional area very
near the dipole source.

The ideal situation of locating a dipole source directly in the center of the antenna gap is
not always practical. When the dipole is offset from the center, equation (3.12) no longer
adequately describes loss due to spreading currents near the dipole source. Neglected in
the above analysis is the distribution of induced charges on the antenna electrodes. As the
light emitter oscillates over a distance, x,, the charges on the nearby electrode respond by
bunching and spreading. This redistribution of charge on the electrode’s surface is current
that results in losses via the previously discussed spreading resistance. None of this
“dead-sheet” current oscillates in the antenna mode and therefore does not radiate. It can
be shown that the magnitude of the “dead-sheet” current is proportional to the distance,
a, between the light emitter and the electrode of interest, which gives I,,4 & qwx,/a. It
is important to note that while the current that results in radiation, I, depends only on the
total size of the antenna gap, the useless current, 1;,,4, increases as the emitter nears one
of the antenna electrodes. Taking I,,,4 into account results in a greater amount of power
dissipated by the resistance near the antenna electrode surface, Rgpreqq- Therefore, we
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can include this effect in the Figure 19 circuit by increasing Rgpreqq by approximately the
factor (d/a)? while driving the circuit with the antenna current, I,.

An alternative description of the losses due to current spreading considers that the dipole
source couples to modes other than the fundamental antenna mode. There are an infinite
number of off-resonant modes that exist at the metal-dielectric boundary. These modes
vary based on the exact geometry of the antenna used, but they are most strongly excited
at the metal interface closest to the dipole source. These modes also have the common
distinction that they do not radiate. Therefore, the excitation of these modes near the
dipole is another source of ohmic loss. It is possible to analytically solve for the
contribution of each of these surface modes for a simple antenna geometry [22].
However, for our purposes it is more useful to estimate the degree to which these modes
contribute to ohmic loss by lumping them into a single resistance that can be included for
any antenna geometry.

3.5 Anomalous Skin Effect

Losses in metals occur when electrons in the metal lose their energy through scattering
processes. The rate at which electrons scatter was represented by y, in the Drude model
for the material’s permittivity. For bulk metals at low frequency, this picture adequately
represents the loss. However, if the electric field skin depth approaches that of the mean
free path of electrons in the metal, the bulk electron collision properties of the metal no
longer apply. This is exactly the situation that arises when a dipole becomes very near the
tips of an optical antenna.
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Figure 20. a) Electric field profile inside the metal due to a dipole located various
distances from the metal interface. The field is set to zero outside the metal for clarity. b)
The skin depth of fields contributing to spreading resistance as a function of the distance

between the dipole source and metal interface.
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In this regime, the anomalous skin effect becomes important as electrons suffer collisions
more frequently. Due to the nonlocal nature of the anomalous skin effect, it is not taken
into account in standard FDTD/FEM optical simulations. The anomalous skin effect was
originally studied at low temperatures where the mean free path of electrons is long in
order to describe the surprisingly large absorptivity of metals in this regime [23][24],
[25]. This additional loss mechanism can be described as follows.

(1) An electron within the skin depth of an applied field gains energy from the field.
(2) The energized electron propagates out of the skin depth region.

(3) The energy carried by the electron can no longer interact with the field, so it is lost.
The skin depth can therefore be thought of as an effective scattering barrier.

In addition, electrons within the skin depth region can collide with the metal surface. A
graphic of these two types of collisions is shown in Figure 21. In practice, electron
surface collisions will be diffuse and result in energy loss. It may be possible to have
specular reflection of electrons, but this would require perfect single crystal facets at the
metal surface.

A method of including these additional collisions is to use the Drude model with
modified electron collision frequency. Kreibig used this approach to account for the
increased rate of surface collisions in small Ag particles by adding a Avg /R term to the
bulk collision frequency, where A is a constant close to 1, v is the electron Fermi
velocity, and R is the radius of the metal particle [26]. Gilberd [27] and Holstein [28]
used a similar approach to estimate the increased optical absorptivity of metals under the
assumption of the collisionless skin depth, ¢/w,. We adopt the same strategy by
modifying the average rate of electron collisions, y,, by equation (3.13), where €y, ¢, is
the mean free path of electrons, &;,, is the skin depth, and § is a coefficient to account
for the exact nonlocal treatment of these effects. The quantity v /¢, f,, is the metal’s bulk

collision rate. The collision rate given by (3.13) is valid as long as the thickness of metal
used is greater than the skin depth. If this is not the case, €y, 1s replaced by the metal
thickness.

1 ! (313)
+
6£skin

)/ =
‘ {)mfp

The modified electron collision rate is substituted into (3.14), a Drude model for complex
permittivity, where € is the background permittivity due to bound electrons, w,, is the
plasma frequency, and w is the frequency.

w? (3.14)
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The optical frequency resistivity can then be found as p = Im{1/wey(1 — €,,)}. In terms
of the bulk resistivity, py, the modified collision resistivity becomes p,sr = po(1 +
nrp/8Cskin)- This new resistivity can be used to analyze the losses in metal structures.

Surface Collisions |E|
1.0

0.5

Metal

0.0

Figure 21. Electron collisions with the metal surface and the skin depth (anomalous skin
effect) decrease the effective mean free path of electrons. The additional rate of electron
collisions leads to higher loss and reduced antenna efficiency.

Following equation (3.13), the increased collision rates can be modeled by modifying the
resistivity by the factor (1 + €y,5p/6€skin). This treatment would suffice if the true bulk
mean free path of electrons at optical frequencies were known, but all optical
measurements of the complex permittivity of Au and Ag also suffer from a skin depth on
the order of the mean free path. The additional loss due to the anomalous skin effect is
convolved with the heavily cited optical constants published by Johnson and Christy [29]
and Palik [30]. In fact, the neglect of the anomalous skin effect is acknowledged as a
possible source of error in Palik’s handbook. Therefore, we include an additional term in
the resistance adjustment, shown in equation (3.15), to account for the skin depth at
which the optical constants were measured, s inmeas-

buso emfp> (3.15)

R =Ry|1-—
ASE 0 < 6€skinMeas 6€skin

A number of other models have been presented to address the impact of nonlocal effects
in nanoscale metal structures [31]-[33]. All of these models predict that metal losses
increase substantially as the dimensions of the problem (size of metal particle or ¢, ) are
reduced below ¢, ¢,. These nonlocal models are inherently complex and it is not
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straightforward to apply them to arbitrary 3-D antenna geometries. Our methodology
allows for the simple introduction of nonlocal loss effects for any antenna geometry
through the resistances of the circuit model in Figure 19. One is then able to get more
realistic estimates of loss than in standard FDTD/FEM simulation. The omission of these
losses in simulation of optical antennas will always lead to artificially high claims of
optical efficiency.
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Figure 22. Resistances in optical antennas. Power dissipated in the radiation resistance
leads to light emission while power dissipated in the ohmic resistance and spreading
resistance goes into heat. The anomalous skin effect significantly increases spreading
resistance losses for small gaps.

To get an idea of how harmful the spreading resistance an anomalous skin effect can be,
we can compare the magnitude of the various antenna resistances as a function of gap
spacing. For large antenna gaps, the antenna can be quite efficient due to a large radiation
resistance compared to the ohmic losses in the antenna mode. However, below 10 nm
gaps the spreading resistance begins to dominate as shown in Figure 22. Since the skin
depth is reduced below the mean free path of electrons in this regime, the anomalous skin
effect dominates and the spreading resistance becomes many times greater than radiation
resistance.
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3.6 Enhancement and Efficiency

The circuit model that has been presented in this section is intended to give insight into
the limits of efficient optical antenna enhanced spontaneous emission. The complete
circuit model in Figure 23 can now be used to derive expressions for spontaneous
emission enhancement and efficiency. The spontaneous emission enhancement is given
by the rate that a dipole source produces photons when coupled to the optical antenna
compared to when it is in homogenous material. This is equivalent to the ratio of power
dissipated in the antenna radiation resistance of Figure 23 to the power dissipated in the
dipole radiation resistance of Figure 2.

1 P (3.16)
Enhancement = Ir _ rad

1 p

To

The antenna efficiency, 114,,;, can be determined using the circuit model by taking the
ratio of power dissipated in the radiation resistance to the total power dissipated by the
dipole source.

1 (3.17)
— Tr — Prad
Mane l l + L Prad + P.Q + Pspread

Ty To Tspread

The efficiency given here is similar to that given by (1.25) in the earlier discussion of
antenna efficiency, but the additional losses from spreading resistance are included.
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Figure 23. Full optical antenna circuit model. 15 represents current that flowing in the
fundamental mode of the antenna.
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To calculate P,.,4, we must first derive an expression for the current that flows in the
antenna mode, I4. To do so, it will be useful to use the quality factor, Q, of the antenna.
By neglecting the current source, we can analyze the circuit model to get the frequency
and Q of the antenna resonance:

(3.18)
1 1
(‘)O = =
\/LtotCtot \/(Lf +LK)CA
_ WoLior _ wo(Ly + Lg) (3.19)

Q =
Rtot Rrad + R.Q

where the resonating portion of Figure 23 was reduced into components as follows.

c, <a N @) (3.20)

C

4 ; Rtot = Rrad + R.Q
Gap

Ca

Lior = Lf + Lg; Cior =
1+a+

For a resonating circuit with quality factor, Q, the current in the resonator, I, is
enhanced such that .., = QI, where I, is the drive current. The antenna, being a
resonator, gets a similar benefit. However, the full effect is not taken advantage of due to
the shunting of the drive current by the capacitance, C,,, + aC,. Instead, the current seen

» Lgap
by R,qq Will be:

Qly (3.21)

CG ap
Ca

IA:
14+a+

The power radiated when the dipole source is coupled to the optical antenna then
becomes:

1, 1 Q212 (3.22)
Prad = EIARrad = E 2 Nrad

CGap
<1 +a+ < )

Treating the dipole source in free space as a Hertzian dipole gives the power radiated
without an optical antenna.

1 21 X

1 2 (3.23)
Py = ElcziipoleRdipole =3 (qw)? ?Zo (7)
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We may now derive an expression for spontaneous emission enhancement by taking the
ratio of (3.22) and (3.23).

HE)
_ Praa (1+a+ CGa,, /CA)
Enhancement = P 1 2n
0 = 0
7 (qw)* = (/1 )
_3 (&)2 Q? <Rmd> (3.24)
2

(14 a + Coap/Ca)°

Additionally, the Q of the antenna can be expressed as Q = woLsot/Rior = 1/WoRiotCrot
with R;,; and C;,; given by (3.20). The impedance that shunts the dipole source will be
introduced as Zgpyn: = 1/w(aCy + Cgqp)- Inserting these expressions into (3.24) gives
as useful form of the enhancement equation.

(3.25)

/1>2 Zshunt

Enhancement = — <— C
Z, <1 +a+52

Rrad >
2w \d ¢
Ca

> <Rmd + R,

The expression given here offers insight into how to maximize spontaneous emission
enhancement using optical antennas. After the 3/2m prefactor, the first terms tells us the
gap distance, d, needs to be as small as possible. As d is reduced, more current is coupled
to the antenna leading to more power radiated away. The second term is associated with
the shunting of induced current from the dipole source. It is beneficial to use an antenna
with very large impedance where the dipole source is located. The third term is the
antenna mode efficiency, Nyoq4e. In combination with the final term, Q, this implies that
the maximum enhancement will occur when 7,4, = 50%. We can see this by
expressing the final two terms as:

< Rrad > — RradX (326)
Rrad + R.(l (Rrad + R.Q)Z

where X = woLior = 1/wyCyo; 1s the reactive impedance of the antenna. The value of the
expression in (3.26) is maximized when R,.,4 = R,. Notably, the expression in (3.26)
increases as the total resistance decreases. The best antenna design for maximizing
spontaneous emission enhancement will have as low of a loss resistance, Rj;, as possible.
There is never a benefit to having additional loss resistance. Once loss resistance has
been minimized, the maximum enhancement for a given feedgap dimension will occur
with an antenna mode efficiency of 50%. However, efficiency is a more critical figure of
merit than enhancement for most applications, so the antenna should be designed to have
as high a radiation resistance as possible.
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Let us quickly demonstrate that the enhancement predicted here using the circuit model is
in agreement with the Purcell effect provided one includes efficiency. The spontaneous
emission enhancement given for a dipole antenna in (3.25) can be shown to be similar to
the expression given in (1.18) for the Purcell effect by introducing an effective volume.

Enh (o 3 QA%¢yc
PHANEEmENt = 2 \@2w(@C, + Coap) (1 + @ + Cogp/Ca) ) TMO%

_ 3 Q%€
42 \@2(aCy + Cop) (1 + @ + Cogp/Ca) ) 0%

3 23 (3.27)
_4_7_[2 Veff NMode

where Vorr = d*(aCy + Cgap) (1 + a + Cap,/Ca) /€ is the effective mode volume of

the antenna. The antenna mode efficiency is included because only power that is radiated
will enhance the photon emission rate of the source.

The overall efficiency of the antenna must include the additional losses due to spreading
resistance. We can express the efficiency, 174,,;, in terms of each loss resistance and the
current flowing through them.

Rrad (328)

I 2
Rrad + R.Q + = Rspread
Iy

Nant =

where the ratio of current induced by the dipole source, I, to the current in the antenna
mode, I, was given in (3.21). As noted earlier, the spreading resistance increases as the
dipole approaches the tips of the antenna. When the gap distance becomes small, the
losses due to the spreading resistance will begin to dominate and the efficiency will drop.
The result in as tradeoff between enhancement and efficiency as the gap distance is
reduced. In general, the enhancement will continue to increase as the gap distance
increases. Depending on antenna design, the enhancement may roll off at a certain gap
dimension due to the decrease in shunt impedance. At the same time, the efficiency will
plummet once the gap distance decreases below around 10 nm.
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Figure 24. Spontaneous emission enhancement and efficiency for a dipole source coupled
to an optical antenna. The gap is filled with a semiconductor of index 3.4 and the antenna
tips are rounded to reduce the gap capacitance [34].

The tradeoff between enhancement and efficiency is illustrated by the results in Figure
24. A gold dipole antenna with a feedgap filled with semiconductor of index 3.5 is used.
The tips of the antenna have been rounded to minimize the shunting impedance. As the
gap size decreases, the spontaneous emission enhancement continues to increase
regardless of the overall efficiency. The antenna efficiency is a constant for large gaps
because the spreading resistance is small and the antenna mode efficiency, 1y104e, Only
weakly depends on gap size. Once the gap is reduced below 10 nm, the spreading
resistance becomes significant and the antenna efficiency suffers. When the anomalous
skin effect is taken into account, the losses due to spreading resistance become even more
damaging to efficiency. This analysis suggests that sources should not be placed within
Snm of metal in devices intended for spontaneous emission enhancement.

Antenna gap size around 10 nm is the most interesting regime for enhanced spontaneous
emission devices. In this range of gap size, this analysis shows it is possible to reach
spontaneous emission enhancement of 2500x while still maintaining 50% efficiency. A
factor of only 200x was required to make spontaneous emission as fast as stimulated
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emission. Therefore, there is very real potential to use optical antennas to make
spontaneous emission faster than stimulated emission.
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4 Optical Antenna Design

4.1 Wheeler’s Limit

Up to this point, the quality factor, @, of antennas has simply been treated as a function of
the inductance, capacitance, and resistance of an antenna structure. While this is true,
there is also a fundamental relationship between the size of the antenna and the radiation
quality factor, Q,,4. This connection was first recognized by Harlod Wheeler in 1947
[35], and resulted in “Wheeler’s Limit” giving a minimum achievable Q for an antenna of

volume, V.
3 (13 (4.1)
Qraa > 2\ 7

Wheeler’s limit has some important consequences for antenna design. It states that the
bandwidth of the antenna resonance decreases as the size of the antenna decreases.
Semiconductors typically have a spontaneous emission spectrum corresponding to a Q of
around 20. Since the resonance of the optical antenna must overlap the emission spectrum
of the source in order to get enhancement, Q,.,4 should be no larger than 20. Wheeler’s
Limit tells us that small antennas will struggle to accomplish the low Q required.

Wheeler’s Limit also gives insight into the impact that the size of an optical antenna can
have on its efficiency. The antenna mode efficiency can be written as Ny g = Q/Qraa
where Q includes both ohmic and radiation losses. In the situation where energy is stored
in the motion of electrons for half of an optical cycle (when kinetic inductance is
dominant), the ohmic loss will be a fixed quantity depending only on the properties of the
metal and independent of the antenna’s size. In this limiting case, decreasing the size of
the antenna, thus decreasing Q,,4, Will directly reduce the antenna’s efficiency. In
general, the same behavior will hold true and radiation will be dominated by ohmic loss
in small optical antennas.

4.2 Materials in Optical Antennas

The degree that optical antenna enhanced spontaneous emission can be efficient is
entirely dependent on the materials from which the antennas are made. Unfortunately,
there are no magical metals with extremely low loss at optical frequencies. The lowest
loss metals are silver, gold and copper. This section will describe the optical properties of
each of these materials so the proper choice can be made when fabricating optical
antennas.
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The optical properties of metals have been measured in numerous experiments over the
years, yet there is still some uncertainty in the commonly accepted values at optical
frequencies. The method of measurement, metal deposition conditions, surface topology,
and thermal treatment can all contribute to differences in reported optical properties of
metals. Recent work on smooth metal surfaces with controlled temperature, base
pressure, and deposition rate suggest that losses in metals can be lower than
conventionally accepted [36]. Complicating the situation further is the omission of the
anomalous skin effect when converting experimental data into optical constants.

The divergence between reported values is especially severe for silver. For example, the
commonly cited sources of optical constants for silver by Palik [30] and Johnson and
Christy [29] differ by a factor of 2 in loss in the visible range. Recent experiments have
attempted to address this discrepancy and show the loss is between that reported in Palik
and in Johnson and Christy [37]. In this section, a Drude model with €., = 3.64,

w, = 1.39 - 10'° (rad/s), and y, = 6 - 10" (rad/s) will be used to fit the optical constants
in silver. The Drude model fits well over the visible and near-infrared with the data
reported in [37]. The optical constants of gold and copper have shown less divergence
between sources, so those reported by Johnson and Christy will be used here.

a) Real{e,} b) Imag{e,}
-5 {img 7 L
6 -
=25 1 .
5 -
-45 1 o
41 e
65 - | °
3 y ° -
-85 1 21" e o% =
==Silver (Fit) ==Silver (Fit)
-105 1 ® Gold (JO) 1 A ® Gold (JC)
® Copper (JC) ® Copper (JC)
-125 T T T T O T T T T
0.500 0.700 0.900 1.100 1.300 1.500 0.500 0.700 0.900 1.100 1.300 1.500
Wavelength (pum) Wavelength (um)

Figure 25. Optical constants for metals that might be used in optical antennas. Data for
silver has been fit using a Drude model. Gold and copper data is taken from Johnson and
Christy (JC) [29]. a) Real part of the permittivity, €,,. b) Imaginary part of the
permittivity, €.

The complex permittivity for silver, gold, and copper over the visible and near-infrared
are shown in Figure 25. We may convert this data into complex resistivity following the
transformation given by (3.8). The transformation to complex resistivity makes it very
simple to analyze which materials are the best for optical antennas. The real and
imaginary parts of the complex resistivity are given in Figure 26.
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Figure 26. Real and imaginary parts of the complex resistivity for silver, gold and copper.
a) Re{p}corresponding to ohmic loss. b) Im{p} corresponding to kinetic inductance.

The real part of the complex resistivity is associated with ohmic losses in the metal. For
efficient devices, the obvious choice of material will be the metal with lowest loss. Silver
is the clear winner by this standard. Unfortunately, silver reacts with sulfur in the air of
an ambient environment, which tarnishes the surface. If the design of the antenna relies
on high quality silver at an air interface, the performance will be severely degraded.
Instead, the next best choice of metal for minimizing loss is gold. Gold is also extremely
stable in ambient conditions, so structures incorporating a metal/air interface can achieve
good performance. As shown in Figure 26a, gold has an absorption peak that begins to
kick in at around 600 nm. Consequently, antennas intended to work at blue and green
wavelengths would benefit greatly by using silver.

The imaginary portion of complex resistivity corresponds to kinetic inductance. In optical
antennas designed for spontaneous emission enhancement, kinetic inductance is not a
very desirable attribute. The added inductance results in reduction of the size of the
antenna required for resonance at a given wavelength. A smaller antenna will negatively
impact the radiation resistance, which will in turn harm efficiency. Secondly, by
application of Wheeler’s Limit, a smaller antenna will increase the Q of the antenna. If
the antenna @ corresponds to a narrower bandwidth than the spontaneous emission
source, there will be no benefit to the increased Q. Kinetic inductance may be useful for
other applications of metals at optical frequencies. For example, kinetic inductance can
be utilized in optical impedance transformers [20].

Finally, the benefit of using a lower loss metal can be voided if the deposition process
introduces defects and impurities. If the dimensions of the device or the skin-depth are
less than the mean free path of electrons, the loss will be increased. In conclusion, the
choice of metals will come down to gold or silver and should be determined by
constraints imposed by the fabrication process.



4.3 Nanocube Antenna Analysis

As a demonstration of the impact that the anomalous skin effect can have on optical
antenna efficiency, the circuit theory approach described in this dissertation will be
applied to the antenna structure used in [38] to achieve large decay rate enhancement of
light emitters in the nanocube antenna gap. The antenna consists of a sheet of index n=1.4
dielectric wedged between a gold sheet and a silver cube. Figure 27 shows the nanocube
antenna geometry, which contains an antenna mode similar to that in a parallel plate
transmission line.
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Figure 27. Nanocube antenna geometry used in [38]. The circuit diagram and charge
location of the antenna resonance are overlaid.

Like a transmission line, most of the induced charge on one conductor is canceled by
opposing charge on the other conductor, leading to very little radiation. Therefore, this
structure has a very low radiation resistance and consequently a high radiation quality
factor, Q.4 (Figure 28a). The resonant wavelength of this antenna depends strongly on
the length of the silver cube and the gap size, as shown in Figure 28b. All structures
analyzed here are resonant around 650nm, which leads to a reduction in the length of the
antenna as the gap is decreased. Equivalently, this means the kinetic inductance of the
antenna increases as the gap shrinks, thus making the antenna more plasmonic and sub-
wavelength.
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Figure 28. a) Antenna length required for resonance at 650 nm as a function of the gap

spacing. The antenna is much shorter than 4/2n due to significant kinetic inductance. b)

Quality factors for the nanocube antenna as a function of gap spacing. Q,.,4 is large for
small gaps.

The circuit model in Figure 23 can be used to analyze the nanocube antenna by using the
lumped elements shown in Figure 27. Estimates of component values based on the
antenna geometry could be made similar to the procedure that was done for a dipole
antenna in an earlier section. In this analysis a different approach will be used, and all
component values will be extracted directly from FDTD simulations. The circuit model
contains only six parameters (R4, Ro, L, C, a and ), which can be quantified by taking
six quantities (Nmode, NDipole, ENhancement, o, Qior, Ro) from an FDTD simulation.

The method for extracting each of the antenna parameters will be briefly described. Numode
is the efficiency of the antenna mode and can be found by exciting the antenna structure
with a plane wave. This efficiency disregards the effect of the location of a dipole source
and is a measurement of R,.,q/(Ryqq + R) from the circuit in Figure 23. npipolc 1S the
radiative efficiency of a dipole in the antenna gap found by the ratio of radiated power to
total power dissipated by the dipole source. This efficiency includes losses in the
spreading resistor of Figure 23, but does not take into account the increased losses due to
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the anomalous skin effect. The radiative enhancement is the quantity of interest in
spontaneous emission rate enhancement experiments and is quantified as the radiated
power of the dipole in the antenna gap divided by the radiated power of a dipole in
freespace. ¢ and Qi are the resonant frequency and total quality factor of the antenna
mode, respectively. oy and Qi are found simply by looking at the frequency response of
the antenna mode. Rq can be obtained by integrating the total power absorbed, Py, by
the antenna when illuminated by a plane wave. The magnitude of the current flowing
through the antenna, I,,,;, can be extracted in the plane at the midpoint of the antenna
mode. Using the relation R, = 2P,;,./12,; leads to the final circuit model parameter.

Figure 29 shows how the optical efficiency of the nanocube antenna is reduced as various
effects are taken into account. The blue FDTD curve corresponds to the antenna mode
efficiency, Npoqe, When the bulk collision properties of the metal are assumed. The
efficiency is reduced to the red FDTD curve, 1p;poe, Wwhen a dipole source located in the
antenna gap is used as the excitation. The reduction in efficiency between 71,4, and
Npipote corresponds to spreading resistance loss. The lower blue and red curves denote
Nmode and Npipore When the anomalous skin effect is taken into account, respectively.
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Figure 29. Optical antenna efficiencies incorporating dipole source, anomalous skin
effect and surface collisions. (blue FDTD) Antenna mode efficiency using bulk metal
properties. (red FDTD) Radiative efficiency using bulk metal properties when excited by
a dipole source. (blue ASE) Antenna mode efficiency with the anomalous skin effect.
(red ASE) Radiative efficiency incorporating the anomalous skin effect when excited by
a dipole source. This curve corresponds to the optical efficiency that would be observed
in a spontaneous emission rate experiment.
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It is evident from these results that incorporating the anomalous skin effect is crucial to
properly estimate optical antenna efficiency. This is especially true for spontaneous
emission enhancement experiments where light emitters may be only a few nanometers
from a metal surface. For example, FDTD simulation predicts that a light emitter in a
nanocube antenna with an 11nm gap will have 62% radiative efficiency (red FDTD curve

in Figure 29). Incorporating the anomalous skin effect reduces this efficiency to only
35% (red ASE curve).

In addition to a modification of optical efficiency, the inclusion of these effects through
the antenna mode resistance, R, can have an impact on the expected radiative
spontaneous emission enhancement. The loss resistance of the antenna mode is adjusted
by the anomalous skin effect by equation (3.15). Essentially, loss in the antenna mode is
increased to the extent that the skin depth of the antenna mode is smaller than the skin
depth of a plane wave incident on the metal surface. The skin depth formula for a surface
plasmon is given by (4.2) and is very similar to that of a plane wave hitting a metal
surface except for the k-vector correction. By combining equations (3.15) and (4.2) it is
clear that very sub-wavelength (large k-vector, highly plasmonic) antennas will be most
affected by this additional loss.

fskinMode =

2
k? — €, <(:—2>

By returning to the enhancement formula given by the circuit model in equation (3.25),
we see that the additional loss in the antenna mode will decrease the radiative
enhancement. The added loss in the antenna mode will reduce Q,,s¢ as depicted in Figure
28. A comparison of the radiative enhancement with and without the anomalous skin
effect is given in Figure 30. The change in enhancement is greatest when the gap is small
and the antenna is most plasmonic.

1 (4.2)
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Figure 30. Radiative spontaneous emission enhancement as a function of gap size for the
nanocube antenna. The anomalous skin effect and surface collisions have the most impact
on enhancement for small gaps, where the antenna is more plasmonic.

The large adjustment of antenna efficiency due to the anomalous skin effect has
important consequences for the interpretation of spontaneous emission enhancement
experiments. Time-resolved photoluminescence measurements are often used in order to
quantify the increased rate of spontaneous emission. The drawback of this technique is
that increased radiative rates are indistinguishable from increased non-radiative rates in a
time-resolved measurement. The experimentalist will often cite simulated quantum
efficiency in order to separate the radiative enhancement from non-radiative
enhancement. Because standard simulation software does not incorporate surface
collisions and the anomalous skin effect into the quantum efficiency calculation, claims
of radiative spontaneous emission enhancement are exaggerated. We propose our circuit
model and resistance modification as a straightforward solution to include these often
neglected effects.

4.4 Cavity-Backed Slot Antenna

Aperture antennas are a category of antenna designs that are heavily used at microwave
frequencies. These antennas consist of a sheet of metal with a dielectric opening.
Radiation and spontaneous emission enhancement from these structures can also be
explained in terms of the antenna circuit model developed in this dissertation. The cavity-
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backed slot antenna, a particular type of aperture antenna, will be studied in this section
due to its advantages in experimental demonstration of large spontaneous emission
enhancement.

To begin understanding the cavity-backed slot antenna, we first turn our attention a
ordinary slot antenna. Radiation from slot antennas can be understood by applying
Babinet’s principle to the previously analyzed case of a dipole antenna. Babinet’s
principle states that sum of the fields from a source behind an opaque object and the
compliment of the opaque object is equal to the field from the source with no obstruction
present. Booker extended the principle to antennas by showing radiation from a dipole
antenna can be related to radiation from it’s compliment, the slot antenna [39]. The
geometry of these two antenna structures is shown in Figure 31.

a) b)

E-Field
Polarization

Figure 31. a) Dipole antenna and polarization of antenna mode electric-field. b) Slot
antenna and polarization of antenna mode electric-field.

The slot antenna is essentially the dual of the dipole antenna. The substitution of all
metals with dielectrics and vice versa in the plane of the antenna leads to an interchange
between electric and magnetic fields. Consequently, both structures in Figure 31a and b
have the same resonant frequency. The antenna mode of the slot antenna now consists of
an electric field with polarization perpendicular to the long-axis of the slot. Therefore, the
dipole source orientation that will couple to the slot antenna will also be perpendicular to
the long-axis of the slot. The gap length that determines the strength of current induced in
the antenna by Ramo’s theorem (equation (1.13)) will be the width of the short-axis of
the slot.
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Figure 32. Cavity-backed slot antenna. a) Cross-sections of antenna geometry. The cavity
is defined by its length, £, width, d, and depth, h. b) Perspective view of antenna
geometry. Radiation is directed only into the hemisphere above the cavity-backed slot
antenna.

Adding a cavity to the slot antenna has several advantages for experimental
demonstration of spontaneous emission enhancement. First, instead of emitting radiation
both above and below the plane of the slot antenna, adding a cavity will direct the
radiation into a single hemisphere. The improved directivity will results in easier
detection of signals in any optical antenna experiment. Second, the addition of a cavity
allows for a method of tuning the resonant properties of the antenna. Lastly, including a
cavity allows for a simplified fabrication process of the optical antennas.

A schematic of the cavity-backed slot antenna is shown in Figure 32. The length, width,
and height of the cavity are the three parameters that can be adjusted in this design. The
width of the antenna should be as small as possible down to 10nm, which is the regime
where spreading resistance and the anomalous skin effect begin to substantially harm
antenna efficiency. The cavity depth and length can then be tuned so that the antenna will
be resonant at the desired frequency. The cavity can be interpreted as added capacitance
and inductance to the slot antennas capacitance and inductance. The cavity can be treated
like a rectangular waveguide to estimate these additional reactive elements [40]. As the
cavity depth is increased, the length of the slot must be reduced to maintain the same
resonant frequency.

Changing the cavity length and depth will affect the total quality factor, Q, and the
radiation quality factor, Q4. At the same resonant frequency, longer slots will have
larger radiation resistance (R,.qq % £2/A?) and result in lower Q,.;4. Ohmic losses in the
antenna mode will only weakly depend on the length of the antenna slot. Each antenna
has the same gap width of 20nm and is tuned to be resonant at A = 700nm.
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As the slot length is reduced and Q,,4 is increased, the antenna mode efficiency
(Q/Qaa) approaches 50%. If we recall, the circuit model for optical antenna enhanced
spontaneous emission predicts that the enhancement is maximized when the antenna
mode efficiency is 50%. Indeed, when a dipole source is placed in the antenna gap of
each of the structures analyzed in Figure 33, the highest spontaneous emission
enhancement is achieved by the antenna that has 50% efficiency.
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Figure 33. Slot antenna enhancement and efficiency for various cavity depths. All of the
antennas have the same gap size of 20nm. The length of each antenna is chosen so that
the structure is resonant at A=700nm. The maximum enhancement occurs when the
antenna efficiency is 50%.

The cavity-backed slot antenna is a very interesting antenna design due to the advantages
detailed in this section. It is an easily fabricated structure with directional emission into
one hemisphere. Additionally, the cavity allows for a range of designs with the same
resonant frequency that can be chosen either to maximize efficiency or to maximize
spontaneous emission enhancement.

50



S Enhanced Spontaneous
Emission from InP

Interest in enhancing the spontaneous emission rate of light emitters has increased over
the past decade. Early experiments on single molecules in the gap of bowtie antennas
demonstrated the ability of antennas to enhance the decay rate of a coupled light emitter
[41]. Enhancement of spontaneous emission from quantum wells was demonstrated using
scattering from plasmons in a metal sheet [42] and dipole antennas [43], but these
approaches were limited to low enhancement and efficiency. Larger enhancement has
recently been demonstrated using dye molecules [38], [44], [45] and erbium atoms [46],
but these emitters do not provide the path to electrical injection that is required for an
antenna-enhanced LED. In this section, an InP ridge will be used as the active material
and will be coupled directly to the gap of an arch-dipole antenna.

5.1 Device Design and Fabrication

The antenna used to enhance the spontaneous emission rate of InP is an arch dipole
antenna. This geometry provides for a method of tuning the gap impedance in the antenna
to reduce shunting of source current that occurs for with very small antenna gaps.
Additionally, this structure has an advantage in fabrication due to the self-alignment of
the antenna gap to the semiconductor source. The arch dipole structure has been utilized
in both SERS and spontaneous emission enhancement experiments to enhance light-
matter interactions [34], [47], [48].

The addition of the inductive arch to the antenna causes the fundamental mode of the
antenna to split into two resonances. The lowest frequency resonance corresponds to the
mode that has both the current in the antenna arms and the current in the arch in phase
with each other. This will be referred to as the symmetric mode. The higher frequency
resonance is a mode with the current in the antenna arms 180 degrees out of phase with
the current in the inductive arch. This will be referred to as the anti-symmetric mode. The
mode used for this design will be the anti-symmetric mode because the length of the
antenna operating at the anti-symmetric resonance is longer than the antenna operating at
the symmetric resonance. Since Wheeler’s limit tells us that the radiation Q of the
antenna depends on the antenna volume, we know that the longer antenna will be the
better antenna.
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Figure 34. Spontaneous emission enhancement for Arch-Dipole antenna coupled to an
InP source. The arch splits the fundamental antenna resonance into a higher frequency
anti-symmetric mode and a lower frequency symmetric mode.

The fabrication process for this optical antenna design begins by forming the InP emitter.
The InP needs to be shaped into a nanoscale ridge with a width that approaches 10nm.
The width of the InP ridge will dictate the size of the antenna gap, which has a large
impact on how much spontaneous emission enhancement can be achieved by the optical
antenna. An outline of the process used to fabricate the small InP ridges is shown in
Figure 35.
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Figure 35. Fabrication process flow for InP ridges with widths down to 10nm. The crystal
plane orientation is shown in step 4.

The process begins with an epitaxially grown wafer consisting of a 10nm InGaAs layer,
the 10nm InP active layer, a 150nm InGaAsP etch stop, and the InP substrate. The
process begins by patterning a titanium hard mask, which will be used to etch the InGaAs
layer into thin ridges. PMMA A2 photoresist is patterned by electron beam lithography
and developed in MIBK/IPA (1:3). The titanium mask is then formed by electron-beam
eveaporation of 7nm of titanium followed by liftoff in acetone. Next, the InGaAs layer is
etched using a dilute mixture of sulfuric acid, hydrogen peroxide, and water (1:8:5000).
This etches InGaAs at a rate of approximately 2nm/s [49]. The goal of this etch is to form
InGaAs ridges with as narrow a width as possible. Several different widths of titanium
masks with an average width of about 100nm were used so that the precise timing of the
wet-etch would not be crucial. An example of the resulting undercut and remaining
InGaAs ridge is shown in Figure 36. Typically an undercut of around 40nm was used,
and the narrowest ridges were around 15nm wide.
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Figure 36. Tilted SEM image of InGaAs ridge after using wet-etch to undercut the Ti
mask corresponding to step 3 in Figure 35. Good control of the etching rate enables ridge
widths in the 10-20nm range.

The InGaAs ridge will now be used as a mask to etch the InP ridge that will be the
emitting material for the optical antennas. There are a multiple reasons why this method
was used to etch the InP rather than using a dry-etching method. First, dry etching of
II1-V materials is known to induce many defects at the etched surface. Since the surface
to volume ratio for the InP ridges is very large, the poor surfaces created by dry-etching
would make the PL efficiency prohibitively low. Instead, wet etching InP with HCI based
etchants results in relatively good surfaces. However, the etch rate of InP in HCI
solutions cannot be controlled with the precision necessary to get a 15nm wide ridge. The
etch rate of InGaAs in dilute H,SO4:H,0,:H,0 can be controlled into the nm/s range
allowing for precise control of ridge width. Finally, HCI based etching of InP shows a
very anisotropic etching pattern when masked by a layer of epitxially grown InGaAs
[50]-[53]. By choosing the long axis of the ridge to follow the [0,1,1] crystal plane, the
sidewall of the InP will be nearly vertical and will not undercut the InGaAs mask above
it. In this way the precisely controlled InGaAs wet-etch can be used to control the width
of the InP ridge beneath it.
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Figure 37. a) SEM Image showing undercut of Ti mask after InGaAs etch step. b) Tilted
view of after InGaAs etch. b) Image of ridge after InP etch and Ti mask removal. The InP
etch is sensitive to the crystal plane orientation such that one edge has a nearly vertical
sidewall. d) Tilted view after InP etch and Ti mask removal.

The anistropic etching of InP beneath the InGaAs mask can be seen in Figure 37. The
HCl based etchant does not etch the InP beneath the InGaAs and the [0,1,1] edges are
nearly vertical. There is a noticeable undercut at the corners of the test patch because the
[0,0,1] and [0,1,0] crystal planes do get etched. After completing the InP etch in
HCI:H3POy4 (1:2), titanium mask is removed with HF. The InGaAs mask can then be
removed using H,SO4:H,0,:H,0. Finally, a 3nm film of TiO, is deposited by atomic
layer deposition (ALD). The insulating layer is used to provide a barrier between the InP
active region and the optical antenna.
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Figure 38. Fabrication process flow for optical antennas used to enhance the spontaneous
emission rate of InP.

Optical antennas can then be fabricated on some of the InP ridges while others are left
bare to serve as the control for characterizing spontaneous emission enhancement.
PMMA A2 resist is again used for e-beam lithography to define the optical antenna. E-
beam evaporation is then used to deposit a thin layer (1-2nm) of titanium for an adhesion
layer. Next, a 35nm layer of gold is evaporated to form the optical antennas. The sample
is soaked in acetone to liftoff the excess metal regions. Images of the bare InP ridge and
completed optical antenna devices are shown in Figure 39.
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Figure 39. Completed fabrication of a) bare InP ridge and b) optical antenna device
before substrate removal

The final step in the fabrication process involves transferring the completed devices to a
transparent substrate. A bead of optical epoxy (NOA 81) is placed on the top-side of the
sample. A quartz substrate is placed on top of the epoxy and the entire structure is cured
in a UV oven for 10 minutes. Once the quick cure is complete, the sample is placed on a
hotplate for 12 hours at S0C. The majority of the InP is removed by mechanical lapping
with 1500 grit silicon carbide sandpaper. The sample is placed in HCl:H3;PO4 (1:1) at 50C
until the remainder of the InP substrate is removed. Lastly, the InGaAsP etch stop can be
removed using H,SO4:H,0,:H,0 (1:1:10). The end result is the structure shown in the
final step of Figure 38.

Removal of the high-index InP substrate is crucial for characterizing spontaneous
emission enhancement. Light emitted by an antenna at the interface between air and a
high-index substrate will preferentially emit into the substrate [54]. If the substrate
consists of planar interfaces, much of the light will be trapped in the high-index substrate
[55]. However, if the surface contains scattering sites such as roughness or antennas, the
trapped light can escape. In a PL experiment this would result in more light collected
from the region containing antennas than regions that do not. This effect is not related to
the rate of spontaneous emission, so it must either be mitigated or accounted for.
Removing the high-index substrate and replacing it with quartz greatly reduces the
impact of light-trapping due to a quadratic dependence on the refractive index.

5.2 Measuring Spontaneous Emission Enhancement

There are two strategies that can be used to experimentally measure the enhancement of
spontaneous emission. The best method for determining spontaneous emission
enhancement will depend on the quantum efficiency of the light emitter used. For low
quantum efficiency, a comparison of quantum efficiency of the antenna coupled emitter
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to a bare emitter will give spontaneous emission rate enhancement. For efficiencies near
100%, a time resolved measurement would give the enhancement. For moderate
efficiencies, a combination of both quantum efficiency and time-resolved measurement
may be necessary to accurately determine the rate enhancement. In order to demonstrate
how each of these measurements is related to the spontaneous emission rate, we need to
return to the carrier recombination rate equations.

The quantum efficiency of the semiconductor light emitter without an optical antenna can
be described in terms of a radiative, 7, and non-radiative, t,,., lifetime as was done in
Chapter 1.

1 (5.1)

TT‘ TTlT'

First, we will examine the case of low quantum efficiency emitter (7,,- < 7). This gives
with good approximation a simplified form of quantum efficiency.

0F ~ T (5.2)

To

The antenna-coupled source will emit a factor of F, more power than in the bare case,
where F, was defined in (1.24). Using the antenna efficiency, 74y, defined as the ratio of

radiated power to total power loss in the antenna allows us to write the quantum
efficiency of the antenna-coupled source.

E, (5.3)
7, NAnt
QEpne =5
Ant i 1
To Tor

If the quantum efficiency is still low (7, < 7o/F,), the antenna-coupled quantum
efficiency may also be simplified.

T 5.4
QEAnt ~ <ﬂ> FpnAnt ( )
To
Now, the ratio of (5.4) and (5.2) gives an experimental determination of spontaneous
emission enhancement.
E
Qane = F,Nan: = Enhancement (5:3)
QE,

The ratio of quantum efficiencies between the antenna-coupled source and bare source
can be obtained by a photoluminescence measurement. This method of experimentally
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determining spontaneous emission enhancement will only include increases in the rate of
radiation produced by the source material. Notably, the antenna efficiency is already
incorporated into the measurement, so the effects of unknown material loss properties in
the antenna are included.

Also, the enhancement measured by (5.5) will be an underestimate of the spontaneous
emission enhancement for sources with higher quantum efficiencies. As 7y /F,
approaches 7,,,-, equation (5.4) is no longer accurate and the enhancement given by (5.5)
will yield an artificially low value. This is due to the fact that even for infinite
spontaneous emission enhancement, the highest observed quantum efficiency from the
antenna-coupled sources will be QE 4, = 14n:. Therefore, the maximum enhancement
that can be experimentally observed by measuring quantum efficiency will be:

Nant (5.6)
QE,

Max Enhancement =

The second method of determining spontaneous emission enhancement relies on a direct
measurement of the carrier recombination lifetime through a time-resolved
photoluminescence measurement. Time-resolved measurements only give information
about the total decay rate of the source with no differentiation between the radiative and
non-radiative loss mechanisms. Again using the rate equations from Chapter 2, we have
the total decay rate of the bare emitter, [, and the antenna-coupled emitter, I},,;.

1 1
L=—+—
To Thnr
E 1 5.7
I:4nt =rt +— ( )
To Thr

In the low efficiency regime (7, < E,Ty), the ratio I3, /I; would yield no information.
The carrier recombination rate is set by the non-radiative recombination lifetime, so both
situations would yield the same decay rate. In the high efficiency regime (7, > 7,), we
may simplify the decay rate ratio to a form that does yield some information about the
spontaneous emission enhancement.

Tpne (5.8)
110 14

Unfortunately, the quantity F, gives the enhanced rate of emission into both radiation and
ohmic losses in the antenna. Therefore, the time-resolved method reveals nothing about
the antenna efficiency and relies on assumptions about antenna material quality and
design performance. Using a combination of both quantum efficiency and time-resolved
measurements will allow for more information to separate the radiative and non-radiative
decay channels. However, this is often very difficult in practice since time-resolved
measurements are typically performed at very high initial carrier concentrations in order
to get sufficient signal incident on the detector. The quantum efficiency can vary
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significantly with carrier concentration, so care must be taken to ensure the same carrier
concentration is used for both the quantum efficiency and time-resolved measurements.

The experimental demonstrations of spontaneous emission enhancement in this
dissertation will utilize the method of quantum efficiency comparison.
Photoluminescence measurements are performed while taking into account the effect of
the antenna structure on the laser pump intensity seen by the emitting material in order to
compare quantum efficiencies with and without the antenna present. This approach gives
a lower bound on spontaneous emission enhancement while inherently taking into
account ohmic losses in the antenna.

5.3 Pump Enhancement

In any photoluminescence experiment where quantum efficiencies are measured it is
necessary to know what portion of the pump laser the light emitter absorbs. In the case of
comparing two samples consisting of the same material, one can simply say the two
samples absorb the same amount of light. This leads to a straightforward comparison of
quantum efficiency by the relative intensity of photoluminescence. However, the amount
of absorbed pump light can differ substantially when the two samples are in different
electromagnetic environments. The presence of an optical antenna coupled to the light
emitter can substantially change how much pump light is absorbed. Therefore, the
enhancement in photoluminescence observed by antenna-coupled devices over bare
devices must be corrected to account for pump enhancement.

The pump enhancement for this type of antenna design can be accounted for by taking
advantage of the fact that the antenna only strongly modifies light polarized along the
antenna’s long-axis. Characterization of the pump enhancement begins by pumping both
the bare InP and antenna-coupled InP with light in the antenna polarization. The antenna
enhances the field seen by the antenna-coupled InP leading to greater absorption and a
higher carrier density than in the bare InP. A polarizer is then used on the resulting InP
photoluminescence so that only light polarized perpendicular to the antenna is collected.
In this polarization, the antenna does not strongly modify the spontaneous emission.
Therefore, the ratio of light intensity collected by the antenna-coupled device to the bare
device gives a measurement of pump enhancement.
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Figure 40. Measurement of pump enhancement. Blue corresponds to light from the
antenna-coupled InP ridges. Red corresponds to bare InP ridges. The grey curve is 8.5x
the bare case.

The resulting photoluminescence spectra are given in Figure 40. The antenna-coupled InP
ridges show about 8.5x stronger signal than the bare InP ridges. This boost in signal is
taken as a direct measurement of pump enhancement. These antennas were not designed
to be resonant at the pump wavelength (720nm), so the pump enhancement is not
especially large. Tuning the antenna to the pump wavelength would be very useful for
applications where strong absorption in a small volume of semiconductor is desired. The
pump enhancement correction factor may now be used to determine spontaneous
emission enhancement.

5.4 Enhancement Results

The enhancement of spontaneous emission can now be characterized by taking
photoluminescence spectra from the same devices in Figure 40, but in the antenna
polarization. The antenna should strongly modify the spontaneous emission rate in the
antenna polarization, which would result in much stronger photoluminescence signal
from antenna-coupled devices than bare devices. A comparison between the measured
spectra is shown in Figure 41.
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Figure 41. Photoluminescence enhancement of antenna-coupled InP ridges. Blue

corresponds to light from the antenna-coupled InP ridges. Red corresponds to bare InP
ridges. The grey curve is 120x the bare case.

The antenna-coupled InP ridges show about 120x greater photoluminescence signal than
bare InP ridges. Taking into account the factor of 8.5x enhancement due to pump
enhancement leaves a factor of 14x increase in quantum efficiency. The boost in quantum
efficiency is a direct consequence of an increase in the spontaneous emission rate of the
material as explained by (5.5).

A 14x increase in spontaneous emission falls short of the predicted enhancement shown
in Figure 34. There are a few reasons why the experimental result falls short of the
simulated enhancement. First, the arch-dipole antenna fabricated in this experiment is
very sensitive to slight changes in geometry near the antenna gap. As a result, the antenna
resonance may be shifted off the emission peak of the InP ridges and cause a reduction in
enhancement. Also, the ohmic losses in the fabricated structure may be underestimated in
simulation. A layer of 1-2nm of titanium was necessary to get good adhesion of gold
during the antenna fabrication. Titanium is very absorbing at these optical frequencies,
and would increase ohmic losses and reduce spontaneous emission enhancement.

In conclusion, a 14x enhancement of the spontaneous emission rate was demonstrated by
coupling an InP ridge to an optical antenna. Additionally, the antenna-coupled devices
showed a 120x increase in photoluminescence in the antenna polarization. The results
presented here constitute experimental proof that optical antennas can be used to modify
the spontaneous emission rate of a semiconductor. The antenna design used in this
section is far from optimal, and will be improved upon in Chapter 6 of this dissertation.
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6 Enhanced Spontaneous
Emission from 2D
Semiconductors

ITI-V semiconductors have dominated the field of optoelectronics due to a direct band-
gap allowing efficient conversion between electron-hole pairs and light. Lasers, LEDs,
and solar cells are always composed of III-Vs for this reason. However, a well-known
property of these materials is that their surfaces are completely ridden with defects.
Surface defects become non-radiative recombination centers if left uncapped. In optical
antennas, where the gap of the antenna is preferably around 10nm, the surface to volume
ratio is very large and surface recombination completely dominates. While a
heterostructure could be used to clad the surfaces of the exposed semiconductor, the
cladding layer needs to be around 10nm to effectively passivate the surface [56]. The
additional thickness of a cladding layer on each side of the active semiconductor will
limit the maximum achievable spontaneous emission enhancement. Instead, a
semiconductor with pristine surfaces is desired.

6.1 2D Semiconductor Materials

Only recently a new class of semiconductors has been discovered which has opened the
door for exciting new opportunities in solid-state and optoelectronic devices [57]. An
entire family of transition-metal dichalcogenide materials exhibits a direct bandgap when
reduced to a single monolayer. The quantum efficiency of these monolayers can be in the
0.01% to 1% range meaning that the surfaces have relatively few defects compared to I11I-
V materials. Even more promising, recent results have shown that a super-acid surface
treatment of MoS; monolayers can increase the quantum efficiency to over 95% [58].

& S
® Mo

Figure 42. Atomic structure of the monolayer semiconductor MoS,. Reproduced from
[59]
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The atomic structure of MoS, is shown in Figure 42. Other transition metal
dichalcogenide monolayer materials such as WSe,, WS,, and MoSe; have a similar
atomic structure. Each of these materials shows light emission in the 600-800nm
wavelength range. These materials can also be contacted and electrically injected to form
LEDs [60]. The high quality surfaces of 2D semiconductors make them intriguing
candidates for the emitter in an antenna-enhanced LED. There have been some
demonstrations of spontaneous emission enhancement of monolayer semiconductors, but
none showing over 25x enhancement [61], [62]. The remainder of this section will focus
on experimentally demonstrating large spontaneous emission enhancement in these 2D
semiconductors.

6.2 Cavity-Backed Slot Antenna Resonances

The cavity-backed slot antenna discussed in Chapter 4 is an excellent design for coupling
with 2D semiconductors. The location of maximum electric field in the fundamental
mode of the cavity-backed slot antenna is at the base of the cavity. By placing the 2D
semiconductor in this location, the spontaneous emission enhancement is maximized. The
electric-field profile for the cavity-backed slot antenna is shown in Figure 43.

a) E-Field b) ¢)

(Top-down view)

E-Field

(Cross-section)

Monolayer

5.00 kV10.1 mm.

Figure 43. Electric-field profile for the fundamental mode of a cavity-backed slot
antenna. a) Looking down on the slot shows the fundamental resonance is essentially a
half-wavelength mode. The active material should be placed at the location of maximum
electric field (at the top of the cavity as seen in b)) in order to maximize coupling to the
antenna. ¢) The location of maximum monolayer coupling in shown in an SEM cross-
section of a fabricated cavity-backed slot antenna.

An additional benefit of using 2D semiconductors with this antenna is that the emitter can
be treated as only a small perturbation to the resonant properties of the antenna. If I1I-V
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materials were used to fill the antenna slot, the resonance of the antenna would be
changed drastically due to the substantial volume of high-index material. The length of
the antenna would have to be reduced by roughly a factor of n in order to compensate for
the resonance shift. A monolayer semiconductor, however, adds on a very small volume
of high-index material to the antenna. The presence of the 2D semiconductor will cause a
slight red-shift in the antennas resonance, but by only a few 10s of nanometers.

The resonances of cavity-backed slot antenna can be experimentally observed through a
dark-field scattering measurement. The measurement is performed by illuminating the
sample with a broadband light source through a dark-field objective. The dark-field
objective restricts the illuminating light to a cone of high numerical aperture. Light
incident upon the sample excites the optical antennas, which leads to some light
reradiated (scattered) by the antenna. Light will be reradiated most strongly at the
resonant wavelength of the antennas. By collecting a cone of light through the dark-field
objective of numerical aperture less than the illumination, only light that has been
scattered by antennas will be observed. Using this technique gives a simple method for
determining the resonant frequency of cavity-backed slot antennas with different
geometries.

The resulting dark-field images for arrays of cavity-backed slot antennas of various
lengths are shown in Figure 44. The antennas appear as diffraction limited spots of color
corresponding to their resonant wavelength. The antennas are spaced 2um from their
nearest neighbor. Each antenna has a cavity roughly 140nm deep, 43nm wide, and filled
with exposed HSQ e-beam resist (similar to glass). Alignment marks in the top left of
each image scatter the full spectrum of illumination light while the antennas
preferentially scatter light at their resonant wavelength. There is a clear red-shift in
antenna resonance as the length of the antenna slot increases.
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Antenna Length: 100nm 125nm 150nm

175nm 200nm 250nm

Figure 44. Dark-field images of arrays of cavity-backed slot antennas with increasing slot
length. Each antenna has a cavity roughly 140nm deep, 43nm wide, and filled with air.
The antenna spacing within an array is 2 pm. Alignment marks in the top left of each
image scatter the full spectrum of illumination light while the antennas preferentially
scatter light at their resonant wavelength.

As the length of the antennas increase beyond 250nm, the resonant wavelength will move
to the infrared and cannot be observed with the naked eye. However, the antennas also
have higher order resonances. For longer antennas this higher order resonance will move
into the visible regime and can be viewed via the dark field microscope. An example of
such a higher order resonance is shown in Figure 45 for an array of cavity-backed slot
antennas with 450nm length.
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300

Figure 45. Dark field images of 450nm long cavity-back slot antennas. The cavity is
filled with exposed HSQ e-beam resist (similar to glass). The scattering image shows two
lobes corresponding to a higher order resonance of the antennas.

Using the same dark-field technique, the scattering spectrum for each array of antennas
may also be taken. These spectra are shown in Figure 46 for antennas with length
increasing from 100 to 400nm. The first order resonance can be seen for antennas with
lengths from 100-300nm. The first order resonance for 350 and 400nm is cutoff by long
wavelength limit of the detector, but a higher order resonance is observed around 700nm.

67



120 i —100nm
==150nm
200nm
100 41 =—250nm
~ ==300nm
=
= 350nm
8 80 1 —400nm
3
N
8 60 .
@)
en
g
o)
3
3 40 A \

20

0 = : ‘{x_——-ﬁ

550 600 650 700 750 800 850 900 950
Wavelength (nm)

Figure 46. Slot antenna scattering spectra for lengths from 100-400nm. The cavity of the
antennas is roughly 40nm wide, 140nm deep and filled with exposed HSQ e-beam resist.
The long wavelength limit of the detector cuts off the first order resonances for the 350
and 400nm antennas.

A notable feature of the results in Figure 46 is that the scattering cross section increases
as the resonant wavelength of the antennas increase. This is a very fundamental property
of antennas and applies even in the optical regime. For a receiving antenna, one can
define a capture cross section, A.. This quantity describes how much power will be
delivered to a load, P;, from an incoming plane wave with intensity I through the relation
A. = P, /1. Using the reciprocal nature of Maxwell’s equations, one can derive an
expression for the capture cross-section of an antenna in terms of its resonant wavelength,
A, and directivity, D [4]. If the load resistance is matched to the antenna, the capture cross
section becomes:

LR 6.1
€7 4q

)
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Similarly, a scattering cross section can be defined to relate how much power will be re-
radiated by the antenna from an incoming plane wave. If the load is an open circuit, the
radiation cross section becomes:

22 (6.2)
Arad = ;D

The dependence of A,.,4 on A? is clearly demonstrated in Figure 46. These results further
demonstrate the equivalence between optical antennas and conventional microwave
antennas. Equations (6.1) and (6.2) lead one to consider the possibility of using optical
antennas to efficiently focus light from a source, or to emit light preferentially in a certain
direction. Potential applications of using optical antennas in this way are sub-diffraction
limit imaging [63], focusing laser light for heat-assisted magnetic recording (HAMR)
[64], and optical wavelength beam steering [65].
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Figure 47. Slot antenna resonant wavelength for various antenna slot lengths and gap
widths. The antenna slot is filled with a 140nm deep ridge of exposed HSQ e-beam resist.
Points correspond to experimental results while lines come from simulation.
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A comparison between the resonant wavelength of the cavity-backed slot antennas
measured in Figure 46 and the resonant wavelength predicted by simulation is shown in
Figure 47. There is a slight discrepancy between the experimental data and the resonance
predicted by simulation. The mismatch is most likely due to the imperfect fabrication of
the cavity-backed slot antennas. Nevertheless, the general trends of resonant shift
predicted by simulation in terms of antenna length and gap width were confirmed by the
experiment. Once the resonant wavelength of the antennas is know, an array can be
chosen to match the emission spectrum of the desired 2D semiconductor so that the
maximum spontaneous emission enhancement can be attained.

6.3 WSe, Enhancement

The cavity-backed slot antenna was used to demonstrate spontaneous emission
enhancement in monolayer WSe, [40], [66]. This 2D semiconductor emits light at a peak
wavelength at 760nm and quantum efficiency on the order of 1%. The WSe, monolayer
in this experiment was restricted only to the “hotspot” of the antenna mode. Similar
structures were fabricated without metal present in order to quantify the relative benefit
in quantum efficiency due to the optical antenna. The fabrication process for these
devices is outlined below.
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Figure 48. Process flow for fabrication of WSe, coupled to Ag cavity-backed slot
antennas. Bare samples follow the same process with the exception of the Ag evaporation
in step 6. A cross-section of the completed device is shown in 9).

A sacrificial substrate consisting an epitaxial grown InGaAs etch stop on InP is used to
begin the fabrication process. A 20nm layer of Al,Os is deposited on the substrate by
atomic layer deposition. This layer will serve as a protective layer for the Ag once the
devices are completed. The WSe, monolayer is then transferred to the substrate. These
monolayers are obtained by exfoliation to a Si/SiO, substrate and transferred with a layer
of PMMA. Next, a 40nm layer of SiO; is deposited by e-beam evaporation. The SiO; will
form the cavity of the antenna, so the thickness of the layer will determine the cavity
depth. A Cr hard mask is then fabricated by e-beam lithography and development of
PMMA A2 resist followed by e-beam evaporation and liftoff. The width of the Cr mask
determines the antenna slot width, which limits the maximum attainable spontaneous
emission enhancement. The devices presented here had slot widths of around 30nm. The
unmasked SiO; and WSe; are then etched away in SF¢ plasma for 40-50 seconds. The
remaining ridge is shown in step 5 of Figure 48.

The metal forming the antenna is now deposited by e-beam evaporation. Silver was
chosen due to its low loss at optical frequencies. A thick layer (>200nm) was deposited to
completely cover the top surface of the substrate. An extra 20nm of Ti was then deposited
to improve adhesion during the subsequent substrate removal process. Devices fabricated
to serve as bare WSe, emitters were fabricated following the same process with the
exception of the Ag evaporation in step 6.

The substrate is then removed following the same InP removal process described earlier
chapter 5. First, the majority of the InP substrate is mechanically lapped away using 1500
grit silicone. The remaining InP and InGaAs layers are removed in HCI:H3PO4 (1:1) and
H,S04:H,0,:H,0 (1:1:10), respectively. The final structure is shown in step 9 of Figure
48. The initial 20nm protective layer of Al,Ojs is still present to prevent the reaction of
silver with sulfur in the ambient environment. Critically, at no point in the process does
the silver surface of the cavity-backed slot antenna come in contact with ambient air
conditions.
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a) Antenna Polarization b)Perpendicular Polarization

Figure 49. Dark-field images of silver cavity-backed slot antennas in the a) antenna
polarization and b) perpendicular polarization. The SEM image in c) is overlayed with
the dark-field image in a). Antennas slots with defects show a resonance in the visible

while smooth antenna slots are resonant in the infrared.

The silver cavity-backed slot antennas fabricated by this method have significant
variation from antenna to antenna. Dark-field images of an array of silver cavity-backed
antennas are shown in Figure 49a. Even though each antenna in the array was formed
using the same dimensions, there is a significant variation in their resonant frequencies.
The SEM image in Figure 49c is overlayed with the dark field image in a) revealing the
cause of the variation in resonance. These antennas were designed to be resonant at
770nm, so an ideal slot should appear a very deep red in a dark-field image. Interestingly,
the slots that have defects (seen in c)) have a blue-shifted resonance and appear yellow-
orange in the dark-field image. The variation in resonant frequency will impact the
amount of spontaneous emission enhancement observed by each antenna-coupled WSe;
device due to the required matching of resonant frequency to emission wavelength.
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Figure 50. Scattering spectra of silver cavity-backed slot antennas used for spontaneous
emission enhancement in WSe,. Orange and green curves correspond to antennas poorly
matched to the wavelength of emission of WSe,. The blue curve shows the scattering
spectra of a tuned antenna.

The variation in antenna resonant frequency can be seen in the scattering spectra of the
antennas. Dark-field scattering spectra of the silver cavity-back slot antennas coupled to
WSe; are shown in Figure 50. While each curve is dominated by the scattering from a
single antenna, some light from nearby antennas in the array is incorporated in the
measured spectra. Additionally, defects on the sample surface cause additional scattered
light, which can broaden the resonances observed above. The blue curve shows a fairly
good match in resonance to the wavelength range of light emission from WSe,, so this
antenna is expected to have the largest spontaneous emission enhancement of the three.
The green and orange curves are not well matched, and should show a corresponding
decrease in enhancement. The antennas measured here were used in the
photoluminescence measurements discussed next.
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Figure 51. Photoluminesccnce data from etched WSe, monolayers. When coupled to a
cavity-backed slot antenna the WSe, emission was enhanced. Antennas with resonances
not tuned to the emission wavelength of WSe; only enhanced the collected signal by 20x

(orange) and 190x (green). The antenna tuned to the emission wavelength of WSe»
enhanced the collected PL signal by 700x.

Photoluminescence measurements were performed on both samples with and without the
silver cavity-backed slot antennas. Excitation of carriers in the WSe, was provided by a
532nm CW laser polarized perpendicular to the antenna mode. The laser was focused on
the sample using a 100x 0.8NA objective, and PL was collected through the same
objective. After filtering out the pump laser using dichroic and long-pass filters, the PL
was directed to a grating. The resulting PL spectra were measured using a liquid nitrogen
cooled Si CCD.

The PL measured for various antenna-coupled devices and for the bare WSe, is shown in
Figure 51. The WSe; emission was enhanced when coupled to a cavity-backed slot
antenna over the case when no silver antenna was present. Antennas with resonances not
tuned to the emission wavelength of WSe, only enhanced the collected signal by 20x
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(orange) and 190x (green). The antenna tuned to the emission wavelength of WSe;
enhanced the collected PL signal by 700x (blue).

As discussed earlier, an increase in quantum efficiency is evidence of an increase in the
spontaneous emission rate of the active material. A few experimental correction factors
must be accounted for in order to extract the boost in quantum efficiency from the PL
data shown in Figure 51. First, the pump intensity seen by the WSe, monolayer with and
without an antenna will be slightly modified. The pump laser was polarized perpendicular
to the antenna mode to mitigate this effect, but there will still be a small correction factor.
FDTD simulations of the polarized 532nm laser show that pump intensity is enhanced by
a factor of 1.6x for the antenna devices over bare devices. Second, the cavity-backed slot
antenna emits radiation only into the upper hemisphere. The bare WSe, devices will emit
radiation in all directions. The emission will from bare devices will be slightly stronger
down into the substrate than up into free-space due to the substrate index of 1.5. The
result of the difference in radiation pattern between the two cases is a 2.8x increase in
collection efficiency from antenna-coupled devices. Lastly, the cavity-backed slot
antenna will only enhance emission from dipoles in WSe; that are oriented in the antenna
polarization. Therefore, the unpolarized bare WSe, emission must be reduced by a factor
of 2x.

Together, the pump intensity, radiation pattern, and polarization factors result in a
reduction of 2.2x to convert enhancement of collected PL signal shown in Figure 51 to
enhancement of quantum efficiency. Therefore, the tuned antenna resulted in a 318x
increase in quantum efficiency. The enhancement is a direct result of an increased
spontaneous emission rate in WSe,. The goal set at the beginning of this dissertation was
to demonstrate a 200x enhancement to show that spontaneous emission can be faster than
the fastest stimulated emission. These results indicate that such a large spontaneous
emission enhancement is possible and has been observed.

6.4 MoS, Enhancement

The results presented in the previous section using monolayer WSe, show very high
spontaneous emission enhancement, but the overall quantum efficiency was still low (1%
range). The process of etching the WSe, monolayer into small rectangles creates defects
at the edges leading to a large increase in non-radiative recombination. In the following
experiment, the monolayer semiconductor is left unetched in order to mitigate edge
recombination. MoS, was chosen as the semiconductor emitter in order to demonstrate
that both high quantum efficiency and fast spontaneous emission is possible. With a
superacid surface treatment, MoS, has shown over 95% quantum efficiency [58]. Here, a
monolayer of MoS; will be coupled to gold cavity-backed slot antennas. A comparison of
quantum efficiency of the flake before and after transfer to the optical antenna array will
indicate the amount of spontaneous emission enhancement.
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6.4.1 Device Fabrication

The process of fabricating the optical antennas for MoS; spontaneous emission
enhancement begins by making the cavity-backed slot antennas. The process flow is
detailed in Figure 52. A sacrificial substrate composed of an InP substrate with
alternating InP and InGaAs etch stop layers is initially used to carry the patterned antenna
slots. A layer of HSQ e-beam resist is then spun on. The thickness of the HSQ layer will
determine the depth of the antenna cavity and was chosen to be roughly 80nm for these
devices. E-beam lithography is used to pattern the lateral dimension of the antenna slots.
A range of lengths from 100-400nm and widths from 20-60nm were used. The unexposed
HSQ can then be removed by placing the sample in TMAH for 60 seconds.

The metal for the optical antenna is then deposited by e-beam evaporation. A very thin
layer of titanium (0.5nm) was used to provide adhesion sites for the gold layer. Next, a
200nm gold layer was evaporated with a chamber pressure of 2e-6 torr at a deposition
rate of around 0.3nm/sec. The sample was mounted inside the chamber on a tilting stage.
As gold was being evaporated, the sample was rotated around the long axis of the
antennas. In situ tilting was important for eliminating sidewall defects in the final antenna
structure. Without tilting during evaporation, the gold would not sufficiently cover the
sidewalls of the HSQ ridges, which leads to more variation in the final antenna
properties.
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Figure 52. Process flow for gold cavity-backed slot antenna fabrication.

After gold evaporation, a capping layer of 20nm titanium was used to improve adhesion
during the substrate removal process. The sample was flipped over and bonded to a
quartz slide using optical epoxy (Norland’s Optical Adhesive 81). Following the same
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mechanical lapping and etching process as described in Figure 35, the III-V substrate
materials were removed. The resulting structure reveals arrays of cavity-backed slot
antennas that are filled with exposed HSQ e-beam resist. Finally, the HSQ can be
removed by a 10sec etch in 1:10 buffered HF. As an added benefit, the HF will also

remove the thin titanium layer that was initially deposited for adhesion purposes.

HV Tspot [ WD HFW o - — T p—
. 2.71 um M Marvell Nanofabrication Laboratory
Flgure 53 SEM images of caV1ty -backed slot antennas before HSQ removal. Slot antenna
gap widths down to 25nm were achieved.

An example of the fabricated antennas after substrate removal is shown in Figure 53. Slot
antenna gap widths down to 25nm were achieved. The gold surface is very smooth due to
the evaporation onto an epitaxially grown wafer followed by substrate removal. Also, the
large grain size of gold visible in Figure 53 suggests that the metal is of high quality.

After completing the fabrication of arrays of cavity-backed slot antennas, the resonances
of each array can be measured by dark-field scattering. As shown in Figure 54, the peak
emission wavelength of monolayer MoS; is around 660nm. The antenna array with
length of around 275nm, and gap width of roughly 25nm was chosen to match well to the
660nm emission wavelength.
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Figure 54. Photoluminescence spectrum of an as exfoliated monolayer of MoS,

The transfer process used to locate the MoS, monolayer on the desired array of antennas
is outlined in Figure 55. The monolayer is initially exfoliated onto a Si/SiO, substrate.
The SiO; layer is 90nm thick and provides good optical contrast so that monolayers can
be distinguished from multilayers. A layer of PMMA is spun on the Si/SiO, substrate,
and a small section around the monolayer is cut out for transfer. The MoS, monolayer
sticks to the PMMA when it is lifted from the substrate and placed at the desired location
on the antenna substrate. Finally, the PMMA is removed in an acetone bath.

Remove PMMA
with PMMA in Acetone
Figure 55. MoS, monolayer transfer process.

Transfer monolayer

78



An image of a MoS; monolayer after it has been transferred to an antenna array is shown
in Figure 56. The monolayer appears very faintly over the array due to its approximately
5% absorptivity [67]. Each antenna in the array can be seen as a dark spot in the image
due to their absorption in the visible range. The spacing between each antenna is 1pm,
and the monolayer is around 10pm in sized.

h—: MoS, Monolayer

Figure 56. MoS, monolayer on an antenna array of the transfer process. The monolayer
appears very faintly so it is outlined. The antennas appear as dark spots in the image due
to their absorption of light. The spacing between each antenna is 1um.

6.4.2 Experimental Results

The quantum efficiency and spontaneous emission enhancement of the MoS, coupled to
optical antennas can now be obtained through photoluminescence measurements. A CW
laser at 532nm was used as to excite carriers in the MoS; monolayer. The same pump
power of 1.5uW was measured coming out of the objective for all measurements.
Photoluminescence was collected through the same 100x, 0.8NA objective that was used
for pumping. Dichroic and long-pass filters were used to separate PL from the pump
laser. The PL signal was then directed to a spectrometer and detected by a liquid nitrogen
cooled Si CCD.

Photoluminescence was taken on a monolayer of MoS, after it was exfoliated onto the
Si/Si0; substrate. This measurement gives the baseline quantum efficiency for the
experiment. The same measurement was performed on the same MoS; monolayer after it
was transferred to the optical antenna array. The resulting signal in raw counts from the
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Si CCD is shown in Figure 57. There is an approximately 4x increase in total PL signal
coming from the MoS; coupled to antennas over MoS; on a Si/SiO, substrate.
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Figure 57. Raw photoluminescence data before and after transfer of a MoS, monolayer
from Si/Si0, substrate to an optical antenna array.

In order to interpret these results, we must first notice that the majority of the area of the
transferred MoS; monolayer is not in the “hotspot” of the optical antennas. Most of the
monolayer is directly above the gold surface and does not couple to an optical antenna at
all. Based on the earlier discussion in this dissertation of dipole emitters the approach
metal surfaces, we should expect very inefficient emission from the MoS, everywhere
outside of the slot of the optical antennas. A diagram showing the spatial dependence of
expected PL efficiency is given in Figure 58.
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Figure 58. Spatial dependence of radiation efficiency. The spontaneous emission rate will
be enhanced in MoS; located inside the slot of each antenna leading to efficient PL. MoS;
outside the antenna slots will be dominated by emission into ohmic losses in the gold and
lead to inefficient PL. a) Top-down diagram of spatial dependence of PL efficiency. b)
Cross-section of spatial dependence of PL efficiency.

Images of the PL emitted by the antenna-coupled MoS, monolayer show exactly the
behavior one would expect. There is a bright PL spot located at each antenna location,
with a spacing corresponding to the antenna array spacing of 1pum. Also, the PL is
strongly polarized. Spatial images of PL emission in the antenna polarization and
perpendicular to the antenna polarization are shown in Figure 59. Antenna polarized PL
is strong and confined to the location of antennas, while perpendicular polarized PL is
weak and broad area.
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Figure 59. Spatial dependence of photoluminescence emitted by a MoS, monolayer
coupled to an array of optical antennas.
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The results shown in Figure 59 are confirmation of the influence of the antennas on the
spontaneous emission from the MoS, monolayer. The strong polarization ratio of PL
emission from the optical antennas arises from the fact that the antennas only enhance the
spontaneous emission rate of the antenna polarization. This is also evidence that the
spatial dependence of the PL is not due to changes in the pump intensity. If the antenna
were causing greater absorption of pump light, the emission intensity would have
increased for both the antenna and perpendicular polarizations.

Now that the spatial distribution of PL emission is known to be confined only to the area
of the antennas, we may apply a correction factor to the raw data in Figure 57. The area
occupied by antennas is around 111x less than the full area of the MoS,. Therefore, to
compare the intensity of emission from the antenna-coupled MoS, to the as exfoliated
MoS,, we must multiply the antenna PL signal by this factor.

The pump intensity seen by the monolayer and the collection efficiency of the optical
setup must be accounted for in order to convert from the raw PL signals to quantum
efficiency. The pump laser was polarized perpendicular to the polarization of the
antennas to mitigate any pump enhancement. Optical simulations of the 90nm SiO; on Si
substrate show that constructive interference due to the dielectric stack leads to a stronger
pump intensity for the as exfoliated case than the antenna case by a factor of 2.2x.

The cavity-backed slot antenna emits light only into the hemisphere above the sample,
which leads to greater collection efficiency than the as exfoliated case. Optical
simulations of the two cases show that the collection efficiency will be 2.7x greater for
the antenna case than the as exfoliated case. Finally, the throughput of the optical setup
must be calibrated in order to estimate the absolute quantum efficiency for each case.
Calibration was performed by illuminating a piece of spectralon (diffuse lambertian
reflector) with a red laser. The spectral dependence of throughput was determined using a
calibrated blackbody source. Both the antenna polarization and perpendicular
polarizations were calibrated to account for the polarization dependence of all optics in
the PL beam path.

The calibrated photoluminescence spectra for the same MoS; before and after transfer to
the optical antennas is shown in Figure 60. By integrating over the full spectrum, we can
estimate the absolute quantum efficiency of the MoS, monolayer in each case. The as
exfoliated flake shows 0.025% efficiency while the antenna-coupled MoS; has 7%
quantum efficiency. The resulting boost in quantum efficiency is 280x.
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Figure 60. Calibrated quantum efficiency for the same MoS, as exfoliated on the Si/SiO,
substrate, after transfer to the optical antennas, and after surface treatment.

The spontaneous emission rate of the antenna-coupled MoS, has only been enhanced in
the antenna polarization. Since the as exfoliated monolayer emits equally in both
polarizations, the spontaneous emission enhancement in the antenna polarization is 2x the
boost in quantum efficiency. Therefore, these results are an indication of a spontaneous
emission enhancement of 560x.

The super-acid surface treatment was then applied to the MoS; monolayer in an attempt
to further increase the absolute quantum efficiency of these devices. If the efficiency
were limited by non-radiative recombination at defects on the surface of the MoS,
monolayer, applying the surface treatment should show improved quantum efficiency.
However, the resulting PL obtained after surface treatment did not increase. This suggests
that quantum efficiency was instead limited by the diffusion of excitons out of the
“hotspot” of the antennas.

The results demonstrated here show that high efficiency and large spontaneous emission
enhancement can be achieved in the same device. Further improvements on the absolute
quantum efficiency of the devices will require some type of carrier confinement in order
to eliminate diffusion of carriers as a loss mechanism. Recent experiments showing the
growth of lateral heterojunctions using 2D semiconductors may provide a solution to this
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problem [68]. Additionally, progress on efficient electrical injection of carriers into these
2D semiconductors will be required for an efficient antenna-enhanced LED.
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7 Conclusion

This dissertation has examined the fundamental physics, practical limits, and
experimental demonstration of antenna enhanced spontaneous emission in
semiconductors. Beginning with a simple explanation of spontaneous emission as
radiation from the dipole moment of the semiconductor, a circuit model was created to
describe the tradeoffs and limits to enhanced spontaneous emission. By coupling to an
optical antenna, the large mismatch between the size of a semiconductor’s dipole moment
and the wavelength of light emission is corrected and the spontaneous emission rate is
increased. The circuit model theory described in this dissertation can be applied to any
optical antenna and leads to several conclusions about how optical antennas should be
designed and applied.

The application of optical antenna-enhanced LEDs for short-range optical interconnects
was discussed. LEDs are typically insufficient for the emitters in optical interconnects
due to the slow rate of spontaneous emission. However, by using an antenna the
modulation rate of the LED can be greatly enhanced and exceed that of lasers. Antenna-
enhanced LEDs may be operated at extremely low current levels and maintain their fast
modulation speed making them ideal for the emitter in a low-power optical interconnect.

A complete description of spontaneous emission enhancement was developed through the
development of a circuit model. The coupling of dipole sources to optical antennas was
incorporated using Ramo’s theorem. The antenna resonant frequency and quality factor
was incorporated by treating the antenna as an RLC resonator. The effects of material
properties at optical frequencies were described by the complex permittivity and added to
the circuit model. Kinetic inductance was shown to be a parasitic effect that is included in
a material’s complex permittivity.

The anomalous skin effect and its impact on optical antennas were also described in this
dissertation. This often neglected effect occurs when the skin depth of the electric field is
shorter than the mean free path of electrons in the metal. The result is an increase in
ohmic loss and decrease in efficiency. These additional losses can be incorporated in the
optical antenna circuit model to give more accurate descriptions of achievable antenna
efficiency. The anomalous skin effect is not included in standard FDTD or FEM solvers,
so an example antenna design was analyzed to show the severity of this loss mechanism
for antenna feedgaps below 10nm.

Antenna enhanced spontaneous emission was demonstrated on InP emitters. The arch-
dipole antenna design was utilized to mitigate shorting due to a low impedance antenna
gap. Photoluminescence measurements showed a 120x increase in emitted light intensity
from the antenn-coupled InP over bare InP ridges. After accounting for the increased
pump intensity, this result corresponded to a 14x increase in spontaneous emission rate.
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The potential of 2D semiconductors for efficient antenna-enhanced LEDs was
introduced. The cavity-backed slot antenna was shown to be an excellent antenna design
for coupling to 2D semiconductors. The resonances of the cavity-backed slot antenna
were explored through dark-field scattering measurements. WSe, monolayers were
coupled to a silver cavity-backed slot antenna and etched to restrict emission only to the
antenna hotspot. Properly tuned antennas demonstrated a 318x spontaneous emission
enhancement. MoS2 monolayers were transferred to optical antenna arrays with
resonances matched to the 660nm wavelength of MoS, emission. Photoluminescence
results revealed an increase quantum efficiency of the MoS; from 0.025% as exfoliated to
7% when coupled to the optical antennas. The corresponding increase in spontaneous
emission enhancement is estimated to be 560x. This result demonstrates that antenna-
enhanced LEDs have the potential to be both fast and efficient light emitters.
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Appendix. Optical Setup for Photoluminescence

Measurements

A schematic of the optical setup used for photoluminescence measurements in the MoS,
and WSe, spontaneous emission experiments is shown in Figure 61. The optical setup is
structured around the two turret system provided by an Eclipse TE-2000U Nikon
microscope. The microscope setup also allows for several output ports to be selected so
that switching between cameras for imaging and spectroscopy can be done quickly.
Various configurations of optics within the two turret system allow for switching between
bright-field imaging, dark-field imaging/spectroscopy, and photoluminescence
imaging/spectroscopy without moving the sample.
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Figure 61. Schematic of optical setup used for photoluminescence measurements of WSe;
and MoS; monolayers.

91



The sample is mounted on an X, Y, Z stage above the inverted microscope. All dark-field
and photoluminescence measurements on the 2D semiconductors were performed using a
100x 0.8NA objective. The top turret was utilized for filtering the 532nm pump laser
from longer wavelength photoluminescence. A bandpass filter (Semrock FF02-525/40)
initially filters the pump laser. The dichroic filter (Semrock DiO2-R532) reflects the laser
to the objective and allows longer wavelength PL to pass through. The long pass filter
(Semrock BLP01-594R) removes any residual laser signal. The pump laser power was
adjusted using an optical density filter wheel and measured by a Thorlabs S130C optical
power meter.

The photoluminescence signal is then passed through a rotatable polarizer before
illuminating the entrance slit of the Princeton Instruments Sp2300i Spectrometer. The
entrance slit is positioned in the focal plane of the microscope allowing for imaging with
the attached liquid nitrogen cooled Si CCD (Princeton Instruments 1340x100 array). By
switching the grating turret of the spectrometer between a mirror and the 600g/mm
grating, both PL imaging and spectroscopy can be performed.
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