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Abstract

Integrated Nanoscale Antenna-LED for On-Chip Optical Communication

by

Seth Fortuna

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Ming C. Wu, Chair

Traditional semiconductor light emitting diodes (LEDs) have low modulation speed be-
cause of long spontaneous emission lifetime. Spontaneous emission in semiconductors (and
indeed most light emitters) is an inherently slow process owing to the size mismatch between
the dipole length of the optical dipole oscillators responsible for light emission and the wave-
length of the emitted light. More simply stated: semiconductors behave as a poor antenna
for its own light emission.

By coupling a semiconductor at the nanoscale to an external antenna, the spontaneous
emission rate can be dramatically increased alluding to the exciting possibility of an antenna-
LED that can be directly modulated faster than the laser. Such an antenna-LED is well-
suited as a light source for on-chip optical communication where small size, fast speed, and
high efficiency are needed to achieve the promised benefit of reduced power consumption of
on-chip optical interconnect links compared with less efficient electrical interconnect links.

Despite the promise of the antenna-LED, significant challenges remain to implement
an antenna-coupled device in a monolithically integrated manner. Notably, most demon-
strations of antenna-enhanced spontaneous emission have relied upon optical pumping of
the light emitting material which is useful for fundamental studies; however, an electrical
injection scheme is required for practical implementation of an antenna-LED.

In this dissertation, demonstration of an electrically-injected III–V antenna-LED is re-
ported: an important milestone toward on-chip optical interconnects.

In the first part of this dissertation, the general design principles of enhancing the spon-
taneous emission rate of a semiconductor with an optical antenna is discussed. The cavity-
backed slot antenna is shown to be uniquely suited for an electrically-injected antenna-LED
because of large spontaneous emission enhancement, simple fabrication, and directional emis-
sion of light.

The design, fabrication, and experimental results of the electrically-injected III–V antenna-
LED is then presented. Clear evidence of antenna-enhanced electroluminescence is demon-
strated including a large increase in the emitted light intensity with respect to an LED
without antenna. Furthermore, it is shown that the active region emission wavelength is
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influenced by the antenna resonance and the emitted light is polarized; consistent with the
expected behavior of the cavity-backed slot antenna. An antenna-LED consisting of a In-
GaAs quantum well active region is shown to have a large 200-fold enhancement of the
spontaneous emission rate.

In the last half of this dissertation, the performance of the antenna-LED is discussed. Re-
markably, despite the high III–V surface recombination velocity, it is shown that an efficient
antenna-LED consisting of an InGaAs active region is possible with an antenna-enhanced
spontaneous emission rate. This is true provided the active region surface quality is pre-
served through the entire device process. A novel technique to preserve and clean InGaAs
surfaces is reported. Finally, a rate-equation analysis shows that the optimized antenna-LED
with cavity-backed slot antenna is fundamentally capable of achieving greater than 100 GHz
direct modulation rate at high efficiency thus showing that an antenna-LED faster than the
laser is achievable with this device architecture.
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Chapter 1

Introduction

Over three billion people – nearly half the population of humans on this planet – are con-
nected to the internet. Every minute, over 200 million e-mail messages, 5 million Google
searches, and 350,000 tweets traverse the internet [1]. Six billion devices such as TVs, kitchen
appliances, and smart electric meters composing the “Internet of Things” were connected to
the internet in 2016 with that number expected to triple by early next decade [2]. Within
the same time frame, it is expected that ≈ 80% of all consumer internet traffic will consist
of streaming video; much of it high definition. Total internet traffic in 2016 was estimated
at 1.2 zettabytes (1021 bytes) and expected to grow three-fold by 2021 [3].

The increase in internet traffic has been paralleled by the rise of hyper-scale data centers
which increasingly provide the computing and storage for e-commerce, content streaming,
social networking, and cloud computing. It has been estimated that for every one bit of
data traversing the internet, 106 bits are communicated inside data centers [4]. The energy
required to manage all of this data is immense: in the United States alone, 70 billion kilowatt-
hours annually (the equivalent energy output of 8 nuclear reactors) are needed to power the
roughly 12 million computer servers that comprise data centers [1]. At $0.10 per kilowatt-
hour, this amounts to roughly $7 billion in annual energy costs [5]. Major technological
innovations are needed to support the increasing bandwidth demand while minimizing energy
costs. High-bandwidth and energy efficient optical interconnect links will play a critical role.

1.1 Energy efficiency through optical communication

Most of the energy usage in a data center (and computing in general) is the result of moving
data from one point to another [6], [7]. The minimum amount of energy needed to move
a bit of data through an electrical interconnect is fundamentally limited by the energy
needed to charge and discharge the interconnect capacitance [6], [7]. There is no equivalent
capacitance for an optical interconnect and therefore the fundamental minimum amount of
energy is essentially the energy of the photons themselves plus any additional energy needed
for electrical-to-optical and optical-to-electrical conversion. Because of reduced energy cost
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per bit and high-bandwidth, optical interconnects have already replaced traditional copper
electrical interconnects within advanced data centers for short-reach distances on the order of
meters (e.g. server rack-to-rack communication). However, any serious attempt at reducing
energy consumption in the data center also requires replacement of electrical interconnects
that are still predominantly used for board-to-board, chip-to-chip, and ultimately on-chip
communication.

On-chip optical interconnects

waveguide

light emitter detector

transistor layer

transistor layer

electrical interconnect 

optical interconnect

electrical interconnect 

(a)

(b)

Figure 1.1: (a) Cross-section cartoon drawing of a typical modern CPU showing the chip is
composed primarily of electrical interconnects; and (b) one possible implementation of an
optical interconnect on-chip. Drawing inspired by [8].

Shown in Figure 1.1a is a simplified cross-section of a modern CPU. The majority of the
chip contains 10 or more electrical interconnect layers for data communication with a thin
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transistor layer for data processing. Communicating a bit of data on-chip requires charging
and discharging the capacitance of the interconnect line (Cl) and transistor gate capacitance
(CG) with energy per bit of operation approximately given by

Ebit = (CG + Cl)V
2 (1.1)

where V is the supply voltage. Within the past decade, two scaling trends have emerged:

1. The transistor size has scaled considerably such that Ebit ≈ ClV
2 for all but the shortest

interconnect lengths.

2. Voltage supply scaling has stopped near 1 V to maintain a reasonable on/off ratio.

For a typical interconnect capacitance of 2 pF/cm [9] and a 1 V power supply, the energy
per bit for an electrical interconnect is estimated as Ebit ≈ ClV

2 = 2 pJ/bit/cm.
Consider now the situation in Figure 1.1b where one or more of the electrical interconnects

have been replaced by an optical interconnect which consists of some light emitter, optical
waveguide, and photodetector. Assuming the optical link can operate at the quantum limit,
20 photons are needed to represent a bit of information [10] and the fundamental minimum
energy per bit is ≈ (20photons

bit
)(1 eV

photon
)q = 3 aJ/bit. Therefore, for all but the shortest

interconnect lengths, on-chip optical interconnects are fundamentally more efficient than
electrical interconnects. By replacing electrical interconnects with optical interconnects,
significant reduction in the energy per bit can be achieved.

1.2 Light source for on-chip optical interconnects

There are generally two choices for an on-chip light emitter: (1) a device that emits sponta-
neous emission (i.e. a light emitting diode), or (2) a device that emits stimulated emission
(i.e. a laser). Both devices need to fulfill three general design requirements:

1. Nanoscale size. This is important for several reasons. From a geometric point-of-
view, small size means we can integrate more devices per unit area. From a power
point-of-view, smaller size usually means smaller operating power and potentially less
energy per bit. Particularly important for a light emitting diode, nanoscale size will
ensure a single spatial mode and allow for efficient coupling to an on-chip waveguide.
Finally, nanoscale implies that the light emitting device is directly modulated and does
not need a bulky external modulator.

2. Fast. At a minimum, the device should be capable of direct modulation at the switch-
ing speed of a transistor. This is roughly 3 ps for the latest technology node which
corresponds to ≈ 50 GHz modulation speed [6]. Ideally, the modulation speed should
be higher to accommodate faster transistor switching speeds in the future.
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3. Low energy per bit. The emitter should be capable of consuming < 100 aJ/bit.
This ultimately depends on the sensitivity of the photodetector and total optical link
budget.

4. Integrated. The light emitting device needs to be coupled to an on-chip waveguide
and, importantly, needs to electrically-injected.

Temporal coherence of light emission is not a requirement, nor is it compatible with the
highest modulation bandwidth in any case. Waveguide dispersion is minimal at the optical
interconnect length scales considered here (≈ 1 cm or less)1. Therefore a light emitting diode
with broadband emission is acceptable and is compatible with coarse wavelength division
multiplexing.

Laser as a light source
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Figure 1.2: (a) Simple diagram of laser; (b) light intensity vs. current (L-I curve) for the
laser; and (c) modulation bandwidth of the laser as a function of current

Perhaps the obvious approach for making an on-chip light emitter is to scale down the
semiconductor laser into the nanoscale regime. The general characteristics of the laser are
shown in Figure 1.2 and consist of some gain medium placed inside a resonant cavity. Presum-
ing the gain medium consists of a semiconductor material, we must inject enough electron-
hole pairs to reach the threshold condition before any usable light leaves the device (Figure
1.2b). Just above threshold, the photon density is small and the speed of the laser is slow
(Figure 1.2c). The speed can be increased by injecting more electron-hole pairs up to a
point before the gain eventually saturates; typically around 50 GHz [12]. Thus, the laser has
inherently high energy per bit: some minimum amount of current needs to be injected to
achieve the threshold condition and high injected current is needed to achieve high speed.

1Typical group velocity dispersion of a silicon photonic waveguide is about 4000 ps/(nm·km)
[11]. The maximum bit rate (B) with the inclusion of dispersion is given by B ≈
[(interconnect length)(dispersion)(spectral width)]

−1
[10]. Assuming a broadband light source such as a

light emitting diode with spectral width of ≈200 nm at λ0 = 1.55 µm, the maximum bit rate is calculated
to be greater than 100 Gbps for a 1 cm long optical interconnect.
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Scaling the laser into the nanoscale regime is challenging because the cavity needs to be
sized such that the photons remain in the cavity long enough to contribute to stimulated
emission. Unfortunately, physics works against us: photons cannot be confined to a dielectric
cavity volume less than ≈ (λ0/2n)3 according to the diffraction limit. Even before reaching
this limit, the photons will leak out too fast before an appropriate photon density can be
built up in the cavity. Surrounding the cavity with metal can help confine the photons but
will increase the loss and energy per bit from the presence of lossy metal [13]–[24]. Photonic
crystal lasers can be used to confine light near the diffraction limit and have been used
to demonstrate fJ/bit operation at multi-GHz modulation speeds but have inherently large
footprint and therefore do not meet the nanoscale size requirement [25]–[29].

LED as a light source
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Figure 1.3: (a) Simple diagram of light emitting diode (LED); (b) light intensity vs. current
(L-I curve) for the LED; and (c) modulation bandwidth of the LED as a function of current

Unlike the laser, the light emitting diode (LED) (Figure 1.3) does not need a cavity to
confine photons and is easily scaled into the nanoscale regime. There is no threshold current
requirement and the quantum efficiency of a well-designed LED can approach 100% [30]. As
shown in Figure 1.3c the spontaneous emission lifetime is independent of photon density and
therefore independent of drive current2. Unfortunately, the spontaneous emission lifetime is
rather long (≈ 1 ns) and the direct modulation rate of the LED is limited to about 200 MHz.
Thus, despite a number of other desirable qualities, the LED has largely been overlooked
as an optical communication device in favor of the laser and the faster stimulated emission
process.

Increasing the spontaneous emission rate with an antenna

Why is spontaneous emission so slow? As shown in the inset of Figure 1.3, we can model
spontaneous emission from electron-hole recombination as classical radiation from small ac

2In a semiconductor, the behavior shown in Figure 1.3b is strictly true in the low-injection regime where
the minority carrier density is much lower than the majority carrier density. More on this in Chapter 6.
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dipole current sources in the semiconductor where the length of the dipole emitter (x0) is
roughly equal to the lattice constant of the material (x0 ≈ 0.5 nm). It is well-known from
antenna theory that a current source radiates most efficiently when its size is ≈ λ0/2. Since
x0 � λ0, the spontaneous emission rate is low and the semiconductor slowly radiates the
energy stored in the dipole emitter.
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Figure 1.4: (a) Antenna-coupled LED (antenna-LED); (b) light intensity vs. current (L-I
curve) for the antenna-LED; and (c) modulation bandwidth of the antenna-LED as a function
of current.

For a given material and wavelength our only hope to increase the spontaneous emission
rate is then to somehow increase the dipole length (x0). This is achieved by coupling the
slowly radiating semiconductor dipoles to a much better radiator such as a λ0/2 dipole metal
antenna (Figure 1.4a). Here the semiconductor is now placed in the feedgap of the dipole
antenna. The ac dipole currents in the semiconductor will induce charge of opposite polarity
on either side of the feedgap inducing a current to flow along the antenna arms. If the
antenna is properly designed such that the length is L ≈ λ0/2, the antenna will efficiently
radiate into the far-field. Thus the potential energy that is stored in the dipole moment (i.e.
the electron-hole pair) is rapidly converted into radiated energy in an efficient manner and
the spontaneous emission rate is significantly enhanced.

It will be shown later, that the spontaneous emission rate enhancement factor from the

antenna is ∝
(
L
w

)2
where w is the antenna feedgap width. For highly scaled antenna gap

spacing (w < 20 nm), the increase in the spontaneous emission rate can easily exceed 1000-
fold. Thus the original semiconductor with spontaneous emission lifetime of ≈ 1 ns can
have a lifetime shorter than 1 ps allowing direct modulation rates exceeding 100 GHz when
coupled to an an antenna (Figure 1.4c). Using an antenna, it is possible to make an LED
faster than the laser!
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1.3 Toward an integrated antenna-LED for on-chip

optical communication

The antenna-coupled LED (antenna-LED) is nanoscale and capable of fast and efficient op-
eration and therefore meets most of our requirements for on-chip optical interconnects. But
what about integrating the antenna-LED on-chip? There have been many demonstrations
of antenna-enhanced spontaneous emission using single molecules [31]–[36], quantum dots
[37]–[39], and other solid-state materials [40]–[44] but there has been minimal progress in im-
plementing an antenna-coupled device in a monolithically integrated manner that is suitable
for on-chip communication.

Notably, most demonstrations of antenna-enhanced spontaneous emission have relied
upon optical pumping of the light emitting material as illustrated in Figure 1.5a. Optical
pumping is useful for fundamental studies; however, for a practical antenna-LED an electrical
injection scheme is required. It is not obvious how to implement an electrical contact as
shown Figure 1.5b in a manner that does not perturb the antenna mode while still allowing
for high spontaneous emission enhancement.

metal metal metal metal

CurrentLaser

Photoluminescence Electroluminescence(a) (b)

Figure 1.5: (a) Optical pumping antenna-coupled device and emission of photoluminescence;
and (b) electrical injection of antenna-coupled device and emission of electroluminescence.

Requirements for the electrically-injected antenna-LED

A few general design requirements for the successful implementation of an electrically-
injected antenna-LED can be outlined:

1. Electrical contact must not perturb antenna-mode. The placement of electrical
contacts must be done in a manner that does not reduce the spontaneous emission
enhancement or unpredictably shift the antenna resonance.

2. Easily integrated. Repeatable and deterministic placement of the active region
within the antenna feedgap is needed. This requires top-down fabrication and excludes
the use of randomly dispersed antenna structures or light emitters.
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3. Low contact resistance and capacitance. The RC-time constant of the antenna-
LED must be shorter than the spontaneous emission lifetime.

4. High device efficiency. < 100 aJ/bit operation is desired.

5. High spontaneous emission enhancement. Ideally, the antenna-LED should be
capable of operating faster than the laser with modulation speed exceeding 50 GHz.

Early attempts to increase the spontaneous emission rate of large-area electrically-injected
quantum well LEDs relied on embedded metal nanoparticles [45], [46] or a flat metal sheet ad-
jacent to the active region [47]–[50] but had limited success because of weak emitter-antenna
coupling or low radiative efficiency. Electrically-pumped semiconductor LED structures cou-
pled to metallic waveguides have been demonstrated although none of these reports show
larger then 10-fold spontaneous emission enhancement [51]–[55]. Electrically-injecting a
nanoscale metal-insulator-metal tunnel junction coupled to an optical antenna is an unusual
photon emission mechanism, but the efficiency of such a device is expected to be limited to
≈ 1% [56], [57].

New approaches to electrical-injection are clearly needed before the antenna-LED is suit-
able as an on-chip light source for optical interconnects.

1.4 Outline of this dissertation

In this dissertation, I report on an electrically-injected antenna-LED structure that is suitable
for on-chip communication and meets the design requirements outlined above. In Chapter 2,
the spontaneous emission lifetime is derived and it is shown that radiative lifetime is not an
immutable property but can be modified through engineering of the environment surrounding
a light emitter. Specifically, it is shown that a metal antenna can enhance the spontaneous
emission rate by more than three orders of magnitude while maintaining reasonable efficiency.
In Chapter 3, the behavior of specific antenna structures is discussed and several properties
of the cavity-backed slot antenna are shown to make it an ideal choice for an electrically-
injected antenna-LED. In Chapter 4, the design, fabrication, and measurement of a III–V
antenna-LED coupled to a cavity-backed slot antenna including demonstration of a 200-fold
increase in the spontaneous emission rate is reported. In Chapter 5, strategies for increasing
the quantum efficiency of the antenna-LED is discussed. High quantum efficiency operation
is shown to be possible with the III–V antenna-LED despite a large surface recombination
velocity. In Chapter 6, through a rate equation analysis it is predicted that > 100 GHz speed
with high efficiency is indeed eventually possible with the III–V antenna-LED. Strategies for
designing the active region to achieve high speed and efficiency are discussed.
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Chapter 2

Enhancement of spontaneous emission

Spontaneous emission of light has traditionally been considered a slow process and thus
avoided in favor of the faster stimulated emission as a means to communicate information.
It was shown by Purcell in his widely-cited work on the transition rate of nuclear magnetic
moments [58] that the spontaneous emission lifetime is not an immutable property of an
atom or molecule. Rather, the spontaneous emission rate can be increased by placing a
radiator inside a resonant cavity which lead to the derivation of his famous Purcell factor.

Several decades after Purcell’s work at radio frequencies, nano-fabrication has advanced
to the point where the same physics are now being applied to enhance the spontaneous
emission rate of light emitting radiators. It is now possible to imagine a light emitting
device with spontaneous emission rate faster than the stimulated emission rate: an LED
faster than the laser.

In this chapter, the intrinsic spontaneous emission lifetime will first be derived. The
Purcell factor will then be derived in the normal manner and re-derived with an equivalent
circuit model without invoking the concept of local density of states or mode volume. The
equivalent circuit analysis technique will then be used to show that a spontaneous emission
enhancement of greater than three orders of magnitude is possible with an optical antenna.

2.1 Spontaneous emission lifetime

Einstein’s phenomenological analysis

Consider a simple two-level system shown in Figure 2.1 consisting of an excited energy state
with energy E1 and lower ground state with energy E2. Spontaneous emission of light occurs
when an electron in the excited state spontaneously jumps to the ground state emitting a
photon with energy h̄ω = E2 − E1 in the process to conserve energy (Figure 2.1a). The
reverse process may also happen: an electron in the lower state may absorb a photon and
jump to the excited state. An electron in the excited state can also be stimulated by another
photon to jump to the ground state and release a photon; this process is called stimulated
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Figure 2.1: Transitions in a two-level system. (a) Spontaneous emission; (b) absorption; and
(c) stimulated emission.

emission. Through a simple rate equation approach, Einstein derived relationships between
the rates of these three processes [59]. Although his analysis is unable to predict the rates
of these processes, it serves as a good starting point for understanding spontaneous emission
[60].

Suppose there is an ensemble of such two-level systems placed in a blackbody cavity. The
total number of electrons in the ground state is given by N1 and the number of electrons in
the excited state is N2; then the rate of change of N1 and N2 can be written

dN1

dt
= A21N2 −B12N1ρ(h̄ω) +B21N2ρ(h̄ω) (2.1)

dN2

dt
= −A21N2 −B21N2ρ(h̄ω) +B12ρ(h̄ω) (2.2)

where A21, B12, and B21 are rate constants associated with the spontaneous emission, absorp-
tion, and stimulated emission processes. As described above, spontaneous emission occurs
without the presence of a photon, whereas both absorption and stimulated emission require
a photon to exist in the cavity. Therefore the rates of absorption and stimulated emission
are proportional to the cavity photon density which was given by Planck as

ρ(h̄ω) = ρ0(h̄ω)nph(h̄ω, T ) (2.3)

where ρ0 is the density of optical modes in the blackbody cavity and nph is the Bose-Einstein
distribution. Assuming the populations N1 and N2 are in equilibrium with the cavity photon
density, (2.1) and (2.2) will both be equal to zero and a relationship between the three rate
coefficients can be derived as

A21 = ρ0(h̄ω)B12 (2.4)

B21 = B12 (2.5)

The transition rate (s−1) from the excited state to the ground state (R2→1) can now be
written in a suggestive form as

R2→1 = Rstim +Rspon (2.6)

R2→1 = ρ0(h̄ω)B21 (nph + 1) (2.7)

where the first term is the stimulated emission rate and the second term is the spontaneous
emission rate. Several important conclusions from (2.7) are inferred:
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• The transition rate (R2→1) is proportional to the optical mode density. R2→1

can be increased if one can find a way to increase ρ0(h̄ω).

• Stimulated emission is proportional to the photon density Thus it can be
predicted that the speed of the laser is proportional to the photon density in the
cavity.

• Spontaneous emission is equivalent to stimulated emission from a single
photon. Increasing the photon density in the cavity will not increase the spontaneous
emission rate. Although Einstein’s analysis did not show this, the origin of this photon
was shown to be from zero-point fluctuations in the vacuum field [61].

We have now derived expressions to relate the spontaneous emission, absorption, and
stimulated emission rates in a two-level system; however, they are written in terms of the
Einstein’s coefficients (A21, B21, B12) which require quantum mechanics to derive. In the
next section, the stimulated emission rate coefficient (B21) for the two-level system will be
derived using quantum mechanics and then used to calculate the spontaneous emission rate
(A21) from (2.4). In this manner, we avoid directly solving A21 which would otherwise require
introducing the second quantization and the zero-point vacuum field.

Fermi’s Golden Rule

The transition rate from an initial quantum state |i〉 to a set of final states |f〉 for a time-
dependent perturbation is given by Fermi’s Golden Rule

R =
2π

h̄

∑
f

|Hfi|2. (2.8)

whereHfi is the matrix element for the light-matter interaction. Under the dipole-approximation,
the matrix element for a downward transition from stimulated emission is written

|Hfi|2 =

(
E0

2

)2

|xfi|2 (2.9)

where E0 is the amplitude of the perturbing field and xfi is the transition dipole moment

xfi =

∫
V

ψ∗fxψidV . (2.10)

For simplicity, it assumed that the electric field and dipole moment are polarized in the
x̂-direction but what follows can be generalized for any polarization.

As in the previous section, we examine a two-level system that is placed inside a blackbody
cavity with background photon density given by (2.3). The electrical energy (UE) from the
background radiation inside the cavity is given by

UE =
εE2

0

2
=
h̄ω0

3
ρ(h̄ω0). (2.11)
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Only a third of the photons have an electric field oriented in the same direction as the dipole
moment hence the factor of three in the denominator of the right-hand side of (2.11). Since
the two-level system consists of a single final state, the summation in (2.8) is trivial and for
the stimulated emission rate (Rstim) for the two-level system can now be written as

Rstim =
πω0

3ε
|x12|2 ρ(h̄ω0) (2.12)

where h̄ω0 = h̄ω2 − h̄ω1. Comparing (2.12) and (2.7), B21 and A21 can now be calculated as

B21 =
πω0

3ε
|x12|2 (2.13)

A21 =
πω0

3ε
|x12|2 ρ0(h̄ω0) (2.14)

For a free-space homogenous medium, the mode density is given by

ρ0 =
8πn3

h3c3
(h̄ω)2 (2.15)

and the spontaneous emission rate into free-space is then given by

1

τ
= A21 =

ω3
0n

3πε0h̄c3
|x12|2 (2.16)

Estimation of spontaneous emission lifetime (τ) of a hydrogen
atom

Using (2.16), an order of magnitude estimate can be given for the spontaneous emission rate
of the first excited state in hydrogen to the ground state (the lifetime of the semiconductor
will be discussed in more detail later in the dissertation). We can make a reasonable guess
that the light-matter interaction will occur on the length scale of Bohr radius (≈ 0.05 nm)
and we can estimate |xfi|2 ≈ [(q)(0.05× 10−9)]

2
. The transition energy of the first excited

state to ground state is given by 13.6 eV and therefore the lifetime τ is estimated as

τ = A−1
21 =

3πε0h̄c
3(

q·13.6
h̄

)3x
−2
12 (2.17)

≈ 1× 10−9 s (2.18)

remarkably consistent with the lifetime calculated in a more rigorous quantum mechanical
manner.

Classical equivalent to the spontaneous emission rate

Classically, spontaneous emission can be modeled as radiation from an atomic oscillating
dipole with dipole moment given by p = qx0 and oscillation frequency ω0 (Figure 2.2a). The
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Figure 2.2: (a) Small oscillating dipole emitter with dipole length x0 as a classical model of
light emission in an atom or molecule; (b) emission spectrum showing high radiation Q for
x0 � λ0; and (c) equivalent circuit model for dipole radiation of light.

power radiated (Prad) by the classical dipole is given by antenna theory as

Prad =
1

2
I2

0Rrad

=
π

3
Z0n

(
x0

λ0

)2

(qω0)2 (2.19)

where Rrad is the radiation resistance of the infinitesimally small dipole antenna and I0 = qω0

is the dipole current (Figure 2.2c). Written in this form, it is clear that the radiated power
(and thus spontaneous emission rate) is small for the atomic oscillating dipole since the
dipole length (x0 ≈ 10−10 m) is much smaller than the wavelength of light (λ0 ≈ 10−6 m)

and therefore
(
x0
λ0

)2

→ 0. Using antenna language we can state that spontaneous emission

is an inherently slow process owing to the size mismatch between the length of the atomic
optical dipole oscillations responsible for light emission and the wavelength of the emitted
light.

The equivalent spontaneous emission rate (τ−1) of the classical atomic oscillating dipole
is then

1

τ
=
Prad
h̄ω0

=
2π2n

3h̄ε0

(qx0)2

λ3
0

(2.20)

which after some rearranging is identical to the rigorous quantum mechanical result in (2.16)
provided qx0 = 2x12.

The quality factor (Q) of the small oscillating dipole moment is calculated as

Q = ω0τ =
3h̄

πZ0n

(
λ0

qx0

)2

(2.21)

As expected, Q→∞ as
(
x0
λ0

)2

→ 0 since the radiated power for the small oscillating dipole

is weak and the energy remains stored in the oscillating dipole for a long time as qualitatively
shown in Figure 2.2b. Returning to the example of the hydrogen atom from the previous
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section, the Q-factor exceeds 107 indicating that the atom stores energy for a long time in
an excited state before converting the energy into a radiating photon.

2.2 Purcell factor and equivalent circuit analysis of

spontaneous emission enhancement

In this section, we derive the widely used Purcell factor which is used to calculated the
enhancement of spontaneous emission rate for a dipole emitter placed in a cavity. It will be
shown that the same physics can be modeled using an equivalent RLC circuit which is useful
for predicting the spontaneous emission enhancement in a structure that does not have a
well-defined local density of states or mode volume such as an antenna.

Purcell factor

cavity

(dipole)
V0

Figure 2.3: Dipole emitter placed in a generic cavity with volume V0.

Imagine a dipole emitter placed inside of a cavity with volume V0 that supports a single
resonant mode at angular frequency ω0 with a quality-factor of Q (Figure 2.3). The mode
density (g(h̄ω)) in the cavity can be modeled by a Lorentzian function that satisfies the
normalization condition

∫∞
0
V0g(h̄ω)d(h̄ω) = 1. Such a function is given by

g(h̄ω) =
2Q

πh̄ω0V0

∆ω2
0

4(ω − ω0)2 + ∆ω2
0

(2.22)

with peak mode density of g(h̄ω0) = 2Q
πh̄ω0V0

. The mode density g(h̄ω) is commonly refered to
as the local density of states (LDOS). Plugging this density of states into (2.14) and taking
into account that only 1

3
of the dipoles will interact with the cavity mode, it is straightforward

to derive spontaneous emission rate in the cavity as

1

τcav
=

2Q

3εV0

|x12|2 (2.23)
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The Purcell factor (FP ) can be derived by dividing (2.23) by the rate of spontaneous emission
in a homogenous medium such that

FP =

2Q
3εV0
|x12|2

ω3
0n

3πεh̄c3
|x12|2

=
3Q(λ0/n)3

4π2V0

(2.24)

Therefore a large increase in the spontaneous emission rate requires a cavity that has a high
quality factor and low volume to maximize the Q/V0 ratio.

If we define a normalized mode volume such that Vm = V0/(λ0/2n)3 then

FP =
6

π2

Q

Vm
. (2.25)

Limitations of the Purcell factor

Some care needs to be taken in blindly applying the Purcell factor (2.27) to determine the
spontaneous emission rate enhancement in a structure. The normalized mode volume (Vm)
is not always straightforward to define in a cavity with a mode that has spatial variance.
Normalized mode volume is particularly nebulous to define in a low-Q structure such as an
optical antenna in which the mode is radiating into free space [62], [63]. The Purcell factor
should be abandoned completely if an accurate spontaneous emission rate enhancement is
desired for a low-Q antenna structure or a non-resonant structure. In this case, circuit
analysis can be used to derive the spontaneous emission enhancement factor.

Equivalent circuit analysis

(b) R

L

C

(a)

0V
w

q x
=w

metal

Figure 2.4: Derivation of Purcell factor using circuit model; (a) simple cavity consisting
of dipole emitter placed between two parallel metal plates; (b) equivalent circuit model of
cavity in (a).
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Following [64], consider an dipole placed in the gap of a parallel plate capacitor with plate
spacing w much smaller than the lateral extent of the plates (Figure 2.4a). According to the
Ramo-Shockley Theorem [65], [66], the dipole will induce a charge and therefore voltage on
the capacitor plates given by V = q x0

w
1
C

where x0 is the dipole moment length and w � λ0

is the plate separation. A time-varying voltage on the capacitor plates will support a time-
varying magnetic field and thus the capacitor at high frequency is capable of storing both
electric and magnetic energy. Therefore, the capacitor can be equivalently represented as an
RLC circuit with resonance frequency given by ω0 = (LC)−

1
2 as shown in Figure 2.4b. The

quality factor (Q) of the RLC circuit is given by Q = (Rω0C)−1 where the resistance (R)
consists of both metal and radiation loss. The power delivered to the cavity is then

P =
1

2

V 2

R
=

1

2R

(
q x0
w

C

)2

=
(qx0)2ω0

2ε0

(
Q

V0

)
(2.26)

The ratio of the power delivered by the dipole to the cavity to that of free space is given by
dividing (2.26) by (2.19)

P

P0

=
(qx0)2ω0

2ε0

(
Q

V0

)/
π

3
Z0n

(
x0

λ0

)2

(qω0)2

=
6

π2

(
Q

Vm

)
(2.27)

which remarkably recovers the Purcell factor derived in the previous section.
Deriving the spontaneous emission rate enhancement using circuit analysis gives addi-

tional physical insight into how to engineer a structure to achieve maximum spontaneous
emission enhancement. The inductance (L), resistance (R), and capacitance (C) can be
derived in terms of physical parameters of the structure and rationally chosen to achieve
maximum spontaneous emission enhancement. Beyond the simple cavity and RLC circuit
shown here, circuit analysis can be used to analyze more sophisticated structures and include
additional parasitic resistance or reactive elements to further increase the accuracy of the
model .

2.3 Spontaneous emission rate enhancement with an

optical antenna

Consider the small oscillating dipole moment with angular frequency ω0 that is placed in
the feedgap of the dipole antenna as shown in Figure 2.5a. Similar to what was done for the
generic cavity in the previous section, the dipole antenna in Figure 2.5a can be modeled as
an equivalent circuit as shown in Figure 2.5b. For now, we will only be concerned about the
radiated power at resonance and therefore the inductance and capacitance can be ignored
since the reactance of the antenna goes to zero on resonance. Ignoring loss in the metal,
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Figure 2.5: (a) Dipole emitter coupled to an external dipole antenna; and (b) equivalent
circuit model for (a).

the equivalent circuit on resonance consists of a current source driving a radiation resistance
where the current is the induced current from the dipole placed in the antenna feedgap. The
induced current in the two metal arms is given by Ramo-Shockley Thereom as I0 = qω0x0/w.
An approximate expression for radiation resistance Rrad of the dipole antenna is well known

from the electromagnetic textbooks [67] and is given by Rrad = π
6
Z0

(
L
λ0

)2

(qω0)2. The power

radiated by the dipole moment coupled to the dipole antenna is then given by

Prad =
1

2
I2

0Rrad (2.28)

=
π

12
Z0n

(
L

λ0

)2(x0

w

)2

(qω0)2. (2.29)

The spontaneous emission enhancement is calculated by dividing (2.28) by the power
radiated by the bare dipole (2.19) which gives

Prad
P0

=

π
12
Z0n

(
L
λ0

)2(
x0
w

)2
(qω0)2

π
3
Z0n

(
x0
λ0

)2

(qω0)2

=
1

4

(
L

w

)2

(2.30)

Therefore, a small antenna feedgap and large antenna length is desired to maximize
spontaneous emission enhancement. In practice, the antenna size is often not an independent
parameter but is set by the desired antenna resonance wavelength. For a dipole antenna with
L = λ0/2 = 1.0 µm and w = 10 nm, (2.30) predicts a remarkable 2500-fold increase in the
spontaneous emission rate of a dipole emitter!

Antenna vs. cavity for spontaneous emission enhancement

It was shown that both a cavity and an antenna can provide spontaneous emission enhance-
ment. Therefore it is conceivable that either an antenna or cavity can be used to make a fast



CHAPTER 2. ENHANCEMENT OF SPONTANEOUS EMISSION 18

LED device for optical communication. However, the antenna-LED has several advantages
over the cavity-LED:

• Broad enhancement spectrum. An antenna is designed to radiate power quickly.
The opposite is true for a cavity: a cavity is designed to store energy. In other words,
the radiation quality-factor or Qrad of an antenna is smaller than a cavity. This is
particularly relevant if we wish to enhance spontaneous emission of a material with
a broad emission spectrum such as a semiconductor. The broadband antenna will
enhance the semiconductor spontaneous emission spectrum more efficiently than a
narrow-band cavity.

• Nanoscale and efficient. Antenna efficiency can be very high (approaching unity)
because of the low Qrad (typically < 50) despite the relative lossy metal at optical
frequencies. An equivalently sized metal-optic cavity is less efficient because of the
high Qrad (typically > 100). The cavity radiation efficiency can be increased by using
an all-dielectric cavity; however, at the expense of larger size.

2.4 Spontaneous emission rate enhancement of a

semiconductor with an optical antenna

+
+
+

+
+
+

_
_
_

_
_metal metal

w

L

__
semiconductor

Antenna resonance

(a) (b)

Spontaneous emission

Figure 2.6: (a) Semiconductor coupled to a dipole antenna; and (b) desired antenna en-
hancement spectrum as compared with the broad emission spectrum of the semiconductor.

Light emission in a semiconductor can be modeled as an ensemble of randomly oriented
oscillating dipoles embedded in a dielectric matrix (Figure 2.6a). Each dipole oscillates with
a slightly different angular frequency and thus produce a broad emission spectrum. The
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spontaneous emission rate can be enhanced by coupling the semiconductor to the feedgap
of a suitably designed external antenna as shown in Figure 2.6. However, the random
dipole orientation, broad emission spectrum, and high dielectric permittivity lead to several
design challenges. A few of these design challenges related to the antenna-enhancement of a
semiconductor will be highlighted now as they are central themes throughout the dissertation.

Overlap between antenna resonance and broad spontaneous
emission spectrum

The spontaneous emission spectrum of a semiconductor is broad (a few kT in width) and
therefore we desire a broad antenna resonance to adequately enhance the spontaneous emis-
sion rate of all dipole emitters (Figure 2.6b).

The effect of semiconductor with large refractive index (n) in the
antenna feedgap

Placing a semiconductor with large refractive index in the antenna feedgap will reduce the
spontaneous emission enhancement by a factor equal to relative permittivity εR. For most
semiconductors, εR ≈ 12 therefore there is about an order of magnitude reduction in sponta-
neous emission enhancement. For the dipole antenna, this can be seen by analyzing (2.30).
For a given antenna resonance frequency, if a semiconductor is inserted into the antenna
feedgap, the dipole length needs to be reduced by approximately a factor n to maintain
the same resonance frequency. Therefore, by (2.30), the spontaneous emission enhancement
necessarily reduces by n2 = εR.

Dipole averaging

The typical “bulk” semiconductor has isotropic emission and therefore the orientation of
dipole emitters is random (see Figure 2.6a). Most antennas of interest have some polariza-
tion. Only those dipoles with orientation aligned with the antenna polarization will observe
enhanced spontaneous emission. For a linear antenna such as the dipole or slot antenna (to
be discussed later), only a third of the dipoles on average will couple to the antenna thus
limiting the overall spontaneous emission enhancement. This effect of dipole averaging can
be mitigated by choosing a material with some intrinsic polarization that aligns with the
antenna mode such as a quantum well or other 2D semiconductor.
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Chapter 3

Antenna design for the
electrically-injected antenna-LED

In the previous chapter, it was shown that the spontaneous emission rate is slow because
the size of the typical dipole emitter is small with respect to its emission wavelength. By
coupling a dipole emitter to an antenna, the spontaneous emission rate can be increased
dramatically, even exceeding the stimulated emission rate.

At the end of last chapter, several general design principles on enhancing the spontaneous
emission rate of a semiconductor were discussed. In this chapter, we wish to further explore
these concepts to design an appropriate antenna for the electrically-injected antenna-coupled
LED (antenna-LED).

3.1 Electrically-injected dipole antenna-LED

The basic dipole antenna has been well studied at optical frequencies and therefore serves as
a logical starting point to design an electrically-injected antenna-LED [40], [68]–[72]. Perhaps
the primary advantage of the dipole antenna is the ease of fabrication. The dipole antenna
is typically fabricated in a straightforward manner using a standard lift-off procedure with
e-beam lithography to deposit the dipole metal arms (typically Ag or Au).

It was shown that it is possible to use the antenna arms as electrical leads if contact
is made to the arms at a region where the fields are small [56], [73]. This idea inspired
the electrically-injected antenna-LED shown in Figure 3.1 which consists of a III–V pn
junction ridge coupled to an arch-dipole antenna. The arch-dipole is similar to the standard
dipole antenna except with inclusion of a metal arch over the feedgap [40]. The arch can
be thought of as a matching LC network which can be used to increase the length of the
dipole arms without shifting the resonance frequency and therefore from (2.30) provide
increased spontaneous emission enhancement. The primary advantage here however is the
self-alignment of the III–V ridge to the antenna without the need for careful lithographical
alignment.
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Figure 3.1: (a) Drawing of electrically-injected arch-dipole antenna-LED; and (b) top-down
SEM image of fabricated antenna-LED

The fabrication of the arch-dipole antenna-LED was straightforward; a III–V pn junction
ridge was first etched using a top-down approach with wet etching (although dry etching
can be used as well). Next, the arch-dipole antenna was deposited on top of the ridge.
Electrons were injected into the active region through one of the dipole arms whereas holes
were injected through the p-type substrate.

Issues with the electrically-injected dipole antenna-LED

Several problems were identified that make this approach non-ideal for the antenna-LED.
As illustrated in Figure 3.1b, electrons can easily bypass the antenna feedgap and recombine
with holes outside the antenna hotspot effectively reducing the overall spontaneous emission
enhancement of the device. The ridge length can be scaled down such that it precisely fits
within the feedgap; however, careful registration is needed between the ridge and antenna.
Second, the contact area of the arch-dipole to the III–V is small (≈ 10−11 cm2) and results
in a large series contact resistance.

Based on these considerations, the dipole antenna is not the best approach for an
electrically-injected antenna-LED. Therefore we seek more suitable antenna structures.

3.2 Slot antenna

The slot antenna is closely related to the dipole antenna and in its most basic form consists
of a ground plane with a rectangular cut-out. The slot and dipole antennas are considered
complementary structures as shown in Figure 3.2. By swapping free-space with metal, and
metal with free-space, the complementary slot antenna can be constructed from the dipole
antenna and vice-versa. Given the geometric duality of the two antennas it is not surprising
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(a) (b)

metal

slot

Figure 3.2: Drawing of (a) dipole antenna; and (b) complementary slot antenna

to find the same duality in the electromagnetic properties of the two antennas. Indeed, as
will be shown, the far-field radiation of the two antennas are identical if the electric and
magnetic fields are swapped.

Radiation properties of the slot antenna

Consider a slot antenna with length L and width w with slot filled with dielectric of refractive
index n =

√
ε (Figure 3.3a). A dipole emitter with angular frequency ω0 placed at the center

of the slot will excite an antenna mode if the length of the slot is L ≈ λ0/2. Current will be
induced to flow in a loop around both ends of the slot as shown in Figure 3.3b. A closed-
form expression for the current distribution is not possible since the current is not physically
bounded and forced to flow in a linear fashion as is the case for the dipole antenna. Instead,
it is useful to look at the electric-field distribution within the slot. The slot can be thought
of as a slotline transmission line that is shorted at either end. The voltage at the shorted
load of the transmission line necessarily goes to zero and therefore the voltage will also go
to zero at either end of the slot1. On resonance, a standing voltage wave will exist within
the slot as illustrated in Figure 3.3c. The voltage as a function of position along the slot is
then given by

V (z) = V0 cos
(π
L
z
)

(3.1)

The voltage in the slot antenna has the same form as the current in the dipole antenna thus
hinting that the radiation of the slot antenna will behave in a complementary manner to the
dipole antenna.

1Equivalently stated: the tangential electric field at the end of the slot must go to zero according to the
boundary conditions to Maxwell’s equations
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Figure 3.3: (a) Top-view diagram of the slot antenna; (b) illustration of the current density
and (c) voltage standing wave when the slot is excited by a dipole emitter; and (d) equivalent
magnetic source representation of the slot antenna

The electric-field within the slot is transverse to the long-axis of the slot and tangential to
the xz-plane. The tangential electric-field at the xz-plane outside of the slot is zero because
of the metal ground plane (assuming the metal is a very good conductor). With complete
knowledge of the tangential electrical field at the boundary between the upper and lower half
space at the xz-plane, it is possible to reformulate the problem using the surface equivalence
principle and model the slot as a magnetic current source radiating into free space (Figure
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3.3d). The magnetic current source is given by

M(z) = 2E× n̂ = ±2
Vm
w

cos
(π
L
z
)

(3.2)

where E is the tangential electric-field in the slot [74]. The slot antenna produces semi-
circular electric-field lines that point in one direction in the upper half-space and the opposite
direction in the lower half-space (the electric field terminates at the positive charge built up
on one side of the slot and the negative charge built up on the other side). Therefore, the
direction of the equivalent magnetic current source is dependent upon which half-space is
being analyzed (hence the ± in (3.2)). This subtle point is not often mentioned in the
electromagnetic textbooks.

Equation (3.2) has identical form to the electric current in the dipole antenna, except,
for the slot there is a radiating magnetic current. Therefore, the fields radiated by the slot
antenna can be obtained from the far-field of the dipole antenna after swapping the electric
and magnetic field and rotating the polarization by 90◦.

Despite the similarity with the dipole antenna, there have only been a handful of reports
using the slot antenna to enhance spontaneous emission [42], [75]–[78]. This may be because
of the difficulty in fabricating a nanoscale cut-out in a metal sheet. It is much easier to
deposit metals then remove metals at the nanoscale. Later in this chapter, the cavity-backed
slot antenna will be introduced which solves the fabrication difficulties associated with the
slot antenna.

Far-field radiation resistance of the slot antenna

Booker showed that the impedance of the dipole and slot antennas (and indeed any comple-
mentary antenna) can be related by the expression [79]

ZslotZdipole =
η2

4
(3.3)

On resonance, the impedance of the antenna is simply equal to the radiation resistance
(neglecting loss for the moment) and therefore the radiation resistance of the slot antenna
can simply be calculated from the radiation resistance of the dipole antenna as

Rslot
rad =

Z2
0

4Rdipole
rad

. (3.4)

For this reason, for the slot antenna, we will employ parallel resonant circuits in this chapter,
with reciprocal radiation resistance, as opposed to the normal radiation resistance in Chapter
2. The radiation resistance of the dipole antenna with sinusoidal current distribution and
length L ≈ λ0/2 is well-known and can be solved numerically as Rdipole

rad ≈ 73Ω. However,
at optical frequencies, the antenna length may be significantly shorter than λ0/2 and we
seek a closed-form expression for Rdipole

rad for arbitrary L. Unfortunately, this is not possible;
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an approximation is used instead. Following [80], the dipole current is modeled as being
constant such that I(z) = I0. An effective dipole length (Leff ) is then introduced which is a
weighted average of the true dipole current distribution over the length of the antenna such
that

Leff =

L/2∫
−L/2

I(z)dz

I0

. (3.5)

For a sinusoidal current distribution, Leff = 0.64L. The radiation resistance is now calcu-
lated assuming a dipole length of Leff with constant current I0 and is given by

Rrad,dipole =
2π

3
Z0n

(
Leff
λ0

)2

. (3.6)

The equivalent expression for the radiation resistance of the slot antenna can be quickly
found using Booker’s expression (3.3) as

Rrad,slot =
3

8π

Z0

n3

(
λ0

Leff

)2

. (3.7)

In this case, Leff is the weighted average of the voltage over the length of the slot.

Equivalent circuit model for the slot antenna

The slot antenna can be modeled as two λ/4 shorted stubs of slotline transmission line
(Figure 3.4a) [81]. It is well known that a shorted λ/4 stub has ∞ impedance at resonance
and will behave like an equivalent parallel RLC circuit therefore we can apply the same
equivalent circuit to the slot antenna.

Shown in Figure 3.4b is the simplified equivalent parallel RLC circuit for the slot antenna
driven by a dipole emitter with an oscillation frequency of ω0 where the antenna resistance
has been split up into a Ohmic loss resistance (RΩ) and radiation loss resistance (Rrad). The
inductance comes from the traditional Faraday inductance plus the kinetic inductance. The
kinetic inductance is a result of the “plasmonic” effect and will be discussed at the end of
the chapter. The capacitance is mostly from the parallel plate capacitance across the narrow
slot plus any fringing contribution. Without worrying for a moment about the values of the
circuit elements we can derive an expression for the spontaneous emission enhancement2.

According to the Shockley-Ramo Theorem (see Appendix A), the dipole emitter will
induce a current I0 = (qω0x/w) into the antenna. On resonance, the impedance of the
inductance (L) and capacitance (C) will precisely cancel each other out and we are left with
the simplified equivalent circuit in Figure 3.4c.

2Here we have ignored second order effects such as spreading resistance and the anomalous skin effect.
The former will tend to reduce the antenna efficiency and the latter will become important when the slot
width is < 10 nm [40]
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Figure 3.4: (a) Slot antenna modeled as two shorted λ/4 stubs of slotline transmission
line; (b) equivalent RLC circuit for the slot antenna; and (c) equivalent circuit for the slot
antenna on-resonance. These are parallel resonant circuits unlike the series resonant circuits
in Chapter 2.

Spontaneous emission enhancement factor of the slot antenna

The power radiated (Prad) by the slot antenna is derived as

Prad =
1

2
I2

0Rrad

=
1

2

(
RΩ

RΩ +Rrad

)2 (qω0x

w

)2

Rrad

=
1

2
η2
ant

(qω0x

w

)2

Rrad (3.8)

where ηant = RΩ/(RΩ +Rrad) is the antenna efficiency.
Using the radiation resistance of the slot antenna from (3.7), the spontaneous emission
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enhancement is given by

F =
Prad
P0

=

1
2
η2
ant

(
qω0x
w

)2 3
8π

Z0

n3

(
λ0
Leff

)2

1
2
(qω0)2 2π

3
Z0n

(
x0
λ0

)2

=
9

16π2
η2
ant

1

n4

λ4
0

w2L2
eff

(3.9)

Assuming high antenna efficiency (ηant ≈ 1) and L ≈ λ0/2n on resonance, we can simplify
(3.9) as

F =
9

π2

(
Leff
w

)2

(3.10)

which is identical in form to the radiation resistance derived for the dipole antenna given in
(2.30).

Limitations of the slot antenna

It does not seem as though much is gained by using the slot antenna for an electrically-
injected device. We now have the problem of needing to precisely fill the slot with a semi-
conductor and make electrical contact without perturbing the antenna mode. It is not
obvious how this can be achieved. Furthermore, the slot antenna radiates on both of sides
of the slot. This is less than ideal for an optical communication device where it is generally
desired to send light in one direction only. Next, it will be shown that all of those problems
can be solved by “backing” the slot with a cavity.

3.3 Cavity-backed slot antenna

If one side of the slot is backed with an appropriately sized cavity (Figure 3.5), the radiation
will be restricted to propagate into only one of the half spaces. Such an antenna is called a
cavity-backed slot antenna.

Resonance frequency of the cavity-backed slot antenna

The behavior of the cavity-backed slot antenna is well-described by modeling the cavity as
a metallic rectangular waveguide that is opened to free space at one end and shorted at the
other end where the waveguide cross-sectional dimensions are given by the slot width (w)
and length (L) [82].
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Figure 3.5: Comparison of the slot antenna and cavity-backed slot antenna. (a) Drawing of
the slot antenna; and (b) slot antenna backed with a cavity; (c) illustration showing far-field
radiation on both sides of the slot antenna; and (d) far-field radiation only on one side of
the cavity-backed slot antenna

Consider a small dipole emitter driving the cavity-backed slot antenna at the center of the
slot3. This source will excite a waveguide mode that propagates into the cavity in the +y-
direction while also radiating into free space in the−y-direction. The wave that propagates in
the +y-direction will eventually reach the shorted end of the cavity and undergo a reflection
and phase shift of π radians. If the depth of the cavity is designed such that the reflected
wave returns to the source with an overall phase shift consisting of a multiple of 2π radians
then the reflected wave will add up constructively with the radiation that is emitted from
the dipole in the −y-direction. In this manner, the radiation that would normally emit into
the upper half space (y > 0) is now re-directed into the lower half-space (y < 0) (Figure
3.5c-d).

If the cavity depth is given by dc and the wave constant of the guided mode in the cavity

3The distinction between the slot and the cavity is somewhat ambiguous in the cavity-backed slot an-
tenna. Here, the slot is the opening of the cavity at the plane y = 0 whereas the cavity is the region
y > 0.
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is given by ky, the resonance condition of the cavity-backed slot antenna can be written as

∆φ = 2kydc + π = 2π (3.11)

kydc =
π

2
. (3.12)

The propagation constant (ky) for the fundamental TE mode of a rectangular waveguide is
given by

ky =

√
ω2µε−

(π
L

)2

. (3.13)

The resonance frequency is determined by inserting (3.13) into (3.12) and solving for ω0;
doing so gives

ω0 =
πc

n

√
(2dc)−2 + L−2. (3.14)

As will be shown later, (3.14) predicts the resonance behavior of the cavity-backed slot
antenna remarkably well despite this simple model. Shown in Figure 3.6 is a contour plot of
the resonance frequency as a function of slot length (L) and cavity depth (dc) for a cavity
filled with a semiconductor (n=3.4) and radiating into the same medium.
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Figure 3.6: Contour plot of the resonance frequency of the cavity-backed slot as a function of
slot length (dc) and cavity depth (dc). Cavity is filled with semiconductor medium (n = 3.4)
and is radiating into the same medium. Perfect metals are assumed. The solid white contour
line denotes the combinations of slot length and cavity depth that achieve antenna resonance
at 200 THz

Many different combinations of dc and L result in the same resonance frequency (ω0).
This gives additional flexibility to the antenna designer. As will be shown later, the choices
for dc and L are not completely arbitrary. The optimal values for the antenna-LED are
chosen to maximize the radiated power and therefore spontaneous emission enhancement.
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Radiation resistance of the cavity-backed slot antenna
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Figure 3.7: Contour plot of the radiation resistance (Rrad) of the cavity-backed slot as a
function of slot length (dc) and cavity depth (dc). Same conditions as in Figure 3.6. The
solid white contour line denotes the combinations of slot length and cavity depth that achieve
antenna resonance at 200 THz

Since the cavity-backed slot antenna re-redirects all the radiation into the lower half-
space (y < 0), the magnitude of the electric field is doubled with respect to the slot antenna
without a cavity. Doubling of the electric field yields a power density that is four times
as high. However, the cavity-backed slot antenna radiates into half as much volume as the
slot antenna and therefore the overall radiated power is increased only by a factor of two.
Therefore, the radiation resistance of the cavity-backed slot antenna is simply twice that of
the slot antenna given by (3.7) or

Rrad =
3

4π

Z0

n3

(
λ0

Leff

)2

(3.15)

Plotted in Figure 3.7 is a contour plot for the radiation resistance as a function of slot length
and cavity depth. Again it is assumed that the cavity is filled with a dielectric medium
(n=3.4) and radiating into the same dielectric medium and all metals are perfect electrical
conductors. Overlayed on the same plot is a contour denoting where the antenna is resonant
at 200 THz. Thus, the radiation resistance of the cavity-backed slot antenna can be tuned
to the desired value while maintaining the same resonance frequency.
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Spontaneous emission enhancement factor of the cavity-backed
slot antenna

Similar to the slot antenna, the cavity-backed slot antenna is also modeled as a short-circuit
λ/4 transmission line stub and thus also has the equivalent RLC circuit shown in Figure 3.4.
The power radiated (Prad) by the cavity-backed slot antenna is derived in the same manner
as the slot antenna as

Prad =
1

2
I2

0Rrad

=
1

2

(
RΩ

RΩ +Rrad

)2 (qω0x

w

)2

Rrad
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Since the radiation resistance of the cavity-backed slot antenna is twice that of the slot
antenna, the spontaneous emission enhancement is simply twice (3.9) or

F =
9

8π2
η2
ant

1

n4

λ4
0

w2L2
eff

(3.17)

An advantage of the cavity-backed slot antenna is now evident: we have the flexibility to
choose the slot length that maximizes the spontaneous emission enhancement factor while
maintaining the desired resonance frequency. Equation (3.17) implies that the slot length
should be scaled as small as possible to increase the radiation resistance and achieve the
highest spontaneous emission enhancement. This should be carefully balanced with the
antenna efficiency as the loss also increases as the slot length is reduced.

Comparison with the conventional slot antenna

To compare the performance of the cavity-backed slot antena with the conventional slot
antenna we choose L = λ0/2n and assume ηant ≈ 1 such that (3.17) is simplified as

F =
18

π2

(
Leff
w

)2

for L = λ0/2n and ηant = 1 (3.18)

The spontaneous emission enhancement factor is then twice that of the conventional slot
antenna as a consequence of higher radiation resistance of the cavity-backed slot antenna.

The “plasmonic” effect

Before continuing it is worth discussing the behavior of metals at optical frequencies and
how it affects the characteristics of the cavity-backed slot antenna and optical antennas
in general. At low frequencies (e.g. microwave frequencies) metals behave as near-perfect
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mirrors. Electrons in metals respond in lock-step with an impinging electromagnetic wave,
oscillating at the same frequency, and thus re-radiating and reflecting the impinging wave

At optical frequencies, the electric-field is oscillating so rapidly that electrons have diffi-
culty responding and will lag behind an applied electric field. It is shown in Appendix B that
this lag in the response of electrons at optical frequencies can be modeled as an equivalent
inductance with value given by

LK =
Im ρ

ω

length

area
(3.19)

where ρ is the complex resistivity of the metal at optical frequencies. LK is referred to as
the “kinetic inductance” since the energy of the inductance is not stored not in the magnetic
field, but rather in the kinetic energy of the electrons.

In a “plasmonic” device, the kinetic inductance is larger than the conventional Faraday
inductance (LF ). In other words, more energy is stored in the kinetic energy of electrons
than in the magnetic field. Plasmonics enables sub-wavelength optical structures because
the optical mode sloshes back and forth between electrical energy and the kinetic energy of
electrons, thus bypassing the magnetic field and breaking the diffraction limit.

However, the language of “plasmonics” is largely not needed to explain the behavior of
optical antennas; after all, antennas work at microwave frequencies where the kinetic energy
of electrons is negligible. Indeed, for an optical antenna we generally like to stay away
from the plasmonic regime. Since ω0 = ((LK + LF )C)−

1
2 , the primary plasmonic effect in

optical antennas is to red-shift the resonance frequency thereby resulting in a reduction in
the resonant length of the antenna, increasing Qrad and decreasing the antenna efficiency.

3.4 Electrically-injected antenna-LED cavity-backed

slot antenna

Perhaps the primary advantage of the cavity-backed slot antenna for use in the antenna-LED
is that electrical-injection is trivial [83]–[85]. Shown in Figure 3.8 is the basic approach. A pn
junction ridge is be fabricated using dry etching (Figure 3.8a) and then metal is conformally
deposited on top of the ridge (Figure 3.8b). This naturally forms the cavity-backed slot
antenna where the slot length is defined by the ridge length (L) and the cavity depth is
defined by the ridge height (dc). The antenna is completely self-aligned to the ridge without
the need for precise lithographical alignment. The ridge fully fills the cavity providing
excellent coupling between the active region and antenna mode. Electrons are electrically-
injected into the active region through the antenna and holes are injected through the p-type
substrate. A thin insulator can be used to electrically isolate the antenna from the active
region and underlying substrate.

There are several advantages to the antenna-LED coupled to a cavity backed slot antenna:

1. Simple electrical injection. The antenna also serves as the electrical contact and
therefore a separate electrode does not need to be patterned.
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2. Self-alignment of the active region to the antenna. It is not necessary to align
the antenna feedgap to the active region.

3. Large contact area for reduced contact resistance. Electrical contact can be
made to the entire top of the pn junction instead of a localized area as was the case
for the electrically-injected dipole antenna shown earlier in the chapter.

4. Directional light emission. Light is emitted only downward into the substrate.
Coupling the light into a waveguide with high coupling efficiency should be straight-
forward [41].

5. Large thermal heat sink from antenna metal. This will allow for much larger
current density than typically allowed in normal LED structures. As shown later, this
will allow for ≈ µW output power.

Top view

(a)

n
activeactive

metal

n

p-type substrate

Top view

I

(b)

p-type substrate

insulator

L

dc

Figure 3.8: (a) Bare semiconductor pn junction ridge; and (b) bare ridge encapsulated with
metal naturally forming the cavity-backed slot antenna.
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Chapter 4

Electrically-injected III–V
antenna-LED coupled to a
cavity-backed slot antenna

In the previous chapter, the cavity-backed slot antenna was identified as an ideal choice for
the electrically-injected antenna-LED. At the end of the chapter, a simplified electrically-
injected antenna-LED design consisting of a cavity-backed slot antenna was proposed. In
this chapter, a realistic antenna-LED design consisting of a nanoscale III–V pn junction ridge
coupled to a cavity-backed is introduced. Building on the general design principles covered in
the last chapter, the optimization of the III–V antenna-LED will be discussed. The fabrica-
tion of the antenna-LED and the measurement of the antenna-enhanced electroluminescence
will then be shown.

4.1 Electrically-injected III–V antenna-LED

A III–V antenna-LED with a cavity-backed slot antenna is shown in Figure 4.1. The antenna-
LED consists of a nanoscale double heterostructure InP/InGaAsP pn junction ridge covered
with silver (Ag) metal. This geometry naturally forms a cavity-backed slot antenna where
the cavity is filled with the pn junction ridge. Electrons are injected from the antenna
into the InGaAsP active region through the top of the ridge whereas holes are injected into
the active layer through a highly doped p-type InGaAsP layer. A thin 3 nm Al2O3 layer
electrically isolates the sidewall of the active region from the antenna and a thick 150 nm
spin-on-glass layer electrically isolates the antenna from the underlying p-type substrate.

The resonance wavelength of the cavity-backed slot antenna is tuned by changing the
dimensions of the slot length (L) and the cavity depth (dc), which in the antenna-LED is
tantamount to changing length of the semiconductor ridge and thickness of the spin-on-
glass spacer layer between the antenna metal and p-type substrate. The antenna resonance
is designed to overlap the peak emission wavelength of the InGaAsP active region near
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Figure 4.1: Illustrations of electrically-injected III–V antenna-LED coupled to a cavity-
backed slot antenna. (a) Cross-sectional view showing details of the device layers; and (b)
Cutaway view of the antenna-LED. The active region consists of double heterostructure
InP/InGaAsP layers.

λ0 = 1.45 µm (corresponding to an emission frequency of 200 THz).
The InP is mostly transparent at a wavelength of 1.45 µm therefore the emitted light

from the antenna-LED can either be collected through the backside of the InP substrate or
integrated with an on-chip waveguide similar to the waveguide coupled device reported in
[41].

4.2 Optimizing the design for high spontaneous

emission enhancement and antenna efficiency

Choosing the slot length and cavity depth

Plotted in Figure 4.2a-c is a contour plot of the simulated antenna resonance wavelength,
spontaneous emission enhancement, antenna efficiency and Q as a function of the slot length
and cavity depth. Spontaneous emission enhancement was calculated as the ratio of the
radiated power with antenna to the radiated power from the bare ridge without metal.
Antenna efficiency was calculated as the radiated power divided by total power including
loss. The quality factor was calculated by analyzing the ring-down of the energy in the
simulation domain as a function of time.
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Figure 4.2: Contour plots of the (a) resonance frequency; (b) spontaneous emission enhance-
ment; (c) antenna efficiency; and (d) quality factor of the III–V antenna-LED. The solid
white contour line denotes the combinations of slot length and cavity depth that achieve
antenna resonance at 200 THz.

In each plot in Figure 4.2, a solid white contour line denotes the values of slot length and
cavity depth that can provide the desired antenna resonance frequency at 200 THz. As dis-
cussed in the previous chapter, the desired antenna resonance frequency can be met at many
different combinations of slot length and cavity depth. However, not all combinations are
equably favorable in terms of performance. The maximum spontaneous emission enhance-
ment of about 380-fold occurs with a slot length of 175 nm and cavity depth of 150 nm and
occurs when the antenna efficiency is about 50%. The antenna efficiency can be increased
by increasing the slot length but at the expense of spontaneous emission enhancement.

There are also a number of other practical considerations in choosing the dimensions
of the antenna. First, the cavity depth needs to be large enough to accommodate the pn
junction device layers. Second, although it is not a fundamental issue, it is more desirable
to choose a cavity depth where the antenna resonance is sensitive to the slot length. By
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patterning many antenna-LEDs with varying slot length on an experimental chip, there will
then be a good chance to find a device with good overlap between the antenna resonance
and active region emission wavelength.

With all of these considerations in mind, a target cavity depth of 100 nm and slot length
of 220 nm was chosen.

Improved performance with spacer oxide

Spin-on-glass
spacer

InP

InP

InGaAsP InGaAsP

InP

activeactive

Ag Ag(a)

(c)
With spacerWithout spacer

With spacer

Without spacer

(b)y

xz

Figure 4.3: Comparison of antenna-LED with and without a spacer dielectric between the
substrate and antenna. Illustration of antenna-LED (a) without a spacer; and (b) with a
spacer. (c) Simulated spontaneous emission enhancement showing significant increase in the
enhancement with spacer.

The spontaneous emission enhancement of the cavity-backed slot antenna is inversely
proportional n2 where n is the refractive index of both the material filling the slot and the
substrate on which the antenna sits. Although we have no choice in this case but to fill the
cavity with a high-index semiconductor, we can engineer the effective index of the substrate.
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Consider first the naive approach in which the cavity-backed slot antenna is filled with III–
V semiconductor and also sits directly on the III–V substrate (Figure 4.3a). This design will
suffer from the complete n2 ≈ 10-fold reduction in the spontaneous emission enhancement.

An improved approach and the one that is adopted here is to insert a low-index spacer
between the antenna and the underlying substrate (Figure 4.3b). The low-index spacer
reduces the effective index of the substrate therefore reducing the n2 penalty.

Shown in Figure 4.3c is a plot of the normalized spontaneous emission enhancement for
an antenna-LED with and without the spacer. The spontaneous emission enhancement is
increased by about a factor of four when the spacer is inserted between the antenna and
substrate thus reducing the effective index by roughly a factor of two.

The low-index spacer also serves to provide electrical isolation between the antenna and
underlying substrate. Furthermore, at high modulation frequencies, the spacer will also be
useful to reduce the capacitance and thus RC parasitic time constant of the antenna-LED.

Spatial overlap of the mode with the active region
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Figure 4.4: Simulated plots of |E|2 for the antenna mode as viewed on the (a) xy-plane; and
(b) xz plane
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Ideally, the active region of the antenna-LED is placed precisely at the maximum of the
“hotspot” of the mode within the feedgap of the antenna. In practice, this is difficult to
achieve and the entire active region will not see the maximum enhancement predicted in
Figure 4.2b.

The antenna mode of the cavity-backed slot antenna resides primarily toward the bottom
of the cavity and center of the slot region. This can be seen in the cross-sectional plots of the
simulated electromagnetic energy density in Figure 4.4. The 35 nm thick InGaAsP active
region is placed at the bottom of the cavity where spatial overlap with the antenna mode is
highest (Figure 4.4a).

As viewed in the xz-plane (Figure 4.4b), the antenna mode is maximum in the center
and falls off toward the ends of the slot. This is precisely what was predicted in the previous
chapter. Therefore an emitter placed at z = 0 will see the highest enhancement.

Because of the spatial variation in the mode, the overall spontaneous emission enhance-
ment seen by the active region is the maximum spontaneous emission observed at the center
of the mode multiplied by some volume factor ΓV . Several simulations were run by placing
dipole emitters throughout the active region and measuring the total radiated power. ΓV
was then calculated as this total radiated power divided by the total radiated power if all the
dipoles were placed at the maximum of the antenna mode. In this manner, ΓV was found to
be ≈ 0.5.

Penalty from electrically insulating the active region

As can be seen in Figure 4.4a, much of the antenna mode resides in the lower index Al2O3

that electrically isolates the active layer from the antenna. This is undesirable as it reduces
the spontaneous emission enhancement that would otherwise be possible if the insulator was
not present. It is shown in Appendix A that the Al2O3 effectively increases the width of the
slot (w); making the electrical width of the slot appear larger than the physical width. This
reduces the amount of current that is coupled into the antenna from a dipole emitter in the
active region. An effective slot width (weff ) can be defined as

weff = w +
εs
εox

tox (4.1)

where εs and εox are the relative permittivity values of the InGaAsP and Al2O3 and tox is the
total Al2O3 thickness. The effective width (weff ) in this case is 30+ 3.17

1.63
6 = 42 nm. Recalling

that the spontaneous emission enhancement goes as w−2, the enhancement is reduced by a

factor of
(

30
42

)2
= 0.5 when the ridge is cladded with Al2O3. This is a significant penalty to

pay therefore the Al2O3 thickness must be reduced as thin as possible without resulting in
high electrical leakage.
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Figure 4.5: Simplified drawing of the fabrication process flow. (a) Start with epitaxial wafer;
(b) pattern HSQ hard mask; (c) dry etch InP/InGaAsP ridge with ICP; (d) reduce the width
of the ridge with digital etch; (e) deposit Al2O3 with ALD; (f) spin on photoresist; (g) etch
back photoresist to expose top of ridge; (h) wet etch Al2O3 from top of ridge; (h) spin on
spin-on-glass and cure; (i) etch back spin-on-glass; (j) pattern and deposit Ag antenna.

4.3 Fabrication of electrically-injected antenna-LED

The fabrication process of the electrically-injected antenna-LED began with a InP/InGaAsP
double heterostructure light emitting diode (LED) structure epitaxially grown on a semi-
insulating InP substrate (Figure 4.5a). The device layers consisted of a 35 nm thick nominally
undoped InGaAsP active region sandwiched between higher bandgap p-type (p0 = 5 ×
1018 cm−3) and n-type (n0 > 1019 cm−3) InP layers. Detailed information on the thickness
and doping concentration of the epitaxially grown layers can be found in Appendix E.

Next, electron beam lithography (EBL) was used to pattern the negative resist hydrogen
silsesquioxane (HSQ) into narrow ridges to serve as a dry etch hard mask (Figure 4.5b).
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Nanoscale InP/InGaAsP ridges were then etched using an inductively-coupled plasma (ICP)
dry etch system with Ar/H2/CH4/Cl2 gas at room temperature (Figure 4.5c).
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Figure 4.6: SEM images of the InP/InGaAsP ridge after several different process steps: (a-b)
after dry etching; (c) after photoresist etch back; (d) after removal of Al2O3 from the top of
the ridge

Several cycles of a digital etch were then used to further reduce the width of the ridge by
approximately 20 nm (Figure 4.5d). The digital etch consisted of an O2 plasma to oxidize
the surface of the ridge followed by a dilute sulfuric acid etch to remove the oxide [86], [87].
This reduced the ridge width by 2 nm per digital etch cycle. The advantage of using the
digital etch is that very narrow ridges can be fabricated using much wider hard mask thereby
easing the lithography requirements. However, the digital etch was found to dramatically
increase the surface recombination velocity; opposite to what was reported in [87]. The
observed increase in surface recombination velocity will be discussed further in Chapter 5.

After dry etching, the HSQ hard mask was removed with a dip in hydrofluoric acid.
Shown in Figure 4.6a-b are tilt-angle SEM images of a InP/InGaASP ridge after the dry
etch process showing the steep sidewall and high-aspect ratio of the ridge.

The ridge was electrically insulated using a thin 3 nm Al2O3 deposited by atomic layer
deposition at 200◦C using trimethylaluminum (TMA) and water (H2O) for aluminum and
oxygen precursors respectively (Figure 4.5e). The Al2O3 on the top of the ridge was then
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Figure 4.7: Front-side optical image of antenna-LED devices after fabrication.

removed to allow for electrical contact by first spinning on UV photoresist (PR) and etching
back the PR with an O2 until the top of the ridge was exposed (Figure 4.5f-g). An tilt-angle
SEM image of a ridge after the PR etchback process is shown in Figure 4.6c. Then, the
Al2O3 on the exposed portion of the ridge was removed with buffered hydrofluoric acid. The
PR was then stripped off the sample using a standard solvent clean. The end result after
removal of the Al2O3 on top of the ridge is shown in Figure 4.6d.

The surface was planarized by spinning on HSQ followed by high temperature curing to
cross-link the HSQ and form spin-on-glass (Figure 4.5h). Next, the spin-on-glass was etched
back with a SF6/He plasma until the top of the spin-on-glass corresponded with the bottom
of the InGaAsP active region (Figure 4.5i). Finally, the silver (Ag) antenna was patterned
using EBL and the Ag (with a 5 nm thick germanium wetting layer) was deposited using e-
beam evaporation (Figure 4.5j). Angled evaporation with an in-situ tilt stage was employed
during evaporation to ensure good metal coverage on the sidewall of the ridge. More details
on the tilt-evaporation can be found in Appendix D.

After evaporation and lift-off of Ag antenna metal, a 10 nm Al2O3 layer was deposited
by ALD on top of the sample to act as a barrier to corrosion of the Ag. Finally standard
UV-lithography and e-beam evaporation with liftoff was used to pattern and deposit the
gold (Au) n and p-type probe pads for testing.

An optical image of two processed device is shown Figure 4.7. The devices share a
common ohmic p-contact probe pad to the highly doped p-InGaAsP layer whereas each
antenna-LED has its own n-contact probe pad. The n-contact probe pad is placed on a
e-beam evaporated SiO2 layer to ensure electrical isolation between the n-contact and un-
derlying p-type layer. An electrical interconnect is routed between the antenna-LED and
n-contact probe pad for biasing. The field area is covered with spin-on-glass which appears
dark purple in Figure 4.7. The light blue band running vertically in the image is the etched
back spin-on-glass layer which serves to isolate the antenna from the underlying substrate.
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Finally, several e-beam alignment marks can be observed; these were used to align the an-
tenna to the semiconductor ridge.

1 mµ

encapsulated InP/InGaAsP ridge

cavity-backed slot antenna

electrical interconnect

Ag

(a)

InGaAsP
n-InP

spin-on-glassp-InP

Ag
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(b)

Figure 4.8: (a) Scanning electron microscope (SEM) tilt-view image of an antenna-LED; and
(b) focused ion beam (FIB) cross-section of an antenna-LED device.

Shown in Figure 4.8a is a scanning electron microscope (SEM) image of the antena-LED.
The InP/InGaAsP ridge is fully encapsulated with Ag metallization after the tilted metal
evaporation. The sidewalls of the antenna that run parallel with the long axis of the ridge
have a very shallow angle owing to the tilted evaporation. The electrical interconnect that
routes from the antenna to the probe pad can be seen in the upper-left corner of Figure 4.8b.

The focused ion beam (FIB) cross-section of an antenna-LED can be seen in Figure 4.8b
showing clear detail of the device layers. False color is used to help improve the visibility of
the materials. Excellent coverage of the Ag antenna and spin-on-glass layer is observed along
the sidewall of the InP/InGaAsP ridge. It should be noted that the FIB image shown in
Figure 4.8b was taken of a device that was fabricated with an unoptimized dry etch process
that lead to shallower etch angle than what is observed in Figure 4.6b.
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4.4 Measurement of the antenna resonance
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Figure 4.9: Normalized scattering intensity for several slot lengths showing clear blue-shift
in the resonance peak as the slot length is scaled down. Each colored plot refers to the
scattering spectrum for antenna-LED devices with different ridge length (L).

Dark-field spectroscopy was used to probe the resonance behavior of the antenna-LEDs
to confirm overlap of the antenna resonance with active region emission. Several test ar-
rays consisting of antenna-LED devices with varying slot length were illuminated obliquely
through the backside of the substrate with a broadband lamp. Light that was scattered off
the antennas was captured by the objective and focused onto the input slit of a spectrograph
with liquid nitrogen cooled InGaAs CCD for spectral measurement. In that manner, the
scattered light spectrum as a function of slot length was measured. To increase the signal-
to-noise ratio, ≈ 20 antenna-LED devices was measured for each slot length and a polarizer
was placed in front of the spectrometer and aligned parallel with the polarization of the
antenna mode.

The p-InGaAsP layer absorbs light with λ > 1.2 µm and therefore was removed prior
to the dark-field measurement. This was done by flip-chip mounting the sample on a glass
side using optical epoxy. The InP substrate and p-InGaAsP layer was then removed through
mechanical lapping and wet etch. Although the data are presented here first, the actual
dark-field measurement was performed last because of the destructive sample preparation.
More details of the dark-field spectroscopy experimental setup can be found in Appendix C.

The scattered light spectra of antenna-LED devices with varying slot length are plotted
in Figure 4.9. A clear blue shift is observed in the resonance peak as the slot length is
reduced. The blue-shift becomes more pronounced as the slot length is reduced below 400
nm. These observations are consistent with the simulated resonance plot of the cavity-
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backed slot antenna discussed previously. Given the active region emits at a wavelength of
λ0 = 1.45 µm, the antenna-LEDs with slot length between 300 and 500 nm long provide
the best overlap with the antenna resonance; this is slightly longer than what was predicted
with simulation.

4.5 Electroluminescence (EL) measurement

Measuring the antenna effect
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Figure 4.10: (a) Schematic of the antenna-less LED used as a reference device to quantify
the effect of the antenna. The antenna-less LED was fabricated by locally increasing the
thickness of the spin-on-glass spacer layer (blue) between the substrate and antenna. (b)
Simulated radiated power of the antenna-less LED compared to the bare ridge showing that
the antenna-less LED is a reasonably good proxy for the bare ridge.

Quantifying the effect of the antenna on the light emission of the antenna-LED requires
the measurement of an identical device without antenna. For an optically pumped device
this is trivial: one device is fabricated with an antenna and another without an antenna.
Both devices are optically pumped and the photoluminescence intensity or time-resolved
photoluminescence results are compared. For the electrically-injected antenna-LED this is
not as straightforward because the antenna serves as both an antenna as well as an electrical
contact. Ideally, we would like to compare the light emission from the antenna-LED and
the bare III–V ridge without any metal. However, if the antenna is removed, it is no longer
possible to electrically-inject the the device.

To circumvent this problem, an antenna-less LED was fabricated by locally increasing
the thickness of the insulator region between the antenna and underlying substrate as shown
in Figure 4.10a. In this manner, the antenna-less LED can still be electrically-injected
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while the active region no longer couples to the antenna and should behave similarly as
if radiating into free-space. This was confirmed by simulating the average radiated power
from x̂, ŷ, and ẑ-dipoles in the active region of the antenna-less LED and comparing with
the average radiated power from the same dipoles placed in bare ridge without metal. The
radiated power as a function of wavelength is shown for both of these scenarios in Figure
4.10c. It can be seen that the spontaneous emission rate enhancement of the antenna-less
LED is similar as the bare ridge without metal. The radiated power of the antenna-less
LED is slightly higher, therefore we may expect that any measured spontaneous emission
enhancement will be a lower bound to the actual spontaneous emission enhancement; more
on this later in the chapter.

The electroluminescence (EL) from both antenna-LED and antenna-less devices was
measured by forward-biasing individual devices with constant current and collecting the
emitted light through the backside of the InP substrate. Antenna-LED devices with varying
slot length were fabricated and measured on the same chip. For each antenna-LED measured,
an antenna-less device with otherwise identical device dimensions was also measured. For
all measurements, the current density was kept constant at J = 6 kA/cm2. More details of
the experimental setup of the EL measurement are discussed in Appendix C.

Electroluminescence from antenna-less LEDs

Shown in Figure 4.12a are EL spectra from the measured antenna-less LEDs with varying
ridge length (L). The light emission from the antenna-less devices is weak with a peak
intensity near λ = 1.45 µm consistent with the bandgap of the active region material. The
shape of the EL spectra is independent of the ridge length as expected. Several different
antenna-less devices were measured for each ridge length; only the brightest devices are
plotted in Figure 4.12a.

Electroluminescence from antenna-LEDs

The dark-field image of two unbiased antenna-LEDs as viewed through the polished InP sub-
strate is shown in Figure 4.11. The dark-field image was captured by collecting and focusing
the scattered light onto a thermoelectric-cooled 2D InGaAs CCD camera. Strong light emis-
sion is observed after the topmost antenna-LED is forward biased with J = 6 kA/cm2 of
forward current (the bottom-most antenna-LED remains unbiased and therefore no light is
emitted).

Plotted in Figure 4.12b is the measured EL from the antenna-LED devices showing two
clear indications of antenna-enhanced spontaneous emission:

1. Increased EL intensity. The intensity of the EL emission from the antenna-LED
devices is significantly brighter than the emission from the antenna-less devices indi-
cating the quantum efficiency of the antenna-LED devices increased from enhanced
spontaneous emission.
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Figure 4.11: (a) Dark-field image of an unbiased antenna-LED device as viewed through
the InP substrate; and (b) Dark-field and electroluminescence image after the top-most
antenna-LED is forward biased. Bright emission is observed.

2. Blue-shift of emission wavelength as ridge length is decreased. The peak
wavelength of the emission spectra blue-shifts as the ridge length is decreased. This
is consistent with the expected behavior of the cavity-backed slot antenna and consis-
tent with the direct measurement of the antenna resonance behavior with dark-field
scattering.

The resonance wavelengths observed in the EL data correspond roughly to the scattering
measurements discussed previously. The resonance measured from the dark-field measure-
ment is somewhat red-shifted compared to the EL data. Because of the removal of the
substrate prior to the dark-field measurement, the antenna-LEDs were effectively emitting
into a slightly lower index which can explain the slight discrepancy between the dark-field
and EL data. Full-wave simulations predict an ≈ 20 THz red-shift in the antenna resonance
frequency after removal of the substrate; consistent with the data observed here.

Electroluminescence enhancement

The EL enhancement is plotted in Figure 4.12c by taking the ratio of each antenna-LED
spectrum in Figure 4.12b with the its respective antenna-less spectrum in Figure 4.12a. This
effectively extracts the spectrum of the antenna resonance from the overall emission spectrum
of each antenna-LED. The EL enhancement is proportional to the slot length with the largest
EL enhancement of ≈ 25-fold occurring for a ridge length of 550 nm. The antenna-LED with
a slot length of 450 nm had an EL enhancement of ≈ 20-fold and was found to provide the
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Figure 4.12: Electroluminescence measurement of (a) antenna-less ; and (b) antenna-LED
devices for various slot lengths. (c) Plot of the EL enhancement which is the ratio of the
antenna-LED EL spectrum in (a) to the antenna-less EL spectrum in (b).

antenna resonance wavelength with the best overlap of the intrinsic emission wavelength of
the active region.

The observation that the EL enhancement increases with slot length suggests that the
antenna efficiency is lower than expected. This is likely a result of higher than expected
Ohmic losses which can be improved through optimized metal deposition [88].



CHAPTER 4. ELECTRICALLY-INJECTED III–V ANTENNA-LED COUPLED TO A
CAVITY-BACKED SLOT ANTENNA 49

Polarization of the light emission

Ag

θ

(a)

(b)

antenna-less

activen

Ag

active
n

p

p

antenna-LED

Figure 4.13: Normalized EL intensity plotted as a function of polarizer angle (θ) for the (a)
antenna-less LED; and (b) antenna-LED. The inset in (b) shows the orientation of θ with
respect to the slot.

In Figure 4.13a-b, the polarization preference of the emitted light from the antenna-
LED and antenna-less LED is shown by plotting the spectrally integrated EL intensity as
a function of polarizer angle (θ) for a device with ridge length of 450 nm. The angle θ is
measured with respect to the orientation of the ridge such that θ = 0◦ refers to the polarizer
aligned along the long axis of the ridge.

The emitted light of the antenna-LED was predominantly polarized with electric field
along the short-axis of the slot (x̂-direction) consistent with the expected behavior of the
cavity-backed slot antenna. In contrast, the emitted light of antenna-less LED was polarized
along the long axis of the ridge (ŷ-direction). This can be attributed to the strong index
anisotropy observed by a dipole emitter in the bare semiconductor ridge. Similar behavior
has been observed in other nanoscale semiconductor ridge structures and nanowires [89].
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4.6 Measurement of spontaneous emission

enhancement

Time-resolved photoluminescence
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antenna-LED

no antenna

Figure 4.14: Time-resolved photoluminescence measurement of the antenna-less LED (blue),
antenna-LED (red), and instrument response function (black).

Time-resolved photoluminescence (PL) was measured by exciting the InGaAsP active
region with a short laser pulse from a Ti:Sapphire femtosecond laser (λ = 1000 nm and
pulse width < 200 fs). The light emission from the active region region was then monitored
as a function of time and a decay rate was extracted using time-correlated single photon
counting (TCSPC). The experimental setup for the TCSPC measurement is described in
more details in Appendix F.

Plotted in Figure 4.14 is the time-resolved PL from the antenna-LED (red curve) and
antenna-less LED (blue curve) with ridge length of 450 nm along with the instrument re-
sponse function (black curve). The decay time (τ) of the antenna-LED and antenna-less
LED are nearly indistinguishable and measured to be τ ≈ 20 ps. The data suggest then
that non-radiative recombination is the dominant recombination pathway in the antenna-
LED and therefore the decay time extracted from the curves in Figure 4.14 is simply the
non-radiative lifetime.

III–V semiconductors are known to have relatively high surface recombination velocity
which can significantly reduce the efficiency of nanoscale III–V light emitting devices. In-
GaAsP typically has surface recombination velocity of about 104 cm/s; however, the surface
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recombination velocity (vs) was separately measured and found to be vs > 105 cm/s signifi-
cantly higher than expected. This is attributed to process induced surface damage and will
be discussed in greater detail in Chapter 5. The non-radiative lifetime (τnr) can then be
approximated as τnr ≈ w/(2vs) = 30× 10−9/(2× 105) = 15 ps consistent with the measured
decay time.

Efficiency as a gauge for spontaneous emission enhancement

Since the spontaneous emission enhancement is inaccessible from the time-resolved PL, an
alternative approach is needed.

In the limit of dominant non-radiative rate, the quantum efficiency (QE) for the antenna-
LED can be written as

QE =
Fτ−1

rad

Fτ−1
rad + τ−1

nr

≈ F
τnr
τrad

(4.2)

where τnr is the non-radiative lifetime, τrad is the bulk radiative lifetime (without antenna),
and F is the spontaneous emission enhancement. Therefore, the spontaneous emission en-
hancement can be measured directly from the increase in the quantum efficiency of the
device. Low quantum efficiency is obviously not desirable for a practical device but we
can take advantage of it here to extract the spontaneous emission rate enhancement in a
reasonably straightforward manner. Strategies on increasing the quantum efficiency will be
discussed later in Chapter 5.

In (4.2), F should be considered the overall spontaneous emission enhancement averaged
over all dipole orientations and weighted by the emission spectrum of the active region.
However, we are mostly interested in the peak enhancement (Fpeak) for a dipole with identical
angular frequency and polarization of the antenna mode. The cavity-backed slot antenna is a
linearly polarizing antenna and will only enhance dipoles that are oriented transverse to the
long axis of the slot (x̂-direction). Therefore, the peak spontaneous emission enhancement
(Fpeak) is written

Fpeak =
Ix,ant
Ix,0

∣∣∣∣
maximum

(4.3)

where Ix,ant and Ix,0 is the intensity of light emitted by an x̂-dipole when exciting an antenna-
LED and antenna-less LED respectively.

The x̂-dipole will have an electric-field component only in the x̂-direction when the light is
collected directly underneath the device (i.e. the microscope objective is placed at x = z = 0
using the coordinate system defined Figure 4.1). Similarly, the ŷ-dipole and ẑ-dipole will
only have ŷ and ẑ components in the far-field. Therefore, the intensity of light emitted by
the x̂-dipoles can be resolved from the other polarization directions by inserting a polarizer
aligned in the x̂-direction. The emission spectra of the antenna-LED and antenna-less LED
can then be measured and Fpeak extracted by applying (4.3). However, the spectrum of x̂-
polarized light emitted by the antenna-less LED (Ix,0) was too weak to be reliably measured.
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Instead, it was recognized that Ix,0 = αIy,0 where α = Ix,0/Iy,0 = 0.2 is the polarization ratio
extracted from Figure 4.13.

Given the light from the antenna-LED was almost completely x̂-polarized and the light
from the antenna-less LED was almost completely ŷ-polarized, Fpeak was extracted by divid-
ing the EL enhancement in Figure 4.12c by α. After doing so, we found a peak spontaneous
emission enhancement of ≈100-fold for the antenna-LED with slot length of 450 nm.

Taking into account light extraction efficiency

The above analysis assumed that the light extraction efficiency of the antenna-LED and
antenna-less LED were similar; however, in general, this is not necessarily the case. The light
extraction will depend upon the numerical aperture of collection optics, radiation pattern
of the LEDs, and metal loss. Furthermore, some collection of light from ŷ and ẑ-dipoles is
inevitable and cannot be completely avoided since the light is not collected from a singular
point in the far-field but rather a finite collection area related to the NA of the collection
optics. Differences between the light extraction efficiency between the two devices will lead to
an under-prediction or over-prediction of the calculated spontaneous emission enhancement
from the ratio of measured light intensity. Full-wave simulation was used to account for
the extraction efficiency and put a bound on the measured 100-fold spontaneous emission
enhancement.
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Figure 4.15: Simulation to calculate the effect of extraction efficiency on spontaneous emis-
sion enhancement measurement. (a) “True” spontaneous emission enhancement measured
by exciting the antenna-LED with a dipole and measure the total radiated power leaving the
computational domain; (b) experimentally measured spontaneous emission enhancement.
Only the power collected by the microscope objective is measured; and (c) comparison of
the spontaneous emission enhancement measured using the two different methods.



CHAPTER 4. ELECTRICALLY-INJECTED III–V ANTENNA-LED COUPLED TO A
CAVITY-BACKED SLOT ANTENNA 53

To understand the effect of light extraction efficiency on the measured spontaneous emis-
sion enhancement, two simulations were run:

1. “True” spontaneous emission enhancement (Figure 4.15a). The true sponta-
neous emission enhancement was simulated by taking the ratio of the total radiated
power of the antenna-LED and antenna-less LED when excited by an x̂-dipole only.
The simulated radiated power was integrated from an ideal far-field sphere that sur-
rounds the entire device.

2. Experimentally measured spontaneous emission enhancement (Figure 4.15b).
The experimentally measured spontaneous emission enhancement was simulated by
taking the ratio of the total radiated power of x̂-polarized light from the antenna-LED
and antenna-less LED when excited by x̂, ŷ and ẑ-dipoles. The simulated radiated
power was integrated only along the the effective aperture opening of a microscope
objective with NA = 0.8. Fresnel reflections including the effect of Snell’s Law were
fully taken into account.

Plotted in Figure 4.15c are the results of both simulations showing that the experimentally
measured spontaneous emission enhanced is expected to be lower than the actual spontaneous
emission enhancement by about an order of magnitude. The reason for the discrepancy is
a result of the large contribution to the intensity of measured light from ẑ-dipoles in the
antenna-less device. It is concluded then that the measured 100-fold spontaneous emission
enhancement is a lower bound on the actual spontaneous emission enhancement.

4.7 Increasing the enhancement with a quantum well

antenna-LED

The antenna-LED presented in the previous sections consists of a double heterostructure
bulk active region with isotropic dipole emission. Because the cavity-backed slot antenna is
linearly polarizing, only a third of the dipoles will be enhanced by the antenna. This dipole
averaging will limit the overall increase in the spontaneous emission rate enhancement.

An improved active region design shown in Figure 4.16a consists of a multiple quantum
well (MQW) active region with 6 nm thick InGaAs quantum wells cladded by InGaAsP.
Quantum confinement in one-direction leads to an in-plane (xz-plane) polarization preference
for dipole emission for the dominant conduction band to heavy-hole transition. Therefore,
the effect of dipole averaging is reduced since now half of the dipoles will observe antenna-
enhanced spontaneous emission. The dipole averaging is described in much greater detail in
Chapter 6.

Antenna-LED devices were fabricated in much the same manner as described in the
previous section for the double heterostructure antenna-LED. In addition to the improved
active region, the thickness of the Al2O3 layer was also reduced from 3 to 1 nm to improve
the emitter-antenna coupling. To accommodate the multiple quantum well device layers, the
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Figure 4.16: (a) Antenna-LED with multiple quantum well active region; and (b) transmis-
sion electron microscope image of the multiple quantum well active region [90]

cavity-depth was increased to 150 nm (compared to 100 nm for the double heterostructure
antenna-LED).

Electroluminescence of quantum well antenna-LED

(a) (b)

antenna-less LED

antenna-LED

Figure 4.17: (a) Electroluminescence spectra of the quantum well antenna-LED and antenna-
less LED; and (b) EL enhancement spectrum of the devices in (a).

Electroluminescence (EL) was measured in the same manner as the double heterostruc-
ture device. Both MQW antenna-LED and antenna-less devices were patterned with varying
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slot length. Evidently because of the deep cavity-depth, the resonance was very sensitive
to slot length and only antenna-LEDs with slot length of 250 nm provided reasonably good
overlap of the antenna resonance with the active region wavelength near λ0 ≈ 1.5 µm. Shown
in the Figure 4.17a are the EL spectra of the antenna-LED and identically sized antenna-
less LED forward-biased with J = 12 kA/cm2 of current. Bright light emission from the
antenna-LED with respect to the antenna-less LED was observed. Plotted in Figure 4.17b is
the EL enhancement spectrum which was calculated by taking the ratio of the two spectra in
Figure 4.17a. A large 40-fold increase in the EL intensity is observed with the antenna-LED
device. The peak of the EL enhancement is centered near λ0 = 1600 nm which is red-shifted
slightly with respect to the intrinsic active region emission wavelength near λ0 = 1500 nm.
A spontaneous emission enhancement of ≈ 200-fold was extracted from the EL enhancement
in Figure 4.17b using the same methodology reported in the previous section. This is a fac-
tor of two higher than the spontaneous emission enhancement of the double heterostructure
antenna-LED thus suggesting the usefulness of the quantum well active region and reduced
Al2O3 thickness.

Quantum efficiency of the quantum well antenna-LED

The quantum efficiency (QE) of the quantum well antenna-LED can be estimated as

=
q(photon counts per sec)

(collection efficiency)× (microscope throughput)× (current)
(4.4)

=
q(20× 104)

(0.1)× (0.1)× (10−6)

= 10−5

where the photon counts per second was measured by spectrally integrating the light in
Figure 4.17a, the microscope throughput is estimated through separate calibration measure-
ment, and the collection efficiency is estimated through full-wave simulation. The calculated
quantum efficiency is rather low at 10−5 which is not large enough for an efficient on-chip
optical link. What is the expected quantum efficiency?

The injected carrier density can be estimated as

J

qdQW
∼=

n

τnr
(4.5)

where τnr is the non-radiative lifetime from surface recombination at the active region surface
and is given approximately by

τnr ∼=
1

vs

Vol.

Area
∼=

w

2vs
=

30× 10−7

2× 104
= 120ps (4.6)

where vs is the surface recombination velocity and we have initially assumed vs = 104 cm/s.
Therefore, from (4.5) the carrier density is calculated as n ≈ 5× 1018. Finally, the expected
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quantum efficiency is calculated as

QE ∼=
B0n

2

n/τnr
= B0nτnr = (10−10)(5× 1018)(120× 10−12) = 0.06 (4.7)

where B0 is the radiative coefficient and for simplicity antenna-enhanced spontaneous emis-
sion rate has been ignored. Therefore, the expected quantum efficiency is at least three
orders of magnitude higher than the actual quantum efficiency.

Why is there a discrepancy and what can be done to increase the quantum efficiency?
This will be the topic of the next chapter. It will be shown that the actual value of surface
recombination velocity (vs) is more than an order of magnitude higher than the assumed
value of 104 cm/s. An order of magnitude increase in vs will decrease both n and τnr by
an order of magnitude resulting in a two orders of magnitude lower quantum efficiency than
what was calculated in (4.4) thus explaining the bulk of the discrepancy. A strategy to
significantly reduce the surface recombination velocity and increase the quantum efficiency
will discussed in the next chapter.
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Chapter 5

Overcoming non-radiative
recombination

In the previous chapter, experimental results of an electrically-injected antenna-LED were
presented. Despite reasonably high spontaneous emission enhancement from the antenna,
the quantum efficiency was lower than what is desired for a practical device. Bare III–V
surfaces are known to have large surface recombination which has placed a severe restriction
on the scalability of traditional III–V light emitting devices. This begs the question: Can
the nanoscale III–V antenna-LED ever be efficient?

In this chapter, it will be shown that, yes, the III–V antenna-LED can be efficient.
Through only a modest antenna enhancement, the spontaneous emission rate can indeed
surpass the non-radiative rate. Remarkably, this can be done without specially preparing
the surface beyond maintaining the natural surface condition of the active region. However,
because of the large surface-to-volume ratio of the antenna-LED, maintaining the surface
condition of the active region throughout the fabrication process flow is not trivial. It will
be shown that process induced surface damage causes a dramatic increase in the surface
recombination velocity and explains the low quantum efficiency of the device reported in the
previous chapter. A new method of cleaning and protecting the surface during fabrication
has been developed which gives low surface recombination velocity (< 104 cm/s) and is
expected to enable high efficiency operation of the antenna-LED.

5.1 Can the nanoscale III–V antenna-LED ever be

efficient?

Carriers injected into the antenna-LED have two primary recombination pathways as shown
in Figure 5.1. Either the carriers recombine radiatively and emit light, or the carriers recom-
bine non-radiatively at the surface and do not emit light. Other recombination mechanisms
are of course present in the antenna-LED but are almost always small enough relative to
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Figure 5.1: Cross-section schematic of the antenna-LED showing a close-up of the dominant
radiative and non-radiative surface recombination pathways in the active region.

spontaneous emission and surface recombination to be ignored1. The total current in an
antenna-LED under forward-bias can be written as a sum of the radiative current (Irad) and
non-radiative current (Inr) [91]

Itotal = Inr + Irad = qV (Rnr +Rrad) = qV (An+Bnp) (5.1)

where Rrad and Rnr are the radiative and non-radiative recombination rates and V is the ac-
tive region volume. Under the conditions of non-degenerate carrier population, an expression
for n2 is straightforward to derive

n2 = np = n2
i e
qVf/kT (5.2)

where ni is the intrinsic carrier concentration. Therefore,

n = nie
qVf/2kT (5.3)

The non-radiative coefficient (A) can be written as A = vsAs/V where As is the surface area
of the active region. The radiative coefficient (B) can be written as B = FB0 where F is the
overall antenna spontaneous emission enhancement factor and B0 ≈ 10−10 cm6s−1 for most
III–V semiconductors. An expression for the non-radiative current and radiative current in
the antenna-LED can now be written as

Inr = qAsvsnie
qVf/2kT (5.4)

Irad = qV FB0n
2
i e
qVf/kT (5.5)

1This is true except at very high carrier density. Auger recombination and other effects related to high
carrier density will be considered in detail in Chapter 6
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where As is the surface area of the active region. Equation (5.4) assumes the non-radiative
recombination is uniformly distributed in the active region and thus somewhat overestimates
the non-radiative current [92]. Equations (5.4) to (5.5) are sometimes called the kT and 2kT
currents respectively because of the dependence on the thermal voltage in the denominator
of the exponential function. It can be seen that Irad can be made larger than Inr by:

1. Minimizing the surface recombination velocity (vs).

2. Maximizing the injected carrier density (i.e. apply a large forward bias).

3. Maximizing the antenna enhancement (F ).

4. Minimizing the surface-to-volume ratio (As/V ).

Strategies to meet each of these requirements will be briefly summarized here but, where
mentioned, are covered in more detail elsewhere in this dissertation.

Minimizing the surface recombination velocity (vs)

Table 5.1 summarizes the typical experimentally observed values of vs for several candidate
semiconductors for the antenna-LED [93]–[97] . The measured vs is sensitive to sample
preparation, cleanliness, and measurement technique which has led to a large spread in the
reported values; therefore only the order of magnitudes of vs are shown here.

As mentioned, silicon has low vs but is not suitable for the antenna-LED given the
indirect bandgap. InP has one of the lowest values of vs but has a large bandgap (Eg = 1.34
eV) which limits the choice of compatible waveguide materials that are transparent to light
emitted by an InP-based antenna-LED. In particular, silicon photonics has recently become
an important platform for on-chip optical communication but silicon photonic waveguides are
absorbing for photon energy h̄ω > 1 eV. GaN, GaAs, and other large bandgap semiconductor
materials are also undesirable for this same reason. GaAs also has one of the highest values
of vs of all III–V semiconductors and thus should be completely avoided. Alloys of InP and
GaAs, can be tuned to emit light deep into the near-IR and thus compatible with silicon
photonic waveguides. Furthermore, the vs is reasonably low and falls somewhere the value
for InP and GaAs.

Semiconductor Surface recombination velocity (cm/s)
Silicon 1− 10
GaAs 106

InP 102

InGaAs(P) 103 − 104

GaN 103 − 104

Table 5.1: Typical surface recombination velocity observed for several important semicon-
ductor materials.
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There have been many reports of reducing the III–V surface recombination velocity below
the values reported in Table 5.1 with solution-based (particularly sulfides) chemical passi-
vation [96]. Longevity and repeatability of solution-based passivation is difficult to obtain
without resorting to cladding the III-V surface with a thick oxide [98]. Other approaches to
improving III-V surface quality include regrowth of a high-bandgap material [99] or slight wet
etching of the III-V surface [93]. Regrowth is challenging given the tendency for a nanoscale
structure to minimize surface energy by changing shape during regrowth and timed wet etch-
ing is not easily controlled. For these reasons, significant reduction of vs through traditional
means of passivation may not be accessible for the antenna-LED.

Maximizing the injected carrier density

Because of the dependency on the thermal voltage (kT/q) in the exponential function, the
radiative current (Irad) will increase by a decade for each 60 mV increase in the forward volt-
age (Vf ) whereas twice as much increase in Vf is needed to increase the non-radiative current
(nr) by the same factor. Therefore, operation with a high forward voltage (or equivalently,
a high carrier density) is desired. In practice, the upper limit of Vf is approximately the
bandgap of the active region material. For Vf > Eg/q, the current increases rapidly leading
to a number of non-ideal effects such as Auger recombination, carrier overflow into cladding
layers, and thermal issues.

Alternatively, the active region can be doped to ensure a high carrier density without
requiring a large Vf . This will be addressed in Chapter 6

Maximizing the antenna enhancement and minimizing the
surface-to-volume ratio

For a given antenna design, the antenna enhancement (F ) is maximized by scaling the ridge
width as small as possible since F ∝ w−2. Doing so would also increase the surface-to-
volume ratio and therefore it seems at first glance that this conflicts with the requirement
of minimizing the surface-to-volume (As/V ) ratio. However, As/V ∝ w−1 therefore it is
always desirable to scale the ridge width to maximize antenna enhancement2. That being
said, if two antenna designs have the same antenna enhancement factor but the second design
requires a smaller surface-to-volume ratio, the first design should be chosen.

The above requirements can be visualized by plotting Irad and Inr as function of applied
voltage bias for several different antenna enhancement factors (F ) as shown in Figure 5.2
for an antenna-LED with an active region consisting of three 5nm thick InGaAs quantum
wells. The ridge dimensions are assumed to be 20 nm wide by 100 nm long. In plotting
the non-radiative current (Inr) the surface recombination velocity is set to vs = 104 cm/s.
This choice of vs is a relatively optimistic value compared to reported vs values for InGaAs

2Assuming the contact resistivity does not become too large. This is discussed in Chapter 6
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Figure 5.2: (a) The non-radiative current (black) and radiative current (colored) for several
different antenna enhancement values plotted as a function of voltage; and (b) non-radiative
current (black) and radiative current (red) plotted as a function of antenna enhancement
factor with an applied voltage of Eg/q.

between 104 and 105 cm/s; this will be justified later. The upper limit of the x-axis is set to
correspond to the bandgap of InGaAs, which as discussed earlier sets the upper limit for the
forward voltage. The region in which the Irad (colored) curves exceeds the Inr (black) curve
in Figure 5.2 can be considered a region in which the antenna-LED is operating efficiently.

It can be seen that without any antenna enhancement (F = 1), Irad is unable to compete
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with Inr and, not surprisingly, the nanoscale LED without antenna will be inefficient. With
increasing antenna enhancement, the Irad curve shifts to the left and Irad will surpass Inr with
enough forward bias. This can be more clearly seen by plotting Irad and Inr as a function
of antenna enhancement at the maximum allowed forward voltage Vf = Eg/q. For a modest
enhancement of F ≥ 60, the Irad exceeds Inr and the antenna-LED will operate efficiently.
Based on this analysis, it is concluded that efficient operation of the III–V antenna-LED is
indeed possible.

5.2 Measurement of surface recombination velocity

Following [100], the surface recombination is written as

Rsurf =

(
As
V

)
np− n2

i
n
vh

+ p
ve

(5.6)

where As is the active region surface area, V is the active region volume, vh is the capture
velocity of the hole at the surface, and ve is the capture velocity of the electron at the surface.
Under the strong injection regime np� n2

i and 5.6 is reduced to

Rsurf =
As
V
vsn (5.7)

where vs is called the surface recombination velocity and is equal to v−1
s = v−1

h + v−1
e .

For a semiconductor ridge of width w and length L, the surface-to-volume ratio is written
As/V = 2/w + 2/L which for L� w simplifies to As/v ≈ 2/w and therefore

Rsurf ≈ 2vsw
−1n (5.8)

Finally, the non-radiative lifetime from surface recombination is then given by

τ−1
surf =

Rsurf

n
= 2vsw

−1 (5.9)

For sub-micron widths, the overall lifetime (τ) is dominated by τsurf and thus τsurf ≈ τ for
typical vs values ≈ 104 cm/s. Therefore, vs can simply be extracted from the linear slope of
τ−1 plotted as a function of w−1.

For all measurements in this Chapter, test samples consisting of arrays of ridges with
varying widths were used for extraction of vs. The active region of the test ridges consisted
of three InGaAs quantum wells cladded by InGaAsP/InP (more details of this structure
can be found in the previous chapter). Measurement of the overall lifetime (τ) from the
semiconductor ridges was performed with time-resolved photoluminescence (TRPL). Because
the recombination was dominated by the non-radiative pathways, the lifetime is independent
of carrier density and therefore the decay was well represented by a single exponential fit.
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5.3 Characterization of process induced surface

damage

As discussed in the previous section, high efficiency operation of the antenna-LED can be
achieved with the “natural” surface recombination velocity of the bare InGaAs active region
surface (vs ≈ 104 cm/s). Any reduction in the surface recombination velocity through
passivation is of course ideal, but not necessary. However, it is necessary to achieve and
maintain this surface recombination velocity through the entire fabrication process described
in Chapter 4. Several critical processing steps in which the active region surface is possibly
subject to surface damage have been identified:

1. Dry etching of ridges: The InGaAs active region is exposed to a high density
ICP-RIE plasma. It is well-known that dry etching of III–V materials can introduce
defects at the surface which may increase the surface recombination velocity beyond
the “natural” surface recombination velocity of the bare InGaAs surface.

2. Digital etching of ridges: The ridge is oxidized with direct exposure to O2 plasma an
then dipped in acid to remove the oxide. This is repeated several times to slowly reduce
the width. Damage to the surface is possible with physical sputtering or incorporation
of oxygen.

3. O2 descum: O2 plasma is used to clean and remove organic residue after several
process steps. During these steps, only a thin (< 5 nm) Al2O3 protects the surface
from direct exposure to plasma.

The surface recombination velocity after each of these steps was measured to characterize
the extent of surface damage.

Surface recombination velocity after dry etching

The surface recombination velocity was measured for three different samples after dry etching
with Ar/H2/CH4/Cl2 gas in an ICP/RIE chamber with 490 W of ICP power and 100 W of
forward power (Figure 5.3a-b). Plotted in Figure 5.3 is the plot of inverse lifetime (τ−1) as
a function of inverse width of the semiconductor ridge (w−1) for the three different samples.
The extracted surface recombination velocity varied between 1.2× 104 cm/s for the sample
and 6.1 × 104 cm/s for the worst sample with an average of 2.0 × 104 cm/s for all samples
combined. These surface recombination velocities are within the range reported by others
therefore it is concluded that dry etching is not significantly damaging the active region
surface (at least beyond what is typically observed). Nonetheless, the large range of surface
recombination velocity indicates a run-to-run variation which is not well-controlled. The
best sample (blue curve in Figure 5.3c) is suitable for processing into antenna-LED devices
whereas the worst sample (red curve in Figure 5.3c) is probably not suitable. A strategy to
reduce the variability will be discussed later.
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Figure 5.3: (a) Drawing of the multiple quantum well test ridge after dry etch; (b) SEM
image of the dry etched ridge; and (c) plot of the inverse decay time τ−1 as a function of
w−1 for three different dry etch runs.
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Figure 5.4: (a) Schematic of the digital etch process flow; and (b) plot of the inverse decay
time τ−1 as a function of w−1 for ridges before and after a single digital etch cycle.

A fresh sample was prepared by first dry etching ridges (Figure 5.4a). After dry etching,
the surface recombination velocity was measured to be 2.8×104 cm/s. Next, the ridges were
exposed to an O2 plasma in a parallel plate etcher at 100 W of forward power for 2 minutes
to oxidize ≈ 2 nm of the ridge surface. The oxide was removed with a 30 s dip in H2SO4 acid.
After one cycle of digital etching, the surface recombination velocity increased dramatically
by more than an order of magnitude to 5.7 × 105 cm/s (Figure 5.4b). Clearly, the digital
etch process has significantly damaged the surface. The digital etch process described here
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has been used by others without any report of damage to the III–V surface. The discrepancy
between those results in the data reported here is not understood but may be related to the
nature of the plasma exposure to the sample (forward power, time, etc.).

Surface recombination velocity after O2 descum
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Figure 5.5: (a) Schematic of the O2 descum process flow; and (b) plot of the inverse decay
time τ−1 as a function of w−1 for ridges before and after O2 descum.

Freshly prepared samples were again dry etched and had a measured surface recombi-
nation velocity of 3.1 × 104 cm/s. After dry etching, a thin 1 nm of Al2O3 was deposited
using atomic layer deposition. The sample was then exposed to an O2 plasma for 2 min at
100 W of forward power to emulate a O2 descum (Figure 5.5a). The surface recombination
velocity was observed to again increase dramatically to 1.2× 105 cm/s. The very thin Al2O3

is evidently not able to protect the active region surface from damage by the O2 plasma
(Figure 5.5b).

5.4 Improved process without process induced

surface damage

The results in the previous section demonstrate that the surface recombination velocity is
reasonably low (1− 6× 104 cm/s) after dry etching but is dramatically increased by greater
than an order of magnitude while processing the ridge into an antenna-LED. This dramatic
increase in the surface recombination velocity can explain the low quantum efficiency re-
ported for the antenna-LED device reported in the previous chapter.

Clearly, an improved fabrication process is needed to protect the surface of the active
region. In this section it will be shown that a high-quality InGaAs surface can be achieved
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Figure 5.6: (a) Schematic drawings showing deposition and removal of sacrificial Al2O3; and
(b) plot of the inverse decay time τ−1 as a function of w−1 for ridges before and after removal
of sacrificial Al2O3.

through the use of a “thick” 15 nm sacrificial Al2O3 layer deposited by ALD. Al2O3 was found
to protect the active region surface during device processing. Remarkably, upon removal of
the sacrificial Al2O3, a reduction of the surface recombination velocity to < 9000 cm/s is
observed suggesting a cleaning effect of the sacrificial Al2O3.

Cleaning effect of sacrificial Al2O3

First, the cleaning effect of the sacrificial Al2O3 is shown. Ridges were dry etched and
found to have a surface recombination velocity of 1.9 × 104 cm/s. Next, 15 nm of Al2O3

was deposited at 270◦C using ALD. The Al2O3 was then stripped off using either TMAH
(3% in commercial developer) or buffered oxide etch (1:10) as shown in Figure 5.6a. A
significant decrease in the surface recombination velocity to 8700 cm/s was observed as
shown in Figure 5.6b. The data in Figure 5.6b is composed of multiple samples from several
different runs showing the repeatability of this process. The origin of the reduction of
the surface recombination velocity is not known. On a separate sample, the deposition and
stripping of Al2O3 was repeated several times. A slight reduction in ridge width was observed
suggesting this procedure could be removing dry etch damage or surface contamination and
thus leaving behind a cleaner surface. The low surface recombination velocity was found to
be stable for at least 3 days when the sample was stored in a nitrogen purged container.

Protecting active region with sacrificial Al2O3

On a separate fresh sample, the robustness of the sacrificial Al2O3 was determined by running
a short-loop of the entire fabrication flow of the antenna-LED as shown in Table 5.4. After
each step, the surface recombination velocity was measured and plotted in Figure 5.7. After
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Figure 5.7: Plot of the inverse decay time τ−1 as a function of w−1 for ridges throughout the
antenna-LED process. The circled numbers correspond to a process step listed in Table 5.4

Curve Process step vs (cm/s)
1 Dry etch 1.0× 104

2 Deposit sacrificial Al2O3 1.9× 105

3 1 hr. bake at 350C 9.2× 104

4 Expose sample to SF6/He plasma (100W, 3min.) 1.2× 104

5 Remove sacrificial Al2O3 (TMAH or BOE) 7.6× 103

Table 5.2: Measured surface recombination velocity (vs) after each process step. The curve
number refers to the curve plotted in Figure 5.7

dry etching of the ridges and deposition of the sacrificial Al2O3, the surface recombination
velocity was measured at 1.0 × 104 cm/s and 1.9 × 105 cm/s respectively. The Al2O3 large
increase after deposition is possibly due to the presence of fixed charge in the Al2O3 which
may cause deleterious band bending at the surface of the ridge [101]. It was observed (not
shown here) that the surface recombination increased with the thickness of the sacrificial
Al2O3 layer. The surface recombination velocity remained stable after a long bake in an
ambient environment suggesting the Al2O3 serves as a good barrier against oxygen pene-
tration. Interestingly, the Al2O3 recovered after exposing the sample to a SF6/He plasma.
Passivation of traps through fluorination of Al2O3 has been reported and may explain the
results here [102]. Finally, the sacrificial Al2O3 was then stripped off revealing a low surface
recombination velocity of 7600 cm/s for this sample. Despite the large variation of surface
recombination velocity throughout the process, an overall reduction of the surface recombi-
nation velocity was observed at the end of the process. Therefore, the sacrificial Al2O3 both
protected and cleaned the surface.
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Summarizing the results, a method to protect and clean the active region surface us-
ing a sacrificial Al2O3 was shown. The process resulted in an ultra-clean InGaAs surface
with surface recombination velocity < 104 cm/s. With minimal antenna-enhancement, high
efficiency operation of the antenna-LED is feasible.
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Chapter 6

Toward 100 GHz direct modulation
rate at high efficiency

In this chapter, a model to predict the small-frequency response and efficiency of the antenna-
LED is derived. Using this model it is shown that greater than 100 GHz direct modulation
rate at high efficiency is possible with an optimized device.

6.1 Recombination pathways in the antenna-LED

Following the approach used in [100], it is useful to consider a simple carrier reservoir model
for the active region to visualize the flow of carriers in the antenna-LED as shown in Figure
6.1. Under forward-bias, carriers are injected into the carrier reservoir with a rate equal to
ηinjJ/qd where d is the active region thickness and ηinj is the carrier injection efficiency (the
physical mechanism for ηinj < 1 will be discussed in detail later). In an attempt to maintain
equilibrium, the carriers will then recombine or otherwise leave the carrier reservoir via
various radiative and non-radiative mechanisms. Radiative recombination (ηantRrad) through
electron-hole recombination and emission of light by the antenna is of course the desired
recombination mechanism in the antenna-LED. Because of resistive loss in the antenna metal,
the overall radiative recombination is reduced by the antenna efficiency (ηant).

There are many possible non-radiative pathways for carriers to leave the carrier reservoir.
Loss in the antenna metal can be considered a non-radiative recombination whose rate is
given by (1 − ηant)Rrad. Other important non-radiative pathways that are considered are
surface recombination (Rsurf ) and Auger recombination (Rauger). Surface recombination can
be very high in the antenna-LED because of the large surface-to-volume ratio of the device.
Auger recombination is known to be an issue in III–V materials at high carrier densities.
Both will be discussed in more detail later. For brevity in this section, they are lumped into
a single non-radiative rate of Rnr.

The ratio of the radiative rate to the total rate of all recombination events is called the
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Figure 6.1: Carrier reservoir model for visualizing carrier flow in the antenna-LED

internal quantum efficiency and is given by

ηIQE =
ηantRrad

ηantRrad + (1− ηant)Rrad +Rnr

. (6.1)

The ratio of the radiative rate to the total injection rate of carriers into the device will be
referred to here as the quantum efficiency and is given by

ηQE =
ηantRrad

J/qd
. (6.2)

6.2 Rate equation analysis

Under a static (DC) forward-bias condition the rate of carriers leaving the carrier reservoir
will precisely equal the rate of carriers entering the carrier reservoir thus leading to a quasi-
equilibrium. The same will be true if the forward-bias is slowly changed. As the rate of
change of forward-bias is slowly increased, there will be some point at which the carriers
in the reservoir will not be able to respond fast enough to maintain this quasi-equilibrium.
The rate of forward-bias change at which this occurs effectively defines the upper limit to
the direct modulation speed of the antenna-LED.

Rate equation analysis can be used to model the dynamic behavior of the antenna-LED
to determine the maximum modulation speed. This is done by first writing an expression
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for the rate of change of electrons as

dn

dt
= ηinj

J

qd
−Rrad −Rnr. (6.3)

Unlike the laser, the quality factor of the antenna-LED is low such that coupling between
the emitted photons and carrier density (i.e. stimulated emission) can be safely ignored.
Therefore an expression for the power emitted by the antenna-LED can be directly written
as

P = h̄ωRradV (6.4)

where V is the total injected current into the device, and h̄ω is the energy of the photon at the
peak emission wavelength. Strictly speaking, Rrad should be replaced by the integration of
the spontaneous emission spectrum to represent the broad emission spectrum of the antenna-
LED. This will be the approach when the results of the analysis are shown later in the
Chapter. However, (6.4) is retained without loss of generality.

Next, small-signal analysis is applied by supposing a small modulation is applied to the
current density and analyzing the corresponding modulation in the power emitted from the
antenna-LED. This is done by assuming the following form for the current density, carrier
density, and power

J(t) = J0 + ∆J(t)

n(t) = n0 + ∆n(t) (6.5)

P (t) = P0 + ∆P (t)

where the first term in each expression corresponds to an average value with the second term
representing a small-signal modulation about the average value. Plugging (6.5) into (6.3)
gives

d∆n

dt
= ηinj

∆J

qd
−∆n

d∆Rrad

dn

∣∣∣∣
n=n0

−∆n
d∆Rnr

dn

∣∣∣∣
n=n0

(6.6)

∆P = V h̄ω∆n
dRrad

dn

∣∣∣∣
n=n0

(6.7)

where a Taylor expansion was used to linearize Rrad and Rnr about a carrier density of
n = n0. The small-signal modulation about the average value is then assumed to be AC in
nature such that

∆J(t) = ∆J(ω)ejωt

∆n(t) = ∆n(ω)ejωt (6.8)

∆P (t) = ∆P (ω)ejωt
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where phasor notation is used. Equation (6.8) is then be inserted into (6.6) and solved for
the complex amplitude ∆n(ω)

∆n = ηi
∆J

qd

(
dRrad

dn

∣∣∣∣
n=n0

+ jω

)−1

(6.9)

Finally, (6.9) is inserted into (6.7) and after some rearranging a complicated yet complete
form for the transfer function ∆P/∆J can be written as

∆P

∆J
=
ηiV h̄ω

qd

dRrad

dn

∣∣
n=n0

dRrad

dn

∣∣
n=n0

+ dRnr

dn

∣∣
n=n0

1(
dRrad

dn

∣∣
n=n0

+ dRnr

dn

∣∣
n=n0

)−1

+ jω
(6.10)

It can be immediately seen that (6.10) is written in the form of a single-pole transfer function
whose 3dB-frequency is given by

f3dB =
1

2π

(
dRrad

dn

∣∣∣∣
n=n0

+
dRnr

dn

∣∣∣∣
n=n0

)
. (6.11)

Therefore, at a given bias point, the antenna-LED will be fast when a small increase in the
carrier density leads to a large rate of change of the radiative rate or non-radiative rate.
With the general expression for the 3dB frequency now derived we are ready to calculate the
radiative (Rrad) and non-radiative (Rnr) rate.

6.3 Radiative recombination in the antenna-LED

Antenna-enhanced transition matrix element

The radiative transition rate for a band-to-band transition in the active region of the antenna-
LED is given by Fermi’s Golden Rule. As described in Chapter 2, the transition rate is
proportional to the transition matrix element |Hfi|2. The transition matrix element in
a semiconductor describes the strength of the interaction between the vacuum-field and
electron-hole pair. The antenna acts on the semiconductor by effectively increasing |Hfi|2
and thus enhancing the transition rate.

The spontaneous emission rate enhancement (F (ω)) from an antenna can be approxi-
mated by a Lorentzian function

F (ω) = Fpeak
(ω0/2Q)2

(ω − ω0)2 + (ω0/2Q)2
(6.12)

where

Fpeak = peak enhancement factor at ω = ω0

ω0 = antenna resonance frequency

Q = quality factor of antenna resonance
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and F (ω) is evaluated at the center of the antenna hotspot where the spontaneous emis-
sion enhancement is largest. Generally speaking, the entire active region will not observe
an enhancement factor equal to F (ω) everywhere. Most antennas have some polarization
preference therefore not all dipoles in the semiconductor will be equally enhanced by the
antenna, if at all. Even without antenna enhancement, the interaction between the vacuum-
field and electron-hole transition can be polarization dependent. This may be used to our
advantage if the antenna polarization is aligned with the orientation of the dominant dipole
transition. F (ω) may be position-dependent and only a fraction of the active region volume
may overlap with the antenna mode.

The polarization and volume effects are taken into by defining an effective antenna-
enhancement (Feff (ω)) which is calculated by averaging F (ω) over all dipole orientations
and multiplying by a volume factor ΓV = V −1

∫
V
F (ω, x, y, z)dV where V is the active region

volume. The effective enhancement can then be multiplied by the transition matrix element
and the spontaneous emission spectrum derived in the usual manner.

In this chapter, the analysis will be restricted to the cavity-backed slot antenna but a
similar analysis can be applied for other antenna structures. The cavity-backed slot antenna
is linearly polarizing and will only enhance dipoles that have orientation transverse to the
long axis of the slot. The position-dependent enhancement is well-described by F (ω)cos2

(
πz
L

)
from x = −L/2 to x = L/2 where L is the slot length. Ignoring the dependency of the
antenna enhancement in the y or z-direction, the volume factor of the cavity-backed slot
antenna is then given simply by ΓV = 1

2

The effective antenna-enhancement (Feff (ω)) will now be derived for an antenna-LED
consisting of a bulk active region or quantum well active region.
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Figure 6.2: (a) Antenna-LED with bulk active region; and (b) simplified E vs. k diagram

Consider the antenna-LED with bulk active region coupled to cavity-backed slot antenna.
Emission in a bulk semiconductor is isotropic as illustrated in Figure 6.2a therefore the an-
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tenna will enhance only one of the three dipole orientations. The strength of transitions
between the conduction band and heavy hole or light hole bands (Figure 6.2b) can be de-
scribed by the matrix element |Hfi|2. If we define |Hfi,0|2 as the un-enhanced bulk matrix
element then the averaged matrix element (

∣∣H̄fi

∣∣) for transitions between the conduction
band and heavy/light hole bands in a bulk semiconductor enhanced by a cavity-backed slot
antenna is ∣∣H̄fi

∣∣ =
1

3

(
ΓV F (ω) |Hfi,0|2 + |Hfi,0|2 + |Hfi,0|2

)
=
|Hfi,0|2

3

(
1

2
F (ω) + 2

)
≈ |Hfi,0|2

6
F (ω)→ Feff (ω) =

F (ω)

6
(6.13)

where the approximation holds if F (ω) � 1. The effect of dipole averaging and spatial
dependence on the antenna mode is a significant reduction of the peak antenna enhancement
by a factor of six.
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Figure 6.3: (a) Antenna-LED with quantum well active region; and (b) simplified E vs. k
diagram. Only the first conduction and valence sub-bands are shown.

The effect of dipole averaging is reduced by using a quantum well instead of a bulk
active region. As schematically shown in Figure 6.3, the dipole orientation is restricted to
be oriented along either the x̂ or ẑ directions for the conduction subband to heavy hole band
transition in quantum well. The averaged matrix element for the conduction band to heavy
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hole transition can be written

(CB-HH)
∣∣H̄fi

∣∣ =
1

3

(
3

2
ΓV F (ω) |Hfi,0|2 +

3

2
|Hfi,0|2

)
=
|Hfi,0|2

3

(
3

4
F (ω) +

3

2

)
≈ |Hfi,0|2

4
F (ω)→ Feff (ω) =

F (ω)

4
(6.14)

an improvement of a factor of 3
2

compared with the bulk active region. For high carrier
density, a significant fraction of holes may occupy the first light hole subband (LH1) and
therefore transitions between the CB1 and LH1 bands may become non-negligible. The
averaged matrix element for the CB-LH bands for the antenna-LED is written

(CB-LH)
∣∣H̄fi

∣∣ =
1

3

(
1

2
ΓV (ω) |Hfi,0|2 +

1

2
|Hfi,0|2 + 2 |Hfi,0|2

)
=
|Hfi,0|2

3

(
1

4
F (ω) +

5

2

)
≈ |Hfi,0|2

12
F (ω)→ Feff (ω) =

F (ω)

12
(6.15)

Thus the averaged matrix element is four times weaker for the CB-LH transition compared
with the CB-HH transition.

For narrow ridges (< 20 nm) it is desirable to have thin quantum wells to ensure that
quantum confinement along the x̂ direction does not become significant such that ridge
appears more like a quantum well wire with 1D-like density of states. [103]. A quantum well
wire is not a desirable active region since the light-emitter interaction in the polarization of
the antenna mode is reduced. The quantum well thickness needs to be less than half the
width of the ridge to ensure the active region remains quantum well-like [100], [104].

The above results have been summarized in Table 6.1.

Active region Transition x̂ ŷ ẑ Feff (ω)

Bulk CB-HH / CB-LH 1
2
F (ω) 1 1 1

6
F (ω)

Quantum well CB-HH 3
4
F (ω) 3

2
0 1

4
F (ω)

CB-LH 1
4
F (ω) 1

2
2 1

12
F (ω)

Table 6.1: Summary of the effective antenna enhancement (Feff ) for bulk and quantum well
antenna-LED. F (ω) is the antenna enhancement for dipole aligned parallel with antenna
mode. Feff is the overall enhancement which full takes into account volume averaging and
dipole averaging
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Quantum dot active region

An active region composed of a few quantum dots could be an interesting option for the
antenna-LED. The atomic-like density of states could provide efficient enhancement when
coupled to the broadband optical antenna resonance.

For a cubic quantum dot, the dipole transition strength will again be isotropic as was the
case for the bulk active region; suggesting that no advantage is gained moving to the quantum
dot in this respect [60]. In practice, quantum dots are somewhat immune to generalization
because the energy levels and wavefunctions are strongly dependent upon the shape of the
quantum dot which can vary between materials systems.

The most popular and successful method of creating quantum dots are self-assembled
through the Stranski-Krastanow growth method. Quantum dots grown in this manner are
randomly deposited on the substrate surface with dot densities of ≈ 1011 cm−2 [105]. An
antenna-LED with an active region consisting of randomly deposited Stranski-Krastanow
grown dots would be composed of an average of ≈ 10 quantum dots. Ideally, a single
quantum dot would be placed deterministically in the center of the antenna hotspot. This is
not currently possible with self-assembled Stranski-Krastanow and would require top-down
fabrication with a complicated process including regrowth [106], [107].

An undertaking of the emission properties of an quantum dot antenna-LED is beyond
the scope of this dissertation but is an area worthy of future study.

Spontaneous emission rate (Rrad)

The spontaneous emission spectrum (cm−3eV−1s−1) for the antenna-LED can now be writ-
ten in the usual manner [100] except now multiplied the by effective antenna enhancement
(Feff (h̄ω)) such that

rspon(h̄ω) =
4nπq2

ε0h2c3m02
h̄ω
∑
hh,lh

Feff (h̄ω)|MT (E21)|2ρr(E21)f2(1− f1) (6.16)

where

f2 = probability for state in conduction band to be occupied

f1 = probability for state in valence band to be occupied

ρr = reduced density of states∑
hh,lh

= summation over heavy hole and light hole bands.

The total radiative rate (Rrad) from spontaneous emission is then

Rrad =

∫
rspon(E21)dE21 (6.17)

which is used in (6.11) to derive the 3db-frequency. The radiative rate should not be confused
with the radiation resistance although the same variable is used for both.
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6.4 Non-radiative recombination in the antenna-LED

Surface recombination (Rnr)

Non-radiative recombination at the surface of the exposed active region is the dominant non-
radiative recombination in the antenna-LED for all but the highest carrier densities. The
non-radiative rate from surface recombination (Rnr) was discussed in Chapter 5 and found
to be

Rnr = vs
As
V
≈ vs

2

w
(6.18)

where

vs = surface recombination velocity (6.19)

As = surface area of exposed active region (6.20)

w = width of active region (i.e. slot width) (6.21)

and the approximation holds for w � L where L is the ridge length.

Auger recombination (Rauger)

Instead of emitting light, it is possible for an electron-hole recombination to conserve energy
by exciting another carrier in the conduction or valence band. The excited carrier will then
eventually relax to the band edge and in the process heat the lattice. This is known as Auger
recombination. It can be shown that Auger recombination rate is ∝ e−Eg/kT and therefore
can be an important non-radiative recombination mechanism for semiconductors with small
bandgap such as InGaAs [108], [109].

The total Auger rate (Rauger) for the III–V semiconductor is given by

Rauger = Cnn
2p+ Cpnp

2 (6.22)

Cn is the rate coefficient associated with the recombination of an electron and hole resulting
in another electron in the conduction band. Similarly, Cp is is the rate coefficient associated
with the recombination of an electron and hole resulting in an excitation of a heavy hole to the
split-off or light hole band. Although theoretical calculations for Cn and Cp are possible they
tend to be accurate within at best an order of magnitude. Experimental measurements of the
individual Auger coefficients is difficult an instead usually a lumped Auger coefficient (CA)
is measured that takes into account all Auger-related transitions. Thus, as a simplification,
it is assumed here that CA = Cn = Cp.

Ohmic loss (Johmic)

Some energy that is coupled into the antenna from an electron-hole recombination may get
lost as heat instead of light as a result of Ohmic loss in the metal. The device current that
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contributes to the Ohmic loss can be written

Johmic = (1− ηant)Rradqd (6.23)

where ηant is the antenna efficiency and d is the active region thickness.

6.5 Carrier leakage at high current density

At high current density, the electron density may become so high that carriers can spill out
of the active region. These electrons may then recombine elsewhere or become collected at
the contact and therefore will become lost and not contribute to the radiative recombination.
This results in an effective leakage current flow that bypasses the active region resulting in
a decreased injection efficiency. In principle, the same spill out of holes can occur in the
valence band. In practice, the density of states is so high that the quasi-Fermi level does
not sufficiently get close to the valence band edge for hole leakage to become significant.
Therefore, it is suitable to only consider the electrons when modeling the leakage current.

In this section, a model for the leakage current is derived for the case of the antenna-
LED with quantum well active region (the analysis is easily extended to include the double
heterostructure bulk active region). Central to the models that follow, the quasi-Fermi level
is assumed to be the same everywhere in the active region; in other words, all carriers are
in equilibrium with each other. This is a reasonable assumption so long as the antenna-
enhanced spontaneous emission lifetime is much longer than the scattering time of carriers
and slower than the capture time of the carriers into the active region. The latter assumption
may become questionable for very high antenna enhancements such that τrad < 1 ps. Finally,
the closed-form expressions for the leakage current shown in the section were derived using
Boltzmann statistics. Rigorous Fermi statistics was implemented for the modeling results
shown later in this chapter.

Carrier recombination in the cladding region (Jsch)

Shown in Figure 6.4 is the band diagram of the antenna-LED consisting of a standard sepa-
rate confinement heterostructure (SCH) active with a single quantum-well. At high carrier
density, the quasi-Fermi level in the conduction band will be pushed close to the conduc-
tion band edge of the SCH as shown in Figure 6.4. Therefore a non-negligible amount of
carriers will be present in the SCH region and are free to recombine through radiative or
non-radiative mechanisms; either way recombination in the SCH is undesirable and will
contribute to the non-radiative leakage current of the antenna-LED. Non-radiative recombi-
nation at the surface will greatly exceed the spontaneous emission rate in the SCH region
since the recombination rate is not enhanced by the antenna. Therefore, the recombination
rate (Rsch) in the SCH region can be estimated as

Rsch =
nsch
τsch

= nschvs
As
V
≈ nschvs2w

−1 (6.24)
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Figure 6.4: Band diagram of a quantum well antenna-LED showing transport of electrons
and holes into the active region.

where As and V are the surface area and volume of the SCH region respectively. The carrier
density in the SCH region is given by

nsch = Nc,sch exp

(
Fc − (Ec,qw + ∆Ec,qw)

kT

)
(6.25)

where Nc is the effective density of states in the conduction band of the SCH region, ∆Ec is
the conduction band offset between the quantum well and SCH region and Fc is the quasi-
Fermi level in the conduction band. It is assumed that Fc is flat throughout the quantum
well and SCH region and below the conduction band edge in the SCH region such that the
Boltzmann approximation applies.

The carrier density in the quantum well (nqw) is given by

nqw = kT
m∗e

πh̄2Lz
ln (1 + exp [(Fc − Ee1)/kT ]) (6.26)

where Lz is the quantum well thickness and Ee1 is the energy of the bottom of the first
electron subband. For Fc � Ee1, Fc can be approximated as

Fc =
πh̄2Lz
m∗e

nqw + Ee1 (6.27)

Putting everything together it is now possible to write an expression for Rsch in terms of the
carrier density in the quantum well as

Rsch = τ−1
schNc,sch

(
πh̄2Lz
m∗e

nqw

)
exp

(
Ee1 − Ec,qw

kT

)
exp

(
−∆Ec
kT

)
(6.28)

Finally, the current density associated with the SCH recombination is given by

Jsch = qdschRsch (6.29)
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where dsch is thickness of the SCH region.
Importantly, it is observed that Rsch ∝ exp

(−∆Ec

kT

)
therefore it is desirable to have a

large conduction band offset between the quantum well and SCH region to minimize the
recombination in the SCH region. At high carrier injection, the quasi-Fermi level will push
close to the conduction bandedge in the SCH region and therefore nsch in (6.25) will have to
be written in terms of the Fermi-Dirac integral. Because of the large surface recombination
velocity in the SCH region (vs ≈ 104 cm/s) and the large volume of the SCH region with
respect to the active region, Jsch can be a significant fraction of the injected carrier density.

Carrier overflow (Jof)

p-type n-type

cE

vE

c,schE∆

Figure 6.5: Band diagram of a quantum well antenna-LED showing transport of electrons
and holes into the active region.

At very high carrier density, some carriers may have enough energy to overcome the
conduction band offset between the outer cladding layer and SCH region. These carriers will
overflow into the outer cladding layer and diffuse away and contribute to the non-radiative
current (Figure 6.5). The cladding carrier density (nclad) is defined as

nclad(x) = nclad|x=0 e
−x/Ln (6.30)

nclad|x=0 = Nc,clad exp

(
Fc − (Ec,qw + ∆Ec,sch)

kT

)
(6.31)

where ∆Ec is the band offset between the quantum well and outer cladding region and Ln is
the diffusion length in the outer cladding region. It is assumed that the quasi-Fermi level in
the quantum well is equal to the quasi-Fermi level at the edge of the outer cladding region.
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The magnitude of the overflow current density is written as

|Joverflow| = qDn
dnclad
dx

∣∣∣∣
x=0

=
qDnNc,clad

Ln

(
πh̄2Lz
m∗e

nqw

)
exp

(
Ee1 − Ec,qw

kT

)
exp

(
−∆Ec,sch

kT

)
(6.32)

As was the case for recombination in the SCH region, a large ∆Ec is desired to minimize the
overflow current.

6.6 Doping the active region

Let us return briefly to the more simple model for the radiative recombination rate given by

Rrad = FeffB0np (6.33)

where Feff is the effect antenna enhancement derived earlier in this chapter. The 3dB
frequency (ignoring non-radiative recombination for the moment) is given by (6.11) as

f3dB = (2π)−1(2FeffB0n) (6.34)

For a high carrier density of n = 5× 1018 cm−3 the lifetime of the LED without antenna is
calculated as τrad = 2 ns resulting in a 3dB-frequency f3dB = (2π)−1τ−1

rad ≈ 200 MHz. An
high 500-fold antenna enhancement of the spontaneous emission rate is needed to increase
f3dB to 100 GHz. The required enhancement is a more modest 250-fold enhancement if the
injection carrier density is doubled to 1019 cm−3; however, loss mechanisms such as Auger
recombination and carrier overflow become large at high carrier densities and the current
density required to achieve this carrier density would be impractically large. If the active
region is instead doped p-type, the 3dB-frequency is given by

f3dB = (2π)−1(FeffB0p0) (6.35)

such that f3dB is independent of the injected carrier density. A p-type doping level of p0 = 2×
1019cm−3 results in f3dB = 100 GHz with a 250-fold antenna enhancement without requiring
high current injection. It is possible to dope the active region to doping levels approaching
the solid solubility limit of III–V materials to further reduce the spontaneous emission rate
although for p0 > 5× 1019 cm−3 Auger recombination can become very large and will place
an upper limit on the doping level [110]–[112].

In principle, the active region can also be doped n-type. However, this is not desirable
because of the small conduction band offset compared to the relatively large valence band
offset in the InGaAs / InP materials system. With modest doping levels, the Fermi level
will be pushed close to the conduction band edge at equilibrium thus limiting the the carrier
density that can be injected at forward bias. This is further exacerbated by the low density
of states in the conduction band because of the small effective mass of the electron.
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6.7 Predicted 3dB-frequency, quantum efficiency, and

power in the quantum well antenna-LED

The previous analysis is now applied to the quantum well antenna-LED shown in Figure 6.6a;
similar to the device reported in Chapter 4. The antenna-LED consists of three 5 nm thick
InGaAs coupled to a Ag cavity-backed slot antenna. The InGaAs quantum wells are cladded
by a InGaAsP separate confinement heterostructure (SCH) barrier region which is further
cladded by doped p-type and n-type InP regions. A thin 1 nm Al2O3 layer electrically isolates
the antenna from the active region and a thick 150 nm spin-on-glass layer electrically isolates
the antenna from the substrate. The semiconductor parameters assumed for the model are
given in Table G.1 in Appendix G.

We wish to study the antenna-LED device performance as a function of slot width. For
each slot width, the cavity depth and slot length of the antenna were designed using full-
wave simulation such that the spontaneous emission enhancement was maximized and the
resonance wavelength overlapped with the emission of the active region (λ0 = 1500 nm).
During the design optimization, the cavity depth was not allowed to be smaller than 50 nm
to ensure a reasonable thickness to encompass all of the device layers.

Undoped active region
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Figure 6.6: (a) Cross-section illustration of quantum well antenna-LED; and (b) current
recombination and leakage pathways in the antenna-LED with undoped active region for
slot width w = 10 nm. Jrad (radiative recombination), Jsurf (surface recombination), Jauger
(Auger recombination), Jsch (recombination in the SCH region), Jof (overflow current into
the InP cladding).

We first consider the quantum well antenna-LED with an undoped active region. Plotted
in Figure 6.6 are the current densities of the various recombination or leakage pathways that
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make up the total current density in the forward biased antenna-LED with a slot width of
10 nm. The thick red line corresponds to the desirable radiative current (Jrad) whereas all
non-radiative currents are denoted with dashed lines. At low injection, the current density is
dominated by the surface recombination current (Jsurf ). As the injection level is increased,
the radiative current increases with the square of the carrier density and nearly overtakes
the surface recombination before saturating. The saturation of Jrad is from the mismatch
between electron and hole momentum that becomes pronounced at high carrier density as a
result of the difference in the parabolicity of the conduction and valence bands.

(a) (b)

w=30 nm w=50 nm

w=10 nm

no antenna

w=10 nm

w=30 nm

w=50 nm

no antenna

Figure 6.7: (a) 3dB-frequency (f3dB) as a function of carrier density for antenna-LED with
different slot widths (w); and (b) quantum efficiency as a function of carrier density.

Interestingly, the recombination current in the SCH region (Jsch) is significant and in-
creases dramatically for carrier density > 1018 cm−3. The carrier density in the SCH region
is about an order of magnitude lower than the quantum well carrier density. But, because
of the large surface area of the SCH region, the surface recombination can become signifi-
cant, eventually even surpassing the surface recombination in the active region. Clearly, it
is important to ensure the surface recombination in the SCH region is as small as possible
and the surface area is reduced as much as possible.

The 3db-frequency (f3dB) and quantum efficiency (QE) are plotted in Figure 6.7 as a
function of carrier density for the undoped antenna-LED and LED without antenna for
comparison. There is a clear trend of increasing f3db as the carrier density is increased. This
is the expected behavior given the radiative rate increases with the square of the carrier
density. For very high carrier density (n > 5× 1018 cm−3), f3dB increases dramatically from
the high radiative and Auger recombination recombination rate. The latter is undesirable
and helps contribute to the drop-off observed in the QE at high carrier density. At the
current density that corresponds to the the peak QE, f3dB is approximately 15, 5 and 2 GHz
for the 10, 30 and 50 nm wide antenna-LED respectively. The peak QE is > 10% for all
antenna-LEDs. Higher f3dB is possible if the lower QE can be tolerated. As expected, the
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LED without antenna (black curve in Figure 6.7a-b) has much lower f3dB and QE compared
with the antenna-LEDs.
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Figure 6.8: Recombination and leakage current pathways in the quantum well antenna-LED
with 10 nm wide slot and p-doped active region
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Figure 6.9: (a) 3dB-frequency (f3dB) at peak quantum efficiency plotted as a function of
p-doping density for antenna-LED with different slot widths (w); and (b) peak quantum
efficiency plotted as a function of p-doping density.

Despite the presence of antenna-enhanced spontaneous emission, as shown above, a large
carrier density is still needed to increase the radiative rate such that it can compete with
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the non-radiative rate and produce reasonably high 3dB-frequency. Increasing the carrier
density works only to the extent that carriers remain in the active region and do not spill
out or recombine non-radiatively. As discussed previously, p-doping the active region can
help out in this respect. With high p-doping, it is not necessary to inject high numbers of
carriers into the active region for high efficiency and high speed.

An example of this is shown in Figure 6.9 where the recombination and leakage current
pathways is plotted for an antenna-LED with 10 nm wide slot and active region p-doping
of p0 = 1019 cm−3. The radiative current (Jrad) easily exceeds the surface recombination
current (Jsurf ) at low carrier density. The drawback is that the Auger current (Jauger) has
now increased significantly and will limit the quantum efficiency at higher carrier density
along with the leakage current Jsch and Jof . Plotted in Figure 6.9 is the the f3db of the
antenna-LED devices at peak QE as a function of p-doping in the active region. Plotted in
Figure 6.9b is the peak quantum efficiency at each p-doping level. The benefit of p-doping
above 1018 cm−3 is evident. Modulation rates exceeding 100 GHz are possible in the 10 nm
wide antenna-LED with p-doping of p0 ≈ 4× 1019 cm−3 with quantum efficiency near 10%.
The usual tradeoff can be made between speed and efficiency if desired. At peak quantum
efficiency of 20% with p0 ≈ 1019 cm−3, f3db is reduced to 40 GHz for the 10 nm wide device.
With a slightly wider device (w = 30 nm) peak QE increases to 30% but now f3dB is reduced
to 10 GHz.
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Figure 6.10: (a) Emitted power as a function of carrier density for highly-scaled 10 nm wide
antenna-LED; and (b) energy per bit and number of photons per bit of the emitter only for
several different data rates.

High speed modulation is not useful if there are not enough photons emitted from the
antenna-LED for each period of modulation. The power emitted by a single antenna-LED
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with the highly-scaled slot width of 10 nm is plotted in Figure 6.10a as a function of current
density. The active region is p-doped with p0 = 4 × 1019 cm−3 such that f3dB = 100
GHz. Nearly a µW of output power is achievable before the quantum efficiency significantly
decreases and the power saturates. 1 µW of optical power at 100 Gbps modulation rate
corresponds to about 100 photons/bit therefore a single highly-scaled antenna-LED emitter
will produce at most something slightly less than 100 photons/bit at that data rate.

The energy per bit for a single antenna-LED emitter at various data rates is shown in
Figure 6.10b. The energy per bit was calculated assuming a contact resistivity of ρc = 10−7

Ω − cm2 and considers only the emitter energy (effectively assuming the rest of the optical
link is 100% efficient). The energy per bit was calculated by first determining the photons
per second for each data rate and number of photons per bit. The current density required at
that photon emission rate was then calculated. From here, the quantum efficiency and power
dissipated in the contact resistance was determined at that particular data point allowing
for calculation of the total power dissipated in the antenna-LED and thus the energy per
bit.

The choice of data rate and number of photons per bit needs to be carefully considered
with the power dissipation in the receiver. In the best case scenario, at the fundamental
quantum limit of photodetection1 (number of photons per bit = 20), the antenna-LED can
operate at ≈ 20 aJ/bit. In a realistic link, there is always loss and and the sensitivity of
photodetector may exceed the quantum limit and therefore the emitter will need to produce
more photons per bit and operate at a higher energy per bit. At a given data rate, the
number of photons per bit can be increased by increasing the drive current. At some point,
the drive current becomes so high that the quantum efficiency drops and the Ohmic loss from
the contact resistance increases such that the energy per bit diverges. To avoid this, either
additional emitters can be added in parallel or the data rate can be lowered. Depending
upon the desired data rate, it may be preferable to use an antenna-LED that is not as
highly-scaled and thus has a smaller spontaneous emission enhancement but higher quantum
efficiency because of reduced non-radiative recombination.

The current densities in Figure 6.10a at first glance seem exceedingly high compared
with a traditional LED. However, because of the proximity to metal and excellent thermal
dissipation, the antenna-LED can support surprisingly high current density upwards of 106

A/cm2 without suffering from a large deleterious increase in the temperature2.

6.8 Carrier transport effects

Up to this point it has been assumed that carriers are injected from the p-type and n-type
region instantaneously into the active region with any change in the forward bias of the

1This comes about from the Poissonian photon statistics inherent in light; see for example [10]
2This is not necessarily true for poor contact resistance. According to thermal simulation, reasonably

low contact resistivity ρc < 10−5 Ω-cm2 is required to minimize thermal heating from Ohmic loss at the
n-contact [113]
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Figure 6.11: Band diagram of a quantum well antenna-LED showing transport of electrons
and holes into the active region.

antenna-LED. However, at very high modulation speeds, the transport time may be of the
same order as the inverse of the modulation frequency and can no longer be safely neglected.
Following [60] and [114], Figure 6.11 shows a simplified view of carrier injection into a
quantum well that is cladded by an undoped separate confinement heterostructure region.
Electrons are injected into the SCH region with an applied bias from the highly doped n-type
region. Electrons are then transported across the SCH via ambipolar diffusion with a transit
time of τt. Once reaching the quantum well, electrons are not instantaneously captured by
the quantum well because of the energy difference between the SCH and quantum well states.
It is thought that energy is conserved most likely by an emission of an longitudinal optical
phonon by the electron although other scattering events are likely to contribute [115]–[118].
Whatever the case, it is convenient to assign a phenomenological capture time constant τc
to represent the average time it takes an electron to be captured by the quantum well. The
inverse can also happen: electrons that are captured within the quantum well are also able
to escape back into the SCH region after a characteristic escape time τe. Usually τe � τc
and so carrier escape will be ignored here.

Holes in the valence band will transport to the quantum well in the same manner. Holes
diffuse to the quantum well with the same ambipolar diffusion coefficient and therefore iden-
tical transit time (τt) as the electrons (assuming the SCH is symmetric about the quantum
well). However the holes (being heavier than the electrons), are more efficiently captured
into the quantum well as a result of the higher density of states inside the quantum well
[119]. Therefore, it is sufficient to analyze only the electrons to understand the dynamic
effects of carrier transport.

Carrier transport across the SCH

Transit time across the SCH was previously studied for the case of a quantum well laser
[114]. It was found in [114] and re-derived in Appendix H that the transit time τt is given
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by the expression

τt =
(dsch/2)2

2Da

(6.36)

where dsch is the width of the SCH region and Da is the ambipolar diffusion coefficient. Most
III-V semiconductors have an ambipolar diffusion coefficient on the order of ∼ 1−10 cm2s−1

therefore a transit time of a few picoseconds across 100 nm of the SCH region can be expected.
The effect of this transport time is to add a pole to the transfer function whose cutoff

frequency is given by (2π)−1τ−1
t . Therefore it is desirable to keep the SCH region sufficiently

thin to ensure τt � τrad where τrad is the radiative lifetime. Alternatively, the SCH region
can be doped to minimize the length the carrier needs to diffuse to reach the quantum well.
Although not advisable in a laser structure because of free carrier absorption, this can be
tolerated in an antenna-LED because of the low antenna quality factor. With proper design
of the active region, the transit time across the SCH region will not set the upper limit the
maximum speed of the antenna-LED.

Carrier capture in the quantum well

Carrier capture was theoretically studied by several groups leading to rather unfavorable
predictions of carrier capture time τc > 10 ps [116], [117], [119]. Fortunately, such long
capture times have not been empirically observed; probably owing to the complexity of the
electron capture process that was not fully taken into account in the theoretical models.
Carrier capture time of τc < 1 ps for electrons was empirically observed in an InP/InGaAs
multiple quantum well structure [120]. Despite being extremely fast, it was found that the
carrier capture time can still contribute to gain saturation and reduction in the relaxation
oscillation frequency of the quantum well laser [114]. In the antenna-LED, it is shown in
Appendix H that, much like the transit time, the effect of the capture time is to add another
pole to the transfer function whose cutoff frequency is given by (2π)−1τ−1

c . Therefore, the
capture time will become important for modulation frequency exceeding 150 GHz.

6.9 Parasitic resistance and capacitance

High speed modulation is not achievable if the parasitic resistance and capacitance of the
antenna-LED result in an RC time constant (τRC) that is larger than the radiative lifetime
(τrad). An equivalent electrical circuit model valid at forward-bias for the antenna-LED is
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Figure 6.12: (a) Overlay of the equivalent circuit model on the schematic cross section of
the antenna-LED with the inclusion of parasitic resistance and capacitance.

shown in Figure 6.12 where:

rd = diffusion resistance =
Vt
I

Cd = diffusion capacitance =
Iτ

Vt
Rn = series resistance of the n-type region = A−1

ridgeρc

Rp = series resistance of the p-type region = A−1
ridge

(
Lp
qpµp

)
Cant = antenna capacitance =

εAant
tox

I = forward current

Vt = thermal voltage

τ = carrier lifetime

µn = mobility of electrons

µp = mobility of holes

ρc = contact resistivity of n-contact

Ln = length of n-type region

Lp = length of p-type region

Aridge = area of semiconductor ridge

Aant = area of the antenna

ε = permittivity of the insulator between the antenna and underlying substrate

tox = thickness of the insulator between the antenna and underlying substrate
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The pn junction is modeled with an intrinsic diffusion resistance (rd) and capacitance (Cd);
the junction capacitance is generally smaller than Cd at forward bias and thus ignored [92].
Because of small cross sectional area, the series resistance in the n-type (Rn) and p-type (Rp)
regions cannot be neglected. Rn will be dominated by the contact resistance between the
antenna and top of the ridge. The p-contact area is assumed to be significantly larger and
thus negligible; however owing to the low mobility of the hole, the resistance of the p-type
layer can be large. The primary effect of the antenna is to add a capacitance Cant. This can
simply modeled as a parallel plate capacitance that forms between the antenna metal and
underlying substrate.

The RC time constant for the equivalent circuit can be evaluated by deriving the transfer
function and determining the dominant pole. Instead, to avoid the lengthy derivation, we
recognize that Cd and Cant will each effectively contribute a pole to the transfer function with
a break frequency equal to the inverse of the the particular time constant associated with each
capacitor when the other is left open. The overall RC time constant will then be dominated
by the larger of these two RC time constants. By inspection, the first time constant is given
by τRC,1 = Cd(rd +Rn ‖ Rp) and the second time constant by τRC,2 = Cant(Rn +Rp + rd).

The time constants τRC,1 and τRC,2 can be further simplified under certain limiting as-
sumptions. For typical device forward current (I < 1µA) we can expect rd > 25 kΩ.
Assuming p = 5 × 1018 cm−3, µp = 100 cm2(V · s)−1, Lp = 200 nm, and A = 4000 nm2 we
can estimate the series resistance of the p-type layer as Rp = 6.3 kΩ. The n-type series resis-
tance is estimated as Rn = 2.5 kΩ for an excellent contact resistivity of ρc = 10−7 Ω− cm2

and Rn = 2.5 MΩ for a poor contact resistivity of ρc = 10−4 Ω − cm2. τRC,1 can be sim-
plified by recognizing that rd is much greater than Rn ‖ Rp such that τRC,1 ≈ rdCd which
is simply the intrinsic speed of the pn junction without parasitic resistance or capacitance.
Therefore, τRC,2 can be interpreted as the RC time constant from the parasitic resistance
and capacitance of the antenna-LED. Ensuring the device is not limited by parasitics is then
tantamount to maintaining the inequality

τRC,2

τRC,1
< 1 which can be rewritten as

(Rn +Rp)Cant < τ (6.37)

For a given contact resistivity, this will place a restriction on the antenna capacitance and
therefore the antenna geometry. This is summarized in Figure 6.13 where the parasitic RC
time is plotted as a function of antenna area for several different values of contact resistivity.
In plotting Figure 6.13 it is assumed the antenna capacitance consists of the antenna and
underlying substrate separated by a 100 nm oxide with refractive index of 1.5. The smallest
possible antenna area is simply the area of the semiconductor ridge (≈ ρc = 10−4 Ω− cm2)
and therefore sets the lower bound of the x-axis of Figure 6.13. The y-intercept can be
interpreted as the lowest possible RC time constant for the contact resistivity associated
with each curve. Even for a poor contact resistivity of ρc = 10−4 Ω − cm2, the RC time
constant of the parasitic resistance and capacitance can still be as fast as 1 ps thus becoming
a limiting factor only when the modulation speed approaches 150 GHz. For an excellent
contact resistivity of ρc = 10−7 Ω− cm2 an RC time constant on the order of femtoseconds
can be achieved.
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Figure 6.13: Plots of RC time constant of the parasitic resistance and capacitance as a
function of antenna area for several different values of contact resistivity.

In practice, it is desirable to have an antenna area with a size (λ/n)2 (where n is the
refractive of the underlying InP substrate) to ensure the far-field radiation pattern has a
single main lobe. This corresponds to an antenna area of 0.25 µm2. It is then desirable
as can be seen from Figure 6.13 to have ρc < 10−6 Ω − cm2 to achieve 100 GHz direct
modulation. Fortunately, ρc < 10−6 Ω− cm2 is readily achievable for III-V semiconductors.
Therefore, with proper design of the antenna size and moderately low contact resistivity, the
parasitic resistance and capacitance will not be the limiting factor in aching high antenna-
LED modulation speeds.
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Chapter 7

Conclusion

A practical LED that is faster than the laser is within reach. In this dissertation, I reported
an electrically-injected III–V antenna-LED with cavity-backed slot antenna that is capable
of achieving this goal and is a suitable candidate for on-chip optical interconnects. I dis-
cussed the design, fabrication, and measurement of the electrically-injected antenna-LED
including the demonstration of a device with 200-fold increase in the spontaneous emission
rate. Strategies for increasing the quantum efficiency including a new novel technique of
producing clean III–V surfaces was reported. Using a detailed rate equation model, it was
shown that greater than 100 GHz direct modulation rate is ultimately achievable with the
antenna-LED.

Recapitulating the results from the last several chapters, the primary advantages of the
antenna-LED device reported in this dissertation are summarized below:

1. Self-alignment of active region to antenna. The fabrication of the antenna-LED
is straightforward. The active region is self-aligned with the antenna without the need
for precise lithographical alignment.

2. Simple electrical injection. The antenna also serves as one of the electrodes; elec-
trical injection comes for “free”.

3. Directional emission. Light emission goes into one direction. Integration of the
antenna-LED with a waveguide should be trivial.

4. High spontaneous emission enhancement. The cavity-backed slot antenna al-
lows for tuning of the radiation resistance to achieve maximum spontaneous emission
enhancement.

5. High speed and high efficiency. > 100 GHz direct modulation rate with 20%
efficiency is achievable with a highly-scaled antenna-LED. Spontaneous emission rate
can exceed the non-radiative rate despite the presence of large surface recombination
typical of III–V semiconductors.
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Future work

Much work remains before implementation of the antenna-LED as a light source for on-chip
optical interconnects. I showed that high efficiency operation is possible; however, experi-
mental demonstration of an efficient antenna-LED is still needed. Following the approach I
prescribed in Chapter 2, I believe this goal is within reach. High speed operation requires
both very narrow (≈ 10 nm wide) high aspect semiconductor ridges and high p-doping
(> 1019 cm−3). Neither are fundamental limitations to achieving high speed but nonetheless
will require considerable process development. Measuring the speed of the antenna-LED
through direct high-frequency electrical modulation still needs to be demonstrated but will
pose experimental challenges because of the inherently low output power of the antenna-LED
from its small size.

Integration of an antenna-LED within a full optical link is still largely unexplored. In-
tegration with a waveguide in principle should be straightforward to design given the direc-
tionality of light emission but will pose fabrication and system integration challenges from
the additional complexity involved. More generally speaking, there are a number of open
questions about the implementation of on-chip optical interconnects. For example, what is
the required antenna-LED modulation speed, how many photons per bit will be needed by
the photodetector, and what kind of circuit is used to electrically drive the antenna-LED?
These are among many other challenging questions that need to be addressed and will require
the close collaboration of device, circuit, and systems-level experts.
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Appendix A

Shockley-Ramo Theorem

Schockley and Ramo independently derived an expression for the current induced by an
electron moving between two electrodes as

i = qEv (A.1)

where v is the velocity of an electron and E is the electric-field that would exist if the electron
was removed and one of the electrodes was raised to unit potential and the other grounded.

w w

ox ox

oxw oxw

i i

V V

(a) (b)
s s

Figure A.1: (a) Drawing of dipole emitter placed in a homogenous dielectric medium between
two parallel electrodes; and (b) same dipole placed in an inhomogeneous medium between
two parallel electrodes.
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Induced current in an antenna with homogenous material in the
feedgap

The Shockeley-Ramo Theorem was originally derived to calculate the electrode in vacuum
tubes but is used in this dissertation to derive the current induced in the antenna feedgap of
the dipole and slot antenna. The antenna feedgap is modeled as a parallel plate capacitor
with plate separation w as shown in Figure A.1. We first assume the antenna feedgap is filled
with a dielectric with permittivity εs. Consider a small oscillating dipole moment placed in
the feedgap and consisting of a fixed positive charge with time-harmonic oscillating negative
charge with velocity v = jω0x0 exp(jω0t)

The electric-field without the presence of the charge and one electrode raised to unit
potential is simply given by E = 1/w. Assuming the current is time-harmonic, then by
Shockley-Ramo Theorem

i = i0 exp(jω0t) = qEv =
q

w
jω0x0 exp(jω0t) (A.2)

|i| = qω0x0

w
(A.3)

Notice that the induced current does not depend on the permittivity of the dielectric medium
filling the antenna gap.

Induced current in an antenna with inhomogeneous material in
the feedgap

Consider now the antenna gap filled with inhomogeneous dielectric such as Figure A.1b.
The dielectric with permittivity εs is now cladded on either side with another dielectric with
permittivity εox. This is precisely the situation for the III–V antenna-LED in which the
III–V semiconductor is cladded on either side by a low-index oxide. The electric-field at the
dipole is now no longer given by 1/w when one of the electrodes is brought to unit potential.
If we define Es as the electric-field in the inner dielectric and Eox as the electric-field in the
cladding dielectric then an expression can be written to relate Es and Eox as

1 = Esw + 2Eoxwox (A.4)

Applying the boundary condition across the interface

Eox =
εs
εox

Es (A.5)

Then, plugging (A.5) into (A.4)

Es =
1

w + 2 εs
εox
wox

=
1

weff
(A.6)
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where weff is the effective width. For εs = εox, weff is simply the physical width w + wox.
However, if εox < εs, then weff > w and the effective width is larger than the physical width.
By the Shockley-Ramo Theorem

|i| = qω0x0

w + 2 εs
εox
wox

=
qω0x0

weff
. (A.7)

The radiated power in an antenna is proportional to the induced current squared. Therefore,
the spontaneous emission enhancement in an antenna with cladding layer is αF where F is
the spontaneous emission enhancement in the case without cladding layer and α is the
enhancement penalty factor given by

α =

(
1 +

εs
εox

2wox
w

)−2

(A.8)
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Appendix B

Metals at optical frequencies: the
kinetic inductance

At optical frequencies (f ≈ 100 - 800 THz) metals no longer behave as perfect electrical
conductors and a more realistic model of metals needs to be considered.

B.1 Equation of motion for free electrons

Noble metals can be described well using the Drude-Lorentz which assumes that a “sea of
electrons” exist in a metal that are not bound to any atomic ion. A one-dimensional equation
of motion for free electrons can be written as

m0
dv

dt
= −m0

τ
v − qE (B.1)

where

v = electron velocity

m0 = electron mass

τ = relaxation time

E = applied electric field

The relaxation time is the average time between scattering events for an electron in a metal
and can be related to the relaxation frequency (γ) by γ = τ−1. Under time-harmonic analysis,
the electric field is given by E = E0e

jωt and electron velocity by v = v0e
jωt. The equation of

motion then becomes
m0jωv0 = −m0

τ
v − qE0 (B.2)



APPENDIX B. METALS AT OPTICAL FREQUENCIES: THE KINETIC
INDUCTANCE 98

AC impedance and kinetic inductance

Solving for v0 gives

v0 = − qE

m0(1 + jωτ)
(B.3)

Given J = σE0 = −Nqv0 where J is the current density, σ is the metal conductivity and N
is the density of free electrons in the metal

σ =
Nq2τ

m0(1 + jωτ)
(B.4)

We can write the impedance of a metal with such a conductivity as

Z = σ−1 length

area

=
m0(1 + jωτ)

Nq2τ

length

area

=
m0

Nq2τ

length

area
+ (jω)

m0

Nq2

length

area
(B.5)

The first term is real and can be interpreted as the resistance whereas the second term is
imaginary and has the form of an inductance such that

LK =
m0

Nq2

length

area
(B.6)

where LK is called the kinetic inductance. For low-frequencies, the kinetic inductance is
safely ignored. However at optical frequencies, LK may no longer be small. As described in
Chapter 3, LK is the result of the electrons not being able to respond to a an applied electron-
field at high frequencies. The electrons movement lags behind the applied electric-field (i.e.
current lags behind the voltage as in an inductor).

It is more useful to write LK in terms of the bulk properties of the metal. We note that
∇×H can be written equivalently as

∇×H = jωε0εRE = (jωε0 + σ)E (B.7)

where in the first expression the properties of the metal are modeled as a dielectric with
relative permittivity εR and in the second as a metal with conductivity σ. Both expressions
are equal if

σ = jωε0(εR − 1). (B.8)

Therefore

Z =
1

σ

length

area

= Re ρ
length

area
+ jω

Im ρ

ω

length

area

= Re ρ
length

area
+ jωLk (B.9)
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where

LK =
Im ρ

ω

length

area
(B.10)

B.2 “Plasmonicity” of the cavity-backed slot antenna

A back-of-the-envelope calculation is used to derive the fraction of Faraday inductance (LF )
to kinetic inductance (LK) to get a sense of the “plasmonicity” of the cavity-backed slot
antenna. The Faraday inductance of the cavity-backed slot antenna comes primarily from
the cavity inductance which can be roughly modeled as a parallel plate transmission line
with inductance given by

LF =
µ0wdc
L

(B.11)

where w is the slot width, dc is the cavity depth, and L is the slot length. The kinetic
inductance is estimated as

LK =
Im ρ

ω

length

area
≈ −(ωε0εR)−1

ω

dc
δsL

=
−1

ω2ε0εR
dcδsL (B.12)

where δs is the skin depth and it is assumed that the current flows within the skin depth
on either side of the slot into the cavity therefore the cross-sectional area of current flow
is approximately given by 2δsL. As a gauge of “plasmonicity”, the ratio of LF to LK is
calculated as

LF
LK

=
µ0wdc/L

(−ω2ε0εR)−1dc(δsL)−1

≈ 2µ0wε0ω
2
pδs (B.13)

where εR was approximated as εR ≈ −ω2
pω

2 and ωp is the plasma frequency of the metal.
The skin depth is δs ≈ 25 nm at optical frequencies. For slot width of w = 30 nm and
silver plasma frequency of ωp = 1.4 × 1016 rad/s, LF/LK ≈ 3 therefore the “plasmonicity”
is low. As the width (w) of the slot is scaled down, it can be seen from (B.13) that the
“plasmonicity” will increase. As described in the main text, this will result in a shortening
of the slot length to maintain the same resonance frequency and therefore a reduction in the
antenna efficiency. High “plasmonicity” should be avoided when possible.
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Appendix C

Electroluminescence and dark-field
scattering: experimental setup

C.1 Electroluminescence (EL)

LensPolarizer

Mirror

Objective

Device under test

InP

Semiconductor 
parameter analyzer

Electrical probe

Spectrograph
/ IR camera

Figure C.1: Simplified schematic of the optical measurement setup used to measure electro-
luminescence.

Shown in Figure C.1 is a simplified diagram of the optical measurement setup used
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to measure electroluminescence (EL) from a forward-biased antenna-LED. The antenna-
LED was forward-biased using a constant current source from a HP4145B semiconductor
parameter analyzer. An inverted microscope (Nikon TE-2000U) was used to collect and focus
this light onto the entrance slight of a spectrometer (Acton instruments). The spectrometer
was connected either to a liquid nitrogen cooled linear InGaAs CCD (Princenton Instruments
OMA-V) for spectral measurements or thermoelectrically cooled 2D InGaAs CCD (Sensors
Unlimited) for imaging. The polarization of the emitted light was measured by inserting a
linear polarizer in front of the entrance slit of the spectrometer. For measurements in which
spectrally integrated intensity was measured, a long pass filter was inserted in front of the
spectrometer slit to block light emission from the p-InGaAsP contact layer (not shown in
Figure C.1)

C.2 Dark-field spectroscopy

Spectrograph
/ IR camera
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Mirror

Objective

Device under test

InP

D
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 c
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Figure C.2: Simplified schematic of the optical measurement setup used to measure dark-field
scattering.

Dark-field spectroscopy was used to measure the resonance behavior of the antenna-LEDs
[121]–[126]. The simplified diagram of the dark-field optical setup is shown in Figure C.2.
A broadband light source consisting of a tungsten-halogen lamp was used to illuminate the
sample with a dark-field objective. A homemade darkfield cube consisting of a beam block
and annular ring mirror was placed between the dark-field objective and lamp to ensure that
only the outer collar of the objective was illuminated by the lamp. Light that was scattered
from the sample and entered the objective front lens was able to transmit through the center
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of the annular ring mirror and was focused onto either the spectrometer or imaging CCD
camera as shown in the diagram. For all spectral measurements, the measured scattering
from the antenna was normalized by the light intensity spectrum of the tungsten-halogen
lamp.
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Appendix D

Conformal angled evaporation

Tilt stage

meltBell jar
3 mµ

(a) (b)

Figure D.1: (a) Simplified diagram of the metal evaporator with in-situ stage tilt mechanism;
and (b) oblique angle SEM view of semiconductor ridges covered with evaporated Ag using
tilt stage.

Electron-beam evaporation is capable of depositing high-quality and reasonably low-loss
metal films for use in metal optics. Unfortunately, deposition is well-known to occur through
line-of-sight travel from the melt to the sample therefore resulting in poor coverage of the
sidewalls of etched features. To greatly improve the sidewall coverage, angled evaporation
with an in-situ tilt stage was employed during evaporation of the antenna on the antenna-
LED ridge. Shown in Figure D.1 is the simplified setup of the evaporator. The tilt stage
was capable of 0-90◦ angle adjustment through an external adjustment knob. The sample
was mounted on a jig with a 45◦ angle in order to pre-tilt the sample and allow for -45 to
45◦ sweep about the normal to the substrate surface .

Figure D.2a shows a focused ion beam cross (FIB) section of an InP ridge covered with
evaporated silver (Ag) in which stage tilt was not used. Inserted in between the InP ridge and
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evaporated Ag is a 15nm of atomic layer deposited (ALD) Al2O3. There is poor coverage of
the Ag on the sidewall of the ridge and a closure defect which will both unpredictably shift
the antenna resonance. When angled evaporation is used, the sidewall coverage is excellent
and there is no closure defect as can be seen in Figure D.2b.

It has been reported that a thin germanium (Ge) layer can help improve the wetting of
Ag to Al2O3 to produce ultra smooth surfaces [127]. Therefore, for all devices reported in
this dissertation, a thin ( 3 nm) geranium (Ge) interfacial layer was deposited between the
Ag and Al2O3. However, it was later determined that the Ge wetting layer was not needed
for a good interface between Ag and Al2O3 in the antenna-LED [128]. Deposition of Ag
without the lossy Ge wetting layer is expected to improve the antenna efficiency [129].

(a) (b)

InP InP

Ag
Ag

Al₂O₃Al₂O₃

Figure D.2: Focused ion beam (FIB) cross-sections of InP ridge covered with evaporated Ag
(a) without stage tilt during evaporation; and (b) with stage tilt during evaporation

The antenna resonance of test antenna-LED structures consisting of Ag deposited with
and without evaporator stage tilt was measured using dark-field spectroscopy. Shown in
Figure D.3a is the scattering spectra of several identical antenna-LED devices that were
fabricated without stage tilt. A large deviation in the antenna resonance wavelength and
shape of the spectrum was observed between each of the devices. The antenna behavior
improved significantly when stage tilt was used during evaporation as can be seen in Figure
D.3. Both the antenna resonance wavelength and spectral shape are consistent between
devices.
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(a) (b)

Figure D.3: Dark-field scattering spectrum from antenna-LED devices (a) without stage tilt
during evaporation; and (b) with stage tilt during evaporation.
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Appendix E

Epitaxial III–V wafers for the
antenna-LED

InP substrate (S.I.)

InP buffer (u.i.d.) (50nm)

p-InGaAsP (1019 cm-3) (150nm)

n-InP (1019 cm-3) (350nm)

InGaAsP (u.i.d.) (35nm)
InP setback (u.i.d) (25nm)

InP setback (u.i.d.) (10nm)

p-InP (5 x 1018 cm-3) (150nm)

n-InP (5 x 1019 cm-3) (20nm)
InGaAs (u.i.d.) (8nm)
InP cap (u.i.d.) (20nm)

InP substrate (S.I.)

p-InP (5 x 1018 cm-3) (250nm)

InP setback (u.i.d.) (100nm)

InGaAsP (u.i.d.) (60nm)

InGaAsP (u.i.d.) (40nm)

n-InGaAs (1019 cm-3) (40nm)
InP cap (u.i.d.) (20nm)

n-InP (1019 cm-3) (30nm)
InGaAs QW (u.i.d.) (6nm)
InGaAsP (u.i.d.) (10nm)
InGaAs QW (u.i.d.) (6nm)
InGaAsP (u.i.d.) (10nm)
InGaAs QW (u.i.d.) (6nm)

(a) (b)

Figure E.1: Epitaxial wafers used for the electrically-injected antenna-LED devices reported
in Chapter 4
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Lifetime measurement with
time-correlated single photon
counting (TCSPC)

The lifetime of semiconductor ridges was measured using time-correlated single photon count-
ing (TCSPC). Compared with other lifetime measurement techniques such as pump-probe,
upconversion, or streak camera, TCSPC has several advantages such as to low cost, large
dynamic range, high sensitivity and good timing resolution (< 20 ps) [130].

Principles of TCSPC

The basic operating principle of TCSPC is demonstrated in Figure F.1. A periodically pulsed
laser first generates a short (picosecond or less) laser pulse. Some of the laser pulse is sent
to the sample and the rest is split off to a fast photodiode. The pulsed laser will generate
a short pulse from the photodiode (Figure F.1a) which is sent to the timing electronics and
used to sync the laser pulse a t = 0 s reference in time. Upon excitation by the laser pulse,
the excited sample will begin to photoluminesce and emit photons toward a single photon
detector. When a photon reaches the single photon detector, a photon detection event pulse
will be generated (Figure F.1b) and sent to the timing electronics. The difference in time
between the laser sync and photon detection event will then be recorded into a time bin.
This is repeated over many cycles of the laser pulse train to build up a histogram of detection
events as a function of time bins. The lifetime decay curve of the sample will simply be the
envelope of this histogram (Figure F.1c).

Implied in Figure F.1b, the intensity of the photoluminescence from the sample is kept
low enough such that - at most - a single photon detection event is registered for every pulse
from the laser. If more than one photon is emitted during each laser pulse, only the first
photon will be detected. This would lead to an artificial overemphasis of early photons in
the histogram of photon counts thus indicating a faster decay time compared to the actual
decay time. This effect is known as pile-up. In practice, to avoid this effect, the count rate
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Figure F.1: Simplified diagram of the TCSPC lifetime measurement. (a) Timing diagram of
the laser sync output from the fast photodiode; (b) timing diagram of the output of the single
photon detector; (c) simplified histogram of photon counts vs. time bin used to build up the
semi-continuous decay curve; and (d) simplified block diagram of the TCSPC hardware.

is kept below 10% of the laser pulse repetition rate. The repetition rate itself should be as
high as possible while ensuring that the time between laser pulses is at least 10 times as long
as the expected decay time of the sample.

The timing resolution of TCSPC is usually limited by the single photon detector which
are most commonly avalanche photodetectors (APDs) operating in Geiger-mode. In Geiger-
mode, the APD is biased slightly above avalanche breakdown such that a single photon can
trigger an avalanche cascade of carriers resulting in short pulse at the output of the APD.
Ideally, this pulse would appear as an impulse function, but in reality has some spread which
is characterized by a full-width-half-maximum (FWHM). This leads to so-called timing jitter
which gives some uncertainty about the true photon arrival time at the APD. Silicon is the
choice of material for APDs at visible light frequencies and can achieve quantum efficiencies
exceeding 50% with timing jitter < 30 ps. At longer near-IR wavelengths, InGaAs APDs are
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commonly employed and have slightly worse quantum efficiency (≈ 10 − 30%) and timing
jitter (< 100 ps). Recently, superconducting nanowire single photon detectors have become
commercially available and have shown excellent efficiency (> 75%) and timing jitter (< 30
ps) at both visible and near-IR wavelengths [131].

TCSPC at near-IR wavelengths
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Figure F.2: Block diagram of the TCSPC optical setup at near-IR wavelengths.

High dark count rate of InGaAs APDs

InGaAs APDs suffer from large dark count rate (≈ 10,000 counts per second) due to the
low band gap of the material. This becomes a serious issue when compounded with the
effect of after-pulsing that is present in InGaAs APDs. During an avalanche event, some
carriers may get stuck in trap states for some time after the main avalanche pulse is complete.
Eventually, the carriers will become de-trapped and kick off another avalanche pulse leading
to an errant triggering of an artificial photon detection; this is called an after-pulse. To avoid
this problem, APDs are typically turned off for some time after the first avalanche pulse.
This dead-time can be as long as 10s of µs. Therefore, the InGaAs APD will spend of most
of the time turned off because of the high dark count rate if left free-running. Because of
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this, InGaAs APDs are usually gated and only turned on during the interval that a photon is
expected. In practice, this requires syncing the laser pulse with the gate signal of the APD.

Experimental setup for TCSPC at near-IR wavelengths

Shown in Figure F.2 is the experimental setup used to measure the lifetime of InP/InGaAs(P)
semiconductor ridges in the near-IR. The setup in Figure F.2 is considerably more complex
than the simple diagram shown in Figure F.1d because of the addition of the gating. The
sample was excited with the output of a Ti:Sapphire femtosecond laser (Coherent Ultra II).
Part of the laser pulse was split off and sent to a fast PIN photodiode (Picoquant TDA
200) to trigger the TCSPC timing module (Picoquant Picoharp 300) and establish a time
reference. A pulse picker (Conoptics) was used to reduce the repetition rate of the output
of a Ti:Sapphire femtosecond laser from 80 MHz to 40 MHz to ensure the period between
successive laser pulses was much longer than the decay time of the sample. The sync output
of the pulse picker was used trigger the gate and turn-on the InGaAs APD (Micro Photon
Devices) in preparation for the arrival of a photon. The gating signal needs to be precisely
timed to occur the same time that the laser pulse arrives at the sample; this was achieved
through a variable length coaxial cable delay. If a photon was detected by the APD, the
gating signal was immediately turned off. Otherwise after 10ns, if no photon was detected,
the gate was turned off until the next laser pulse and the cycle was repeated again.
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Appendix G

Model parameters for the InGaAs
quantum well antenna-LED
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Parameter Description Value

Quantum well (InGaAs)

Eg bandgap (eV) 0.755

dqw thickness (nm) 5

me electron effective mass (m∗e/m0) 0.041

mhh heavy hole effective mass (m∗hh/m0) 0.46

mlh light hole effective mass (m∗lh/m0) 0.0503

Ep matrix element energy parameter (eV) 25.0

|M |2 matrix element (m0/6)Ep
vs surface recombination velocity (cm/s) 104

CA Auger coefficient (cm6/s) 10−28

n index of refraction 3.55

Barrier (InGaAsP)

Eg bandgap (eV) 1.03

dsch thickness (nm) 100

me electron effective mass (m∗e/m0) 0.065

mhh heavy hole effective mass (m∗hh/m0) 0.46

mlh light hole effective mass (m∗lh/m0) 0.087

vs surface recombination velocity (cm/s) 104

Cladding (InP)

Eg bandgap (eV) 1.34

me electron effective mass (m∗e/m0) 0.065

mhh heavy hole effective mass (m∗hh/m0) 0.46

mlh light hole effective mass (m∗lh/m0) 0.087

µn electron mobility (cm2/V·s) 1600

vs surface recombination velocity (cm/s) 5000

All semiconductor materials

CBO Conduction band offset 0.4∆Eg

Table G.1: Model parameters used for analyzing the quantum well antenna-LED in Chapter
6
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Appendix H

Derivation of the effect of carrier
transport time on modulation speed

In deriving the 3-dB frequency (f3dB) in Chapter 6, it was assumed that the carrier density in
the active region immediately responds to a change in bias in the electrodes of the antenna-
LED. For an antenna-LED with picosecond or shorter spontaneous emission lifetime, this
assumption may begin to break down. In this appendix, the full derivation of the f3dB with
the inclusion of the transport carrier effect will be given. The analysis largely follows the
derivation given for a semiconductor laser in [114] and [132] except without the consideration
of gain in the active region.

H.1 Carrier transport in the antenna-LED

Shown in Figure H.1 is a simplified band structure for an antenna-LED consisting of a quan-
tum well separate confinement heterostructure (SCH) active region. The carrier dynamics
that leads to transport of electrons into the active region and an emission of a photon can
be qualitatively described as follows.

1. Electrons are injected into the confinement region with current density J .

2. Electrons diffuse across the confinement region with transit time τt. The density of
carriers in the confinement region in the vicinity of the quantum well is given by nb

3. Electrons are captured into the quantum well with capture time τc. Electrons may also
escape the quantum well with capture time τe. The density of carriers in the quantum
well is given by nqw

4. Electrons recombine with a hole and emit a photon after time τqw (or recombine non-
radiatively after time τnr, not shown in Figure H.1).
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Figure H.1: Carrier transport in the quantum well antenna-LED showing the sequence of
carrier transport into the active region

An identical sequence of events also occurs in the valence band. The goal in this appendix
is to understand how the transit time (τt), capture time (τc) and escape time (τe) effect the
speed of the antenna-LED.

Coupled rate equations

A set of coupled rate equations can be written as

Jqw
qdqw

=
nb
τc
− nqw

τe
(H.1)

dnqw
dt

=
Jqw
qdqw

− nw
τrad
− nqw
τnr

(H.2)

dnb
dt

=
Jb
qdqw

− Jqw
τrad
− nb
τsch

(H.3)

where the undefined variables are given by

Jqw = Net current density into the quantum well

Jb = Net current density into the confinement region in the vicinity of the quantum well

τsch = Recombination lifetime in the SCH region

dqw = Thickness of the quantum well

Note that for brevity it is assumed that the carrier recombination mechanisms can be
modeled as a single rate decay constant.
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Carrier diffusion in the SCH region

In general, the injected current density (J) does not equal the current density that arrives
in the SCH region in the vicinity of the quantum well (Jb). Carriers that are injected at the
edge of the SCH region at (x = dsch/2) will diffuse toward the active region by ambipolar
diffusion such that

dnsch(x)

dt
= DA

d2nsch(x)

dx2
− nsch
τsch

(H.4)

where n(x) is the position dependent carrier density in the SCH region and DA is the
ambipolar diffusion coefficient. The solution of (H.4) will have the form n(x) = Aexp(x/L0)+

Bexp(−x/L0) where it is straightforward to show that L0 =
(

DAτsch
jωτsch+1

)
if it is assumed that

n(x) is time-harmonic. The coefficients A andB can be determined by applying the boundary
conditions that the injected carrier density is J at x = dsch/2 and that n(x = 0) = nb. After
doing so and solving for Jb we find

Jb = Jsech(dsch/2L0)− qDA

L0

tanh(dsch/2L0) (H.5)

We would like to know how much incremental increased current density is seen at the barrier
(∆Jb) for an incremental increase in the injected current (∆J); this is given as

∆Jb
∆J

= sech(dsch/2L0)

=

cosh

√(dsch/2)2(jωτsch + 1)

DAτsch


≈ 1

1 + jω(dsch/2)2

2DA

for (dsch)
2 � DAτsch

= (1 + jωτt)
−1 where τt = (dsch/2)2/(2DA) (H.6)

Small-signal analysis

Now with a relationship between the injected current density (J) and current density in the
barrier at the vicinity of the quantum well (Jb) the coupled rate equations given in (H.1)-
(H.3) can be solved in combination with (H.6) to derive the transfer function for the power
(P ) emitted by the antenna-LED under the small-signal approximation. It can be shown
that

∆P

∆J
=

V

dqw

τqw
τrad

h̄ω

q
B1B3

(
B2

τsch
τc

1 +B1
τrad
τe

+B2
τsch
τc

)
(H.7)
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where

τ−1
qw = τ−1

rad + τ−1
nr

B1 = (1 + jωτqw)−1

B2 = (1 + jωτsch)
−1

B3 = (1 + jωτt)
−1

Equation (H.7) simplifies considerably under the simplifications that B1 ≈ 1 (valid for
ω < τ−1

rad), B2 ≈ (jωτsch)
−1, and τe � τqw such that

∆P

∆J
=

V

dqw

τqw
τrad

h̄ω

q
(1 + jωτqw)−1(1 + jωτt)

−1(1 + jωτc)
−1 (H.8)

Thus, the impact of the carrier transport in the antenna-LED can easily be seen. Diffusion
of carriers across the SCH region and capture of carriers into the quantum well act like two
poles in the transfer function with time constant τt and τc respectively.

(a) (b)

0 pscτ →

10 pseτ =
1.5 psradτ =

0 pstτ →
10 pseτ =
1.5 psradτ =

Figure H.2: Plot of the 3dB-frequency showing the effect of (a) carrier transit time and (b)
capture time into the quantum well active region.

Two examples are considered in Figure H.2 to illustrate the effect of τt and τc on the
3dB-frequency of the antenna-LED. In the first example shown in Figure H.2a, the transit
time (τt) is neglected and the 3dB-frequency is plotted as a function of the SCH thickness
(dsch) for an antenna-enhanced radiative lifetime of τrad = 1.5 ps. The impact of finite transit
time can be seen for a SCH thickness as small as 50 nm. For a 200 nm thick SCH (typical
for a semiconductor laser), the 3dB-frequency has been reduced by a factor of two from 100
to 50 GHz as the result of the transit time. Strategies for engineering the SCH region to
minimize the effect of transit time are discussed in the main text.
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In the second example shown in Figure H.2b, the transit time is neglected and the 3dB-
frequency is plotted as a function of the capture time (τc). Not surprisingly, the capture
time does not effect the 3dB-frequency until τc is the same order of magnitude τrad which
in this case is 1.5 ps. It is thought that τc for quantum wells is on the order of 10−13 s and
therefore is expected to be important only for device speeds exceeding a 3dB-frequency of
100 GHz.
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