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Abstract

Nonlinear optics has traditionally been associated with large, high power devices and

applications. Engineering photonic devices with high nonlinearities at low input pow-

ers and in a compact size is more challenging but opens up a range of new applications

and possibilities in spectroscopy, sensing, imaging and quantum information process-

ing. Photonic crystal cavities provide a promising platform for achieving such low

power operation, as the low mode volumes and high quality factors allow significant

intensity buildup within the cavities for very low input powers, in a device footprint

on the order of a few microns. In this dissertation we investigate the potential of

photonic crystal cavities fabricated in III-V semiconductors for nonlinear frequency

conversion via the χ(2) nonlinearity of the semiconductor. This dissertation inves-

tigates second harmonic generation in planar GaAs photonic crystal cavities. Such

cavities traditionally have modes in a single photonic band gap. We first investi-

gate the process of second harmonic generation in such cavities, demonstrating the

effect of the substrate symmetry on the process and matching simulated modes to

experimentally measured momentum space patterns. The efficiency of all the nonlin-

ear frequency conversion processes can be improved through engineering well defined

modes at all frequencies involved in the process, and designing the modes to have high

overlap and high quality factors. We demonstrate two such designs, the crossbeam

photonic crystal cavity and a single nanobeam photonic crystal cavity, demonstrating

record frequency separations with designs for frequency separations of up to an oc-

tave. We demonstrate sum frequency generation in (111)-oriented GaAs with modes

separated by 700 nm.
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Chapter 1

Introduction

For the rest of my life I will reflect on what light is.

Albert Einstein

1.1 Motivation and background

The interaction of light with matter has always been fascinating to scientists and

philosophers. This is due in no small part to the fact that our perception of the

universe is strongly influenced by our sense of vision, which is governed by this in-

teraction. Our everyday experiences include the phenomena of reflection, refraction,

absorption and dispersion. There are a number of optical phenomena, however, that

we do not naturally experience. We would be surprised to look through a clear, col-

orless block of glass to see that colors had mixed together. Such phenomena are not

impossible, but rather do not occur for known materials in the regime of electric field

strength that we are accustomed to.

The physics of classical electromagnetic fields can be accurately described by a

set of simple coupled differential equations, known as Maxwell’s equations. At the

low electric field strengths we experience in everyday life these equations are approx-

imately linear. However, above some (material dependent) electric field strength,

the nonlinearities in Maxwell’s equations in materials become non-negligible, leading

to coupling of photons via material-mediated interactions [2]. This nonlinearity can

1
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give rise to many exciting effects with diverse applications. Frequency conversion

is one example of such an effect, where the color of light can change through inter-

action with a material. The green laser pointer is a commercial example of such a

frequency converting device, where an infrared laser diode is frequency doubled to

produce green light. Various types of frequency conversion play an important role in

many scientific endeavors, in particular for advanced spectroscopy and sensing tech-

niques. Other effects such as multi-photon absorption are used for medical imaging,

3D photolithography and commercially for etching 3D images in glass ornaments like

paperweights [3].

As the nonlinearity becomes significant only at high electric field strengths, it is

natural that most of these applications utilize relatively large, high power or pulsed

lasers. However, the development of low power, compact nonlinear devices is also of

significant interest [4, 5, 6, 7]. In particular, low power on chip frequency conversion

has applications in quantum information processing [8], where flying qubits could be

converted to telecommunications wavelength for transmission over optical fiber [9],

and to visible wavelengths for optimal detection with silicon detectors [10, 11]. Such

devices would also have applications for sources for on-chip spectroscopy and sensing

and for frequency conversion from the mid-IR to the visible for imaging applications

[12]. Such devices could also allow us to observe phenomena of fundamental interest,

such as strong coupling of single photons [13] and single photon blockade mediated

by the intrinsic material nonlinearity [14, 15].

Periodically poled lithium niobate optical waveguides currently provide the lowest

power frequency conversion available [10, 16], with frequency conversion of single pho-

tons with milliwatts of optical pump power. Second harmonic generation [17] and op-

tical parametric oscillation [18] at extremely low powers have also been demonstrated

in millimeter sized lithium niobate optical resonators. Optical micro-resonators pro-

vide an alternative method for achieving high efficiency frequency conversion, that

offer small physical footprints and can take advantage of semiconductor fabrication

for scalability.

Great progress has been made in the past decade in on chip nanophotonic fre-

quency conversion. In particular, χ(3) waveguides and micro-resonators for frequency
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comb generation in the visible, telecom and out to the mid-IR [19, 20, 21, 22, 23], Ra-

man lasing [24] and entangled photon pair generation [25] have all been demonstrated

in a variety of materials. While there has also been similar work on χ(2) nanopho-

tonics, the performance of such on-chip devices for parametric frequency conversion

still lags behind its χ(3) counterparts, despite the relatively higher nonlinearity at

lower powers. This discrepancy can in part be attributed to the difficulty in achiev-

ing the dispersion engineering necessary for meeting the phase-matching condition for

photonic modes that are very far apart in frequency. Additionally, the frequency con-

version efficiency increases with increasing quality factors in all modes. It is typically

more challenging to obtain high quality factor modes in the materials that exhibit

high χ(2) nonlinearities. Even for micro-resonators that are smaller than the coher-

ence length of the nonlinear process, engineering high quality factor modes that are

far apart in frequency is also very challenging [26, 27, 28, 29]. In particular, photonic

crystal cavities provide a promising platform for achieving such low power operation,

as the low mode volumes and high quality factors allow significant intensity buildup

within the cavities for very low input powers.

In this thesis we discuss the feasibility of using photonic crystal cavities in III-V

semiconductors for high efficiency low power frequency conversion. In the remainder

of Chapter 1 we discuss the background and theory of cavity χ(2) nonlinear optics.

We review recent progress in cavity χ(2) nonlinear optics and discuss the potential for

improvement. In Chapter 2 we introduce photonic crystal cavities, in particular with

respect to generation of high Q/V modes in a photonic band gap and the symmetries

of such modes. In Chapter 3 we discuss second harmonic generation in GaAs L3

photonic crystal cavities in (001) and (111)B crystal orientations. In particular, we

match experimental and simulated second harmonic modes of the structure, and

show how sensitive the particular mode is to the cavity parameters. These results

were published in refs. [30] and [31], with material for these experiments grown

by Dr. Klaus Biermann at the Paul Drude Institute in Berlin. In Chapter 4 we

discuss the design and fabrication of photonic crystal cavities specifically for frequency

conversion. We demonstrate resonances with Q > 3,000 separated by up to 700 nm

and show sum frequency conversion using these resonances. We design cavities of
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frequency separation of one octave. The results in the first part of this chapter

were done in collaboration with Kelley Rivoire and are published in refs. [26] and

[27]. The theory and experimental results in the second part of this chapter are

under review (see refs. [32] and [33]). In Chapter 5 we discuss one application for

quantum information processing, quasi-resonant excitation via SHG generated within

a photonic crystal cavity. This work was also done in collaboration with Kelley

Rivoire, with material provided by Fariba Hatami at Humboldt University, Berlin.

Some of the discussion section in this chapter was published in the review article

in ref. [34], while the results were published in ref. [35]. Finally, in Chapter 6 we

conclude with a summary and discussion of the future of this research.

1.2 Classical description of nonlinear polarization

Maxwell’s equations are the set of partial differential equations that describe classical

electromagnetism. They are usually written in the differential form as follows:

∇ · B̃ (r, t) = 0 (1.1a)

∇ · D̃ (r, t) = ρ(r, t) (1.1b)

∇× Ẽ (r, t) = −∂B̃(r, t)

∂t
(1.1c)

∇× H̃ (r, t) = J̃(r, t) +
∂D̃(r, t)

∂t
(1.1d)

where Ẽ and B̃ are the electric and magnetic fields as a function of position (r)

and time (t), while ρ is the free charge density and J̃ is the current density in the

material with permittivity ε and magnetic permeability µ. D̃ and H̃ are the electric

displacement field and the magnetic field strength, given by

D̃(r, t) = ε0Ẽ(r, t) + P̃(r, t) (1.2a)

H̃(r, t) = B̃(r, t)/µ0 + M̃(r, t) (1.2b)
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where P̃ is the electric polarization density, or electric polarizability per unit volume.

M̃ is the magnetization of the material, which occurs due to bound currents within

the material.

Electric polarization density is the relative tendency of a charge distribution, like

the electron cloud of an atom or molecule, to be distorted from its normal shape by

an external electric field. In linear optics, the induced polarization depends linearly

on the electric field according to

P̃ = ε0χ
(1)Ẽ (1.3)

where χ(1) is the linear susceptibility and ε0 is the permittivity of free space. However,

for higher electric fields it becomes apparent that this is only an approximation [2],

and the polarization can be described more accurately as a power series in the field

strength Ẽ as

P̃ = ε0

(
χ(1)Ẽ + χ(2)Ẽ2 + χ(3)Ẽ3 + ...

)
(1.4)

P̃ = P̃(1) + P̃NL (1.5)

This nonlinear polarization leads to a variety of effects, including (χ(2)) the linear

electro-optic effect, three wave mixing, optical parametric oscillation, (χ(3)) intensity

dependent refractive index, and four-wave mixing. These are described in great detail

in a number of textbooks [36]. The aforementioned processes are known as paramet-

ric processes. In such a process the initial and final quantum mechanical states of

the system are equivalent. However, this is not necessarily always the case. In linear

optics, refraction is a parametric process, while absorption is a nonparametric pro-

cess. Non-parametric processes involve the transfer of population from one real level

to another. Just as in the case of refraction (which is described by the real part of

the refractive index) and absorption (which is described by the imaginary part of the

refractive index), non-parametric processes must be described using a complex non-

linear susceptibility. In this thesis we will focus on parametric processes for frequency
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conversion, and will only discuss the real part of the nonlinear susceptibility, as well

as neglecting dispersion of the nonlinear susceptibilities.

In the case that the nonlinearity is electronic in origin, we can perform an order-

of-magnitude estimate for the size of the nonlinearity [2, 37]. When the electric field

applied is on the order of the field strength within the atom (Eat), the nonlinearities

will all contribute to the polarization approximately equally. This suggests that for a

non-centro-symmetric material, the second order polarization P̃(2) = ε0χ
(2)Ẽ2 would

be comparable to the linear response P̃(1) when the amplitude of the applied field E is

of the order of the characteristic atomic field strength Eat = 5×1011 V/m. Therefore,

under conditions of non-resonant excitation the second-order susceptibility χ(2) will

be of the order of χ(1)

Eat
, and χ(3) will be of the order of χ(1)

E2
at

.

From this, it is apparent that (for non-resonant processes) the lower the order of

the nonlinearity, the lower the electric field at which it becomes significant. Therefore,

for low power and high efficiency frequency conversion there is an advantage to using

χ(2), the lowest order nonlinear contribution, over χ(3) or higher order terms.

1.3 Three wave mixing processes

If we next consider an input field with two frequencies ω1 and ω2

Ẽ(t) = E1e
iω1t + E2e

iω2t + c.c. (1.6)

inputting this to the nonlinear polarization we find that

P̃NL = χ(2)
(
E1

2e2ω1t + E2
2e2ω2t + E1E2e

(ω1+ω2)t + E1E
∗
2e

(ω1−ω2)t + ...
)

(1.7)

From Eq. 1.7, we find contributions to the nonlinear polarizations at neither ω1 nor

ω2, but rather at second harmonic (2ωi), sum (ω1 + ω2) or difference frequencies

(ω1−ω2). The nonlinear polarization will in turn generate an electric field oscillating

at these frequencies. The processes of sum, difference and second harmonic generation



1.4. OPTICAL MICRO-RESONATORS 7

are known as three-wave mixing processes.

We also need to consider the tensor nature of χ(2). Following the convention used

in ref. [2], we define a new tensor, dijk for a lossless medium away from resonance

(where there is negligible dispersion of the susceptibility),

dijk =
1

2
χ
(2)
ijk (1.8)

The nonlinear polarization can then be written as

Pi(ωn + ωm) = ε0ΣjkΣnm2dijkEj(ωn)Ek(ωm) (1.9)

and the nonlinear susceptibility tensor can then be represented as the 3× 6 matrix

dil =


d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

 (1.10)

and we can describe the polarization leading to sum frequency generation as


Px(ω3)

Py(ω3)

Pz(ω3)

 = 2ε0


d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

×



Ex(ω1)Ex(ω2)

Ey(ω1)Ey(ω2)

Ez(ω1)Ez(ω2)

Ey(ω1)Ez(ω2) + Ez(ω1)Ey(ω2)

Ex(ω1)Ez(ω2) + Ez(ω1)Ex(ω2)

Ex(ω1)Ey(ω2) + Ey(ω1)Ex(ω2)


(1.11)

1.4 Optical micro-resonators

As we will see in the following sections, one good way of observing nonlinear fre-

quency conversion processes for low input powers is using optical micro-resonators to



8 CHAPTER 1. INTRODUCTION

confine light for long times in a small optical volume. Therefore before developing the

nonlinear optical formalism further, we will introduce the important figures of merit

for optical micro-resonators.

An optical resonator recirculates light, leading to a high build up of intensity

within the cavity and storage of light for a characteristic time. Intuitively we can

see that the smaller the resonator and the longer the modal lifetime, the stronger

the field intensity and the more time light has to interact within. In a perfect,

lossless resonator, the field resonates at a single frequency, and the mode has a field

E(t) = Eeiωt. In the presence of losses, the frequency of the resonator becomes

smeared out. These losses can be due to absorption, radiation, scattering or other

mechanisms. If we assume that the resonant frequency does not change in the presence

of the losses (i.e. the change in frequency δω ≈ 0, which is an appropriate assumption

given the line widths we will be considering), then the field in a such a leaky resonator

can be described as

E(t) = E0e
iωte

−ω
2Q (1.12)

and taking the Fourier transform of the field we obtain a Lorentzian line shape

|E(ω)|2 = |E0|2
1

(ω − ω0)2 + ω0

2Q
2 (1.13)

E(ω) is now a superposition of harmonic modes with frequencies in the vicinity of ω0,

and with bandwidth ∆ω given by

∆ω =
ω

Q
(1.14)
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This bandwidth is inversely proportional to the photon storage time,

τ = Q/ω (1.15)

defined as the time after which the energy in the resonator decays to 1/e of the

original value. A second important figure of merit for optical resonators is the mode

volume Vmode. This is defined as

V =

∫∫∫
ε|E(r, t)|2dV

max (ε|E(r, t)|2)
(1.16)

Optical micro-resonators come in a large variety of different types using different

confinement mechanisms. They are characterized by small physical footprints, high Q

factors and ultra-low mode volumes. For example whispering gallery resonators rely

on the confinement of light by total internal reflection at a curved boundary between

two materials with different refractive indices. The maximum measured Q-factors for

GaAs microdisks are ∼ 105 [38]; the corresponding calculated mode volume is around

6(λ/n)3. Other whispering gallery resonators with significantly higher mode volumes

and Q factors are possible, such as microtoroids and microspheres, although these are

in general fabricated in materials such as silica. ‘Photonic crystals’ refer to structures

with periodic dielectric constants. Some one-dimensional periodic media, such as

the structures used in VCSELs, are instead referred to as Bragg reflectors, although

the mechanism is the same. Photonic crystal cavities confine light to the lowest

mode volumes (< (λ/n)3) of the high-Q dielectric micro-cavities, by introducing a

perturbation in the periodicity of the structure. The highest Q-factors of photonic

crystal cavities have been demonstrated in silicon at 1550 nm, with Q-factors as high

as 9×106 [39]. Q factors as high as 700,000 have been measured in the same frequency

range in GaAs [40], where fabrication is somewhat less well developed and absorption

in deep GaAs impurities is possible. We will discuss photonic crystal cavities in more

detail in Chapter 2.
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1.5 General coupled mode theory equations

In order to derive the efficiency of the process of three-wave mixing in a nanophotonic

resonator, we will use temporal coupled mode theory [37]. This approach can be

applied given that the interaction of localized cavity modes with their environment

is weak. We use this approach due to the intuitive nature of the equations and

the minimum of algebra required. The resulting equations are analogous to those

obtained using a quantum mechanical second quantization approach [41].

Consider two weakly coupled lossy resonators. Following Section 1.4, we denote

the time dependent complex amplitude with the time dependence eiω1t−ω1t/2Q1 in

one resonator by a1, the amplitude in the other resonator with the time dependence

eiω2t−ω2t/2Q2 by a2. These are the positive frequency components of the electric field

amplitudes, normalized such that |ak(t)|2 is the energy of the mode at ωk. They obey

the differential equations

da1
dt

= (iω1 − ω1/2Q1)a1 (1.17a)

da2
dt

= (iω2 − ω2/Q2)a2 (1.17b)

When the two resonators are coupled, their time dependence changes. When the

coupling is weak, it has the form

da1
dt

= (iω1 − ω1/2Q1)a1 + iκ12a2 (1.18)

da2
dt

= (iω2 − ω2/Q2)a2 + iκ21a1 (1.19)

where the coupling factor κ12 = κ∗21 = κ by energy conservation. We next include

a single input/output port for each mode. We denote the time dependent amplitude of

the ingoing/outgoing wave by |s±|, which is normalized such that |s+|2 is the power.

The total Q of the mode can then be broken into 1
Qk

= 1
Qk,s

+ 1
Qk,e

, where Qk,s is

proportional to the decay rate into output channel sk− and Qk,e is proportional to

the the external loss rate, including absorption. Any additional output ports can also
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be included in the total Qk. We define the coupling fraction into the input/output

port sk as ηs,k = Qk/Qs,k. When the weak coupling to the input (s+)and output (s−)

channels are included as well as the decay of the mode, the coupled mode equations

become

da1
dt

=

(
iω1 −

ω1

2Q1

)
a1 + iκ12a2 +

√
ηs,1ω1

Q1

s1+ (1.20)

da2
dt

=

(
iω2 −

ω2

2Q2

)
a2 + iκ21a1 +

√
ηs,2ω2

Q2

s2+ (1.21)

sk+ = −sk− +

√
ηsωk
Qk

ak (1.22)

We next introduce the χ(2) nonlinearity into the equations [42, 43, 37, 44]. We

neglect higher order nonlinearities, and here only consider the χ(2) nonlinearity. We

also make the rotating wave approximation and only include terms for ak that have

frequency near ωk. Finally, since the modes are weakly coupled by the nonlinearity

and we drive each mode at its frequency, we can use the adiabatic variables Ak (t) =

ak (t) exp (−iωt) and Sk± (t) = sk± (t) exp (−iωt). For a system with three such modes

at frequencies ω1, ω2 and ω3 with ω3 = ω1 + ω2 and coupled by a χ(2) nonlinearity,

and using the notation in refs. [44] and [45] we obtain a system of coupled equations

dA1

dt
= − ω1

2Q1

A1 + iω1β1A3A
∗
2 +

√
ηs,1ω1

Q1

S1+ (1.23)

dA2

dt
= − ω2

2Q2

A2 + iω2β2A3A
∗
1 +

√
ηs,2ω2

Q2

S2+ (1.24)

dA3

dt
= − ω3

2Q3

A3 + iω3β3A1A2 +

√
ηs,3ω3

Q3

S3+ (1.25)

Sk+ = −Sk− +

√
ηs,kωk
Qk

Ak (1.26)

where by energy conservation we can additionally show that the coupling factor β1 =

β2 = β∗3 . The value of β can be derived via perturbation theory [44] to be
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β1 =
1

4

∫∫∫
d3xε0

∑
ijk χ

(2)
ijkE

∗
1i

(
E∗2jE3k + E∗2kE3j

)√∫∫∫
d3xε|E1|2

√∫∫∫
d3xε|E2|2

√∫∫∫
d3xε|E3|2

(1.27)

where β has units of J−1/2.

1.5.1 Second harmonic generation in a doubly resonant cav-

ity

The above results are general to χ(2) three wave mixing processes in triply resonant

cavities. We now move to the specific case of second harmonic generation in a doubly

resonant cavity (this is equivalent to the triply resonant case, as two of the waves are

degenerate). We redefine our modes such that ω2 = 2ω1, and we input light only to

the mode at ω1 (S2+ = 0). In this case the coupled mode equations become

dA1

dt
= − ω1

2Q1

A1 + iω1β1A2A
∗
1 +

√
ηs,1ω1

Q1

S1+ (1.28a)

dA2

dt
= − ω2

2Q2

A2 + iω2β2A
2
1 (1.28b)

S1+ = −S1− +

√
ηs,1ω1

Q1

A1 (1.28c)

S2− =

√
ηs,2ω2

Q2

A2 (1.28d)

from energy conservation we this time obtain

ω1β
∗
1 = ω2β2 = 2ω1β2 (1.29)

and

β1 =
1

4

∫∫∫
d3xε0

∑
ijk χ

(2)
ijkE

∗
1i

(
E∗1jE2k + E∗1kE2j

)
∫∫∫

d3xε|E1|2
√∫∫∫

d3xε|E2|2
(1.30)
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To obtain the maximum conversion efficiency possible, we calculate |S1+|2 when

d

d|S2+|2

(
|S2−|2

|S2+|2

)
= 0 (1.31)

and we find the maximum conversion efficiency occurs at a critical power

Pcrit =
ω1

2ηs,1|β1|2Q2
1Q2

(1.32)

with a maximum conversion efficiency given by

(
|S2−|
|S1+|

)2

max

= ηs,1ηs,2 (1.33)

We can see that the higher the overlap and the Q factor of both modes, the lower

the power at which maximum conversion efficiency occurs. This is shown in Fig. 1.1

(a), where the efficiency Pout/Pin is plotted against in the input power for different

values of the nonlinear overlap, given maximum input and output coupling efficiencies.

For these plots, we choose Q1 = 50000, Q2 = 4000, which are taken from our ω-2ω

single beam design, which we describe in Chapter 4. The minimum value of overlap

is the overlap for the initial design (β = 1 [J−1/2]), while the middle value (β = 10

[J−1/2]), represents the value obtained with an improved design. The maximum value

plotted (β = 100 [J−1/2]), is still an order of magnitude lower than the theoretical

maximum overlap given these mode volumes. In each case, at input powers greater

than Pcrit, the conversion back from the second harmonic to the fundamental starts

to decrease the conversion efficiency. In addition, bistable limit cycles are expected

in this region [44]. The maximum conversion efficiency is limited by the losses to

channels other than the input and output channels, such as absorption and radiation

losses. This is shown in Fig. 1.1 (b), where the efficiency is plotted against input

power for different values of the input efficiency ηs,1, for the same parameters as in

Fig. 1.1 (a) and the maximum plotted overlap (β = 100 [J−1/2]),.

At low input powers in the undepleted pump limit, we expect to see a quadratic

input/output curve. This occurs when
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Figure 1.1: (a) Efficiency versus input power for three values of nonlinear overlap β.
(b) Efficiency versus input power for three values of coupling efficiency.

|A1|2 <<
ω1

2Q1Q2|β1|2
(1.34)

with efficiency per unit input power a constant given by

PSHG
P 2
in,lp

= 32η2s,1ηs,2
Q2

1Q2|β1|2

ω1

(1.35)

We can calculate a maximum value for the nonlinear overlap β for an optical micro

resonator. We find that for a micro-resonator such as a photonic crystal cavity in a

III-V material, with TE polarized mode at ω1 and a TM polarized mode at ω2, the

maximum allowed value of β for a resonator with a maximum mode volume V2 is

given by

βmax =
χ(2)

2n2
1n2

√
ε0V2

(1.36)

Bulk doubly resonant cavities for second harmonic generation have been realized

for many years [46], with applications in particular to generating squeezed states of

light [47, 48]. Doubly resonant designs have been realized more recently in LiNbO3

millimeter sized whispering gallery mode resonators [49, 17]. We will discuss doubly

resonant designs in integrated micro-resonator in more detail in Chapter 3. Doubly
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and triply resonant optical parametric oscillators with ultra-low thresholds have also

been realized [16, 18], which utilize the same enhancement mechanisms.

Let us now consider a large standing wave resonator with length L and area A,

for a second order process in a material with χ
(2)
i 6=j 6=k = 0. We consider at pump at ω1

with Ez = 0, and second harmonic with Ex = Ey = 0. We take the modes have the

form [42, 50]

E1x =

√
2

LA
sin k1z (1.37a)

E1y =

√
2

LA
sin k1z (1.37b)

E2z =

√
2

LA
sin k2z (1.37c)

Defining a phase matching term ∆k = 2k1−k2, we can calculate the nonlinear overlap

β in this case from Eq. 1.30 analytically to be given by

β =
χ
(2)
ijk

2n2
1n2

√
ε0V

(
sin2(∆kL/2)

∆kL

)
(1.38)

where we define the mode volume V = LA/2. We can see that this is equivalent to

the expression in Eq. 1.36 apart from the F (∆k) = sin2(∆kL/2)/∆kL term. From

Eq. 1.35, the low power conversion efficiency in this case is given by

PSHG
P 2
in,lp

=
16η2s,1ηs,2Q

2
1Q2

n2
1n2ω1

√
ε0V

(
sin4(∆kL/2)

∆k2L2

)
(1.39)

The efficiency is maximized for ∆kL ≈ 2.33, with F (∆k) = 0.362. This is very

close to ∆k = 0, considering k is usually on the order of 105. A more complete

analysis of second harmonic generation in doubly resonant monolithic cavities can

be found in references [51] and [52]. In the case of second harmonic generation in a

traveling wave geometry, such as an optical waveguide, the coupled mode equations
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1.28 will change. In this case, we consider waves coupled in space, instead of modes

coupled in time [43, 37]. In the case of a traveling wave geometry, or in the case where

one of the modes is a traveling wave and one mode is a standing wave, the expression

changes and is maximized for ∆k = 0 [50].

1.6 Phasematching

For optical micro-resonators on the order of the coherence length, the k-vectors of the

modes do not take discrete values (as in Eq. 1.37), but instead each mode will have a

range of k-vectors. In this case, the overlap integral in Eq. 1.27 can be inspected and

simplified using symmetry considerations, but in general will require evaluation by nu-

merical integration. Conversely, for larger resonators and for guided wave geometries

such as waveguides, the k-vectors do take discrete values, and ensuring that ∆k = 0

is necessary for high efficiency frequency conversion. In both cases, maximizing the

conversion efficiency via the nonlinear overlap is known as phase matching.

In order to achieve ∆k = 0 for second harmonic generation, we require that the

refractive index at the fundamental and second harmonic wavelengths be equal, i.e.

n1 = n2. Due to material dispersion, this is in general not the case. In the the case

of a finite ∆k, the field will build up over a nonlinear coherence length, after which

time the second harmonic generated in the crystal will start to destructively interfere

causing a decrease in the signal. The generated second harmonic signal will oscillate

in intensity with distance travelled in the crystal, instead of coherently building up.

Phasematching for second harmonic generation is traditionally implemented using

birefringent materials. In these materials, along a particular crystal axis the refractive

index for one polarization is different than the refractive index for the orthogonal

polarization. Therefore, in certain birefringent crystals, for a particular direction and

polarization selection of the fundamental and second harmonic signals, the phase-

matching condition can be reached. Build-up over the length of the crystal can

also be achieved via the technique of quasi-phasematching (QPM), where the crystal

orientation is reversed every coherence length. QPM is reviewed in more detail in ref.

[53]. QPM of ferroelectric materials such as LiNbO3 can be done by applying high
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Table 1.1: Comparison of different nonlinear materials.
Material Si GaAs GaP LiNbO3

Max deff (pm/V) [59] 0 120 40 25
n (@ 1.55 µm) [60] 3.47 3.37 3.2 2.1 (d33)
Transparency (µm) 1.1-4 0.9-17 0.5-11 0.4-4.5

Birefringent No No No Yes
Semiconductor Yes Yes Yes No

electric fields, however, in semiconductor and other non-ferroelectric materials, QPM

can be more challenging.

1.6.1 Phasematching in III-V semiconductors

Not all materials that exhibit χ(2) also exhibit birefringence. In this thesis, we are

particularly interested in III-V semiconductors due to the very large nonlinearities,

large transparency window out to the mid infra-red and, in particular, the suitability

for on-chip integration. However, III-V semiconductors do not exhibit birefringence.

Many different approaches have been taken in order to overcome this limitation and

take advantage of III-V materials, including growth of multiple quantum wells to

induce birefringence [54], orientation patterning for quasiphasematching [55], inver-

sion phase-matching in microdisks [56], form birefringence in waveguides [57], surface

emitting cavities [58] and integration with optical micro-resonators [30]. Table 1.1

shows comparison between several nonlinear materials.

We note that materials such as silicon and silicon nitride can exhibit high second order

nonlinear susceptibilities when strained [61, 62, 63, 64], plasma-activated [65] or under

an electric field [66], and that second harmonic generation has been demonstrated in

these materials under such conditions. Additionally, even non-centrosymmetric ma-

terials will exhibit second harmonic generation at surfaces, [67] where the symmetry

is broken. For optical micro-resonators, waveguides or nanowires with high surface

to volume ratios it is possible to exploit this nonlinearity as well [68, 69, 70, 71].
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Table 1.2: Comparison of the potential of different micro-resonator geometries for
nonlinear frequency conversion.

Resonator Q Vmode(λ/n)3 β (J1/2) η (%/mW)
Photonic crystal cavity (III-V) [40] 105 1 1× 103 1× 106

Microdisk (III-V) [38] 105 6 50 1× 104

Mechanically polished WGR (LiNbO3) [17] 108 106 10−1 108

1.7 Comparison

Let us now consider the expected conversion efficiencies in the light of realizable

microresontor parameters. Table 1.2 shows the highest Q factors demonstrated for

various types of optical micro-resonators with approximate mode volumes. The max-

imum nonlinear overlap (β) attainable with these mode volumes, calculated from

Eq. 1.36 are also shown. These values may be subject to further limitations due to

the modes available in each geometry (theoretical predictions of efficiency for modes

found in the specific geometries of LiNbO3 WGM resonators and GaAs microdisk

resonators are available in refs. [49] and [72]). The low power efficiency per milliwatt

of input power, calculated from equation 1.35, and assuming the maximum attainable

Q factor for both modes in the doubly resonant process for each device, is shown in

the final column of Table 1.2. We assume ηs,1 = ηs,2 = 100%, and therefore that the

total Q factor is decreased by a factor of 2 from the unloaded Q factor due to critical

coupling to an input channel.

For comparison, experimentally reported efficiencies are recorded in Table 1.3.

As can be seen, there is a large gap between experimentally observed efficiencies and

maximum attainable efficiencies. In part, this is due to the fact that these experiments

were not done with the highest Q/V resonators, and critical coupling has not been

attained. Even allowing for that, there is still a significant gap between experiment

and theory due to poor mode overlap. We discuss our efforts to improve these results

in photonic crystal cavities in Chapters 3 and 4, in addition to giving further review

of the literature on this topic.

Looking closer, Fig. 1.2 (a) shows the conversion efficiency per milliwatt for fre-

quency conversion from 1.8 µm to 0.9 µm in the undepleted pump regime for a micro
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Table 1.3: Experimentally recorded nonlinear conversion efficiencies for various struc-
tures. PhCC is short for photonic crystal cavity and WGM for whispering gallery
mode resonator.

Resonator Q1 Q2 Vmode(λ/n)3 η1 (%) η2 (%) η (%/mW)
PhCC (GaAs) [31] 4000 ≈ 100 0.7 15% 30% 1× 10−2

Microdisk (GaAs) [56] 2× 104 9× 103 - 94 55 5.2× 10−5

WGR (LiNbO3) [49] 1.2× 107 8× 106 2× 106 94 84 > 4
WGR (LiNbO3) [17] 2× 107 ≈ 1× 107 - 60 ≈100 300

resonator with a mode volume of (λ/n)3 in GaAs, for different values of nonlinear

overlap. For comparison, Fig. 1.2 (b) shows the conversion efficiency per milliwatt

for the same frequency conversion process for a typical periodically poled LiNbO3

waveguide with a mode size of 3 µm2, assuming no loss and perfect transverse over-

lap of the mode. For the conversion efficiency achieved in a 7 cm LiNbO3 waveguide,

a micro resonator in GaAs for the same frequencies would need a Q factor for all

three modes of at least 2500. As this is a best case scenario, we can see that for 10

times worse overlap a Q factor of 1× 104 for all three modes would be sufficient. We

note that the values of conversion efficiency attained in PPLN waveguides is signif-

icantly closer to these theoretical maximum values than what has been attained for

the resonator geometries. There has also been significant work in other types of χ(2)

waveguides, such as waveguides fabricated in GaAs [57] and other III-V semiconduc-

tors [6], GaN [73] and AlN [74] which use dispersion engineering of the waveguide

modes to phasematch, however these also have yet to match the efficiency of PPLN

waveguides.

We also note that on first sight, increasing the Q factor has a bigger effect than

increasing the mode overlap. However, increasing the Q factor of the resonator de-

creases its line width. As the line width decreases, it becomes more challenging to

match the two frequencies exactly. In addition, other nonlinearities may also shift

the wavelength, and these effects will also be enhanced by large Q/V ratios. If the

line width is very narrow, the cavity may be switched off resonance due to a number

of effects [75, 76, 77], or there may be induced bistability. Therefore, it is impor-

tant to take these effects into account, and additionally to maximize the overlap for
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Figure 1.2: (a) Undepleted pump efficiency per mW versus Q factor for second har-
monic generation in a doubly resonant cavity with two modes of the same Q. (b)
Undepleted pump efficiency per mW versus length in a lossless PPLN waveguide.

the particular process desired before increasing the Q. These effects are more signif-

icant in semiconductors than in crystalline materials such as LiNbO3, due to higher

absorption and χ(3) nonlinearities.



Chapter 2

Photonic crystal cavities

The butterfly’s attractiveness derives not only from colors and

symmetry: deeper motives contribute to it.

Primo Levi

2.1 Introduction

The electronic properties of semiconductors can be described by the interaction of

electrons with the periodic potential of the atomic crystal lattice. Similarly, the

properties of photonic crystals can be described by the interaction of light with a

periodic refractive index. Analogous to the electronic bandgap in a semiconductor, a

photonic band gap can be formed in such a periodic structure. In this photonic band

gap, certain energies of photons, or frequencies of light, are forbidden. Perturbing

a structure with a photonic band gap can confine light, forming a resonator with

very high Q and low mode volumes. While the modes of photonic crystals typically

cannot be calculated analytically, the symmetry of the modes will depend on the

symmetry of the structure itself. For nonlinear frequency conversion, this symmetry

is particularly relevant as it can govern which modes will interact via the intrinsic

material nonlinearity. In this Chapter we will discuss photonic crystal cavities, in

particular with respect to the symmetry of modes in photonic crystal cavities and

21
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how this relates to nonlinear frequency conversion processes. We will also discuss the

fabrication of photonic crystal cavities in (001) and (111) oriented GaAs.

2.2 Photonic crystal band strucure

Photonic crystals have discrete translational symmetry, and are invariant under trans-

lations that are a multiple of some fixed step length. This discrete translational

symmetry leads to modes that have the Bloch form

Hk = eik·ru(k)(r) (2.1)

where r is the position vector and the function u(r) is periodic such that

uk(r) = uk(r + R) (2.2)

for all lattice vectors R [78]. Non-degenerate modes of the periodic structure are

orthogonal to each other. In the case of a periodic 1D structure, these modes can be

solved analytically, but for 2D and 3D periodic structures, numerical solutions are

typically required. The band diagram for a triangular lattice 2D photonic crystal with

lattice constant a, ε = 12 and hole radius r = 0.45a is shown in Fig. 2.1 (a). The

band diagram plots the dimensionless frequency parameter a/λ for k vectors along

different directions, where λ is the wavelength in free space. In this case, the speed

of light c is taken taken as unity, and the frequency f = 1/λ, which can be made

dimensionless and scale invariant by multiplying by the lattice constant a.

The k-vector directions plotted along the x-axis are along the edge of the irre-

ducible Brillouin zone (IBZ), as only these directions need to be plotted in order to

find the minima and maxima of the bands, which are relevant for finding the location

of photonic band gaps [78]. The high symmetry points are at the corners of the IBZ,

and for a triangular lattice are Γ : (kx, ky) = (0, 0), X : (kx, ky) = (0, 2π/
√

3a) and

J : (kx, ky) = (2π/3a, 2π/
√

3a). Therefore the relevant directions on the band dia-

gram are Γ−X, X − J and J − Γ. k-vectors along these directions outside the IBZ

can be folded back to within the IBZ, and therefore can be plotted on the same band
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Figure 2.1: Band diagram for triangular lattice photonic crystal with ε =12, r/a =
0.45. Blue (green) lines show TE (TM) polarizations in 2D, TE-like (TM-like) for
planar structures. (a) Band diagram in 2D showing a photonic band gap. (b) Band
diagram for planar triangular lattice photonic crystal with thickness d/a = 0.5. (c)
Band diagram for planar triangular lattice photonic crystal with thickness d/a = 0.3.
The TM-like band gap is closed for the planar structures with these thicknesses.

diagram. Furthermore, the modes in a 2D photonic crystal can be separated into two

polarizations, transverse electric (TE) and transverse magnetic (TM) (we will show

this in section 2.4), indicated by the blue and green bands in the figure. TE modes

have Hx = Hy = Ez = 0 (where we define z as the surface normal direction), and

therefore have only ‘transverse’ electric field components. TM modes have Ex = Ey

= Hz = 0 and similarly have only ‘transverse’ magnetic field components. We can

see that for this example, there is a frequency region for both polarizations where no

modes exist. This is known as a complete photonic band gap. In this frequency range,

the wave propagation is prohibited through the crystal in any direction in space and

for any polarization. Therefore light in this frequency range will be reflected from the

structure. This is known as distributed Bragg reflection. Additionally, in this case

there is larger region where no TE modes exist. It is common for structures to have

a bandgap only for either the TE or TM polarization.

We want to realize photonic crystals in real space, which is 3D. Periodicity in three

dimensions can lead to a complete photonic band gap. Unfortunately, 3D photonic

crystals are very difficult to fabricate, although high Q 3D photonic crystal cavities

have been demonstrated [79]. For this reason, most research efforts have been focused

on alternative approaches. Planar 2D photonic crystals are 2D photonic crystals of

finite depth, which possess most of the properties of 2D photonic crystals but with the
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advantage that they can be made by standard microfabrication methods. A planar

2D photonic crystal cavity is shown in Fig. 2.2 (a). Photonic crystals with periodicity

in only one dimension include distributed Bragg reflectors, which are used in anti-

reflection coatings and vertical cavity surface emitting lasers (VCSELs), and more

recently in planar 1D cavities known as nanobeam photonic crystal cavities (Fig. 2.2

(b)). Photonic crystal cavities are discussed in more detail in section 2.3.

The light confinement in planar photonic crystals results from the combined action

of distributed Bragg reflection and total internal reflection. The band diagrams for

planar photonic crystal structures with the same parameters as the structure shown

in Fig. 2.1 (a) with finite thickness are shown in Fig. 2.1 (b) and (c), for thicknesses

d/a = 0.5 and d/a = 0.3. In the case of a planar structure, modes can be defined as

‘TE-like’ or ‘TM-like’. This is because they are TE or TM at the center of the slab,

but away from the center, there may be some finite non-transverse components of

the fields. However, for slabs with thickness less than a wavelength in the material,

these components are very small (Fig. 2.3 (a)-(c) shows the relative Ex, Ey and

Ez components of a simulated TE-like photonic crystal cavity mode). Since we are

working with mainly planar structures, we will keep this in mind while referring to

the modes as ‘TE’ or ‘TM’. For these band diagrams, the x-axis plots the in-plane

wave vector k‖, while the out of plane wave vector kz can vary. The light line is

indicated by by the solid red line, and defines the boundary between modes confined

by total internal reflection and leaky modes. These leaky modes are outside the light

line and indicated by the gray shaded area. As can be seen from the figure, the band

gap is therefore incomplete, and this leads to imperfect confinement which produces

some unwanted out-of-plane loss (radiation loss). The band diagram is also changed

relative to the 2D structure inside the light cone; the bands must be continuous with

the leaky modes outside the light cone.

Furthermore, the band gap will close for slabs that are too thick or too thin. If

the slab is too thin, the modes will be weakly guided or not guided at all, and the

band gap will close. On the other hand, if the slab is too thick, the band gap will

close due to the formation of higher order modes in the vertical direction which will

fill the band gap. The optimal thickness depends on the polarization, due to the fact
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Figure 2.2: (a) L3 and (b) nanobeam photonic crystal cavities fabricated in GaAs.

that the TE and TM modes experience different effective indices. TM band gaps

generally require thicker structures, as the effective index is more heavily weighted

by the low index material for these modes. This can be seen in the case of the TM

mode in Fig 2.1 (b) and (c), as the TM modes shift more rapidly to higher frequencies

with decreasing slab thickness than the TE modes, and the TM band gap disappears

between d/a = 0.5 and d/a = 0.3. This is also relevant to 2D photonic crystals that

have multiple band gaps. These are usually not maintained when we move to planar

structures, as modes with multiple vertical nodes tend to fill these higher order band

gaps. We will discuss this in Chapter 4 for the design of photonic crystal cavities with

multiple resonances spaced far apart in frequency for nonlinear frequency conversion.

2.3 Photonic crystal cavities

A perturbation in an infinite photonic crystal perfectly traps a localized mode or

modes. For a planar photonic crystal, a perturbation will localize a mode which

resembles the corresponding point-defect mode in an infinite 2D crystal [80]. In

practice, perturbations can be induced by increasing or decreasing the size of the

holes in a photonic crystal, or by shifting or omitting holes from their position in the

lattice. SEM images of a 2D planar photonic crystal cavity and nanobeam photonic
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crystal cavities are shown in Fig. 2.2. The presence of the light cone means that

localized modes in the slab are leaky resonances, with intrinsic vertical radiation

losses. Despite this, high Q modes can still be realized. Looking at the Fourier

components of the field pattern, the more delocalized the mode is in space, the more

localized its Fourier transform can be, allowing more of the Fourier components to lie

inside the light cone and not radiate. This means we can increase Q by allowing the

resonator mode to spread out. This can be done either by making the defect larger,

or by making a weaker perturbation by reducing the dielectric contrast relative to the

rest of the slab. For example, the photonic crystal heterostructure cavity [81] consists

of a line defect in a triangular lattice photonic crystal, with a very small perturbation

of lattice constant in the cavity region. This very gentle perturbation allows high Q

factors, and cavities with Q factors higher than 109 have been simulated [82], with Q

factors as high as 9×106 realized [39]. The mode volumes in heterostructure photonic

crystal cavities are as low as 1.2(λ/n)3. 1D planar nanobeam photonic crystal cavities

[83, 84, 85, 86, 87] (Fig. 2.2 (b)) often use a similar mechanism [87], with a gentle

adiabatic tapering of the lattice constant and hole size in the cavity region. Q factors

of > 109 have been simulated in nanobeam cavities [88], with Q factors as high as

7.5× 105 demonstrated [87]. Another advantage of these 1D photonic crystal cavities

is that they maintain the photonic band gap with lower index contrast than is possible

for 2D planar photonic crystals, and therefore can still exhibit high Q factor modes

on very low refractive index materials such as SiO2 [89], diamond [90], Si3N4 [91],

sputter coated AlN [74] and SiC [92].

Another physical mechanism that can be used to increase the radiative Q factor

is cancellation, where the dominant component of the radiation can be eliminated by

destructive interference of scattered fields with opposite signs. L3 photonic crystal

cavities [93, 94, 95] are formed by omitting three holes in a row in a triangular lattice

photonic crystal (Fig. 2.2 (a)). Simply removing these holes will localize a mode with

a Q factor of ≈ 103. However, by introducing slight shifts in the positions and radii of

the holes surrounding the defect, which helps cancel out radiated components, they

can have Q factors as high as 105 and mode volumes as low as 0.7(λ/n3). Increases in

theoretical Q factors in L3 photonic crystal cavities to greater than 106 have recently
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Figure 2.3: (a) Ex, (b) Ey and (c) Ez fields of the L3 photonic crystal cavity for the
xy slice which maximizes each field component and the yz slice that maximizes each
field component.

been shown to be possible using genetic optimization algorithms, albeit with a slight

increase in mode volume up to 0.9(λ/n)3 [96]. Depending on the application, however,

it may be preferable to allow better out coupling in exchange for a reduction in Q,

which can be achieved by introducing intentional perturbations in the design [97, 98],

as discussed in more detail in Chapter 3. Fig. 2.3 shows the Ex, Ey and Ez field

components for a perturbed L3 photonic crystal cavity mode. Other photonic crystal

cavity types include H0 photonic crystal cavities [99, 100], which consist of a small

outward shift of two holes in triangular photonic crystal. H0 photonic crystal cavities

are notable as they have some of the lowest mode volumes for high Q factors, with

V as low as 0.25(λ/n)3, and have been recently been demonstrated with Q factors

higher than 5× 105 [101].

2.4 Symmetry

2.4.1 Photonic crystal symmetry

Photonic crystals may also have symmetries other than discrete translational symme-

tries mentioned in Section 2.2. A photonic crystal may be invariant after inversion,

rotation or a mirror symmetry. This is important as group theory requires that the

symmetry of the photonic crystal structure imposes certain symmetries on the modes

themselves, and predicts mode degeneracies at particular k-points. Mathematically,

we can cast Maxwell’s equations as a Hermitian eigenvalue equation
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∇× 1

ε(r)
∇×Hk(r) =

ω2

c2
Hk(r) (2.3)

(2.4)

which has the form Θ̂Hk(r) = αHk(r) (a similar generalized eigenproblem can be

formulated for Ek). Analogous to quantum mechanics, we can then define operators

to describe the symmetries of the system, that act on the fields of the modes of the

system. If the symmetry operator Ôsym commutes with the linear Hermitian operator

Θ̂, then if Hk(r) is a mode of the system, then ÔsymHk(r) = αsymHk(r) is also a mode.

For example, an inversion can be described by the application of an operator I that

inverts vectors so that Ia = −a, and inverts vector fields so that If(r) = −f(−r), with

eigenvalues ±1. It is important to note that Ek is a vector and Hk is a pseudovector

[102], such that when IEk(r) = −Ek(−r) then IHk(r) = +Hk(−r).

Mirror symmetry in a photonic crystal is especially important. It can allow sep-

aration of the modes into two polarizations; in one case Hk is parallel to the mirror

plane and Ek is perpendicular, while in the other Ek is parallel to the mirror plane

and Hk is perpendicular. If we consider a photonic crystal with mirror symmetry in

the xy plane, then we can define a mirror reflection operator ÔMz [80], which reflects

a vector field by applying a mirror function Mz on both the input and output. Mz

changes z→ −z and leaves x and y alone. This leads to

ÔMzf(r) = Mzf(Mzr) (2.5)

The reflection operator then acts on the modes as [103]

ÔMzHk(r) = αMz(−Hk,t(rt,−rz), Hk,z(rt,−rz));

ÔMzEk(r) = αMz(Ek,t(rt,−rz),−Ek,z(rt,−rz))
(2.6)

where rt, Hk,t and Ek,t are the tangential components of displacement vector and

the magnetic and electric fields, and we have used the fact that Ek is a vector and

Hk is a pseudo vector. The eigenvalues of this equation αMz = ±1 as application of
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the mirror operator twice must return to the same mode. This gives an even mode

with αMz = +1 and an odd mode with αMz = −1. In the specific case of a 2D

system, rz = 0, kz = 0 and Mzr = r. Since Hk,i (Ek,i) cannot be equal to −Hk,i

(-Ek,i) at the same point in space, we find from Eq. 2.6 that for the even mode we

must have Ez = Hx = Hy = 0 and Hz = Ex = Ey = 0 for the odd mode. Therefore

there are two polarizations of modes; an even mode with Ex, Ey and Hz, and an odd

mode with Ez, Hx and Hy. This even mode has E-field components only confined in

the plane and is therefore transverse-electric (TE), while the odd mode has H-field

components only confined in the plane and is therefore transverse-magnetic (TM).

For modes in a planar structure with mirror symmetry about a central xy plane,

within the central z = 0 plane the even and odd modes must be purely TE and TM

polarized. However, away from the mirror plane this does not hold, and away from

z = 0 there may be some finite components of Ez, Hx and Hy for TE modes and Hz,

Ex and Ey for TM modes. According to Eq. 2.6 these components will be odd with

respect to the mirror plane. For structures with thickness smaller than a wavelength,

the modes will still be TE-like and TM-like, with small contributions from these

additional field components. This can be seen in the (TE-like) L3 photonic crystal

cavity mode shown in Fig. 2.3, where the Ez component is very small relative to the

Ex and Ey components.

For a nanobeam photonic crystal cavity (Fig. 2.2 (b)), modes can additionally be

described as TE-like and TM-like due to the mirror symmetry in the central xz plane

of the nanobeam, due to the narrow size in the y direction. In this case, in the central

xz plane, the two polarizations will have Ey,Hx,Hz (TE-like) or Hy,Ex,Ez (TM-

like) nonzero. Further relationships between the symmetries of the field components

can be inferred from inversion and rotation symmetry.

2.4.2 Symmetry of the nonlinear susceptibility tensor

As we discussed in Chapter 1, the nonlinear susceptibility is represented by a tensor.

The form of this tensor reflects the underlying crystal structure of the material. It

describes how strongly field components along the different electronic crystal axes will
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interact via the χ(2) nonlinearity. III-V semiconductors have a zincblende structure

and therefore possess 4̄3m symmetry. The deff matrix (see Eq. 1.8 to Eq. 1.11 in

section 1.3) for a 4̄3m crystal structure is

d =


0 0 0 d14 0 0

0 0 0 0 d14 0

0 0 0 0 0 d14

 (2.7)

This means that the only nonzero elements of the bulk χ
(2)
ijk have i 6= j 6= k, where

i, j and k are directions along the [100], [010] and [001] crystal axes. As described

in Eq. 1.27 the mode overlap is proportional to Σijk

∫
drχ

(2)
ijkE1iE2jE3k, where E is a

component of the electric field and the numeric subscript describes a distinct mode

in a three wave mixing process. Spatially anti-symmetric products of the three field

components have zero overlap. Examining the mode overlap integral for TE-like and

TM-like modes reveals that for the process of second harmonic generation, a TE-like

mode may only couple to a TM-like mode if the wafer is normal to the [100], [010]

or [001] (equivalent) directions, as in standard (001) oriented wafers [104]. This is

illustrated in Fig. 2.4 (a). The consequence of this is that both high Q TE-like

and TM-like modes must be engineered for second harmonic generation in suspended

photonic crystals on this substrate, which is challenging as nearly all planar photonic

crystals only have a bandgap for TE polarization (with the exception of a few recent

demonstrations [105, 106], which require either complex 2D patterns or thick 1D

structures, thereby making fabrication more challenging ). However, if the wafer is

cut such that the plane of the wafer is normal to a different crystallographic direction,

the x and y directions in the plane of the wafer may have components along each of

the [100], [010] and [001] directions, and in this case TE-TE coupling between modes

may be allowed. For example, in the case of (111) oriented III-Vs, illustrated in Fig.

2.4 (b), such TE-TE mode coupling is allowed. This opens up additional degrees of

freedom for engineering photonic crystal cavities for frequency conversion [27], as all

three modes in a three wave mixing process may now have either TE-like or TM-

like symmetry. A new deff matrix may be defined for this orientation, as shown in
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Figure 2.4: Field components defined relative to the photonic crystal axes in (a)
(001)-GaAs and (b) (111)-GaAs.

Appendix A.1.

2.5 Simulation

For planar photonic crystal cavities, numerical methods are necessary in order to

calculate the modes of the structures. One approach is to use either finite difference

time domain simulation (FDTD) or finite difference frequency domain simulation

(FDFD). In FDTD, the electric field vector components in a volume of space are

solved at a given instant in time; then the magnetic field vector components in the

same spatial volume are solved at the next instant in time; and the process is repeated

over and over again until the desired transient or steady-state electromagnetic field

behavior is fully evolved. Since it is a time-domain method, FDTD solutions can cover

a wide frequency range with a single simulation run. Resonant modes are found by

taking the Fourier transform the time-evolved electromagnetic fields. In this thesis we

have used a custom FDTD code developed in our group to run on GPU processors.

FDTD was used for all cavity simulations. Fig. 2.3 shows an example of such a

simulation run for a perturbed L3 photonic crystal cavity.

FDFD on the other hand works by casting Maxwell’s equations into the Hermitian

eigenvalue form as described in Eq. 2.4. This is a matrix equation of the form Ax = b,

where the matrix A is derived from the wave equation operator, the column vector
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x contains the field components, and the column vector b describes the source. It

is typically difficult to get it to converge for large, 3D simulation sizes. However,

since it solves exactly for the eigenmodes of the system, in this thesis we have used

the FDFD method to generate the band diagrams calculating the modes of various

periodic structures, where we can apply periodic (Bloch) boundary conditions and

therefore have a relatively small simulation size, limited to a single unit cell of the

structure. We use the free software MIT photonic bands [1]. Fig. 2.1 is an example

of such a simulation.

2.6 Fabrication

In order to obtain the suspended membrane structure, a membrane of semiconductor

is grown on top of a sacrificial layer. The wafer structures used in this work were

grown by molecular beam epitaxy, and growth was done by collaborators at Stanford,

Humboldt University and the Paul Drude Institute. For GaAs photonic crystal cav-

ities, the structure is GaAs on ≈ 1µm Al0.85Ga0.15As. A good review of fabrication

of photonic crystal cavities in GaAs is found in ref. [107]. Briefly, we clean the wafer

by sonication in acetone for five minutes followed by an isopropanol rinse. We then

spin 300 nm of ZEP e-beam resist onto the wafer. The pattern is then defined by

e-beam lithography. The holes are then etched using an RIE dry etcher, with a BCl3

and Cl2 chemistry [108]. The sacrificial layer was then removed from the area under

the etched holes using a wet HF etch.

Until 2010, e-beam lithography was done on the Raith 150 e-beam system, with

an accelerating voltage of 10 kV. After 2010, we switched to using the JEOL 100

kV system. This led to a significant improvement in structures, due to a reduction

in proximity effect, which meant that prototyping new patterns became significantly

easier. The impact of the proximity effect is shown in Fig. 2.5. Hole size in each

structure should taper down towards the central region. However, due to different

levels of backscatter exposure at different points in the structure, the dose to clear

varies with position and the relative sizes of the holes as defined by the pattern are

not preserved [109]. The backscatter from the 100kV JEOL is more uniform, and
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Figure 2.5: (a) Crossbeam photonic crystal cavity fabricated with RAITH. (b) Similar
crossbeam fabricated in JEOL.

therefore all points on the structure have the same dose to clear, and the desired

pattern is preserved.

The fabrication process for GaAs, GaP and InGaP was the same, apart from the

e-beam dose and the length of the dry etch. It was also the same in the case of (001)

and (111) oriented GaAs. However, the surface roughness in (111)-oriented wafers

was higher, with triangular defects as shown in Fig. 2.6 (a) and (b). The processing

can also lead to slightly different results in the two orientations. This is likely due to

the etch steps, since the (111) plane is more closely packed than the (001) plane and

therefore the two planes are chemically etched at significantly different rates [110].

The etching of (111)-AlGaAs is shown from a partially undercut nanobeam in Fig.

2.6 (b). Since the dry etch is a combination of chemical and mechanical etching, this

can result in different profiles for holes in with the same parameters written in the

two different orientations. While it was not always noticeable, circular holes would

sometimes appear slightly triangular, as shown in Fig. 2.6 (c).



34 CHAPTER 2. PHOTONIC CRYSTAL CAVITIES

Figure 2.6: (a) Triangular defects in (111) GaAs surface. (b) Nanobeam with under-
cut showing directional wet etch of (111) AlGaAs. (c) Triangular shape of some holes
in L3 photonic crystal cavities etched in (111) orientation.



Chapter 3

Frequency conversion in GaAs

photonic crystal cavities

To raise new questions, new possibilities, to regard old problems from a

new angle, requires creative imagination and marks real advance in

science.
Albert Einstein

3.1 Introduction

As discussed in Chapter 2, the crystal orientation of the semiconductor on which

photonic crystal cavities are fabricated influences the process of second harmonic

generation. This has implications for design of photonic crystal cavities for nonlinear

frequency conversion. In this Chapter we demonstrate second harmonic generation

in photonic crystal cavities in (111)-GaAs for the first time and compare it to the

same process in (001)-GaAs. These differences will become especially important in

Chapter 4 for the design of multiply resonant photonic crystal cavities to enhance

nonlinear optical processes. We first demonstrate second harmonic generation with

the pump at 1550 nm, such that the generated second harmonic is above the band gap

of GaAs (where there is linear absorption). We then move to longer wavelengths in

order to demonstrate below-bandgap second harmonic generation in GaAs photonic

35
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crystal cavities. The results in this Chapter were published in refs. [30] and [31].

3.2 Motivation

Second harmonic generation (SHG) in photonic crystal cavities (PhCCs) is of interest

due to the potential for very high frequency conversion at low input powers, as dis-

cussed in Chapter 1. The first demonstration of SHG in PhCCs was in InP [111, 112],

where the second harmonic was generated above the band gap and therefore experi-

enced significant absorption. To achieve efficient SHG, both the second harmonic and

pump wavelengths should be within the transparency window of the semiconductor.

By moving to GaP [104], which has a larger band gap and therefore allows SHG be-

low the band gap, higher efficiency was subsequently demonstrated. SHG in photonic

crystal cavities in LiNbO3 [113] and SiC [114] have also been demonstrated recently,

as well as SHG in Si [115], using the surface nonlinearity. Additional experiments

have demonstrated SHG in PhCCs using integrated quantum dots as a pump source

[116], and this has also been used to monitor the laser threshold in a photonic crystal

cavity laser [117]. In all of these cases, the process efficiency could not be predicted

or optimized, as the second harmonic mode was not well known.

As discussed in Section 2.4.2, in order to achieve efficient nonlinear frequency

conversion, it is necessary to choose a material with a nonlinear susceptibility tensor

symmetry that matches the symmetry of the cavity modes well [58, 30] (e.g. by

choosing crystal orientation). GaAs can be grown in different wafer orientations, and

therefore can fulfill different requirements depending on the design. Moreover, due to

the tensor nature of the nonlinear properties, the two photon absorption of TE modes

in (111) GaAs is several times smaller than in (001) GaAs [118]. GaAs also has a

transparency window from around 900 nm to 16 µm, and so is particularly useful for

nonlinear frequency conversion if all three wavelengths are within this range. Within

this frequency range, GaAs is preferable to wider bandgap semiconductors such as

GaP, as it has a stronger nonlinearity [59], is easier to grow in the (111) crystal

orientation, and is compatible with bright gain media such as InGaAs quantum wells,

and efficient quantum emitters, such as InAs quantum dots [119, 116, 120].
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Figure 3.1: (a) Cross polarized reflectivity method. (c) Cross polarized reflectivity
spectrum of the cavity in (b) with resonance at 1551 nm.

However, in order to improve the efficiency of SHG in PhCCs and develop useful

devices, it is necessary to do more than move to a new material. In experimentally

demonstrated SHG in three hole defect (L3) PhCCs, the pump is coupled to the

high Q fundamental cavity mode. The second harmonic couples to leaky air band

modes perturbed by the presence of the cavity [112, 104, 121, 115, 30, 116, 120, 113,

114, 31], which have low Q factors, and potentially low overlap with the fundamental

mode. While previous work focused on the properties of single devices, by making

measurements on many cavities in different crystal orientations, we are able to identify

these modes, and we show in simulation and experiment that this mode is strongly

dependent on structure parameters. The ability to optimize this mode is important

for engineering devices to improve the efficiency of the nonlinear frequency conversion.

3.3 Above-bandgap second harmonic generation

3.3.1 Fabrication and linear characterization

In order to demonstrate the improvement of nonlinear frequency conversion in nanopho-

tonic structures by controlling the crystal orientation of the underlying material, we

fabricate L3 photonic crystal cavities in (001) and (111) GaAs and compare SHG
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Figure 3.2: Simplified schematic of the setup for SHG. OL = objective lens, BS =
beam splitter
.

in both. PhCCs were fabricated in 165 nm thick (001) and (111) GaAs membranes

grown on a thick AlGaAs sacrificial layer (0.878 µm thick in the (001) sample, 0.8 µm

thick in the (111) sample) on n-type doped substrates. The (111)B GaAs substrate

was off-oriented by 2◦ towards [2-1-1]. The cavities were fabricated using e-beam

lithography to define the pattern, followed by dry etching and HF wet etching to re-

move the sacrificial layer, as described in Section 2.6. The fabricated structures had

lattice constant a = 460-470 nm and hole radius r/a = 0.28. Fabricated photonic crys-

tal cavities were all characterized experimentally at the fundamental (1st harmonic)

wavelength with a broadband LED light source using a cross polarized reflectivity

method [122]. In this method, horizontally polarized light (|H〉)is sent through a

polarizing beam splitter. The light is rotated by the cavity mode (|H〉 + |V 〉), and

the polarizing beam splitter filters out the reflected |H〉 polarized light that has not

coupled to the cavity mode. The half wave plate ensures that the cavity rotates the

light by the optimal 45◦. This is illustrated in Fig. 3.1 (a). The spectrum for such

a structure, measured by this method, is shown in Fig. 3.1 (b) with a Q factor of

10,000.
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3.3.2 Second harmonic generation

To perform SHG, a tunable continuous wave (CW) telecommunications wavelength

(1465-1575 nm) laser is reflected from a 50-50 beamsplitter and coupled to the high-

Q fundamental cavity mode at normal incidence with a high numerical aperture

objective lens, as shown in Fig. 3.2. The field profile of the mode is similar to the

simulated field pattern shown in Fig. 2.3. The second harmonic emission is collected

through the same objective and passes through the beamsplitter to be measured on a

liquid nitrogen cooled Si CCD spectrometer, as described in ref. [104]. The tunable

laser is scanned across the cavity resonance, and the maximum counts measured on

the spectrometer for each laser wavelength are recorded. The value in counts/second

was calibrated in order to calculate actual powers. An example of such a spectrum

for the cavity in (111) GaAs measured in Fig. 3.1 (b) at 600 µW pump power is

shown in Fig. 3.3 (a); the red line is a fit to a Lorentzian squared with Q factor of

10,000. The second harmonic power dependence on input power can be recorded by

varying the laser power at a particular wavelength; the resulting curve for the same

cavity is shown in part (b), with a quadratic fit in red. Since the generated second

harmonic is above the GaAs band-gap, the process efficiency is greatly reduced by

the two photon absorption of the pump and linear absorption of the second harmonic;

this is indicated by the fact that the measured power is significantly lower than that

measured from similar cavities in GaP, despite the relatively higher χ(2) nonlinearity

of GaAs [59].

Since at low powers the measured second harmonic versus pump power is quadratic

and the efficiency versus pump power is approximately linear, in this power regime

we can obtain the (constant) conversion efficiency per Watt of input pump power

for each structure. The maximum low power conversion efficiency per Watt mea-

sured in a (111)-GaAs structure was 0.002 %/W (not accounting for in/out coupling

losses),which is 450 times lower than the measured conversion efficiency per Watt in

GaP photonic crystal cavities.
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Figure 3.3: (a) Second harmonic spectrum of the cavity in (c) at 600 µW input power.
(b) Second harmonic power versus pump power for low pump powers for the same
cavity as shown in Fig. 3.1.

3.3.3 Comparison of (001) and (111)B orientations

Next, we compare the second harmonic spectra for similar L3 cavities in(111) and

(001) GaAs, in order to demonstrate the difference in the second harmonic process in

the two orientations for input powers leading to collected second harmonic powers in

the pW range. We expect to observe a difference in the measured second harmonic

power for fixed pump power, due to differences of the nonlinear optical interaction

strengths and of the two-photon absorption coefficients between the two samples,

although this experiment will not distinguish between the two effects. Around 30

cavities were fabricated for both (111) and (001) GaAs. The input power was kept at

600 µW, where the SHG versus pump curve was still quadratic for the case of (111)

GaAs, as in Fig. 3.1 (b), but the power was high enough that second harmonic signal

could be measured for most cavities. For (001) GaAs this may have already been

in the strong nonlinear absorption regime due to the higher two photon absorption.

However, below this power the second harmonic power was too low to measure for a

significant number of structures in the (001) orientation, and therefore we chose to

measure at 600 µW in order to keep these structures in our sample. We therefore

do not quote low power conversion efficiency for both but rather measure second
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Table 3.1: Comparison of second harmonic power in pW for L3 cavities in (001) and
(111) GaAs for 600 µW input power.

(001) GaAs (pW) (111) GaAs (pW)

max 1.66 7.3

mean 0.47 1.55

median 0.11 1.03

standard deviation 0.55 1.6

harmonic power at 600 µW.

For each photonic crystal cavity, the tunable laser was scanned across the reso-

nance. Second harmonic power was plotted versus wavelength, and the peak value

was recorded. Table 3.1 summarizes the results, which indicate higher efficiency SHG

in the (111) orientation. A large structure to structure variation was observed, and

is possibly due to the high sensitivity of air band mode frequencies to structure pa-

rameters, as well as variations in in- and out-coupling efficiency. In order to try to

suppress this variation, we also fabricated perturbed L3 photonic crystal cavities.

However, we still observed significant scattering of values. Since this scattering was

less severe in the case of GaP cavities in [104] (e.g. allowing a noticeable dependence

on in plane cavity rotation), we suggest that the absorption contributes to the high

sensitivity of measured powers. The results for (001)-oriented GaAs are statistically

enhanced by the fact that there were several cavities in that orientation for which we

could not measure any SHG, perhaps because the efficiency was too low, and these

were not included in the results. Different rotations relative to the crystal axes were

also fabricated, however, the variation from structure to structure was larger than

any rotation variation that we could measure. Therefore, we include structures of all

rotations in the table. The quality factor of the structures measured was between

8,000 and 13,000, and no significant dependence on Q factor was found in this range.
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We attribute this to the fact that although the conversion efficiency increases with

increase in Q factor, the coupling efficiency decreases with increasing Q factor, and

in this range the two effects cancel. We also note that cavities with a range of lattice

constants and doses were used, with resonant frequencies between 1475 nm and 1575

nm. The increase in the SHG in (111) cavities relative to (001) cavities could be a

combination of the smaller two-photon absorption in (111) GaAs and the possible bet-

ter overlap between the fundamental L3 cavity mode and air band modes, due to the

possibility of coupling to TE modes, as explained in Chapter 2. FDTD simulations

of the potential contributing air band modes were used for calculations of the mode

overlap, and indicate that this overlap can be improved or reduced with a change in

wafer orientation by up to an order of magnitude, depending on the particular air

band modes involved (see Section 3.4.6). Determination of which of these modes is

involved is challenging, as these modes are low Q and therefore difficult to isolate via

FDTD simulation, and in general confirmation via farfield measurements and rotation

of the wafer are required. We will discuss this in more detail in Section 3.4. In these

simulations however, linear and nonlinear absorption were not included, and there-

fore identification of the precise modes involved was not possible. Another potential

discrepancy is the difference in out-coupling between TE and TM modes. One might

naively expect that TM modes would couple out more poorly than the TE modes.

However, for the low Q air band modes we simulated (see Section 3.4 for an example

of such modes), we found that between 20-70 % of the light couples into the NA of

the objective lens for both TE modes and TM modes, with more variation depending

on the precise mode than TE or TM polarization. A precise characterization of the

improvement resulting from the chosen wafer orientation requires further experiments

at longer pump wavelengths to distinguish between improvement from lower two pho-

ton absorption and improved overlap due to TE-TE mode coupling, as discussed in

Section 2.4.2. We will describe such measurements in Section 3.4, showing that the

effect in this case is most likely due to the lower two photon absorption.
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Figure 3.4: Second harmonic generation in (111)-GaAs photonic crystal cavities ver-
sus input power. Quadratic dependence shown inset on loglog plot. Power versus
wavelength at different power levels shown in (i) and (ii).

3.3.4 Higher power nonlinear characterization

At higher input pump powers, the generated second harmonic will deviate from a

quadratic dependence due to absorption processes and resonance shifts. This is shown

in Fig. 3.4. The fundamental is absorbed via two photon absorption, while the

second harmonic is absorbed linearly. This absorption leads to the generation of free

carriers and free carrier absorption. Additionally, free carrier absorption causes a

change in refractive index causing the cavity to blueshift [123], as well as heating of

the cavity, causing the cavity to redshift (microsecond timescale). These transient

effects cause regenerative oscillations or bistability, particularly on the red side of

the resonance [124, 125, 126], and are of interest for switching and optical signal

processing applications [127, 128, 129]. In addition, photo-oxidation of the cavity

causes a slow and permanent blueshift of the cavity resonance by up to several nm

[130]. The input powers at which this deviation from quadratic behavior occurs varied

significantly from cavity to cavity. The described resonance shifts can cause problems
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Figure 3.5: Second harmonic counts versus power versus wavelength for a different
structure. (i) and (ii) show the power versus wavelength for two different pump power
levels.

during measurement, as high Q cavities shift off resonance suddenly. Fig. 3.4 parts

(i) and (ii) show the second harmonic spectrum at low and higher power; at higher

powers the spectrum can be seen to be slightly ‘tilted’ from the Lorentzian squared

fit due to nonlinear absorption effects. Fig. 3.5 shows the second harmonic power

versus wavelength versus input power for another cavity with higher absorption. As

the power is increased, the spectrum deviates more and more from a Lorentzian

squared. This is shown in parts (i) and (ii) where the spectra are shown at the

low and high power ends. The high power spectrum is highly asymmetric and the

peak has redshifted; the second harmonic also becomes bistable at this side of the

spectrum.

3.3.5 Switching behavior

To more easily characterize the bistable behavior of the cavities, we fabricated per-

turbed L3 cavities in both (001) and (111) oriented wafers (we discuss these cavities

in more detail in Section 3.4.1). An SEM of a perturbed cavity is shown in Fig. 3.6
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Figure 3.6: (a) An SEM of a perturbed L3 cavity, enlarged holes are circled in yellow.
The scalebar is 2 µm. (b) Cross-polarized reflectivity for a perturbed L3 cavity in (i)
(111) GaAs.

(a), the perturbation is an increase in the radius of specific holes in the cavity region

indicated by the yellow circles. Incoupling is improved in these cavities by folding

back Fourier components outside the light cone to k = 0 using a perturbation of

period 2a, where a is the lattice constant. This degrades the Q factor; the cavities we

measured had Q factors of 3,000-6,000. Fig. 3.6 (b) shows cross-polarized reflectivity

spectra for an example cavity in (001) GaAs, with Q factor of 4800 respectively. The

bistable behaviour was more easily characterized in these cavities, as the coupling

was less sensitive and the lower Q factor means the resonance shift must be larger in

order to cause bistability, therefore measurements could be made at higher signal to

noise ratios without switching. Fig. 3.7 shows the SHG power versus input power at

different wavelengths for the cavity shown in Fig. 3.6. This is taken at a power level

where the dependence on power is no longer quadratic. The curves shown on the blue

side of the resonance are continuous, while the curves on the red side of the resonance

have a sudden jump in output power; this jump corresponds to the onset of bistability

in the structure. Oscillations will occur at these wavelengths until photo-oxidation
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Figure 3.7: SHG power versus pump power for different wavelengths for the (111)
GaAs cavity characterized in Fig. 3.6

blueshifts the resonance far enough and the power becomes unrecoverable. This hap-

pens as the cavity heats up and comes into resonance with the laser wavelength as

a result of redshift. We note that the (001) cavity has lower counts than the (111)

cavity at all powers, which was typically the case.

3.4 Below-bandgap second harmonic generation

In this section we again fabricate L3 photonic crystal cavities in (001) and (111)B

oriented GaAs, but this time the fundamental mode is at around 1800 nm. The gener-

ated second harmonic is therefore below the bandgap of the GaAs, leading to minimal

absorption [60] and two photon absorption, which was present in the previous studies

in this material (see previous section) [116] due to operation above the bandgap. The

lack of absorption and other non-linear absorption effects allows us to more easily

simulate the second harmonic mode, and to compare the simulations quantitatively

with the experimentally measured far-field momentum space (k-space) of the second

harmonic emission. While k-space measurements were performed in previous studies

[112, 104] in other materials, here we expand upon the measurement and simula-

tions of the generated modes, matching the simulated and experimental results, and
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Figure 3.8: (a) Plotting the measured frequency of the first three modes of the L3
photonic crystal cavity versus lattice constant. Black dashed line shows adjusted
simulated wavelengths. (b) Measured dipole-like modes of the L3 photonic crystal
cavities up to 2µm. The Ex field component of the nearly-degenerate dipole-like
modes are inset. The fundamental mode was not seen however.

demonstrate that the modes vary significantly with the photonic crystal cavity pa-

rameters and effective nonlinear susceptibility tensor symmetry (i.e. GaAs crystal

orientation). Therefore, the semiconductor crystal orientation can be employed in

addition to optical cavity design to improve the efficiency of frequency conversion.

3.4.1 Long wavelength detectors

In order to characterize the resonant wavelength of our cavities, we require detection

out to at least 1.8 µm. However, due to significant increases in dark current, the avail-

able signal to noise ratio decreases significantly at longer wavelengths. Moreover, for

the characterization of our cavities, we require either a detector with spectral resolu-

tion or a source which can be finely scanned in frequency and a point detector. We

initially obtained a CW optical parametric oscillator (OPO) source which has the ca-

pability of tuning from 1.4 to 2 µ m (signal) and from 2.2 to 4.5 µm (idler). However,

this source cannot be scanned continuously over a wide wavelength range (unlike the

tunable diode laser used in the previous section). While the idler can be scanned

mode hop free in a 1 nm range by tuning the pump wavelength, the signal (which

we would like to use to operate around 1.8 µm) does not tune mode hop free, as this
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Figure 3.9: (a) Cross polarized reflectivity spectrum of an unperturbed L3 photonic
crystal cavity (in GaP) showing the first two modes (fundamental and dipole-like
mode). (b) Spectrum of a similar perturbed L3 photonic crystal cavity in GaP. The
insets show the momentum-space images of the modes.

is a resonant cavity. Therefore, we investigated many possible detection schemes for

pre-characterizing the cavities, so that we could set the OPO to the exact wavelength

we wanted without having to scan the wavelength. These included several broadband

source and wavelength sensitive detector options. Detectors included FTIR or scan-

ning monochrometers with InGaAs, InSb or HgCdTe detectors, or a monochrometer

with an array detector (such as a CCD). Eventually we found that the extended In-

GaAs photodiode array, in conjunction with a monochrometer, worked the best for

our application, as we needed spectral resolution and long integration times.

To calibrate our fabrication, we fabricated cavities with lattice constants from 450

to 650 nm, such that we could measure the higher frequency modes on the InGaAs

1.7 detector. We did this for several of the L3 photonic crystal cavity modes, as

the higher order modes stayed within the window of frequencies we could detect for

longer. For information on all the modes of the L3 photonic crystal cavity, see ref.

[131]. The resulting plot is shown in Fig. 3.8 (a), where the resonant frequencies

of the fundamental and first two higher order modes are shown plotted again lattice

constant, as well as the simulated frequencies of these modes. The initial simulations

based on the fabricated parameters were off by a constant value of around 10 nm, so
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this difference has been subtracted. This data was useful for identifying modes on the

lower signal to noise detector, where finding and identifying modes was challenging.

Initially, using the L3 photonic crystal cavity design, the tungsten-halogen white light

source and the extended InGaAs spectrometer for wavelengths greater than 1650 nm,

we were only able to find the dipole-like mode of the photonic crystal cavity (which

is very bright), shown in Fig. 3.8 (b) and included in the plot in part (a). This

dipole-like mode actually consists of several almost-degenerate modes, as shown in

the inset of Fig. 3.8 (b). As can be seen from sharp spikes in the spectra, the detector

is still very noisy, even with the dark signal subtracted (compare this spectrum with

those shown in Fig. 3.9, which were measured on a Si spectrometer). However, we

could not see the high Q fundamental mode (which we used in the previous section

for experiments). We therefore fabricated lower Q perturbed L3 photonic crystal

cavities, as described in refs. [97] and [98], which direct more light vertically and are

therefore easier to couple to from free space. Fig. 3.6 (a) from Section 3.3.5 shows

an SEM of such a cavity with the perturbed holes indicated. Fig. 3.9 (a) and (b)

show the spectra for the unperturbed and perturbed L3. The fundamental mode is

clearly significantly brighter in reflectivity in the perturbed case. The inset shows the

k-space for each of the modes, which plots the radiated power versus ky and kx. It is

clear that more of the radiation has k-vectors close to normal incidence (kx = ky = 0)

in the perturbed structure.

3.4.2 Linear and nonlinear characterization of structures

Perturbed L3 photonic crystal cavities were fabricated in the same 165 nm thick (001)

and (111)B substrates in the same process as described in section 3.3.1. The fabricated

structures had lattice constant a = 560-620 nm (resonant wavelengths between 1730

nm and 1900 nm) and designed hole radius r1/a = 0.3, with perturbed hole radius

r2/a = 0.33. We choose these parameters in order to obtain structures with the

second harmonic below the bandgap of GaAs, but detectable on a Si CCD. Fabricated

photonic crystal cavities were all characterized experimentally at the fundamental

(1st harmonic) wavelength with a broadband LED light source using a cross polarized
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Figure 3.10: (a) Setup for generation of second harmonic and measurement of the
k-space. (NP)BS = (non-polarizing) beamsplitter, HWP = half wave plate, GT =
Glan-Thompson, SP = short pass filter, WL = white light source, OL = objective
lens.

reflectivity method [122], with Q factors of 3000 to 4000 measured, with a simulated

mode volume of V = 0.76 (λ/n3). The spectrometer used was a Princeton Instruments

liquid nitrogen cooled extended InGaAs linear photo-diode array, with sensitivity to

2.1 µm.

3.4.3 Second harmonic generation

The experimental setup for characterizing generated second harmonic is similar to the

previous section, but we have added some additional components. A full schematic

of the setup is shown in Fig. 3.10, with the flip mirror down and the 40 cm lens in

place for a confocal measurement. Light from a continuous wave optical paramet-

ric oscillator (OPO) was tuned to the resonant wavelength (measured previously via

cross-polarized reflectivity) of a particular cavity, and was reflected from a beam split-

ter and coupled to the cavity at normal incidence through a high numerical aperture

(NA) objective lens. The laser power was monitored in real-time via the transmis-

sion port of the beam splitter, and the system was calibrated to calculate the power

transmitted through the objective. The laser power incident on the structure was

controlled with a half wave plate (HWP) on a motorized rotation stage, followed by a

Glan-Thompson polarizer. The input polarization on the cavity was then controlled
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Figure 3.11: (a) Scanning the temperature of a photonic crystal structure in (111)B
oriented GaAs between 40 and 10 K with the laser wavelength fixed at 1785 nm.
SHG signal was measured every 0.2 s (temperature change was not necessarily linear
in time) and plotted versus time. This demonstrates the presence of a resonance in
this wavelength range, although we can not extract the Q. (b) Scanning the input
polarization to the cavity for the same cavity and wavelength as in part (b). (c)
SHG power collected through the lens vs input power transmitted through the lens
for a structure in (001) oriented GaAs, the three hole defect at 60◦ relative to the
[110] or [110] direction with resonant wavelength at 1799 nm. (d) Real space white
light image of a photonic crystal structure in (001) oriented GaAs with the three hole
defect at 45◦ to the [110] or [110] axis with second harmonic emission also visible on
Si CCD (10 mW pump power at 1750 nm). The structure is about 25 × 20 µm.
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by a second HWP after the polarizer. The second harmonic was collected through

the same objective lens, and transmitted through the beam splitter, where it was col-

lected on a CCD spectrometer. The losses through the objective lens, beam splitter

and other optics were measured and the spectrometer calibrated at the wavelength of

the second harmonic to obtain the second harmonic power emitted into the numerical

aperture of the objective lens. To verify the SHG is a cavity effect, rather than a

bulk GaAs effect, we scanned the resonant wavelength of the cavity across the laser

wavelength by scanning the temperature of the sample.

While the OPO could be set to the wavelength of our choice, the tuning was not

smooth and therefore to obtain a scan over the resonance it was more convenient to

vary the resonant wavelength with temperature then to scan the laser. For this mea-

surement, the sample was mounted in a liquid helium cryostat and a Zeiss objective

with NA of 0.75 was used to couple light to the structure. The set temperature of the

cryostat was reduced from 40 K to 10 K (this range was found to be sufficient to scan

across the resonance while the cryostat remained most stable in this range). As the

temperature dropped slowly, the second harmonic power was measured at equal time

intervals. A resulting peak is shown in Fig. 3.11 (a). We only measured the actual

temperature at the start and end points, while the rate of change of temperature

versus time as well as the change in resonant wavelength versus temperature would

be necessary in order to perform an accurate fit; our previous experiments [104] show

that the Q factor follows a Lorentzian squared with the same Q factor measured in

the reflectivity measurement, which in this case was 4000. However, the measurement

indicates that the second harmonic process is sensitive to the resonant wavelength of

the cavity.

For subsequent measurements no cryostat was present and an Olympus objective

lens with NA 0.95 was used. The OPO was set to the measured wavelength of the

cavity. The polarization incident on the cavity was also scanned by varying the HWP

angle, as shown in Fig. 3.11 (b). The SHG intensity follows a cos4θ dependence on

HWP angle θ as shown by the red line fit, as expected from the L3 cavity, which is

strongly polarized in the y-direction (perpendicular to the line defined by the three

hole defect of the cavity). There is a phase offset as the x axis of the cavity was
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not aligned to 0◦ for the polarizer. The second harmonic power dependence on input

power can be recorded by varying the laser power at a particular wavelength with the

HWP/polarizer combination; the resulting curve for a typical cavity is shown in part

(d), with a quadratic fit in red.

3.4.4 Far field measurements

To obtain information about the second harmonic modes, we imaged the k-space of

the second harmonic signal in (001) and (111)B oriented wafers for in-plane cavity

rotations of 0◦, 30◦, 45◦, 60◦, 75◦ and 90◦ relative to the [110] or [110] direction

(information about which was which was not available) of the (001) oriented wafer and

the [110] direction of the (111) oriented wafer. The setup was in 2f -2f configuration

as shown in Fig. 3.10 with the flip mirror up and the 20 cm lens in place such that

s1 = s2 = 2f = 40 cm. The position of the camera was optimized such that a sharp

image of the back aperture of the objective lens was generated. By flipping up the

40 cm lens, we could also image the real space signal on the camera as shown in Fig.

3.11 (d).

The measured far fields for lattice constant 560 nm (mean pump wavelength

λ1 = 1757.5 nm, standard deviation 6.5 nm) and 580 nm (mean λ1 = 1800.3 nm,

standard deviation 6.2 nm) in (001) oriented GaAs are shown in Fig. 3.12 parts (a)

and (b), with rotations from 0◦ to 90◦ shown. Differences in intensity are unrelated

to the actual efficiency of the device; input power was adjusted to keep the images

below saturation of the camera, in order to help with identification of the modes. The

k-space images for 0◦ and 45◦ in-plane rotations have very different spatial patterns,

which we expect since the overlap of the fundamental and second harmonic mode

changes with the rotation of the photonic crystal axes relative to the crystal axes.

However, this effect is complicated by slight changes in other parameters. These ad-

ditional changes for different rotations are due to differences in fabrication at different

angles relative to the crystal axes and relative to the e-beam stage, which may cause

variations in hole shape with in-plane rotation angle. We observe that the resonant

wavelength within a particular rotation in the (001) orientation varies by 3 nm, while
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Figure 3.12: Experimental k-space profiles of second harmonic emission in (001) ori-
ented GaAs L3 cavities with lattice constants (a) 560 nm (mean fundamental reso-
nance λ1 = 1757.5 nm and (b) 580 nm (mean λ1 = 1800.3 nm) for in plane rotations
of (i) 0◦, (ii) 30◦, (iii) 45◦, (iv) 60◦, (v) 75◦, (vi) 90◦.

the mean resonant wavelength decreases by 17 nm between 0 and 75◦ rotations (with

a slight increase again for 90◦). Simulations indicate that the membrane thickness

and wavelength have a large effect on the mode observed (see simulations section).

This is consistent with what we observe, as even the 3.5 % change in lattice constant

from 560 nm to 580 nm with corresponding shift in resonant wavelength from 1760

nm to 1800 nm has a noticeable effect on the far field, as can be seen in the difference

between Fig. 3.12 (a) and (b). Additionally, at these wavelengths there is rapidly

increasing absorption as the second harmonic approaches the bandgap [60], which

could also affect the mode, in particular for the 560 nm lattice constant.

Fig. 3.13 shows the same measurement for the (111)B orientation, with (a) a =

600 nm (mean λ1 = 1769 nm, standard deviation = 3 nm) and (b) a = 620 nm (mean

λ1 = 1811.1 nm, standard deviation = 3.8 nm). Despite the fact that the membranes

were nominally the same thickness, in order to maintain the same resonant wavelength

as in the (001) orientation it was necessary to increase the lattice constant by 40

nm, which indicates either a thinner membrane, larger etched hole radius or larger

refractive index; the exact cause was difficult to determine via SEM images of the

structures. In this case, there is again a decrease in average resonant wavelengths
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Figure 3.13: Experimental k-space profiles of second harmonic emission in (111)B
oriented GaAs L3 cavities with lattice constants (a) 600 nm (mean fundamental
resonance λ1 = 1769 nm and (b) 620 nm (mean λ1 = 1811 nm) for in plane rotations
of (i) 0◦, (ii) 30◦, (iii) 45◦, (iv) 60◦, (v) 75◦, (vi) 90◦.

across rotations from 0 to 75◦, but in this case of only 7.5 nm, while the maximum

variation within a rotation is larger (6 nm, although on average it is lower than this).

The larger intra-rotation variation in the (111)B orientation is likely due to a higher

number of surface defects in this wafer.

The mode k-space distribution observed is very different for the two orientations,

and also changes less with rotation of the L3 in the plane of the wafer in the (111)B-

orientation, which matches our simulations (see simulations section).

3.4.5 Second harmonic conversion efficiency

As second harmonic generation is a quadratic process at low powers, the conversion

efficiency per Watt (PSHG/P
2
in) remains constant, as discussed in Chapter 1, Section

1.5. By measuring the second harmonic power versus input power for a particular

structure, we obtain a plot as shown in Fig. 3.11 (c). Fitting this plot, we obtain a

constant value for PSHG/P
2
in. We measured 12 cavities (including different in-plane

rotations) in each wafer orientation, a = 580 nm in the (001) oriented wafer, a = 620

nm in the (111)B oriented wafer, as discussed in the far fields section. The maximum
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Figure 3.14: (a) SEM of a single row of structures fabricated in (111)B GaAs, rotations
every 15 degrees. (b) Red and blue lines show normalized efficiency per unit power
for two different rows as shown in (a), resonant wavelength at 1800 nm. Black line is
the mean of the red and blue lines.

measured conversion efficiency per Watt for both (001) and (111)B oriented GaAs

was 1.2 %/W, although there was again a large structure to structure variation even

at a particular in-plane rotation, perhaps due to the strong sensitivity to in- and out-

coupling, which will vary due to small variations in structures as well as alignment. By

comparison, previous studies in similar structures in GaP [104] reported a similar total

conversion efficiency per Watt of around 0.9 %/W at telecommunications wavelengths,

and a much reduced efficiency per Watt of 0.002%/W in GaAs at telecommunications

wavelengths [30]. We discuss how this compares to simulations in the simulations

section.

Due to the symmetry of the nonlinear susceptibility tensor, the efficiency of the

second harmonic process will vary with in-plane rotation of the photonic crystal cavity

(see Appendix A.1). To verify the rotation dependence for structures in the (111)B

orientation, we fabricated a second chip with more cavities with in-plane rotations

relative to the [211] direction. Rotations were every 15◦ from 0◦ to 180◦, as shown

in the SEM in Fig. 3.14 (a) and lattice constant was 620 nm. The cavities had
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mean fundamental resonant wavelength 1803.3 nm, with a standard deviation of 1.7

nm. The stripes visible in the SEM are an artifact of the SEM. We plot normalized

efficiency per unit power versus rotation for two rows of structures with the same

parameters, shown in red and blue in Fig. 3.14 (b). The plots were normalized to

the maximum value for each row, and the mean of the two is plotted in black, where

we see a π/3 periodicity as a function of in-plane rotation. This is expected due to to

the fact that a π/3 rotation in the (111) orientation is equivalent to an inversion of

the crystal axes, combined with the π symmetry of the photonic crystal cavity. Refs.

[112] and [104] have previously reported variation in second harmonic signal in (001)

oriented III-V semiconductors depending on the in-plane rotation of the structure.

3.4.6 Simulations

We next perform simulations in order to try to reproduce the far field k-space observed

in experiment and the efficiency of the second harmonic process. This is done by

first simulating the fundamental mode, and then using this to generate a spatial

polarization with which we can simulate the second harmonic mode. From these

simulations we can estimate the in and out-coupling efficiencies we should obtain

using an objective lens with numerical aperture of 0.95. Once we have the spatial

profiles, coupling efficiencies and Q factors of both modes, we can estimate the low

power efficiency of the device. We additionally explore the parameter space around

our device in order to determine the sensitivity of the device to design parameters,

and to explore the possibility to engineer higher efficiency devices.

The fundamental mode was simulated by FDTD. As discussed in the far fields

section, despite the fact that we use nominally the same membrane thickness, to

maintain the same resonant wavelength we need to increase the lattice constant by

40 nm in (111)B GaAs compared to (001) GaAs. In order to precisely match the

fundamental mode wavelengths to the simulation, the radius of the hole radii and

thickness of the membrane were adjusted around the designed values. Simulations

of the fundamental mode indicate that for a membrane thickness of 165 nm, a ra-

dius of 0.28a is consistent with the measured resonant frequencies for (001) oriented
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GaAs structures, while a radius of 0.3a is consistent with the (111)B oriented GaAs

resonant frequencies. The relative size of perturbed holes was maintained constant.

However, we found better agreement with second harmonic simulations by varying

the membrane thickness.

The radiative (Qrad) and total (Qtot) Q factors of the photonic crystal cavities were

calculated from simulations, in order to obtain an estimate for the cavity coupling

efficiency. We take the coupling efficiency η1 = f ·Qtot/2Qrad, where f is the fraction

of the radiated light (coupled to the cavity from vertically above it) through the NA

of the objective lens. This fraction is calculated from the fraction of the radiation

vectors within the light cone that also have k-vectors within the NA of the lens. We

simulate the far field by performing the fourier transform the complex fields a distance

s above the surface of the slab as described in references[132] and [133].

In order to simulate the second harmonic mode, we generate a polarization from

the fundamental mode, which is the initial excitation for our simulation:

Pi = εbinχ
(2)
ijkEjEk (3.1)

where i = x, y, z, and εbin is 1 wherever there is semiconductor, and 0 in air. This gen-

erated polarization will be different in the case of the (001) and (111) orientations and

will also depend on the rotation of the L3 cavity with respect to the crystal axes in the

plane of the wafer. We calculate the far field for the simulated modes to compare these

to experiment. These modes were particularly sensitive to the membrane thickness

of the structure. Therefore we varied the membrane thickness of the cavity around

the experimental values while maintaining the correct fundamental wavelength. For

each simulation, we calculated the overlap of simulated and experimental k-space in

order to find the best match.

Implicit so far has been the assumption that the nonlinearity is due to bulk effects,

while the nanocavity employed has is a significant surface to volume ratio. The

symmetry of the surface is different than the bulk χ(2) effect [134], although in the

case of (001)-GaAs the (001) surface (which is the main surface seen by the mode)

nonlinearity still prevents TE-TE mode coupling. Our simulations of surface versus
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bulk overlap indicate that while the surface may contribute slightly to the second

harmonic signal, the main contribution is from the bulk χ(2) nonlinearity. This is in

agreement with the conclusions found in previous studies of photonic crystal cavities

[111]. Experimentally, by performing measurements on a number of structures rotated

in-plane , it should be possible to distinguish the surface from bulk contributions [134].

However, this effect is complicated due to the fact that the second harmonic mode

is very sensitive and will change depending on the excitation, and any measurement

would need to be statistical over many structures, as the polarization is set by the

in-plane rotation of the cavity. As there is significant structure to structure variation

due to fabrication imperfections, such an effect may be impossible to measure. Even

the rotation dependence of the surface will depend significantly on the presence of

any native oxides or surface contamination [135].

Figs. 3.15 and 3.16 show (a) experimental and (b) simulated k-space images for

(001) and (111) orientations, with simulations plotted for NA = 0.95. For the (001)

orientation, we compare the experimentally measured and simulated k-space images

for both 0 and 45 degree rotations for the cavity mode with resonant frequency at

1800 nm, while for (111) orientation we compare 0 and 30 degree rotations with

simulations. The (001) oriented cavity simulation was consistent with a membrane

thickness of 165 nm. The (111) orientation simulation indicated a membrane thickness

of 150 nm.

For triply resonant cavity processes at low input powers, the second harmonic

power PSHG is proportional to the input power squared P 2
in as described in Eq. 1.32

in Chapter 1. From this equation we can see that the conversion efficiency is very

sensitive to the Q factors of both modes, as well as to the coupling efficiency.

Using these simulations, we can make estimates of this nonlinear overlap integral,

as well as of the total Q and coupling Q factors of the second harmonic mode. We

verify that the simulations give us the expected in-plane rotation dependence in Fig.

3.17 (a), where we plot the nonlinear overlap |β|2 (each normalized to its maximum

value) versus the in-plane rotation for (001) and (111) orientations, and obtained the

expected 60 degree and 90 degree symmetries. From equation 1.32, we can calculate

the simulated efficiency per Watt input power.
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Figure 3.15: (a) Experimentally measured far field of generated second harmonic on
(001) GaAs wafer, as a function of L3 photonic crystal cavity in-plane rotation. The
top/bottom row corresponds to L3 cavity at 0/45◦ relative to the cleave ([110] or
equivalent) axes. (i) and (iv) show the far field for just the x polarization, while
(ii) and (v) show the far field for just the y polarization and (iii) and (vi) show the
total image. Part (b) shows the simulated far fields for the parameters used in the
experiment.

Figure 3.16: (a) Experimentally measured far field of generated second harmonic on
(111) GaAs wafer, as a function of L3 photonic crystal cavity in-plane rotation. The
top/bottom row corresponds to L3 cavity at 0/30◦ relative to the cleave ([112] or
equivalent) axes. (i) and (iv) show the far field for just the x polarization, while
(ii) and (v) show the far field for just the y polarization and (iii) and (vi) show the
total image. Part (b) shows the simulated far fields for the parameters used in the
experiment.
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The fundamental and second harmonic modes were simulated for increasing d/a

(in experiment corresponding to an increase in membrane thickness, with resonant

wavelength maintained constant). The plot of PSHG/P
2
in, shown in Fig.3.17 (b), shows

that the geometry of the second harmonic mode is very important in calculating the

overall efficiencies. From this plot, we estimate efficiencies of the order of 10 %/W for

both (001) and (111) orientations, compared to the experimentally measured values

of the order of 1%/W. The internal conversion efficiency can also be estimated using

the simulated coupling efficiency values (around 30%) to give a simulated internal

efficiency of 370%/W. These calculated coupling efficiencies are likely higher than

the experimentally achieved coupling efficiency (as the simulated coupling efficiencies

are the maximum possible, and are likely lower due to imperfect overlap with the

focused Gaussian mode and other effects), and could explain the discrepancy between

simulated and measured values.

From this plot, we see that the particular second harmonic mode excited is very

important in determining the efficiency of the device. For example, depending on

the particular second harmonic mode, either the 0 or 45◦ in-plane rotation in the

(001) orientation can have higher efficiency. The (111) and (001) orientations also

vary in relative efficiencies depending on parameters, and therefore with knowledge

of the second harmonic mode we can use the wafer orientation in order to engineer

higher efficiency devices. Having good control over these modes would also allow us to

use microcavities in order to measure nonlinear properties of new materials, without

needing to develop phase-matching and quasi-phasematching techniques. However,

this is challenging in these geometries as the particular mode is very sensitive to the

parameters of the device.

3.5 Conclusion

In summary, in this Chapter we have demonstrated second harmonic generation in

(111) GaAs with the pump at telecommunications wavelengths. We observed higher

conversion efficiencies for the (111) GaAs than in (001) GaAs when the 2nd harmonic

generated is above the GaAs bandgap, which is most likely due to the combination
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Figure 3.17: (a) Normalized simulated nonlinear overlap between fundamental and
SHG modes versus in-plane rotation for (111) and (001) wafer orientations relative
to the [211] and [100] directions respectively. (b) Simulated efficiency per unit power
(W−1) versus membrane thickness for a particular L3 cavity design, and for (111) and
(001) wafer orientations with different in-plane cavity rotations relative to the cleave
axis.

of reduced two photon absorption for TE-like modes relative to (001) GaAs. We next

demonstrated second harmonic generation below the bandgap in photonic crystal

cavities in (001) and (111)B oriented GaAs. We fabricated photonic crystal structures

in both (111)B and (001) oriented GaAs at different orientations with respect to the

crystal axes of the GaAs substrate, and matched the rotation dependence and far field

patterns to simulation. We discussed how these results are relevant to engineering

higher efficiency on-chip nonlinear frequency conversion in photonic crystal cavities.



Chapter 4

Multiply resonant photonic crystal

cavity design

One fish, two fish, red fish, blue fish

Dr. Seuss

4.1 Introduction

As discussed in Chapter 1, for nonlinear optical interactions such as frequency con-

version or stimulated Raman scattering, it is desirable to have multiply resonant

nanostructures with arbitrary frequency separation and with good spatial field over-

lap. While many nanocavity designs have multiple resonant modes within a single

photonic band gap (such as the L3 photonic crystal cavity in the previous chapter), it

is difficult to independently control their frequencies; moreover, field patterns of dif-

ferent resonances typically have minimal spatial overlap, and the absolute frequency

separation between resonances is limited by the size of the photonic bandgap. Pho-

tonic crystals [136] and quasicrystals [28] can have multiple photonic band gaps, but

the size of the higher order band gaps greatly diminishes for finite thickness struc-

tures; in addition, in such planar structures, higher order band gaps are often located

above the light line, implying that the resonances at those frequencies would also

63
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Figure 4.1: Schematic of a single nanobeam illustrating the relevant parameters.

have low Q factors, resulting from the lack of total-internal reflection confinement.

Nanobeam photonic crystal cavities in particular show promise for nonlinear fre-

quency conversion. Nanobeams for four wave mixing have been proposed [137] and

demonstrated [138], and there have been additional proposals for terahertz frequency

generation [139] and broadband frequency conversion of single photons [140] using

TE/TM polarized nanobeam cavities [29]. Such TE/TM nanobeam cavities have

been fabricated in silicon [106], but have yet to be implemented in high χ(2) mate-

rials. Here, we propose and experimentally demonstrate a crossed nanobeam pho-

tonic crystal cavity design that allows at least two individually tunable resonances

with a frequency separation larger than the size of the photonic bandgap in a single

nanobeam. We also demonstrate how a single nanobeam can be engineered to have

two resonances separated in frequency by an octave. We compare these designs to the

L3 photonic crystal cavities and discuss their merit for different frequency conversion

processes. Some of the work in this Chapter on crossbeams has been published in

refs. [26] and [27] as well as in K. Rivoire’s thesis [108]. The experimental work on

frequency conversion in single nanobeams has been published in ref. [33] with the

simulation work in preparation for submission [32].
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Figure 4.2: Frequencies of dielectric and air bands of a single GaAs nanobeam as
lattice constant is varied. Simulations are performed using plane wave expansion with
supercell approach (MIT MPB)[1]. Parameters are w/a=1.65, hy/w=0.6, hx/a=0.5,
t=160 nm, amax=450 nm. n varies from 3.37 to 3.53 in the simulated frequency range.

4.2 Crossbeam photonic crystal cavities

4.2.1 Cavity design

An illustration of a nanobeam photonic crystal with periodicity a, width w and thick-

ness t is shown in Fig. 4.1. The holes in the nanobeam can have different shapes, but

here we take rectangular holes of width hx and height hy. The band diagram for such

a nanobeam photonic crystal is shown in Fig. 4.2 (a), with parameters w = 1.65a,

t = 0.35a, hx = 0.5a and hy = 0.6a. The band diagram is simpler than in the case of

the 2D planar photonic crystal in Fig. 2.1, as there is only periodicity in one direc-

tion. For such a nanobeam, high Q modes can be confined in the band gap between

the dielectric and air bands. For a fixed membrane thickness, Fig. 4.2 (b) shows

the change in the position of the band gap with lattice constant. Decreasing the

periodicity a leads to larger relative thickness t/a, redshifting the wavelengths of the

bands; therefore for a fixed membrane thickness, achieving resonances with relative

frequency f2/f1 requires superlinear scaling of the feature size, e.g. a2/a1 > f2/f1

(there is a second less important contribution because refractive index increases for

higher frequencies, from 3.37 to 3.53 for range plotted).
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Figure 4.3: Illustration of cavity design, showing intersecting orthogonal nanobeams
with taper and mirror regions, as well as central cavity. Parameters used to form res-
onance, shown for cavity in horizontal (subscript h) beam: lh indicates cavity length;
dhx,N and dhy,N indicate hole sizes in mirror region; dhx,1 and dhy,1 indicate hole sizes
in first taper period; ah,N indicates periodicity in mirror region; ah,1 indicates period-
icity in first taper period, wh indicates beam width. The corresponding parameters
are similarly introduced for the vertical beam (with subscript v). The thickness of
both beams (in the z direction) is t. Parameters are changed linearly inside the taper.

This is relevant for the first proposed multiply resonant structure shown in Fig.

4.3. Our design uses two orthogonal intersecting beams in a single membrane to

achieve lithographically tunable resonances at multiple frequencies. A cavity is formed

in each beam by introducing a central region with no holes (cavity length l) and ta-

pering the lattice constant and hole size near the cavity region [85, 87]. In each beam,

confinement along the periodic direction is provided by distributed Bragg reflection;

confinement out of plane is provided by total internal reflection. Confinement in the

in-plane direction orthogonal to the beam axis is provided by total internal reflection,

and in the case of beams with overlapping photonic band gaps, also by distributed

Bragg reflection (as in structures designed for minimizing crosstalk in waveguide in-

tersections [141]). This structure allows nearly independent tuning of each resonant

frequency by tuning the parameters (e.g. width, lattice constant, cavity length) of

each beam. Additionally, the structure has natural channels for coupling through

each beam to an access waveguide at each wavelength [142]. To optimize the design,

parameters of cavity length, lattice constant (a), number of taper periods N , distance

between holes in the taper region (ai, i = 1, 2, ...N), hole size in the taper region (di,
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Figure 4.4: The major components of the Ex and Ey fields for crossbeams with
aH = 470 nm and (a) aV = 470 nm (b) aV = 350 nm and (c) aV = 280 nm.

i = 1, 2, ..., N), and beam width (w) were varied in each beam.

We note that as the difference between the two lattice constants is decreased,

the Q factor of both modes decreases due to diffraction into the other beam. Fig.

4.4 (a)-(c) show the primary Ex and Ey components of the vertical and horizontal

beam modes for increasing lattice constant separations. The Q factor of degenerate

crossbeams are simulated to be > 104. Once the second beam moves outside the band

gap of the first beam, even with significant optimization this rapidly decreases, with

Q factors of ≈ 103 for separations of a factor of 1.5 in frequency, and a Q factor of

< 102 for separations of a factor of 2 in frequency.

4.2.2 Demonstration of the crossbeam design

We fabricated crossbeam photonic crystal cavities in (001) and (111) oriented GaAs.

An SEM of such a crossbeam is shown in Fig. 4.5 (a). This crossbeam has lattice

constants aH = 470 nm and aV = 370 nm, which leads to resonances at 1530 nm and

1300 nm. Cross polarized reflectivity spectra of the resonances are shown in part (b),
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(a) (b)

Q = 2500 Q = 2600

Figure 4.5: (a) SEM of a photonic crystal nanobeam structure fabricated in 111-GaAs.
(b) Cross polarized reflectivity measurements of the two resonances and simulated
electric fields Ey and Ex for the resonances.

with Q factors of ≈2500. Similar structures showed Q factors of >10,000.

As a demonstration, light from two tunable CW diode lasers were coupled to the

cavity resonances, using a similar setup to that used for SHG in Chapter 2 with a

second beamsplitter in order to couple the second wavelength. This is shown in Fig.

4.6.

As shown in Fig. 4.7 (a) and (b), sum frequency generation from the two beams

was observed, as well as second harmonic generation from each of the beams.

We have also integrated these crossbeam cavities with InAs/GaAs quantum dots,

as we are interested in creating a photonic frequency conversion interface for single

emitters. This required increasing the separation between the cavity modes, as we

want one cavity at telecommunications wavelengths (≈ 1550 nm), and one resonance

at the wavelength of the InAs QDs (≈ 930 nm). In this case, the quantum dots are

coupled to the higher frequency cavity resonance. Fig. 4.8 (a) shows an SEM of

such a structure, with the two cavity modes at 1490 nm and 925 nm measured by

cross-polarized reflectivity. Part (b) shows photo-luminescence from the cavity. Here

there are two resonances in the vertical (shorter wavelength beam) which can both

be seen. Part (c) shows photoluminescence from QDs excited above-band by second

harmonic generated in the 1490 nm beam. These cavities could also be used to make

a faster telecommunications wavelength pumped single photon source [119].
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nanobeam nano cavities.
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Figure 4.7: (a) Spectrum showing second harmonic and sum frequency of the reso-
nances for the structure shown in Fig. 4.5. (b) Schematics of the three processes.
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Figure 4.8: (a) SEM of structure with resonance at 920 nm and 1500 nm with Q factors
of over 1000 in both beams. (b) Excited quantum dot PL showing two resonances
in the vertical beam. (c) A different structure showing both the generated second
harmonic and the quantum dot PL excited via second harmonic.

4.2.3 Nonlinear frequency conversion potential

For a three wave mixing process such as second harmonic generation (SHG), sum

frequency generation (SFG) or difference frequency generation (DFG), defining three

modes with high Q and high nonlinear overlap will lead to the highest conversion ef-

ficiency. The conversion efficiency at low powers will be proportional to the nonlinear

overlap between the three modes, given by Eq. 1.27. In this case, the overlap of the

three modes involved (two in the case of SHG, with the pump mode appearing twice)

must be even in all directions in space in order to have a non-zero interaction, and

there must be coupling between the relevant polarizations via the χ(2) nonlinearity

(i.e. χ
(2)
ijk 6= 0). We can calculate β for the case with modes at ω and 2ω as the

two modes can be used for second harmonic generation. We obtain |β| = 25 for the

(110) orientation, |β| = 15 for the (111) orientation, while a maximum value of |β|
calculated from Eq. 1.36 gives βmax = 5500. However, even assuming critical cou-

pling to both modes, given the low Q factors and low nonlinear overlaps, we find from

Eq. 1.35 that in this case we would obtain a low power efficiency of 0.04%/W, which

is lower than the experimentally measured low power efficiency in second harmonic

generation in an L3 photonic crystal cavity (even without critical coupling), so there

is no improvement by using this device geometry.

High conversion efficiency can also be achieved using two high Q modes. In most
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previous demonstrations [112, 104, 121, 115, 30, 116, 120, 113, 114, 31], these two

modes were high Q input modes, as in Chapter 3. In this case, the output mode is

a higher order leaky air band mode of the photonic crystal. Since there is a high

density of such modes, a mode with the appropriate symmetry will always be found.

Therefore in this case the symmetry of the two input modes is not important, as the

efficiency of the process will depend on the overlap of the two modes with a third,

poorly defined mode which will not necessarily improve with optimization of the

overlap of the two modes [120]. This is the case for our experimental demonstration

of sum frequency generation with a resonance at 1530 nm and 1300 nm, where we

have not identified the third mode from which we collect the sum frequency.

Another alternative is to have a cavity mode for one input and one output mode

with the second input mode as a much larger cavity with approximately constant

field [45, 139], or as a focused Gaussian [140]. In this case, since the field in the third

mode is approximately constant, the expression in Eq. 1.27 can be simplified. The

exact form of the simplification depends on the symmetry of the χ(2) tensor and the

polarization of the constant field, but for example in the case of the (001) orientation

where the mode at ω1 is TE polarized and the mode at ω2 is TM polarized, this can

be approximated [45, 140, 26] as

γ =

∣∣∣∣∣∣ ε
∫∫∫

NL
(E1xE2z + E2zE1y) dV√∫∫∫

ε|E1|2dV
√∫∫∫

ε|E2|2dV

∣∣∣∣∣∣ (4.1)

where we have assumed a constant field with both Ex and Ey polarizations (fur-

ther simplification can be made by choosing the precise polarization of the pump). In

the (110) orientation or (111) orientations (or for a different material system) similar

approximations can be made using different field components. For the crossbeam pho-

tonic crystal cavities, the most appropriate figure of merit is γ =

∣∣∣∣ ε
∫∫∫

NL(E1xE2y+E2xE1y)dV√∫∫∫
ε|E1|2dV

√∫∫∫
ε|E2|2dV

∣∣∣∣.
In both cases γ is normalized to a maximum value of 1. We calculate γ for the three

crossbeam structures in Fig. 4.4 to be given by γ = 0.02, γ = 0.011 and γ = 0.002.

The value of γ can be optimized, however, this may involve a tradeoff with the Q
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factor.

4.3 Higher order resonances in a single nanobeam

While the crossbeam photonic crystals offer many advantages, they are limited by the

following: (1) diffraction into the second beam prevents large frequency separations

with high Q modes and (2) the nonlinear overlap is significantly below the maximum

value. We next demonstrate a second multiply resonant design in a single nanobeam.

The combination of lower and higher order TE modes in single nanobeam cavities

(Fig. 4.1) can be used to achieve efficient nonlinear frequency conversion. We first

design and optimize nanobeam in order to obtain the highest Q factor modes modes

with large frequency separation, up to an octave. We characterize nanobeam cavities

fabricated in (111)B oriented GaAs membranes via fiber taper and cross polarized

reflectivity. Finally we demonstrate sum frequency generation with two resonances

separated by 700 nm in these nanobeams. We note that the use of (111) GaAs (as

opposed to (001) GaAs is necessary to enable conversion between three TE resonances,

as discussed in our previous paper [31].

4.3.1 Design

We first consider the band diagram of a nanobeam, illustrated in the previous section

in Fig. 4.1, with lattice constant a, beam width w = 1.2a, hole height hy = 0.7w,

hole width hx = 0.5a. The bands of this structure for different membrane thicknesses

t/a, simulated with MIT photonic bands (MPB) [1], are shown for refractive index of

3.34 (GaAs at 1.8 µm) in Fig. 4.9. Transverse electric like (TE) modes are indicated

by solid blue lines and transverse magnetic like (TM) modes by green dashed lines,

and the light line indicated by the red line. These polarizations occur due to mirror

symmetry in the central xy plane [80], where z is the surface normal direction. As

we will discuss later, a gentle perturbation in the periodic structure can localize one

of these bands to the perturbed region; therefore studying the unperturbed band

structure gives us information on the potential cavity modes of the system. The band
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Figure 4.9: Band diagram for nanobeam with hy = 0.7 w, hx= 0.5 a, n = 3.34 for
membrane thickness (a) t/a = 0.5, (b) t/a = 0.75, (c) t/a = 1. The blue solid lines
show TE modes, the green dashed lines show TM modes.

diagrams do not include dispersion, and therefore in reality, the higher frequency

modes will have slightly lower frequencies than shown here. However, this does not

change the overall shape and trend of the band diagrams. As can be seen from Fig.

4.9 (a)-(c), as the thickness of the membrane is increased, the bands move to lower

frequencies beneath the light line. Increasing the refractive index or the width of

the nanobeam will induce a similar trend, although the slope of the bands and their

relative positions may also be changed. As bands above the light line are all leaky, we

are most interested in those close to or below the light line at the X-point. For t/a =

0.5, we can see the TE bands are well spaced apart, and can be localized by a gentle

adiabatic taper to form high Q cavity modes. However, the maximum separation

between high Q modes that can be attained is limited by the frequency separation

between the lowest band beneath the light line and the frequency of the light line at

the X point. As the thickness is increased to t/a = 0.75, the bands are all pushed

lower beneath the light line, increasing the potential separation between modes, but

are additionally pushed closer together. This increase in the mode density gives us

many modes to work with, but it also leads to lower Q cavity modes, due to coupling

between them. This is even more obvious in the case of t/a = 1. This also explains

why the 1D nanobeam photonic crystal is a good choice for this type of optimization,

as opposed to 2D photonic crystals [136, 28, 96].

Fig. 4.10 shows a single unit cell of the first seven bands at the k = X point, for
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Figure 4.10: The first seven modes of the nanobeam with thickness t/a = 0.75 shown
in Fig 4.9 (b).

the t/a = 0.75 band diagram for both TE and TM modes. TEijk(TMijk) bands are

named according to the number of nodes i, j and k in the x, y and z directions for

the Hz (Ez) field component.

In this case, the overlap of the two modes involved must have even symmetry

in all directions in order for the nonlinear figure of merit, γ (see Eq. 4.1) to be

non-zero. There may also be additional requirements in choosing the appropriate

mode. For example, QDs couple predominantly to TE modes. By looking at the

spatial symmetry of the products of the field profiles in Fig. 4.10, we can guess which

combinations will likely have high γ when confined as cavity modes. For example,

the TE000 and TM000 modes should have a very high nonlinear overlap, as shown in

ref. [29]. Additionally, TE000 confined modes may have a high nonlinear overlap with

TM020 and TM110 confined modes. However, the TM030 mode will have a very low

overlap with this mode. If we move to (110) or (111) orientations where TE-TE mode

coupling is allowed, (depending on the orientation) we expect to find that confined

TE000 modes have high overlap with confined TE110 modes.

We next show how we can confine cavity modes separated by an octave for second
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harmonic generation. We choose to confine modes from the TE000 and TE002 bands,

as the symmetry of the modes does not prohibit the interaction in the (110) and (111)

orientations, and these have an appropriate frequency separation. The confinement

is done using an adiabatic tapering of hole size and lattice constant. The tapering

is linear, and hx, hy and a taper down to 34/43 of the value in the unperturbed

crystal. The first five modes confined from the TE000 band for a membrane thickness

of t/a = 0.75, beam width w/a = 1.2, hy = 0.7w and hx = 0.5a are shown in Fig.

4.11 (a). The modes alternate between even and odd with respect to x = 0 and have

decreasing Q factor and increasing extent (mode volume) with decreasing frequency.

The mode volumes are 0.6
(
λ
n

)3
, 1.1

(
λ
n

)3
, 1.3

(
λ
n

)3
, 1.6

(
λ
n

)3
and 1.9

(
λ
n

)3
. Similarly for

the TE002 band, several modes can be localized, we obtain a Q factor of 4000 and a

mode volume of 4
(
λ2
n

)3
for the highest frequency mode. The refractive index for this

mode at 900 nm is 3.5. The spatial overlap E2
1yE2y is shown in Fig. 4.12 (a). The

overlap calculated from Eq. 1.27 of the TE002 localized mode with each of the five

TE000 localized modes is shown in Fig. 4.12 (b) part (i) for three different substrate

orientations. As expected, the overlap is the lowest for the (001) orientation, where

TE-TE mode coupling is not allowed because of the χ(2) tensor symmetry. The

overlap is also the highest with the lowest V mode. However, the overlap is still

low relative to the maximum allowed overlap for a cavity with this mode volume,

βmax = χ(2)

2n2
1n2
√
V2

= 2.25 × 103. This discrepancy between the potential and achieved

overlap is because the overlap is the integral of the product of three modes instead

of two. As can be seen from Fig. 4.12 (a), the field overlap is approximately evenly

divided between positive and negative field components, which cancel in the integral.

The more extended the mode, the lower the overlap due to the cancellation of positive

and negative field components. Therefore for the overlap to be high, in addition to a

spatially even product of three fields, we also require a very well confined mode. As

shown in Fig. 4.12 (b), we can improve the overlap by shifting the two holes near the

cavity by 20 nm which improves the localization, however, this immediately decreases

the Q of both the fundamental and SHG modes. In the best case scenario of critical

coupling to such a cavity, if we assume a Q of 104 for the fundamental mode and

4000 for the second harmonic, we would obtain a low power efficiency of the same
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Figure 4.11: (a) The first to fifth order TE modes localized by the presence of the
cavity from the first TE band in order of increasing frequency for t/a = 0.75. (b)
The localized mode proposed at double the frequency.
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Figure 4.12: (a) The spatial profile of the nonlinear overlap between Ey of the mode
(b) (i) and Ey of the mode (b). (c) The nonlinear overlap for each of the five modes in
three different GaAs orientations. If a cavity shift is introduced the nonlinear overlap
can be significantly increased, but the Q factor of the modes will also be significantly
decreased.

order of magnitude as in the L3 photonic crystal cavities. In the case that the Q of

the fundamental is improved to 105, then the low power conversion efficiency is two

orders of magnitude higher.

We next demonstrate several other (although not all) modes that can be localized

for use in nonlinear frequency conversion. Fig. 4.13 shows three other modes that we

can optimize for use. In this case hy = 0.5w and hx = 0.5a. The three modes shown

are the (a) TM030, (b) TE110 and (c) TM020. The frequency and Q factor versus

membrane thickness t/a is shown in Fig. 4.14 (a) and (b) for these modes, as well as

for the TE002 mode shown in the previous figure. Each mode has a highest Q at a
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Figure 4.13: The Ex, Ey and Ez field profiles of the localized (a) TM030, (b) TE110

mode and (c) TM020 mode.

different thickness as shown in Fig. 4.14 (b). As can be seen from the plot, highest

Q mode confined from the TE002 band can be increased to ≈ 10, 000. The mode is

still confined and high Q until the frequency approaches the light line at the X point

(shown in the the red dashed line in Fig. 4.14 (a). The Q decreases soon after this for

all modes. It also tends to peak at a particular t/a, likely due to its relative proximity

to other modes. Using Eq. 4.1, we can calculate a nonlinear figure of merit for each

of these modes with the first TE000 mode. The TM030 mode has the worst overlap

with the TE000 mode, with the maximum figure of merit from Eq. 4.1 |γ| = 0.0013.

For the TM020 mode, the overlap is much improved, with an overlap of 0.1456. In the

case of the TE110 mode, the overlap in Eq. 4.1 is close to zero. However, taking a

modified overlap where we take the product ExEy inside the overlap, as would be for

example in a constant Ez polarized field, or in the 110 orientation, we find an overlap

of 0.52. The TE002 mode has an overlap of 0.063 taking a similar expression.

4.3.2 Linear characterization of structures

We fabricate nanobeams in a 250 nm membrane (111)B oriented GaAs with lattice

constants a from 450 nm to 650 nm (t/a varies from 0.56 to 0.385) and beam widths

from 1.07 to 1.5 a as described previously [30]. The rest of the design follows the

design in section 4.3.1. The highest frequency localized resonances of the TE000 band
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Figure 4.14: (a) The mode frequency versus membrane thickness t/a for the nanobeam
with hy = 0.5w, hx = 0.5a. The solid black lines indicate the first five localized modes
of the TE000 mode. The red dashed line indicates the position of the light line at the
X point. (b) Q factor versus membrane thickness.

of the nanobeam (which we will call the fundamental resonance) span from 1.45 µm to

1.87 µm with lattice constant variation, with the longest wavelength mode (the fifth

confined mode of the band) measured at 2.03 µm. Resonances up to 1.65 µm could be

characterized via cross-polarized reflectivity [30]. However, longer wavelength modes

were characterized via fiber taper probing [143], as the cross-polarized reflectivity

method did not have high enough signal to noise. In each case the cavity was probed

with a broadband tungsten halogen white light source and reflected/transmitted sig-

nal detected on an extended InGaAs spectrometer. An example of such a fiber taper

measurement for a cavity, showing the first five confined TE000 modes is shown in

Fig. 4.15. The Q factors for the modes, indicated in parts (i)-(v) are limited by

coupling to the fiber taper, and have a higher unloaded Q. The wavelengths of these

five confined modes for fabricated parameters are shown versus lattice constant in

Fig. 4.16. Simulation results for the first three confined TE000 modes are shown as

the solid black lines in the figure. There is a good agreement between simulation and

experiment.

We also characterized the higher order modes of the structure. For the structure

characterized in Fig. 4.15, we observed two closely spaced higher order modes with
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Figure 4.15: (a) Linear characterization of a nanobeam using the fiber taper method.

Q of around 3000 via cross polarized reflectivity. Since the membrane thickness

t/a ≈ 0.4, we do not expect to see the TE002 mode We believe these modes to be

the first two confined (even and odd) TE110 modes of the structure. The highest Q

higher order modes that we have observed have Q factors of around 8000 at 1300 nm.

We also optimized designs with resonances at around 1550 nm (Q > 10,000) and 930

nm (Q ≈ 3000).

4.3.3 Second harmonic generation and sum frequency gener-

ation

We next demonstrate sum frequency generation in a nanobeam photonic crystal cavity

utilizing a higher order mode of the nanobeam. The setup is the same as shown in

the previous section in Fig. 4.6. A tunable CW OPO is matched to the wavelength

of one of the modes of the nanobeam. A Santec tunable diode laser is matched to

the higher order mode of the nanobeam, and second harmonic generation is observed

when the laser is resonant with that mode. Second harmonic from each of the modes,

as well as sum frequency generation from the two modes is collected back through
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the same objective lens. The signal could either be sent to an imaging camera where

either real space or momentum space was imaged, or to a spectrometer for spectral

resolution. The second harmonic and sum frequency peaks are shown in Fig. 4.18 (b).

The tunable diode laser is scanned across the mode in order to verify that the mode

is resonantly enhancing the second harmonic efficiency. Second harmonic from the

nanobeam is observed even when the laser is not resonant with the cavity. However,

there is an 200-fold enhancement in the signal when it is resonant with the mode of

the cavity , as shown in Fig. 4.18 (c). This second harmonic is not seen in bulk, only

when the laser is on the nanobeam but not necessarily on the cavity (spatially or in

frequency). This is perhaps due to enhanced in- and out- coupling, or surface second

harmonic generation [70, 111] at the many additional etched surfaces of the GaAs. A

plot of the laser wavelength versus second harmonic counts and sum frequency counts

is shown in part (d). The second harmonic counts are fit to a Lorentzian squared,

while the sum frequency counts are fit to a Lorentzian, both indicating Q factors

of between 3000-4000, which is also consistent with the cross-polarized reflectivity

measurement on this structure. Scanning the power of the laser, we can plot the

second harmonic counts and the sum frequency counts versus the laser power. On a

log-log plot, we obtain a straight line for the second harmonic counts, with a slope

of 1.93, which is close to the expected value of 2. The sum frequency is expected to

be a straight line with a slope of 1, however, we find that it is non-linear on both

a log-log plot and a linear plot, and the best fit is for an exponent of 0.75. This

indicates nonlinear dependence on the laser power, which could be due to absorption

or the laser power being diverted to second harmonic generation.

We also measure the experimental k-space distribution of the second harmonic

from each of the cavity modes, in addition to the k-space distribution of the sum

frequency. This is shown in Fig. 4.19. The nanobeam is in the horizontal orientation,

as indicated by the white dashed line.
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Figure 4.18: (a) Second harmonic generation from the two modes, as well as sum
frequency generation. (b) There is second harmonic generation even when the laser is
not resonant with the cavity. (c) Plot of second harmonic and sum frequency versus
laser wavelength. The fit is to a Lorentzian squared for SHG and Lorentzian for SFG.
(d) As the power of the laser is scanned, the second harmonic follows a quadratic
relation, while the SFG follows a sub-linear relation.
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(a) (b) (c)

Figure 4.19: (a) k-space image of the second harmonic of the 1300 nm coupled laser.
(b) k-space image of the second harmonic from the 1955 nm laser. (c) k-space image of
the sum-frequency. The white dashed line indicates the orientation of the nanobeam.

4.4 Comparison of multiply resonant structures

In Table 4.1, we summarize a comparison between the L3 photonic crystal cavity, and

the multiply resonant crossbeam and nanobeam designs.

Table 4.1: Comparison of different photonic crystal cavities for nonlinear frequency
conversion.
Design L3 Crossbeam Nanobeam

Mode separation Within a single
band gap ≈ 300
nm

Difficult to
increase separation
past 1.5f

Frequency
separations of up
to an octave

Tunability Difficult to vary
relative frequencies
of modes

Lithographically
tunable resonances

Some control with
membrane
thickness

Nonlinear overlap High overlap Relatively low γ
(≈ 10−2, β still low
(≈ 10)

Higher γ (≈ 10−1),
β still low (≈ 1)

Mode Q factor Very low Q for the
higher order modes

Q decreases with
increasing
separation

highest Q
demonstrated for
large separations

In order to achieve efficient frequency conversion, it is also important to engineer

input and output coupling ports [144]. For nanobeam photonic crystal cavities, this

can be done via a side-coupled waveguide [145]. Since the Q factor of the fundamental
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mode is so much higher than the Q of the second harmonic mode, the waveguide can

be chosen to be critically coupled to the input mode without perturbing the second

harmonic mode significantly. Outcoupling of the second harmonic mode can be done

via free space, or via a second waveguide with mirrors that prevent propagation at the

fundamental wavelength but allow propagation at the second harmonic wavelength.

The crossbeam design has the advantage of two naturally separated coupling ports,

lithographically tunable resonances. Using the two input ports simply requires vary-

ing the number of mirrors after the taper region for lower Q through the mirrors than

radiative Q [142]. However, the crossbeam has the disadvantage that the modes do

not have a high nonlinear overlap compared to the single beam case, and the Q factor

of the modes decreases significantly for larger mode separations. The single beam

has been simulated with frequency separations of up to 700 nm with Q factors of

>3000 for both modes, and simulated modes with frequency separations of up to an

octave. Future work will involve improving incoupling to the modes, and investigating

separately tuning the resonances.

4.5 Discussion and conclusion

In conclusion, we have proposed and demonstrated two designs for multiply resonant

photonic crystal cavities. The crossbeam design has multiple nearly independent res-

onances, with up to 600 nm separation measured experimentally and Q>1000 for

both resonances. The design also features independent waveguide channels for two

resonances, which facilitates their spatial separation, as is desirable in many applica-

tions. Our design is promising for resonantly enhancing on-chip nonlinear frequency

interactions, such as sum/difference frequency and stimulated Raman scattering. By

choosing the parameters of the two beams to be the same, these structures could also

serve as polarization-degenerate cavities, which would be desirable for coupling to

spin states of embedded quantum emitters [146] or for building polarizaton entangled

photon sources based on a bi-excitonic cascade from a single quantum dot [147, 148].

We have also shown how the higher order modes of a nanobeam photonic crystal

cavity can be used for nonlinear frequency conversion, and demonstrated the design,
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fabrication and characterization of nanobeam photonic crystal cavities with multiple

higher order modes with frequency separations of greater than 700 nm. We also de-

signed a photonic crystal nanobeam cavity with two high Q modes with frequency

separation of an octave. We have demonstrated sum frequency generation with light

input on these modes separated by 700 nm to upconvert light from 1300 nm to 780

nm. This particular experimentally demonstrated design could prove useful for up-

conversion between emitters (e.g. Si vacancy in diamond) and telecommunications

wavelengths. Our design can also be easily optimized for conversion between other

wavelengths, such as 930 nm (InAs QD emission) and 1550 nm (optimal telecom-

munication transmission window). Other types of 1D or 2D waveguides could be

prove more suitable for engineering multiple high Q resonances with a large degree

of overlap, where a gentle tapering or cavity confinement of these types of devices

could prove fruitful [149, 150]. Future work could use inverse design as it may take

nonintuitive designs to obtain the type of resonances needed [151], as previous algo-

rithms have been used to optimize 1D DBR cavities for resonances at widely spaced

frequencies, and have shown that the resulting structures can be highly non-intuitive

[152]. Even if the conversion efficiency per element is low, such doubly resonant mi-

crocavities could be linked together in a coupled cavity array to take advantage of

both resonant cavity and slow light effects [153, 154, 155].
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Chapter 5

Frequency conversion with

integrated emitters

Protons give an atom its identity, electrons its personality.

Bill Bryson

5.1 Introduction

One motivation for engineering integrated high efficiency low power frequency conver-

sion is to build a platform for both nonlinear and quantum optics. In this Chapter, we

discuss in more detail the motivation and progress on frequency conversion in quantum

emitters. We first give an overview of frequency conversion of single photons. Follow-

ing this, we discuss how integrated frequency conversion of the pump wavelength can

also be useful, for fast pumping of single photon sources using telecommunications

wavelength lasers, or for high signal to noise resonant excitation of the quantum dot.

The results and discussion in this chapter have been published in [35] and in the

review article in ref. [34]. A small part of this Chapter was also published in ref.

[119].

87
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5.2 Engineered quantum dot single photon sources

QD single photon sources can be fast, stable, efficient and provide good indistin-

guishability, under either electrical or optical excitation. QD single photon emission

has been pushed to higher and higher temperatures in various systems, with room

temperature QD emission recently observed. QDs with single photon emission at

telecommunications wavelengths and at visible wavelengths for high detection ef-

ficiency have been demonstrated. However, these desirable properties are not all

available in the same QD material system. For interfacing different single photon

emitters of different wavelengths, and for interfacing these with the maximum detec-

tion/transmission efficiency windows, it is desirable to be able to arbitrarily convert

the frequencies of emitted photons. Theoretically, [156] the quantum nature of pho-

tons is preserved during χ(2) nonlinear frequency conversion processes. For example,

if we take the process of sum-frequency generation in which two light waves of angular

frequencies ω1 and ω2 are mixed in a nonlinear crystal with a second order nonlin-

earity to generate the sum frequency ω3 = ω1 + ω2, given a quantum state such as

a single photon input at ω2 a single photon will also be output at ω3. This is the

case even when ω2 is a strong coherent pump, which experimentally will be the usual

case in order to obtain the efficiencies needed for the conversion of single photons. A

cartoon of how frequency conversion can be used to improve a quantum network is

shown in Fig. 5.1. A telecommunications wavelength pump is upconverted to pump

a QD to emit a single photons. Two (or more) QDs at different wavelengths can in-

teract as nodes in a quantum network at the single photon level using sum/difference

frequency to match their transitions. The emitted single photons can be converted

to telecommunications wavelengths via difference frequency generation for transmis-

sion over the fiber optic network. Finally, sum frequency generation can be used to

up-convert the photons for efficient detection on Si APDs.

The experimental challenge of implementing this scheme is that it requires high

efficiency conversion at single photon levels, good in and out-coupling efficiencies and

very low noise levels. Quantum frequency conversion was first observed experimen-

tally in 1992, when Huang et al. demonstrated that when one beam a high flux
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Figure 5.1: A diagram of frequency conversion being used to improve a quantum
network.

entangled photon twin beam pump at 1064 nm was upconverted to 532 nm by a

strong pump it showed quantum noise reduction indicative of the quantum nature

after the upconversion [8]. After this, it was several years before the idea was revisited

as a means for achieving higher photon detecting efficiency for telecommunications

wavelength single photons.

Quasi-phase matching, a process in which a grating in the nonlinear medium is

used to compensate for wave vector mismatch between the input and output wave-

lengths [157], has been the most important technology for realizing the near-unity effi-

ciencies required for frequency conversion of single photons. Periodically poled lithium

niobate (PPLN), and in particular PPLN waveguides, have been the workhorse for

the majority of recent experimental demonstrations as near-unity conversion efficiency

can be achieved in these systems. In practice, the total efficiency is limited by losses

in the waveguide and extraction efficiency. In 2004, two groups [158], [159] upcon-

verted a weak laser signal at 1340 nm to 720 nm. An overall conversion efficiency of

>80% was demonstrated in a PPLN waveguide and bulk PPLN, using a strong pump

laser at 1550 nm. The conversion and detection of a weak laser signal with an overall

efficiency of 37 % was later demonstrated by the Stanford group [10], with greater

than 99.9 % internal efficiency.

Tanzilli et al. [160] demonstrated sum frequency conversion on one half of an

entangled pair while maintaining the entanglement. Several down-conversion schemes

of a weak laser pump at around 710 nm to telecommunications wavelengths were

then shown [161], [162], [163], [164] and some major sources of noise affecting these

processes were identified [165]. Transduction of a telecommunications band single
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photon from a quantum dot single photon source was also shown for the first time in

2010, with a 1.3 micron single photon upconverted to 710 nm [166].

A more challenging prospect is to use the intrinsic nonlinearity of the solid state

system in which the quantum dot is embedded for frequency conversion. GaAs, GaP

and InP are all non-centrosymmetric crystals with high χ(2) non-linearities. Highly

efficient frequency conversion in optical micro-cavities has been theoretically and ex-

perimentally explored, with theoretical schemes for highly efficient quantum dot single

photon conversion proposed [140]. Proposals for multiply resonant optical microcav-

ities also show promise for increasing the on-chip frequency conversion efficiencies to

the point where frequency conversion at single photon levels is feasible [26, 144], and

initial realizations of these designs have been fabricated, although conversion of single

photons by these microcavities has yet to be demonstrated.

For interfacing with telecommunications networks, nonlinear excitation forms the

other half of the interface above band or resonant excitation is necessary to excite

InAs/GaAs QDs, which means wavelengths shorter than ∼ 900 nm. Interfacing with

an optical cavity that can be used to create second harmonic generation which can

then excite the QD, all on chip, allows the QD to be directly interfaced with a

telecommunications wavelength network, and allows fast modulation via commer-

cially available lithium niobate electro-optic modulators [119]. Using this system,

the generation rate of demonstrated optically triggered quantum dot single photon

sources was increased above the 80 MHz repetition rate usually used (due to the

availability of pulsed Ti:Sapphire lasers at the right wavelength). Electrical excita-

tion in principle allows another way to circumvent this; however, resonant optical

excitation improves the indistinguishability of output photons, and many desirable

microcavity structures such as photonic crystal cavities have geometries that are chal-

lenging to pump electrically [167]. To determine the maximum speed at which the

system could be modulated, an independent experiment directly measuring the dot

lifetime was performed, giving a monoexponential decay with time constant 2.4 ±0.1

ns. This agreed with the maximum rate at which the source could be modulated

before coincidences from adjacent peaks began to overlap (300 MHz, see Fig. 5.2)

[119].
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Figure 5.2: A telecommunications wavelength pumped InAs/GaAs QD single photon
source. The telecom laser at around 1500 nm is coupled to the fundamental L3 mode
of a photonic crystal cavity, with electric field components in the x and y polarizations
shown in (a) and (b). Intracavity second harmonic is generated at around 750 nm, this
excites single InAs QDs. The laser can be modulated, autocorrelation measurements
with the laser modulated at 100 and 300 MHz are shown in (c) and (d). At 300 MHz
the peaks are overlapping significantly, limited by the lifetime of the QD (measured
to be 2.4 ns).

A doubly resonant cavity with resonances at both telecommunications frequency

and the frequency of the dot would increase the spontaneous emission rate of the dot

via the Purcell effect, and enable the realization of a significantly faster e.g.,1 GHz

triggered single photon source. Such a cavity has been demonstrated in [27, 26].

5.3 Quasiresonant excitation of quantum dots via

second harmonic generation

Single semiconductor quantum dots (QDs) at visible wavelengths are beneficial for

implementing single photon sources for quantum applications, since Si avalanche pho-

todiodes (APDs) have maximum detection efficiencies in the red part of the spectrum

[11]. For most of these applications (including quantum computing), photon indis-

tinguishability is critical for maintaining the high fidelities required. Additionally,

emission in the visible part of the spectrum can be frequency downconverted to

telecommunications wavelengths using readily available lasers [163], in contrast to

InAs/GaAs QDs which generally emit at wavelengths of around 900 nm (and thus

frequency conversion to telecommunications wavelength in this case requires a pump
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Figure 5.3: Characterization of InP/InGaP QD properties. (a) Temperature depen-
dence of QD photoluminescence under excitation with a CW 405 nm diode laser at
70 µW. (b) QD distribution at 6 K taken with 1714 groove/mm grating with 20 µW
excitation power, showing comparison of QD spectrum at the short (blue) and long
(red) wavelength sides of the distribution.

laser at around 2.3 µm). Clear single quantum emitters in the red spectral range

with narrow emission lines exhibiting antibunching have been observed only in the

InP/InGaP[168, 169] and InP/AlGaInP QD systems [170], and from non-QD sys-

tems such as nitrogen vacancy centers in diamond [171]. Site-controlled InP/InGaP

QDs have also been fabricated recently [172, 173], which are important for scalable

applications.

Above-band excitation provides the simplest way of exciting single QDs, as the ex-

citation and fluorescence will be at different frequencies and can be spectrally filtered

efficiently. However, in this case the single photon indistinguishability is lost due to

dephasing from the solid state environment and timing jitter resulting from relaxation

of carriers and their capture in QDs [174]. Resonant and quasi-resonant excitation

help to improve this indistinguishability, as the carrier capture process is eliminated,

and phonon assisted carrier relaxation is minimized. Quasi-resonant and resonant ex-

citation have been demonstrated in the InP/InGaP system previously [175, 176] for

QD samples without resolvable single QD lines, using a Ti:Sapphire laser in a cross
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Figure 5.4: Time-resolved streak-camera measurements showing the lifetime inte-
grated across the PL spectrum. The red line shows an exponential decay τ = 390 ps.

polarized configuration for excitation and using time resolution to filter the remaining

scattered laser from the signal. Here we demonstrate a novel method for achieving

quasi-resonant excitation of a QD/photonic crystal cavity system using second har-

monic light generated in the photonic crystal cavity to excite the QDs. The second

harmonic is generated using the χ(2) nonlinearity of the surrounding InGaP material,

and is enhanced by the resonant photonic crystal cavity mode. This technique has a

high signal to noise ratio and has the advantage of using a compact and low power

telecommunications laser as a pump. Scattered light from the high power pump laser

is spectrally separated from the emitted QD photoluminescence (PL), while unwanted

nonlinear processes, such as Raman scattering of the pump into the quasi-resonantly

excited dot distribution, will not affect the signal. The resonant excitation is pro-

vided by intracavity second harmonic generation (SHG), which results in significantly

less scattered light, with out-coupled intensity of the same order of magnitude as the

PL from the QD. Other schemes for resonant excitation involve strong polarization

filtering [177] or using a cavity to suppress scattered light [178]. Nonlinear excitation
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allows flexible excitation wavelength over a broad wavelength range, and in principle

this could be extended by using sum frequency generation in cavities with multiple

resonances [121].

Figure 5.5: Characterization of photonic crystal cavity. (a) SEM of the photonic
crystal cavity. Inset shows |E| calculated by FDTD simulation. (b) Cross polarized
reflectivity spectrum of the fundamental resonance of the photonic crystal cavity. Red
line is a Lorentzian fit showing a Q of 7000. (c) Ez of the TM mode of the second
harmonic generated in the cavity at twice the fundamental cavity frequency. (d) Ex
of a TE mode to which the QD PL couples. This mode is at roughly 4% longer
wavelength than the TM mode.

The QDs are grown by gas-source molecular-beam epitaxy (GSMBE) in the cen-

ter of a 150-nm-thick In0.48Ga0.52P membrane grown on top of a 500-nm layer of

Al0.8Ga0.2As on a (001) GaAs substrate. The areal density of the QDs is 3-5 per µm2.
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We first characterized the QD properties before fabricating our photonic crystal sam-

ples. Fig. 5.3 (a) shows the measured QD PL as a function of temperature from 6 K

to 200 K in a continuous-flow helium cryostat using 70 µW excitation power from a

405-nm continuous-wave (CW) diode laser (this power was chosen as convenient for

measuring at all temperatures). The center wavelength of the QD emission redshifts

by 20 nm from 6 K to 200 K. The gaussian shape and large full width half maximum of

the emission results from inhomogeneous broadening due to variation in the physical

size of the QDs [179]. Fig. 5.3 (b) shows the QD PL for two different spectral windows

in the QD distribution with the same laser diode with 20 µW excitation power, taken

at 6 K with a finer grating (1714 grooves/mm) to resolve the single QD lines. Single

lines can be seen from approximately 700-750 nm; QDs at the blue side of the distri-

bution exhibit narrower line widths and are more efficiently excited by SHG than the

QDs at the red side. However, the high density of these spectral lines makes quan-

titative measurements of the linewidth difficult. We investigate the dynamics of the

ensemble-QD emission by studying the time-resolved photoluminescence on a streak

camera when the QDs are excited at 400 nm by a frequency-doubled Ti:Sapphire

laser with a repetition rate of 80 MHz and integrating over the higher energy half of

the PL spectrum of the dots. The data was taken for the shorter wavelength half of

the spectrum, as the best quasi-resonant excitation was demonstrated from dots on

this side of the distribution. The time resolved data is shown in Fig. 5.4 plotted on a

semi-log scale and fitted with an exponential (red line) with time constant τ = 390 ps,

while a longer wavelengths yielded shorter time constants, with 300 ps measured for

the long wavelength part of the spectrum. The different properties of QDs in different

parts of the emission spectrum were reported previously [180]; however, in that study

the lifetime of the QDs was shown to increase with wavelength. The falloff from an

exponential distribution, seen at long times, may be due to carrier relaxation from

the above band excitation [176]. The short time constant is consistent with previous

measurements of this QD system [176, 180, 175].

Fig. 5.5 (a) shows a scanning electron microscope (SEM) image of the three-hole

linear defect photonic crystal cavity, fabricated at half the QD frequency (∼ 1500 nm
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Figure 5.6: (a) The setup used in the experiment. BS = beamsplitter. (b) Schematic
of intracavity second harmonic generation and excitation of a QD.

Figure 5.7: (a) A single spectrum with pump wavelength at 1468.1 nm taken with
600 g/mm grating. Inset shows spectrum taken with 1714 g/mm grating. (b) The
emission intensity as a function of pump and detected wavelengths. The cavity second
harmonic is the diagonal line around 734 nm. (e) Zoom in on (i) second harmonic
and (ii) a QD line from part (c). Part (iii) shows intensity of second harmonic versus
pump laser wavelength, with a fit to a Lorentzian squared. No evidence of resonant
excitation is seen.
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wavelength), such that the second harmonic will resonantly excite the QD. The struc-

tures are fabricated in the InGaP membrane using e-beam lithography, dry etching,

and HF acid wet etching of the sacrificial layer beneath the membrane, as described

in Chapter 2. The cavity main axis is oriented along a 100 crystal direction. Finite

difference time domain (FDTD) simulations of the electric field components were per-

formed and the magnitude of the electric field is shown in the inset of Fig. 5.5 (a).

The resonance is TE-like with electric field primarily in the plane of the photonic

crystal slab. By varying hole size and other fabrication parameters, photonic crys-

tal cavities with resonances from 1452 nm to 1569 nm were fabricated. These were

characterized using a broadband source in the cross-polarized configuration, as in our

previous work [122], to maximize signal to noise. A reflectivity spectrum of a cavity

measured by this technique and showing a resonance at 1455.5 nm is shown in Fig.

5.5 (b). The red line shows a Lorentzian fit of this spectrum, and gives a cavity Q of

7000. Light coupled into this resonance can be frequency doubled by second harmonic

generation [112, 104] using the χ(2) nonlinearity in the non-centrosymmetric InGaP

material. Due to the symmetry of the photonic crystal, the resonance has dominant

Ex and Ey in-plane field components. The χ(2) tensor of the InGaP has symmetry

such that the only non-zero component is χ
(2)
i 6=j 6=k 6= 0. This means that the TE-like

mode with fields primarily in the x and y polarizations must accordingly generate

second harmonic that is primarily z-polarized, i.e., a transverse magnetic-like (TM-

like) mode [104]. For a photonic crystal, this corresponds to guided resonances in

the TM-like air-band. The TM mode at the frequency of the second harmonic was

simulated using FDTD, and this component of the electric field in the out of plane

(z) direction, Ez is shown in Fig. 5.5 (c). The mode was excited in simulation with a

narrow frequency excitation with the polarization Pz generated from the fundamen-

tal L3 mode multiplied by the effective χ(2) tensor. The generated second harmonic

couples into this mode at twice the fundamental frequency (around 700-750 nm), and

is used to quasi-resonantly excite the QDs. The Q of this SHG mode is 170, with 37%

of the light emitted into the light cone, and around 70% of this is radiated into the

NA of the objective lens (0.75 NA). Anisotropy of the QD causes the dot to emit pri-

marily TE polarization [181]; at the QD wavelength (roughly 10nm shorter than the
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SH excitation wavelength) the photonic crystal supports an air-band TE-like mode.

The electric field in the x direction for such a mode is shown in Fig. 5.5 (d); for this

mode Ey has odd symmetry and so outcouples poorly. The Q of this mode is 295,

with 60% of the energy emitted into the light cone (about 70% of this is emitted into

the NA of our objective lens, 0.75). This suggests a slight preference for the TE mode

to outcouple from the slab over the TM mode, which adds to the signal to noise ratio

of this method. As discussed later, the QD may be excited more efficiently by the

TE polarization, especially in the case of resonant excitation.

To demonstrate quasiresonant excitation, the setup shown in Fig. 5.6 was used. A

tunable continuous wave (CW) telecommunications wavelength laser Agilent 81989A,

1463-1577 nm is coupled into the fundamental high-Q mode of the photonic crystal

cavities. Light from the laser is reflected from a dichroic and coupled to the cavity at

normal incidence with an objective lens. Photons upconverted in the cavity through

second harmonic generation quasi-resonantly excite the QD, as shown in Fig. 5.6

(b). The QD emission is collected through the same objective and passes through

the dichroic to be measured on a liquid nitrogen cooled Si CCD spectrometer. A QD

spectrum obtained by this method from a cavity with resonant wavelength at 1468

nm can be seen in Fig. 5.7 (a), taken with a 600 groove/mm grating. The shortest

wavelength peak is the second harmonic. It was verified that both the second har-

monic and QD PL follow a quadratic dependence on the laser power, as in previous

work [104]. The inset black box shows a spectrum taken with a 1714 groove/mm grat-

ing. A 2D plot of the intensity of the PL against the pump and detected wavelengths

is shown in Fig. 5.7 (b). The second harmonic is the diagonal line from 733.9 to

734.2 nm detected wavelength while the other vertical lines indicate quasi-resonantly

excited QDs. Fig. 5.7 (c) part (i) shows a zoom-in of the SHG, while part (ii) shows

a zoom in of a QD line. As the laser is scanned across the cavity, the intensity of

SHG follows a Lorentzian squared, shown in Fig. 5.7 (c) part (iii); the red line is a

Lorentzian squared fit to the data. The laser wavelength was tuned in steps of 0.002

nm. The lifetime limited linewidth of these QDs is 0.005 nm (around 2 GHz), and
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in practice experimentally measured resonantly excited linewidths have shown broad-

ening relative to this limit [178]; therefore we expect that a resonantly excited QD

would be observable by this method. The linewidth remains a Lorentzian squared at

all scanned wavelengths and powers, and demonstrates no broadening from the laser

linewidth, which is on the order of MHz, indicating that either no resonant excitation

occurs or that it is much weaker than the out-coupled second harmonic. That no

evidence of resonantly excited QDs was found could be due to the strong polarization

of this QD system [181] and thus low overlap of the resonant transition with the TM

excitation. The density of QDs in this experiment was too high (3-5 per µm2) to

spectrally isolate single QD lines. Repeating these experiments using a lower density

QD sample would allow further characterization of the quasiresonant process, for ex-

ample by allowing quantitative comparisons between quasiresonant and above-band

pumping, as well as measurement of the linewidth of single QDs.

In conclusion, we have demonstrated high signal to noise quasi-resonant excita-

tion of InP/InGaP QDs coupled to photonic crystal cavities [35]. The excitation was

provided via second harmonic generated from a telecommunications wavelength laser

in a photonic crystal cavity using the χ(2) nonlinearity of the InGaP material matrix.

The method is high signal to noise as the second harmonic that excites the QD is

generated within the slab, minimizing scattered light at the wavelength of the QD.

Using sum frequency generation, it could be extended to give greater flexibility of

the excitation wavelength. A QD system with less anisotropy could show resonant

excitation. The technique could prove useful as a convenient method of providing

indistinguishable photons from a solid state source, which is necessary for quantum

information processing.
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Chapter 6

Summary and Outlook

I seldom end up where I wanted to go, but almost always end up where

I need to be.
Douglas Adams

This dissertation has presented a framework for three wave mixing in photonic

crystal cavities in III-V semiconductors. This enables miniaturization of nonlinear

frequency conversion devices by reducing the required optical power and device size

and allowing integration with semiconductor optical materials. The main results

presented in this thesis are:

• First demonstrations of CW second harmonic generation and sum frequency

generation in GaAs photonic crystal cavities in (111) GaAs and in (001) and

(111) GaAs with minimal absorption. These results were published in ref. [30]

and [31].

• Further investigation in the mode structure responsible for SHG in planar pho-

tonic crystal cavities

• Design and demonstration of two different types of multiply resonant photonic

crystal cavities. The results on crossbeam photonic crystal cavities were pub-

lished in refs. [26], [27], with the results on single nanobeam nonlinear optics

under review [32] and [33].

101



102 CHAPTER 6. SUMMARY AND OUTLOOK

• Demonstration of quasi-resonant excitation of QDs in photonic crystal cavities

using intra-cavity generated second harmonic. The background discussion for

this work was published in the review article in ref. [34] and the results were

published in [35].

While optical micro cavities have great potential for nonlinear frequency conver-

sion, realization of this potential requires the solution of a difficult design problem.

The future of solving such problems may lie in inverse design [151] or genetic opti-

mization algorithms [96]. In addition, the ever-improving ability to fabricate highly

reproducible photonic crystal cavities [182, 183], and to move fabrication to reliable

foundries [184], will increase the practicality of these devices.



Appendix A

Appendix

A.1 Mode polarization and semiconductor orien-

tation

The vertical symmetry of the photonic crystal cavity forces all modes to be either

primarily transverse electric (TE)-like or transverse magnetic (TM)-like [80]. For a

TE-like mode, Ex, Ey, and Hz obey even symmetry in the vertical direction about

the center of the slab while Ez = Hx = Hy = 0 at the central xy plane and are

anti-symmetric about this plane (where we define z as the direction normal to the

wafer, and x and y to be in the plane of the wafer). For TM-like modes, Ez, Hx, and

Hy obey even symmetry in the vertical direction about the center of the slab while

Ex = Ey = Hz = 0 at the central xy plane and are anti-symmetric about this plane.

For (100) oriented III-V semiconductors, the second order nonlinear susceptibility

tensor deff is given by

deff =


0 0 0 d41 0 0

0 0 0 0 d41 0

0 0 0 0 0 d41

 (A.1)
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where the generated polarization at a sum frequency can be calculated by


Px(2ω)

Py(2ω)

Pz(2ω)

 = 2ε0deff



Ex(ω)2

Ey(ω)2

Ez(ω)2

2Ey(ω) · Ez(ω)

2Ex(ω) · Ez(ω)

2Ey(ω) · Ex(ω)


(A.2)

For GaAs the deff matrix found in the literature is defined such that x, y, z are

the (100), (010) and (001) axes of the crystal structure (while the cleave axes in

GaAs are the (110) and equivalent planes). This means that for the case of (001)

GaAs the x and y coordinates are in the same plane as two of the major crystal axes,

and can be chosen to be aligned with the crystal axes. Examining the mode overlap

integral reveals that for the process of second harmonic generation, a TE-like mode

may only couple to a TM-like mode if the wafer is normal to the [100], [010], or [001]

(equivalent) directions, as in standard (001) oriented wafers.

In the case of (111) GaAs, the plane of the wafer is no longer the same as the plane

of crystal axes. The values of E-field can be either transformed to this coordinate

system or a new deff matrix can be derived with x′, y′ in the plane of the wafer.

Rotating from the (001) to the (111) plane can be done by applying the following

steps: (1) rotation about the z-axis of 45 degrees (2) rotation through an angle of

arccos
(

1√
3

)
about the y-axis.

This gives the deff matrix


P ′x(2ω)

P ′y(2ω)

P ′z(2ω)

 = 2ε0deff,111



Ex(ω)′2

Ey(ω)′2

Ez(ω)′2

2E ′y(ω) · E ′z(ω)

2E ′x(ω) · E ′z(ω)

2E ′y(ω) · E ′x(ω)


(A.3)
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The calculated deff,111 is given by

deff =


− 1√

6
1√
6

0 0 − 1√
3

0

0 0 0 − 1√
3

0 − 1√
6

− 1
2
√
3
− 1

2
√
3

1√
3

0 0 0

 · d41 (A.4)

We can see that this new deff matrix leads to coupling between TE-like polarizations,

e.g. P ′y = − 1
2
√
3
d41E

′
yE
′
z − 1√

6
d41E

′
yE
′
x. The tensor leads to the expected 120 degree

symmetry, with the effective x and y axes along the [112] and [110] directions.
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Q TE/TM dual-polarized photonic crystal nanocavities,” Optics Letters 34,

2694–2696 (2009).

[30] S. Buckley, M. Radulaski, K. Biermann, and J. Vučković, “Second harmonic
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in GaAs Photonic Crystal Cavities in (111)B and (001) Crystal Orientations,”

ACS Photonics 1, 516–523 (2014).

[32] S. Buckley, M. Radulaski, L. Zhang, and J. Vučković, “Optimization of high
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[40] S. Combrié, A. De Rossi, Q. V. Tran, and H. Benisty, “GaAs photonic crystal

cavity with ultrahigh Q: microwatt nonlinearity at 1.55 µm,” Optics Letters

33, 1908–1910 (2008).

[41] W. H. Louisell, “Correspondence between Pierce’s Coupled Mode Amplitudes

and Quantum Operators,” Journal of Applied Physics 33, 2435 (1962).

[42] A. Yariv and W. Louisell, “5A2 - Theory of the optical parametric oscillator,”

IEEE Journal of Quantum Electronics 2, 418 –424 (1966).

[43] A. Yariv, “Coupled-mode theory for guided-wave optics,” IEEE Journal of

Quantum Electronics 9, 919 – 933 (1973).
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and focused ion beam fabrication of single crystal diamond nanobeam cavities,”

Journal of Vacuum Science & Technology B 29, 010601 (2011).

[91] M. Khan, T. Babinec, M. W. McCutcheon, P. Deotare, and M. Lončar, “Fab-
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