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CHAPTER 1

Introduction

Light is the only data carrier that can satisfy the constantly increasing demand
for speed and bandwidth of data transfer as well as the requirement of low power
consumption. Modern telecommunications was revolutionized by optical fibers
[1]. For instance, the fast internet speed which is nowadays taken for granted is
provided by optical fibers. On a large scale they successfully replaced kilometers
of electric cables, but on the small scale of on chip data transfer optical technology
is not yet widespread [2, 3].

Several different ways and technologies have been proposed and demon-
strated to control light propagation at the micro- and nanoscale such as ridge
waveguides together with ring and racetrack resonators [4], photonic crystals [5],
quasicrystals [6], hyperuniform structures [7] and pattern-optimized structures
[8, 9]. In particular, a lot of attention is focused on photonic crystal structures
which became extremely popular in the last couple of decades. Photonic crystals
are 3D, 2D and 1D periodical structures where the dielectric function of a ma-
terial is periodically varied on the scale of the wavelength of light. Interestingly,
such complex structures can be found in nature, e.g. bright colored wings of
beetles and butterflies are biological photonic crystals [10, 11]. The most striking
property of photonic crystals is that light propagation is forbidden in certain
directions. Specifically, in the 3D case, if the dielectric constants of materials are
different enough, then the propagation of light can be stopped in all directions,
in a certain light frequency range [12–14].

3D photonic crystals are arguably the best candidates for the future of op-
tical integrated circuits, as they allow the control of light in three dimensions.
However, the fabrication of these structures is difficult, so only a few research
groups have succeeded in achieving this feat [15–17]. Essential elements like
waveguides and nanocavities in 3D photonic crystals have been proposed, but
are yet to be materialized [18–20]. On the other hand, 2D photonic crystal struc-
tures can be fabricated using advanced lithography methods and they forbid light
propagation in the plane of the structure for a certain wavelength range of light.
One of the most studied examples are thin 2D membranes where the photonic
crystal structure is achieved by creating a periodical 2D pattern of air holes.
By implementing a certain air hole pattern one is able to make crucial elements
such as waveguides and nanocavities. Combination of these elements have been
experimentally used to achieve impressive functionalities and observe fascinat-
ing physical phenomena, such as all-optical switches [21], on-chip lasers [22] and
spectrometers [23], slow light [24], wavelength demultiplexers [25], single photon
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generation [26] and other nonlinear devices [27].

Photonic crystal nanocavities are local lattice defects in photonic crystals
and photonic crystal waveguides. In the 2D case the optical confinement of cavity
modes is achieved by the surrounding crystal structure, where a leak channel is
formed by out-of-plane radiation losses. For membrane structures, nanocavities
can be created by removing, shifting or deforming certain airholes [28, 29]. Two
parameters that are important for applications are the quality factor (Q-factor)
which describes the ability of a cavity to confine light temporally and the mode-
volume which defines the spatial confinement of the mode. As a rule of thumb,
one can say that a high Q-factor correlates with a large mode volume [12].

To change properties of a system composed of photonic nanocavities after the
fabrication, e.g. to compensate disorder-induced effects [30], and achieve dynamic
control of the system, e.g. to experimentally measure circuit parameters [31] or
implement all-optical memory [32], one requires a tool which can locally perturb
the refractive index thereby changing properties of the system.

In this thesis we develop light induced thermal tuning to control resonance
frequencies and coupling rates in arrays of photonic crystal nanocavities. Thermal
tuning gives local and reversible refractive index change which in addition to great
flexibility given by wavefront shaping [33] and holography techniques [34] makes
it one the best candidates to control systems made of many photonic crystal
nanocavities.

In this chapter we describe the nanocavities which are used in this thesis,
the role of intrinsic disorder in the system as well as the thermal tuning process.
At the end of the chapter, we give an overview of this thesis.

1.1 Photonic crystal nanocavity

a b

Figure 1.1: Nanocavities used in this thesis. a - Normalized Ey field for a H0
cavity. b - Normalized Ey field for a mode-gap cavity. One row of holes is removed to
create a line defect. Circles represent hole contours. Colored circles represent shifted
holes, with different colors corresponding to different shifts. a is a period of the photonic
crystal lattice.
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In this work two types of membrane photonic crystal nanocavities have been
used. Their structure as well as their mode profiles are presented in Figure 1.1.
The first defect cavity is H0 cavity [35, 36] which is created in a bulk 2D photonic
crystal by shifting 4 holes away from the center as it is shown in the Figure 1.1a.
The mode is concentrated in between the shifted holes. This cavity has a small
mode volume about 3 cubic half wavelengths and a Q-factor on the order of
103. The second cavity is mode-gap cavity [37, 38] made in a photonic crystal
waveguide by local width modulation of that waveguide as shown in Figure 1.1b.
This cavity has a large Q-factor of about 106 and a larger mode volume than
the H0 cavity (∼ 10 · (λ/2n)3). The mode of this cavity is mainly concentrated
in the waveguide region. When such photonic crystal nanocavities are placed
physically close to each other they become optically coupled. In an array of
optically coupled cavities light propagates at an extremely low group velocity
[24, 39].

1.2 Influence of intrinsic disorder on nanocavities

dr

r+dr

a b c

Figure 1.2: Types of intrinsic disorder in the system. a - hole position shift, b
- hole radius change, c - hole shape variations.

Resonance properties of nanocavities described above are affected by inherent
disorder in a photonic crystal. This disorder includes hole position shifts and
radius changes [30, 40] as well as hole shape variations [41, 42] as shown in
Figure 1.2. Disorder plays an important role in the field of nanophotonics as every
sample is affected by it. Disorder perturbs the mode profile of every cavity which
induces a random resonance wavelength change. Surprisingly, shape irregularities
on the order of 1 nm can induce resonance wavelength change by more than 1 nm
[40, 42]. Disorder can even affect the coupling constant between nanocavities.

1.3 Thermal tuning

The main tool to control resonance properties of nanocavities in this thesis is
local heating with a focused laser beam. When the surface of the membrane
is illuminated with the laser beam, the laser light gets absorbed in the mem-
brane material which eventually results in a local temperature rise assuming the
photon energy is larger than the bandgap of the semiconductor material of the
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membrane. This is schematically shown in Figure 1.3. The local temperature
increase results in a local change of the refractive index which in turn induces
changes in resonance frequency and coupling constant as reported in this thesis.
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Figure 1.3: Temperature distribution in the membrane. Heat diffuses inside
the membrane as well as into the ambient gas medium as indicated by red and blue
arrows, respectively. These two effects determine the width of the temperature profile.
Colored cone represents a temperature distribution in the membrane.

The temperature distribution inside the membrane is not confined within the
focused spot, but is defined by the heat diffusion in the system [43]. This diffusion
induces unwanted effects like thermal crosstalk between different structures on
the nanophotonic chip.

1.4 Overview of this thesis

In this thesis we investigate and control photonic crystal nanocavities as well as
the interaction between them. The principal tool of this control is local laser-
induced heating. We study how heat propagates in photonic crystal membranes
and we use local heating to counteract the disorder in coupled cavity systems. We
also investigate the coupling constant change between nanocavities with various
approaches. This thesis has the following structure:

In Chapter 2, the apparatus which was specifically built for research in this
thesis is presented. We describe the pump and probe paths used in the setup, and
introduce and compare different ways of probing photonic crystal nanostructures.
We also show a high-speed data acquisition and pump gating scheme designed
to suppress degradation effects of semiconductor samples.

In Chapter 3, the experimental and numerical investigation of heat prop-
agation in photonic crystal membranes is described. The tuning response of a
single H0 type nanocavity [35, 44] on pump position was measured experimentally
with nitrogen and helium gases as ambient medium. The experiment was modeled
using first-order perturbation theory [12] and finite element method (COMSOL).
We show that the thermal profile inside the membrane is more confined in case
of He than of N2.
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In Chapter 4, we present a new method to eliminate the disorder in systems
of coupled mode-gap resonators [37, 38]. We use a spatial light modulator and
digital holography [33, 34] to simultaneously control the resonance wavelengths
of several nanocavities and a introduce a response matrix approach to deal with
thermal crosstalk between nanocavities. We tune disordered cavities into reso-
nance and accurately model the behavior of the system with coupled mode theory
[45].

In Chapter 5, we introduce a novel way to control the coupling constant
between two directly coupled nanocavities by thermally perturbing the area be-
tween them. We experimentally show that this effect depends on the pump
position. To get insight into the mechanism of the coupling constant change,
we present finite difference time domain (FDTD) simulations [46] as well as a
semi-analytical explanation of the effect.

In Chapter 6, we use ancillary cavities to control the coupling rate between
the nanocavity and the waveguide as well as the coupling constant between two
nanocavities. This method to control coupling is explained by the adiabatic
elimination process, well known in atomic physics [47]. We experimentally achieve
a large variation of the coupling rates and describe them analytically with coupled
mode theory. In the case where we modulate the coupling constant between two
nanocavities a surprising difference is observed between experiment and analytic
theory. To understand this difference, numerical simulations were performed.
We also propose two new types of coupled resonator optical waveguides whose
bandwidth can be tuned using ancillary cavities. We theoretically investigate
their dispersion and transmission properties.

In Chapter 7, non-thermal pump induced effects observed during experi-
ments are reported. We study time-dependent as well as permanent resonance
frequency and Q-factor changes. We perform numerical simulations to study the
influence of surface water on the resonance frequency of nanocavities. Finally, we
describe the procedure to remove the frequency shift effects from datasets and
report initial experiments on the immersion of nanophotonic samples in liquids
that may reduce the nonthermal effects.

In Chapter 8, we determine the precise value of the thermal-optical coeffi-
cient of Ga0.51In0.49P material used for all the nanocavities in this thesis. This
is achieved by heating the sample with mode-gap nanocavities with a heating
stage. To get the precise value of the coefficient we take into account material
expansion effects as well as surface water effects.

Finally, in Chapter 9, we provide a summary of the thesis.
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CHAPTER 2

Apparatus for probing and controlling photonic

nanostructures

In this chapter we describe the details of apparatus that was used
to perform all experiments reported in this thesis. The apparatus
consists of a probe system that measures reflection, transmission and
scattering spectra, and a pump system that illuminates the sample
with structured light out of the photonic crystal plane.

2.1 Probe system

2.1.1 General description

Here we describe the infrared spectroscopy setup which is used to probe the sam-
ples. A continuous-wave tunable IR laser (Santec TSL-710) is the main light
source. This laser offers a combination of narrow linewidth, precise tunability
and broad tuning range. A fiber system was built to distribute the laser power
between different ports. The scheme of the fiber setup is presented in Figure 2.1.
Light from the IR laser is distributed between a fiber Fabry-Pérot interferometer
(FFPI), acetylene and cyanide reference cells and the main signal branch. These
frequency references are discussed in Section 2.1.4. The main signal branch is
attenuated to the desired level by a free-space power attenuation ND filter set.
After the ND filter set IR light can be directed either to the polarization main-
taining lensed fiber L1 through the fiber circulator or to the free-space fiber
collimator. When light is directed to the lensed fiber L1 then the reflection from
the system is collected on amplified photodiode PD4 and transmission is col-
lected on amplified photodiode PD5 through lensed fiber L2. The lensed fibers
have NA=0.55.

The free-space part of the setup is presented in Figure 2.2. When IR light
is coupled into the sample using lensed fiber L1 the out-of-plane scattered light
can be collected using objective with NA=0.4 and imaged on the amplified pho-
todiode PD6. At the same time the surface of the sample is imaged on the IR
camera, which allows to image and select the region of interest which will be
focused on PD6 through the aperture A1. Any possible pump light reflections
are cut with long pass filter LP.
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Figure 2.1: Fiber-based probe part of the setup. Blue lines represent
polarization-maintaining fibers, yellow lines - single mode fibers. Black rectangles on
fiber path are mating sleeves. Blue arrows are lensed fibers. After the ND filter set the
light can be switched between two channels: to the fiber collimator and to the lensed
fiber. The inset shows a sample with 10 optically coupled nanocavities.

2.1.2 Available measurement methods

The comparison between reflection, transmission and out-of-plane signals mea-
sured for a sample containing 10 coupled photonic crystal nanocavities is pre-
sented in Figure 2.3. The scheme of the sample is presented in the inset of the
Figure 2.1. Cavities are made in a photonic crystal membrane with thickness
h = 180 nm and lattice period a = 485 nm. The lattice is triangular. The mem-
brane is made of Ga0.51In0.49P. Cavities are placed in the barrier waveguide with
width W0 = 0.98

√
3a. The distance between cavities is 10a, except cavities 1-2

and 9-10 where distance is 9a. Cavities 1 and 10 are coupled in turn to input
and output photonic crystal waveguides with width W1 = 1.1

√
3a. To achieve

a good coupling efficiency from free-space with lensed fiber into the photonic
crystal waveguide special mode-converters were fabricated [1].

Unfortunately, the radiation pattern of high-Q nanocavities has most part
of their emission at grazing angles outside the acceptance of our objective. As a
result, the signal-to-noise ratio (SNR) is low. One cannot just increase the power
of an input signal because this causes bistability [2] due to the nonlinearity of



Probe system 13

the material and the high Q-factor of the cavities. The SNR of the out-of-plane
signal can be increased by using a cooled low-noise photodiode or by creating a
grating structure to change the angular distribution of the cavity emission [3].
The signal can be also measured on the IR camera which improves SNR, but
increases the measurement time dramatically.
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Figure 2.2: Free-space part of the setup. Key elements of the setup are presented
on the scheme. Green mirrors are flip mirrors. Blue lines represent PM fibers used to
guide light in and out of the system. Lensed fibers L1 and L2 as well as sample are
mounted on XYZ stages. Objective is mounted on XY stage. Black contour represents
the flow box used to create gas atmosphere around the sample. The box has windows
for light with IR and violet AR coatings. Windows are not shown on the picture.

Each spectrum has 3 characteristic regions: the region below the bandgap,
colored red in Fig. 2.3, where mode-gap cavity resonances are located (see chapter
4, 5, 6 and 8), the green region where random modes [4] are found and the
blue region where the barrier photonic crystal waveguide is open and Fabry-
Pérot resonances occur. It is hard to define the clear boundary between these
3 regions because of the intrinsic disorder in the system which smears out the
bandedge [5], creates random modes for all the frequencies below the band edge of
the waveguide with width W0 and perturbes resonance frequencies of mode-gap
cavities. In the reflection all the resonance lines have Fano lineshapes as a result
of interference between signal reflected from the system and from the end of the
lensed fiber L1 [6]. The same happens in transmission due to the interference
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with TM light [7]. The Fano lineshape together with interference fringes observed
in reflection significantly complicates the data analysis. To avoid Fano lineshape
one can collect out-of-plane light where all the lines have a Lorentzian line shape
which is easy to analyze and interpret.
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Figure 2.3: Spectra comparison. Comparison between reflection, transmission and
out-of-plane scattering spectra for nanophotonic sample. The red region depicts the
wavelength range where mode-gap cavity resonances are found. The green region is
attributed to the wavelength range where random modes are present. The blue region
represents the transmission band of the barrier waveguide. Borders between regions are
not strictly defined due to the disorder.

2.1.3 Coupling IR probe light from out-of-plane

Every cavity emits IR light which can be collected and measured as described in
previous section. This implies that one can reverse the light path by focusing IR
light on the cavity, couple light into it and measure the transmission through the
lensed fiber L1 which was previously used to launch light into the system. This
reciprocal approach has advantage of a great signal to noise ratio and allows
to selectively couple to particular resonances. In Figure 2.4 we show example
spectra, where light is coupled to either cavity 1, 2 or 3. When light is coupled
to cavity 1 the resonance of cavity 1 has the highest intensity, then when it is
coupled to cavity 2 the peak of cavity 2 becomes bright and the same happens
to cavity 3. The position of the probe spot is selected with mirror MIR from
Figure 2.2. The full width at half maximum (FWHM) of the focused spot is 2.2
µm. The results measured by this technique are easy to interpret as all lines have
Lorenzian lineshape and SNR can be > 104.
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Figure 2.4: Transmission spectra. IR probe light is coupled either into cavity 1,
2 or 3. The transmission is measured though the lensed fiber L1 and collected on
photodiode PD4.

2.1.4 High-speed data acquisition

When the wavelength of the IR laser is scanned slowly it can output a TTL
trigger signal indicating a certain wavelength step. The required wavelength step
for most of our measurements is around 1 pm. Most of the measurements in
this thesis involved local heating with a laser. As described in Chapter 7 this
way of tuning comes with non-thermal effects which build up with exposure. To
minimize these effects we scan the wavelength of the IR laser and measure the
spectra at the highest possible scanning speed which is 100 nm/s. Unfortunately
at this speed our IR laser cannot output triggers fast enough resulting in an
imprecise measurement.

To be able to perform fast laser scans with 1-pm resolution an external
wavelength reference scheme was developed (see Figure 2.1) based on the system
at Thales [8]. The absolute wavelength during the measurement is determined
from acetylene and cyanide wavelength reference cells. The spectra of these cells
are precisely known [9, 10] and are very stable under environmental condition
changes, such as temperature and pressure fluctuations. Spectra of the cells used
in our setup are shown in Figure 2.5. These cells can be used for wavelength
reference between 1511 and 1656 nm.

To get the relative wavelength during the scan the fiber Fabry-Pérot inter-
ferometer [11] is used. A compact fiber-based Fabry-Pérot interferometer can
have a small free spectral range (FSR). The experimentally measured FSR of
interferometer used in the setup is 125.1 MHz, corresponding to 1 pm increment
at 1550 nm. The transmission through FFPI measured with a scanning speed
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of 100 nm/s is presented in Figure 2.6. The spectrum mainly consists of large
sharp fringes, with small peaks on a side. Large and small peaks were found
to correspond to different polarizations of light, their relative intensity can be
adjusted with a paddle polarization controller (see Figure 2.1).
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Figure 2.5: Spectra of acetylene and cyanide cells. High resolution spectra are
measured with the slow scanning speed of the laser without external wavelength refer-
ence system.
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Figure 2.6: Transmission through fiber Fabry-Pérot interferometer. A short
part of the transmission between 1530 and 1545 nm is shown. Large and small peaks
correspond to different polarizations of the light.

When fast measurement is performed the analog trigger of the data acquisi-
tion board (DAQ) is set to a level to catch large Fabry-Pérot peaks and sample
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the data flow. At the same time the transmission of cyanide and acetylene cells
is measured for absolute wavelength reference. Knowing the absolute wavelength
of absorption peaks of acetylene and cyanide and the frequency step of the FFPI
one can easily reconstruct the spectra. In some cases when the intensity of the
small Fabry-Pérot peak becomes comparable to the large peak accidental double
triggering might happen. To avoid that an effective trigger hold-off scheme was
implemented where data acquisition was repeated, taking blank datapoints until
the second FFPI peak has passed. It is based on the fact that during acquisition
the data acquisition board [NI USB-6356] is blind to any input triggers.

2.2 Pump system

2.2.1 General description

Two pump CW lasers were used in the setup to thermally tune nanostructures.
The optical paths for these lasers are presented on Figure 2.2. The first laser is
the red pump laser with the wavelength 640 nm. The position of the laser focus
on the sample is manually controlled with the mirror MR, where the size of the
focused spot is 1.5 µm. The power of the laser is controlled using the combination
of a λ/2 waveplate and polarisation beamsplitter (PBS). The sample is imaged
at this wavelength on a separate camera which can be accessed with a flip mirror.
The second laser is a violet laser with a wavelength of 405 nm. The power of this
laser can be also controlled by the combination of a λ/2 and PBS. The surface
of the sample is also imaged on a separate camera, as the focal distance of the
objective is different for IR, red and violet light. There is a reflective phase-only
LCOS SLM device in the optical path of the violet laser. The SLM is imaged
with a 4f lens system on the back aperture of the objective. This SLM is used
for single pump spot positioning, pump linescans [4, 12] and digital holography
[13] (see Chapter 4). When a single violet laser spot on the surface of the sample
with relatively high power is required, using the SLM is not favorable due to
significant fluctuations in the pump power induced by SLM refresh noise. To
avoid this noise problem two flip mirrors are placed to bypass SLM. The position
of the focus is then controlled by the mirror Mv. The FWHM of the focus spot is
then equal to 0.8 µm. A box is built covering the long optical path of the violet
laser to suppress the influence of airflow.

2.2.2 Pump during high-speed data acquisition

It is important to limit the time during which pump lasers illuminate the surface
to reduce accumulative laser-induced changes. To achieve that, two mechanical
shutters were placed in the beginning of the optical paths for the red and violet
lasers. These shutters are synchronized with the start of the laser scan such
that first shutter opens before the IR laser starts a wavelength sweep. The time-
sequence of a typical measurement is presented in Figure 2.7.
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Figure 2.7: Pump-probe synchronization. The laser is scanned over 20 nm, start
and end triggers are shown. The shutter is open for 250 µs to account for the jitter of
the IR laser scanning start edge.

The IR laser is scanned between 1530 and 1550 nm, the beginning and
the end of the scan are indicated with laser output trigger. The start of the
IR laser sweep and the shutter opening are controlled with the TTL trigger
pulse generated from the DAQ board. The shutter state is measured using the
photodiode PD7, with violet laser focused on it. The IR laser should be prearmed
before the scan, but even then it takes about 100 ms to start the scan. This
delay time jitters, so to account for that the time-window when the surface is
illuminated is slightly expanded to 250 ms.

2.3 Conclusion

In this chapter we described several details of the apparatus which was built
to perform pump-probe experiments involving IR probing of the structure and
thermal tuning with two lasers of 450 and 640 nm. The coupling of IR light
from the out-of-plane into cavities is presented as an effective way to obtain
Lorentzian line shapes with high SNR. To suppress surface effects resulting in
resonance wavelength changes a high-speed data acquisition scheme together with
pump light gating is developed.
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Mosk, Local thermal resonance control of GaInP photonic crystal membrane
cavities using ambient gas cooling, Appl. Phys. Lett. 106, 171113 (2015).
— p.17.

[13] M. Pasienski and B. Demarco, A high-accuracy algorithm for designing ar-
bitrary holographic atom traps, Opt. Express 16, 2176 (2008). — p.17.





CHAPTER 3

Local thermal resonance control of GaInP photonic

crystal membrane cavities using ambient gas

cooling

We perform spatially dependent tuning of a GaInP photonic crystal
cavity using a continuous wave violet laser. Local tuning is obtained by
laser heating of the photonic crystal membrane. The cavity resonance
shift is measured for different pump positions and for two ambient
gases: He and N2. We find that the width of the temperature profile
induced in the membrane depends strongly on the thermal conduc-
tivity of the ambient gas. For He gas a narrow spatial width of the
temperature profile of 2.8 µm is predicted and verified in experiment.

3.1 Introduction

Photonic crystal (PhC) cavities are widely studied because of their fascinating
applications [1–3]. Arrays of PhC cavities can form coupled resonator optical
waveguides (CROW), which are very promising for slow light applications [4]
and the study of light localization [5]. Various fabrication imperfections can
cause a disorder in a CROW structure which leads to a detuning of cavities from
the intended resonance and reduces the waveguide throughput and bandwidth.
Tuning each cavity independently can restore cavities in resonance and counteract
the disorder. There is a variety of methods to change the refractive index of a PhC
cavity, including free-carrier injection [6], the nonlinear Kerr effect [7], thermal
effects [8, 9], oxidation [10–12] and chemical processes[13]. Of these methods,
thermal tuning through local laser heating is easy, reversible and can give a
steady-state control of the resonance properties of the system. However due to
the diffusion of heat in the PhC membrane thermal control of one cavity will
affect the neighbor cavities. The width of the temperature profile is determined
by the sample material and the surrounding media. Therefore one can expect
that by carefully selecting the sample material and ambient medium one can
control the width of the temperature profile.

This chapter has been published as: S. Sokolov, J. Lian, E. Yüce, S. Combrié, A. De Rossi,
A. P. Mosk, Appl. Phys. Lett. 106, 171113 (2015).
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3.2 Experiment and sample description

In this work we use the semiconductor alloy Ga0.51In0.49P as a sample material
and two gases, nitrogen and helium, as a surrounding media. Ga0.51In0.49P has
a thermal conductivity [14] of 4.9 W/(m·K) which is quite small in comparison
to other semiconductor materials [15]. The thermal conductivity of gases is often
assumed to be negligible compared to semiconductors, such as Si. However, the
effect of the gas on the width of the thermal profile depends strongly on the ratio
of the thermal conductivity of the gas and the semiconductor. Helium has a high
thermal conductivity [16] of 0.153 W/(m·K), which is more than 6 times higher
than of nitrogen [16] (0.024 W/(m·K)) and only 32 times smaller that that of
Ga0.51In0.49P. Therefore the combination of Ga0.51In0.49P and He should have a
high thermal exchange efficiency and small width of the temperature profile in
comparison with other materials. To investigate the width of the temperature
profile in PhC membranes we measured the response of the resonance of a H0-
type cavity to a spatially scanned continuous wave (CW) heating laser focused
on the membrane.

Figure 3.1: (a) Optical microscope image of a GaInP PhC (red line) with an H0 cavity
(red dotted ellipse) in the center. (b) The pump-probe setup.

The PhC H0 nanocavity is implemented in a triangular lattice of air holes
with a period a=505 nm and a hole radius 0.24 a. The hole shift for the H0 cavity
is 0.16 a. A subharmonic hole structure is induced to enhance the radiation
from the cavity in a vertical direction [17]. The cavity is made of a suspended
membrane of Ga0.51In0.49P with a thickness of 180 nm. The membrane is covered
with 30 nm of Si3N4 on the top using a PECVD technique to tune the cavity
resonance. The detailed description of the fabrication method can be found in
Ref.18. A microscope picture of the cavity with the surrounding PhC is presented
in Fig. 3.1a. The cavity is close to the center of the membrane and the IR light
is evanescently coupled through a PhC waveguide. Mode converters at the end
of the waveguide decrease the Fabry-Pérot interference in the waveguide and
increase the coupling efficiency [19].

The setup is shown in Fig. 3.1b. The CW IR laser probe light was coupled
to the PhC waveguide using a polarization maintaining lensed fiber with NA of
0.55. The out-of-plane scattered light was collected using a 0.4 NA objective and
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imaged on an IR CCD camera using tube lens L2. The total magnification of the
system is 50x. We recorded spectra by sweeping the wavelength of the IR laser
and taking IR camera snapshots for each wavelength. The oxygen concentra-
tion was reduced to less than 0.025% to suppress oxidation effects [10–12]. The
chamber was kept at a slight overpressure (less than 2 mbar above atmospheric
pressure). Thermal tuning was performed using a 405 nm CW diode laser, which
was focused onto the surface of the sample into a spot with a FWHM of 0.96 µm
using the same objective. The surface of the sample with the pump spot was also
imaged with a visible range camera using tube lens L3 with a system magnifica-
tion of 27x. The position of the pump spot was controlled using a spatial light
modulator. The pump spot was moved along a line through the center of the
cavity (see Fig. 3.1a) and the resonance spectrum of the cavity was measured for
a sequence of pump positions. Any effects of slow oxidation or water coverage
are eliminated by alternating between reference spectra (without pump laser)
and signal spectra (with pump).

Figure 3.2: Spectra obtained from the out-of-plane scattered light for no-pump ref-
erence and for pump positions on top of the cavity and 5 µm away from the center of
the cavity in N2 atmosphere. Color lines are Lorentzian fits.

3.3 Experimental results

Resonance spectra for the reference and for pump positions of 0 and 5 µm relative
to the center of the cavity in N2 are presented in Fig. 3.2. The closer the pump
spot is placed to the cavity, the stronger the redshift is due to the better overlap of
the temperature profile and the cavity mode. We observe two resonance modes:
the high-Q low-frequency mode (M1) and the low-Q high-frequency M2. Both
resonances have a distinct Lorentzian shape and quality factors of about 1000
and 300 are estimated for modes M1 and M2 respectively. The calculated loaded
Q-factor of the mode M1 is about 2500, because the cavity is designed to be
overcoupled. The resonance M2 corresponds to a higher order mode which is
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predicted from calculations. The mode M1 is much brighter than M2. The two
modes have slightly different spatial positions, and the reference position is the
center of mode M1. We use the wavelength shift of mode M1 to determine the
spatially dependent cavity response to the pump. Apart from the redshift we
observed a reduction of the intensity of the out-of-plane scattered light when the
pump was positioned close to the cavity. We attribute this reduction to the fact
that the cavity resonance was tuned farther away from the PhC band, thereby
reducing the evanescent coupling to the waveguide.

The pump power incident on the sample was 110 µW in N2 atmosphere.
The spatial response curve for N2 atmosphere is presented in Fig. 3.3a. The
maximum redshift is 4.5 nm and the FWHM spatial width (∆xeff) of the tuning
curve is 5.1 µm.

Figure 3.3: Redshift of the cavity resonance and ∆Teff for different pump positions
with nitrogen (a) and helium (b) as an ambient gas. Red curves represent the redshift
calculated according to the model. From one measurement to another we observed an
error less than 3% of the shift for N2, and less than 1% for He.

In He atmosphere a larger pump power of 220 µW was used (see Fig. 3.3b).
The maximum observed redshift is 6.2 nm and ∆xeff is only 3.7 µm. As a result
of the high thermal conductivity of the He, both the redshift (normalized to
power) and ∆xeff are smaller by 30% compared to N2. This thermal profile can
be used to predict thermal crosstalk in structures with multiple cavities such as
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CROWs. Compensation of crosstalk is typically possible when the crosstalk is
below about 50%, i.e. for elements spaced more than ∆xeff/2. A reduction of
∆xeff therefore directly translates into a higher possible integration density of
independently tuned cavities.

3.4 Modelling of the experiment

We have performed numerical calculations to model the resonance wavelength
change of the cavity for different pump positions taking into account material and
pump properties. For small perturbations of the refractive index the wavelength
change can be expressed as [20]

∆λ =
λ

〈n〉
dn

dT
∆Teff ,with (3.1)

∆Teff =

∫
∆T (r− r0)ε(r)|E(r)|2d3r∫

ε(r)|E(r)|2d3r
, (3.2)

where∆Teff is temperature averaged over the mode profile ε(r)|E(r)|2 of the cav-
ity, ε(r) is the dielectric constant of the membrane material, ∆T = T − T0 is the
local temperature change in the PhC averaged over the membrane thickness, dn

dT
is the linear coefficient of the refractive index temperature response, 〈n〉 is the
averaged refractive index of the membrane material and r0 is the position of the
pump. T0 = 293.15 K is the ambient temperature. The mode profile was cal-
culated using a finite difference time domain method [21]. Temperature profiles
were calculated in COMSOL using a steady state heat diffusion model with a
constant source term assuming that thermal conductivities are not temperature
dependent within the relevant temperature range:

κ(x, y, z)∇2T (x, y, z) +W (x, y, z) = 0, (3.3)

where κ(x, y, z) is the thermal conductivity and W is a source term inside the
membrane written as a sum of two terms W = WE + WR, due to the excess
energy of the carriers and their recombination respectively.

We observe photoluminescence (PL) of Ga0.51In0.49P at 670 nm caused by
the pump light. The bandgap of Ga0.51In0.49P is 1.85 eV and the energy of
a 405 nm photon is 3.06 eV. The excess energy term (WE) is released within
about a picosecond upon optical excitation and therefore has the spatial profile
of the pump spot (a Gaussian width σE = 0.41µm) and corresponds to a fraction
fE = 0.4 of the initial power. The recombination term (WR) has the profile of
the PL spot, a Gaussian width σR = 0.50µm, and it takes a fraction fR = 0.6
of the photon energy. We assume that all absorbed light is converted into heat,
because the estimated radiative carrier recombination efficiency is less than 1%.
The excess energy term is expressed as

WE(x, y, z) = fE
P (1−R)

2πσ2
E

αe−(x2+y2)/2σ2
Ee−αz. (3.4)
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Here R is the reflection coefficient of the membrane estimated to be 9.5%, α is
the absorption coefficient of Ga0.51In0.49P, and P is the total power of the pump
beam. The recombination heating term has the same Gaussian shape with the
appropriate fraction and width inserted. The size of the air gap between the
membrane and GaAs substrate for our samples is equal to 1.5 µm, the size of the
air layer above the membrane was taken to be 10 µm. All external boundaries
are Dirichlet type with temperature T0. The photonic crystal is assumed to
be a rectangle of 40×20 µm. Dirichlet boundaries are considered because the
membrane is surrounded from four sides by the bulk material, which acts like a
perfect heat sink. Thermal conductivities for gases were taken from Ref.16. The
coating layer made of Si3N4 has a thermal conductivity [22] of 24.5 W/(m·K). The
thermal conductivity of the membrane was taken as volume averaged between
holes of the PhC lattice and two layers of Si3N4 and Ga0.51In0.49P. The absorption
coefficient [23] of Ga0.51In0.49P at 405 nm is 24.5 (µm)−1 and the absorption
coefficient [24] of Si3N4 is less than 0.006 (µm)−1. As a result nearly all pump
light is absorbed by the Ga0.51In0.49P membrane. The temperature profile can be
calculated without any free parameters. The only parameter which is unknown
for the redshift calculation is dn

dT for Ga0.51In0.49P.

Figure 3.4: X-axis crossection of the calculated temperature profile (∆T ) for different
ambient media. The pump focus is placed in the center of the cavity. The power of the
pump light is 220 µW. The inset shows the 2D averaged temperature profile for helium.
The isotherms have a step of 6.3 K.

The resulting effective temperature profiles are presented in Fig. 3.3a,b, and
are in excellent agreement with the experiment for both nitrogen and helium.
The maximum temperature rise in case of nitrogen atmosphere is 29 K, and in
case of He it is 37 K, so the ratio of these two values normalized to the incident
power is equal to 0.63. The experimental ratio of redshifts is 0.69. From Fig. 3.3
we also estimate the so far unknown dn

dT for Ga0.51In0.49P. We obtain the value
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of 3.1± 0.5× 10−4K−1.

Instead of helium one could use media with a higher thermal conductivity.
In Fig. 3.4 calculated temperature profiles along the central line of the PhC
membrane (see Fig. 3.1) are presented for different surrounding media. These
are bare temperature profiles, not convolved with the cavity mode. The widest
temperature profile is found in case of vacuum. Water has a thermal conductivity
4 times higher than He, which results in a significantly narrower temperature
profile. We note that low-refractive-index liquids such as acetone and isopropanol
have thermal conductivities comparable to that of He. Using liquids for heat
exchange completely changes the optical properties of the sample, therefore using
a high-thermal-conductivity gas is a more appropriate option in many cases.

The general tendency of the width ∆xth and the peak value (∆Tmax) of the
bare temperature profile is presented in Fig. 3.5.

Figure 3.5: Calculated ∆xth (a) and ∆Tmax (b) vs thermal conductivity ratio of
surrounding media and Ga0.51In0.49P. Some well-known materials are marked. The
power of the pump light is 220 µW.

In case of low ambient thermal conductivity heat tends to diffuse inside the
membrane, therefore ∆xth and the peak temperature reach constant values of 5
µm and 79 K, respectively. For large thermal conductivities of the surrounding
media all heat diffuses rapidly into the ambient media reducing ∆xth and the
peak temperature.

Gas cooling is most relevant for thermal tuning of resonances in membranes
made of materials with small thermal conductivities such as Ga0.51In0.49P. In
highly conducting materials like Si the thermal profile is significantly larger [9]



28 Local thermal resonance control of GaInP photonic crystal membrane cavities using
ambient gas cooling

and is typically determined by the material boundaries rather than by heat ex-
change with the gas.

For time-dependent tuning applications such as a switch or a tracking filter
the time response is of importance. From time-dependent simulations we estimate
that the 10% to 90% temperature rise time in a nitrogen atmosphere is about 6
µs, but in helium it reduces to 2 µs. Therefore, helium not only helps to improve
the spatial resolution of thermal tuning but also makes the tuning response about
three times faster. Similarly, it should reduce thermal optical nonlinearities that
result from absorption of cavity-enhanced probe light.

3.5 Conclusions

In conclusion, we measured the spectral tuning curve of a thermally tuned cavity
for different surrounding media and found an excellent agreement between ex-
periment and our numerical calculations. Our results and our calculations are of
importance for applications such as thermal control of CROWs where the width
of the temperature profile should be minimized. Also our calculations offer in-
sight in the role of ambient materials for any applications that involve local laser
heating.
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CHAPTER 4

Tuning out disorder-induced localization in

nanophotonic cavity arrays

Weakly coupled high-Q nanophotonic cavities are building blocks of
slow-light waveguides and other nanophotonic devices. Their func-
tionality critically depends on tuning as resonance frequencies should
stay within the bandwidth of the device. Unavoidable disorder leads to
random frequency shifts which cause localization of the light in single
cavities. We present a new method to finely tune individual resonances
of light in a system of coupled nanocavities. We use holographic laser-
induced heating and address thermal crosstalk between nanocavities
using a response matrix approach. As a main result we observe a
simultaneous anticrossing of 3 nanophotonic resonances, which were
initially split by disorder.

4.1 Introduction

Optical circuits containing high-Q photonic crystal nanocavities have been pro-
posed for delay lines, optical memory storage, optomechanics and quantum com-
munication [1–8]. However, unavoidable fabrication disorder in nanophotonic
structures causes scattering which leads to frequency detuning, signal attenua-
tion, and eventually localizes optical modes which ruins the transmission prop-
erties of the whole system [9, 10]. Even state-of-the-art nanofabrication with
random spatial variations of only ∆x = 1 nm can lead to resonance wavelength
detunings of more than ∆λ = 1 nm [11, 12].

Several methods have been proposed to tune nanocavities. Methods based
on local refractive index change, such as photodarkening, photoactivation and
photo-oxidation [13–15], have limited tuning range and irreversibility as well as
introduction of optical loss. Other methods which involve free-carriers or heat
suffer from diffusion, namely free-carriers and heat diffuse far beyond the physical
size of the cavity [16–18]. Since in a system with a useful optical coupling between
nanocavities elements should be placed physically close to each other, this results
in unavoidable crosstalk in the tuning process. In addition, in high-Q systems

This chapter has been published as: S. Sokolov, J. Lian, E. Yüce, S. Combrié, A. De Rossi,
A. P. Mosk, arXiv:1608.01257 [physics.optics]
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carriers dissipate on a time scale comparable to or shorter than the resonance
lifetime.

In this work, we demonstrate a new approach for realignment of resonances
of closely-spaced cavities based on holographic thermal tuning. By accurately
measuring the thermal response of resonance wavelength in the system and ob-
taining the power settings required to hybridize cavities, we experimentally align
an array of three nanocavities, which were initially misaligned by more than 200
unloaded resonator linewidths. Our method is scalable to large arrays and enables
programmable photonic devices where circuit functionalities can be dynamically
switched on and off.

4.2 Sample and experimental setup

b

a

IR laser

PD

SLM

objective

lensed fiber

Figure 4.1: Schematic of the experiment. a Pump light is modulated by the SLM
to holographycally create several focused spots on the sample. The SLM is imaged to
the pupil of the objective. Continuous wave IR probe light from a tunable laser with TE
polarization is coupled to the sample through a polarization maintaining lensed fiber
and the reflected signal is collected on a photodiode using a fiber circulator. b Reflection
spectra showing the resonance of cavity 3 for pump powers 16 µW and 21 µW. Power
applied to cavity 1 is 9 µW. Solid lines represent Fano fits.
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The sample under investigation is Ga0.51In0.49P air-suspended photonic crystal
membrane with thickness d = 180nm. Three nanocavities are defined in a pho-
tonic crystal waveguide with width of 0.98

√
3a made in a hexagonal lattice with

period a = 485 nm and hole radius r = 0.28a. They are defined by local width
modulation [19] of the waveguide with a maximum hole shift of 0.0124a. An
out-of-line waveguide with a width 1.1

√
3a is used to couple light in and out

of the system. The distance between cavity 1 and cavity 2 is 4.4 µm, and the
distance between cavity 2 and 3 is 4.9 µm. Numerically calculated coupling rates
are Γ12 = 0.00022ω0 and Γ23 = 0.00015ω0, where ω0 is the resonance wavelength
of the cavity, Γjk is a coupling rate between cavity j and k.

The setup for the thermal control is shown in Fig. 4.1a. CW pump light
(λ = 405 nm) is used to thermally tune nanocavities. A liquid crystal spatial
light phase modulator (SLM) was placed in the Fourier plane of the objective to
holographically [20] create several focused spots on the sample. Light was focused
into tight spots with FWHM 0.8 µm. The absolute intensity of all pump spots
was measured using a CCD camera placed in the reflection configuration and
calibrated with a power meter. To attribute a particular resonance to a particular
cavity we performed pump line-scans of the pump spot along the cavity array
[18, 21]. The resulting linescan of our sample is presented in Figure 4.2. The
closer the pump spot to the center of a particular mode-gap cavity the bigger the
overlap of the temperature profile created by the pump laser and mode profile of
the cavity. This allows to easily identify resonances, as indicated in Figure 4.2.
To extract resonance wavelengths and widths the reflection spectra were fitted
with appropriate Fano line-shape of the resonances [22], as it is shown in Figure
4.1b.

cavity 1 cavity 2

cavity 3

m

Figure 4.2: Pump line-scan. Response of cavity resonances for pump placed at
different positions. The power on the surface of the sample is 32 µW. Black dots
indicate resonance of the cavity 3 for better visibility.
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4.3 Thermal response matrix approach

a b

c

Figure 4.3: Determination of the thermal response matrix. a,b,c Response
curves of cavity resonances to pump spots placed on top of cavity 1 (a),2 (b),3 (c).
Solid lines are line fits to experimental data and dashed lines are extrapolation of fitting
curves to the zero power. In c cavity 1 was biased with 60 µW pump power to separate
the resonances.

When a photonic crystal membrane is heated with focused CW laser light the
width of the temperature profile is more than 4 times larger than the diffraction-
limited laser focus [14, 18]. Although this width can be tailored by properly
selecting the material of the membrane and the ambient media [18], significant
crosstalk remains for any choice of material. To account for that crosstalk we
employ a response matrix approach. In the linear tuning regime, where the
resonance shift is proportional to the applied power, we construct a matrix (Mij)
which expresses the response of the resonance wavelength (∆λi) to the applied
pump powers Pi:

∆λi =
∑
j

Mij · Pj (4.1)
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Diagonal elements of the response matrix determine the response of the addressed
cavity and off-diagonal elements determine crosstalk to the neighbors. Ideally
the response matrix values can be calculated [18], however they are sensitive to
experimental details, therefore we use measured values.

We place a single pump spot on top of each cavity at a time and measure
resonance redshift versus applied pump power. The result is presented in Figure
4.3a,b,c for cavity 1, 2 and 3 respectively. In some cases when cavity resonances
occur too close together, a second pump spot is placed to bias the resonance, as
in Fig. 4.3c. Resonance shifts are then fitted with linear dependencies, where
slopes give thermal crosstalk values. The cavity directly under the pump spot
displays the steepest slope whereas resonances of neighbor cavities have smaller
slopes. The measured response matrix is

M =

4.1 1.6 0.6
1.6 3.6 1.5
0.7 1.6 3.3

 · 10−2 nm

µW
(4.2)

Response values differ slightly from cavity to cavity as a consequence of position-
ing accuracy of pump spots and the difference in physical separation between
cavities. On average first-neighbor crosstalk is 44%, whereas second-neighbor
crosstalk is 17%. Such levels of thermal crosstalk cannot be neglected. We find
bare wavelengths of nanocavity resonances to be 1543.78± 0.11 nm for cavity 1,
1543.02± 0.04 nm for cavity 2 and 1541.1± 0.04 nm for cavity 3, which matches
with reference measurements. Due to the disorder cavity 3 is detuned from cav-
ities 1 and 2 by about ∆λ = 2 nm. The observed detunings can be explained by
disorder, taking into account our fabrication accuracy of ∆x ≈ 4 nm.

4.4 Alignment of the array

To find the required powers and the target wavelength at which all the resonances
anticross we solve the resulting linear programming problem. The condition for
this problem is that all applied powers are positive. We find that the target
wavelength is 1544.79 nm and corresponding powers are P1 = 9 µW, P2 = 0 µW
and P3 = 108 µW. As a result of the procedure the lowest pump power is always
zero, therefore to align three resonances 2 pump spots are sufficient. In general
to align N cavities one needs to place at least N − 1 pump spots on the surface
of the sample.

In Fig. 4.4a we show the hybridization of the three resonances which is
the main result of this paper. We set P1 to the calculated value and gradually
increase P3 and plot resonance wavelengths. The resonances anticross and be-
come fully hybridized at around 108 µW. The reflection spectra for this power is
shown in Figure 4.4c. In the region where resonances are hybridized they cannot
be attributed to a particular cavity, hence we label them as resonance I, II and
III. At low pump powers resonances I, II and III represent cavities 1,2 and 3 cor-
respondingly. At high powers after the resonances anticross, resonance I localizes
on cavity 3 and resonance III localizes on cavity 1. For pump powers higher than
140 µW, resonance I becomes very weak and its wavelength cannot be extracted.
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a

b c

Figure 4.4: Alignment of cavity resonances. Resonance positions a and widths
b are obtained from reflection spectra by fitting Fano lineshapes. The pump power
for cavity 1 was fixed to 9 µW, while the power for cavity 3 was increased from 0 to
180 µW. Red solid line is a fit by coupled-mode theory. Blue dashed lines represent
uncoupled resonance wavelengths. c - Spectra of the sample for P3 = 108µW Red
solid line represents Fano line fit with 3 resonance lines and 5th order polynomial as a
background.

In case of weak optical coupling between cavities the behavior of the res-
onances can be described by coupled-mode theory [23] assuming only nearest-
neighbor coupling. The result is presented in Fig 4.4a. To find coupling rates
for our cavities the parameters of the coupled-mode model were adjusted in the
region where cavities are coupled, i.e. for powers between 70 and 140 µW. We
find good agreement between theory and experiment and obtain coupling rates
which are equal to Γ12 = (0.90± 0.29) · 10−4 · ω0, Γ23 = (1.92± 0.27) · 10−4 · ω0,
or equivalently Γ12 = 0.14± 0.05 nm and Γ23 = 0.30± 0.04 nm.

The experimentally determined values of the coupling rates are different from
the numerically calculated ones. This suggests that disorder affects not only the
resonance wavelength and Q-factor, but also the mode profile of a cavity, which
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determines the coupling constant [23].
The widths of all three resonances are expected to change while the cavities

anticross. Cavity 1 is the closest cavity to the input waveguide which suggests
that it should have the largest width due to the leak to the waveguide. At the
same time when cavities are coupled the leakage from second and third cavity
to the waveguide should increase, and resonances II and III should broaden.
In Fig. 4.4b the experimental dependence of the widths of the resonances on
applied power P3 is presented. The width of the resonance I slowly decreases
with pump power P3 and becomes very narrow at high pump powers confirming
that it has become localized on cavity 3. The inverse dependence is pronounced
for resonance III which starts localized on cavity 3 and ends on cavity 1. At the
point of anticrossing resonance II becomes the broadest.

input waveguide ω1 ω2

Γ12
γ

ω3

Γ23

radiation loss

γ0 γ0 γ0

Figure 4.5: Model of the sample. The light is coupled to the first cavity in the
system with coupling rate γ, then each cavity in the array is coupled to the nearest
neighbor by coupling constants Γ12 and Γ23.

The width of the resonances can be predicted using temporal coupled-mode
theory [24] where we take into account the influence of the input waveguide
and radiation loss. The model is presented in Figure 4.5. Cavities 2 and 3 are
placed physically away from the input waveguide and therefore the coupling rates
between them and the waveguide can be neglected. These resonances are visible
in reflection only due to the light which leaks via the cavity 1. Only nearest
neighbor coupling is taken into account. This result in the following system of
equations: 

S− = −1 +
√

2γa1,
da1
dt = −iω1a1 − iΓ12a2 − a1γ − a1γ0 +

√
2γ,

da2
dt = −iω2a2 − iΓ12a1 − iΓ23a3 − a2γ0,
da3
dt = −iω3a3 − iΓ23a2 − a3γ0

(4.3)

Here γ is a coupling rate to he input waveguide, S− is a complex amplitude
of the outgoing waveguide mode, a1, a2 and a3 are complex amplitude of the
field inside cavities, ω1, ω2 and ω3 are bare frequencies of nanocavities and γ0

determines intrinsic cavity decay rate. We define two free parameters which are
the loaded Q-factor of the first cavity (QL) and the intrinsic Q-factor (Q0) of
cavities assuming that it is the same for all cavities. We fit these free parameters
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outside the hybridization region, i.e. for power less than 70 µW and more than
140 µW and obtain a good agreement with experiment (see Fig. 4.4b). The value
for intrinsic Q-factor is found to be Q0 = (1.42 ± 0.45) · 105, while the value of
loaded Q-factor for the first cavity is QL = (1.12 ± 0.05) · 104. The numerically
calculated value of the loaded Q-factor is 11000 which matches the value obtained
from the experiment.

4.5 Conclusion

In conclusion, we have proposed and implemented a new method to program
individual resonance wavelengths of coupled cavities. We corrected for thermal
tuning crosstalk in the system to obtain independent tuning of resonances by
measuring the thermal response matrix. We coupled three nanocavities and
hybridized their local resonances into spatially extended modes. This shows that
our method is capable of counteracting disorder in arrays of coupled cavities. The
resonance wavelengths and widths were very well reproduced by a coupled-mode
model. Our method can be easily extended to a larger number of nanocavities
by adding more pump spots to the system. Resonance tuning with crosstalk
compensation is likely to become a valuable method for any type of systems where
disorder influences resonance states is required such as optomechanical systems
[7, 25], many resonator systems [26–29], disordered necklace states [10, 30] and
complex boson sampling networks [31, 32].

4.6 Methods

The experiment was performed in dry nitrogen atmosphere to minimize oxi-
dation and surface water effects [14]. The sample temperature was locked at
41.85± 0.001 ◦C. To further minimize these effects the illumination time of the
surface with pump light was minimized to 270 ms during which the pumped mea-
surement was taken. Nonetheless, minor surface effects were present in the data,
resulting in resonance blueshifts and redshifts. To correct for that we performed
reference measurement with no pump light immediately after each pumped mea-
surement. Then surface effects for crosstalk matrix coefficients were eliminated
by subtracting reference resonance values from pumped ones. As there is signifi-
cant coupling between resonances 1 and 2 in the unpumped sample, to extract the
bare resonance frequencies we used only data taken at pump powers > 10µW.
During the final measurement resonance shifts due to above mentioned effects
were less than 80 pm for all presented datapoints.
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CHAPTER 5

Dynamic tuning of the coupling constant between

photonic crystal nanocavities

Coupled photonic nanocavities play a key role in proposed inte-
grated photonic circuits. Tuning the coupling constant between these
nanocavities directly paves the way to devices with tunable bandwidth
and tunable delay. Here we experimentally demonstrate reversible
tuning of the coupling constant based on local perturbation of the
refractive index. We experimentally demonstrate an increase of the
coupling constant by more than 100%, corroborated by theory.

5.1 Introduction

Photonic crystal nanocavities have been intensively investigated in the last decade
due to their unique combination of high quality factors and small mode-volumes
[1–4]. As individual elements they have numerous applications like optical filters
[5], all-optical switches [6] and nonlinear optical devices [7]. When such cavities
are optically coupled new phenomena and applications arise such as slow light
[8, 9], superfluid-insulator phase transitions [10] and quantum optical devices [11].
Therefore coupled photonic crystal nanocavities are building blocks of future
classical and quantum nanophotonic circuits. To achieve the full tunability of
coupled cavity systems one should be able to individually tune the bare resonance
frequency of each resonator as well as the coupling constants between each pair
of resonators. While tuning the resonance frequency has been achieved in several
systems [12, 13], tuning the coupling constant is more complicated because it
requires a change in mode-overlap between nanoresonators. Tuning the coupling
constant allows to achieve tunable bandwidth and delay, study exceptional points
[14, 15] and obtain topological effects like an effective magnetic field for photons
[16]. Several different approaches have been taken to achieve this tunability [17–
20], however an easy reversible post-fabrication method which can be used for
any type of photonic crystal nanocavities has not yet been experimentally shown.

In this work we demonstrate a new approach based on local perturbation of
the refractive index of the photonic crystal. We use local laser-induced heating as
a perturbation and experimentally achieve an increase of the coupling constant
by more than a factor of 2. We find that the coupling constant is most effectively
tuned when the pump spot is placed in between nanocavities. To obtain insight in
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the mechanism behind the experimentally observed effects we perform numerical
simulations and semi-analytical calculations.

5.2 Description of the experiment
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Figure 5.1: Scheme of the sample and experimental setup. a - Sample. Black
circles represent displaced holes that define two mode-gap cavities in the photonic crys-
tal waveguide. The red cone represents the focused pump light from the red CW laser.
The color scale is linear and represents the temperature distribution created by the red
pump beam. Pump positions I and II are indicated with red dashed lines. b - Experi-
mental setup. Three beams are combined using one objective. Mirrors MIR, MR and
MV are used to manually steer IR, red and violet beams. The mirror shown in green is
a flip-mirror to direct light to the camera for 640 nm light. Dichroic mirror D1 reflects
violet and passes red/IR beams. Dichroic mirror D2 reflects IR and passes red light.

The layout of the sample used for this experiments is presented in Figure 5.1. The
sample consists of a photonic crystal membrane made of Ga0.51In0.49P with two
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optically coupled photonic crystal mode-gap cavities [4]. The first row hole shift
is 0.0124 a. The membrane is made of Ga0.51In0.49P. The lattice period of the
photonic crystal a = 0.485 nm and the thickness of the membrane h = 180 nm.
The two mode-gap cavities are separated by distance of 9 a to achieve a coupling
constant of 0.00022 ω0. The width of the waveguide where cavities are located
is W0 = 0.98

√
3a. This waveguide is side coupled to the wider photonic crystal

waveguide with a width ofW1 = 1.1
√

3a which is used to collect the IR probe light
from the structure. The experimental setup used for measurements is presented in
Fig. 5.1b. The IR probe light from the CW tunable laser source was launched into
the system by out-of-plane coupling to the cavity 1. The out-of-plane coupling
is achieved by focusing light on the cavity using the objective with 0.4 NA.
The IR optical power measured after the objective was 2.5 µW. Even though
the intrinsic Q-factor of this type of cavities is known to be close to 106 [21],
meaning that out-of-plane scattering losses are small, the light can be coupled
in due to the disorder-induced perturbations in the far-field radiation pattern
of the cavity [22]. The IR light is then collected from the mode-converter [23]
at the end of the waveguide W1 using a lensed fiber L1 with NA of 0.55. To
achieve local perturbation of the waveguide, red pump light from a CW laser
light source with a wavelength of 640 nm was focused in the middle between
nanocavities. We measure the coupling constant by observing the anticrossing
between cavity resonances. To this end, an auxiliary violet pump laser beam
with a wavelength of 405 nm was focused on cavity 1. Both pump lasers were
focused through the same objective as the IR light. The optical powers of the red
and violet pump lasers were measured right after the objective. The red pump
power (Pred) was changed stepwise through 14 levels and for each power level of
the red laser the corresponding anticrossing of two nanocavities was measured
by gradually increasing the power of the auxiliary pump laser (Paux) through
about 30 power levels. The surface was illuminated for 250 ms each step. The
IR spectra were obtained by sweeping the wavelength of the IR laser source over
the wavelengths of interest within that time. The experiment was performed
in nitrogen atmosphere to reduce the ambient oxygen and water concentrations
and avoid heat-assisted and laser-assisted material oxidation effects as well as
to reduce water absorption-desorption effects [24–27]. The oxygen concentration
was kept below 0.1% and relative humidity was kept below 1%. The temperature
of the sample substrate was locked at 41.85± 0.001 oC.

5.3 Experimental results

Experimentally two positions for the red pump were considered: position I in the
center between two nanocavities and position II which is 0.4 µm away from the
center. Anticrossings measured for several selected powers are presented in Figure
5.2. For position I the anticrossing width is equal to 0.434±0.001 nm when Pred is
equal to 12 µW (Figure a). While for Pred = 80µW on Figure b the anticrossing
width is equal to 0.595 ± 0.002 nm. This confirms that the anticrossing width
increases with pump power applied to the center between nanocavities. For
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position II the anticrossing width is 0.53±0.01 nm at Pred = 94µW and 0.75±0.01
nm at Pred = 190µW as follows from Figures c and d. Hence the width also
increases with pump power for a pump placed off center.

Pred=12 μW  Pred=80 μW

 Pred=94 μW  Pred=190 μW

a b

c d

cavity 2
cavity 1

cavity 1

cavity 2

cavity 1

cavity 2

cavity 1

cavity 2

Figure 5.2: Experimentally measured anticrossings. a,b - Anticrossing measure-
ments for pump position I and powers 12 and 80 µW. c,d - Anticrossing measurements
for pump position II and powers 94 and 190 µW. a. Size of the vertical axis is the
same for all for anticrossings for clarity. The colorscale represents the collected signal
intensity. Arrow indicates the position and width of the anticrossing.

The experimental dependence of the anticrossing width on pump power Pred
is presented in Figure 5.3. The anticrossing width is equal to 2Γ0, where Γ0

is the coupling constant between two nanocavities. We neglect the effect of
the input waveguide, because the coupling rate of the first waveguide is small
(γ1 = 2.85 ± 0.03 · 10−5ω0, see Figure 6.20 from Chapter 6). The coupling
constant is obtained from the experimental result by fitting the dependence of
the intercavity frequency difference for powers close to the anticrossing by the

following formula: ∆ω = 2
√

(A · Paux +B)2 + Γ0
2, where A and B are fitting

parameters which correspond to the tuning slope and offset of bare frequency
difference between nanocavities and Paux is the power of the auxiliary pump
laser.
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cavity 1

cavity 2

cavity 1

cavity 2

Figure 5.3: Dependence of anticrossing width on pump power. Gray curves
represent second order polynomial fits for complete datasets. Datapoints named a, b,
c, d correspond to panels of Figure 5.2.

We observe different tuning dependencies for pump positions I and II. For
pump positions I the anticrossing width rises faster than for pump position II.
Superlinear behavior is observed in both cases, as both datasets are well described
by a 2nd order polynomial dependence shown in the Figure 5.3.

To confirm the dependence of coupling constant tuning on position a third
experiment was performed where a single pump spot was placed on top of each
cavity, red on cavity 1 and violet on cavity 2. No systematic change in the
coupling constant was observed with an accuracy of 20 pm. We conclude that
a significant change of the coupling constant requires accurate placement of the
pump spot in the center between nanocavities.

In total for the results presented in Figure 5.3 we managed to increase the
coupling constant more than 2 times by locally heating the membrane with a
concomitant redshift of the anticrossing position by 6 nm.

5.4 Numerical simulation of the experiment

To get insight into the mechanism of coupling constant change we performed
numerical simulations. We performed 2D FDTD calculations [28] to calculate
the anticrossing width. Our numerical system consists of a W0 waveguide with
a length of 68a with 8 rows of holes on each side. Lattice period as well as
cavity parameters are the same as in the experiment. The Yee-lattice resolution
was a/12. We model the perturbation induced by the red pump beam by intro-
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ducing a local perturbation of the dielectric constant ∆ε which is proportional
to the temperature profile in the membrane averaged over its thickness. The
temperature profile was obtained as a solution of the heat diffusion equation by
COMSOL for the pump spot with FWHM of 0.8µm [29]. The resulting ∆ε is pre-
sented in Figure 5.4. The temperature profile was split into rectangular domains
with constant permittivity to avoid numerical errors due to overlap between hole
boundaries and domain borders [30]. The pump spot was placed exactly in the
center between nanocavities. Source positions and spectral widths were selected
to excite only the modes of interest.

1

0
Δ

ε/
Δ

ε m
ax

Figure 5.4: Effective perturbation. Spatial distribution of the effective perturba-
tion ∆ε which is used to numerically model the effect of the pump spot.

The result of the simulation is presented in Figure 5.5a,b. Figure 5.5a shows
the dependence of anticrossing width on the magnitude of the perturbation ∆ε.
The perturbation is varied between 0 and 1%. At low pump powers the depen-
dence starts off at linear and then slowly turns into superlinear, which can be
clearly seen in comparison to the black dashed line. To point out the superlinear
behavior we perform a 2nd order polynomial fit which is shown as a red dashed
line in Figure 5.5a. The coupled modes of 2 mode-gap cavities experience a red-
shift as shown in Figure 5.5b. The low-frequency mode shifts faster than the
high-frequency one.

To reproduce the experimentally observed dependence of the tuning slope
on pump position we perform an additional simulation with two pump spots
each placed on top of the nanocavity. We found a small rise of 7% in coupling
constant at 1% perturbation, which is much smaller in comparison to the 89%
change obtained in case of pump centered in the middle between nanocavities.
This result corroborates the experimentally observed dependence on the position
of the pump.
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a

b

Figure 5.5: Numerical experiment. a - Anticrossing width versus the magnitude of
the applied perturbation. The black dashed line is a linear fit to first order perturbation
theory result. b - Frequencies of coupled cavity modes, unperturbed band edge and
pump induced mode versus the magnitude of the applied perturbation.

5.5 Semi-analytic model

5.5.1 First-order perturbation theory

To understand the nature of the observed effects we perform semi-analytical
calculations. When two identical nanocavities are coupled they form an even and
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odd mode which have different mode profiles, similar to the well-known Heitler
and London result for the H2 molecule [31]. The odd mode has nearly 0 field
amplitude in the center. According to the coupled mode theory its field is equal to
the field difference between two separate nanocavity modes [32]. The even mode is
equal to the sum of these fields and therefore it should have much higher envelope
in the center region. Crossections along the waveguide of numerically calculated
field amplitudes for these two modes in case of zero perturbation magnitude are
presented in Figure 5.6. The even mode has a significantly higher field envelope
in the center region than the odd mode.

Figure 5.6: Field and perturbation profiles. FDTD calculated field profile crossec-
tions along the center of the photonic crystal waveguide for even (black) and odd (red)
modes of two coupled mode-gap cavities. The green curve represents the dielectric
perturbation along the same line in case of 1% perturbation.

According to first-order perturbation theory the resonance frequency of the
resonance mode experiences a change which is proportional to the overlap integral
between the mode and applied perturbation [33]: ∆ω ∝

∫
∆ε|E|2dr. When the

perturbation profile is placed in the center between cavity 1 and 2 (see green
curve in Figure 5.6) we expect the even mode to redshift faster than the odd
mode which should result in an increase in mode separation. An increase in
the separation between the even and odd modes means the coupling constant
is increased. The result of the calculation is presented in Figure 5.5a. The
resulting linear dependence describes the effect of weak perturbations very well
but deviates from the FDTD results at larger perturbation strengths.

5.5.2 Field-overlap integral approach

The resonance mode tends to concentrate its electric field in the region with high
dielectric constant [33], therefore the mode-gap cavity mode is expected to shift
toward the pump-induced perturbation at large dielectric perturbations. In other
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words the pump spot creates an effective potential [34] in the waveguide defined
by the temperature distribution. Another effective potential is in turn created
by the waveguide perturbation that defines the mode-gap cavity. The total sum
of these two potentials defines a new mode with a shifted center position.

Figure 5.7: Single cavity field profiles. Field amplitude crosssections of a single
mode-gap cavity mode along the center of the waveguide for the case 0% and 1%
perturbation. The green dashed line indicates the center position of the perturbation.

The crossections of field amplitude of single mode-gap cavity along the
waveguide are plotted in Figure 5.7. The field amplitude shifts in the direction
of the maximum of the applied perturbation. The amplitude in the field tail on
the left side decreases while it increases on the right side close to the pump. This
effectively results in decrease of the distance between nanocavities and increase
of the field overlap between them. The coupling constant can be calculated as
the field overlap integral between two modes Γ0 ∝

∫
δεE1 ·E2dr, where δε is the

difference between the dielectric function of two coupled nanocavities and single
nanocavity [8]. The resulting coupling constant is presented in Figure 5.5a. The
coupling constant has a linear dependence on pump power close to the 1st order
perturbation theory result. Hence the superlinear behavior cannot be explained
by shift of the modes.

5.5.3 Pump-induced mode effect

The superlinear behavior can be explained by the fact that a perturbation with
a positive ∆ε should pull a mode from the continuum into the bandgap [33, 35].
Such a mode has not been observed directly in experiments. We indeed observe
this pump-induced mode at the perturbation levels used in our simulations (see
Figure 5.5b). The frequency difference between this pump-induced mode and
the bare resonance frequency of the mode-gap cavity decreases with the local
perturbation. Because the pump-induced mode is pulled from the band edge
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it is rather delocalized at small perturbations and localized around the pump
position for large perturbations [35]. It is located in between the two mode-gap
nanocavities causing mode overlap which creates additional optical coupling in
the system. Therefore this becomes a three resonator system.

When a resonator in the middle is detuned in frequency from two other res-
onators the adiabatic elimination procedure can be used to reduce the complexity
of the system [36, 37]. In coupled mode theory this will result in eliminating the
field amplitude of the pump-induced cavity and introducing a correction term
to the coupling constant between two mode-gap cavities. The resulting coupling
constant will be equal to Γ = Γ0 + Γ2

1/∆ωth, where Γ1 is the coupling constant
between thermally created nanocavity and the mode-gap cavity, and ∆ωth is the
frequency difference between them. This positive term explains the increase in
the coupling constant at large perturbations. The superlinear tuning curve in
Fig. 5.3 can therefore be seen as a first, indirect experimental observation of
localized mode pulled from the continuum.

5.6 Conclusion

In conclusion, we experimentally achieved reversible tuning of the coupling con-
stant between two photonic crystal nanocavities by inducing a local refractive
index perturbation. The tuning dependence on pump power is superlinear. It
was found that the most efficient tuning is achieved when a single pump beam is
placed in the middle between two mode-gap cavities, while placing pump beams
on the cavities yielded almost no change of the coupling constant. The observed
effects were reproduced in FDTD calculations. The linear part of the coupling
constant increase is explained analytically using mode symmetry of two coupled
cavities. The FDTD calculations show that the superlinear part of the depen-
dence is a result of the interaction with a pump-induced localized mode.

5.7 Outlook

From the consideration presented in section 5.5.1 it follows that using helium
as ambient media should give stronger spatial localization of the tuning. As
a result, one should obtain stronger tuning of the coupling constants for the
same perturbation levels than in case of nitrogen. Indeed, the coupling constant
obtained from direct FDTD calculations for 1% perturbation in helium is larger
by 9% than in case of nitrogen.

In general, our experimental approach is not limited to thermal perturbation
and could be achieved at high rates using other optical nonlinearities such as free-
carrier injection or even the electronic Kerr effect.
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CHAPTER 6

Field programmable nanophotonic arrays with

ancillary cavities

Parameters of nanophotonic circuits such as the coupling constant be-
tween nanocavities as well as loading to the input and output waveg-
uides are defined at fabrication time. Here we propose a novel way to
reversibly tune these parameters. Our method is based on ancillary
cavities whose resonance frequency is detuned from the frequency of
operation, acting as resonant enhancers, where the detuning is con-
trolled by local laser heating. We experimentally show a change of the
loading of a cavity to the waveguide by a factor of 3 and a change of
the coupling constant between two cavities by a factor of 4.

6.1 Introduction

Nanophotonic circuits consisting of photonic crystal nanocavities attract a lot
attention due to the small size, scalable fabrication and high Q-factor of nanocav-
ities [1, 2]. Circuits can be created due to the optical coupling between nanocav-
ities induced by field overlap. One of the well known examples of such circuits
are coupled-resonator optical waveguides or CROWs [3, 4]. The bandwidth of
these devices is defined by the coupling constants between neighbor nanocavities,
which are fixed by fabrication design of the structure [5–9]. Many applications
require coupling constants to be tunable [10, 11]. Using side-cavities has been
suggested as a way to change the group velocity of a CROW and even to stop
light [12]. We propose a novel approach based on ancillary cavities [13–15] to tune
key elements of nanophotonic circuits: coupling constant between nanocavities
and coupling rate between a nanocavity and a photonic crystal waveguide. This
represents an important step towards field programmable nanophotonic arrays
(FPNAs).

In this chapter we experimentally demonstrate the use of ancillary nanocav-
ities to achieve tunable coupling to other cavities and waveguides. Our experi-
ments are supported by analytical and numerical calculations. In Section 6.2 we
experimentally demonstrate the change of the loaded Q-factor [16] of a nanocav-
ity. Further in Section 6.3 we demonstrate a tunable coupling rate between two
nanocavities. After that in Section 6.4 we propose two types of tunable CROWs,
where the tunable coupling constant results in bandwidth tunability. We derive
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dispersion diagrams for those two cases, and theoretically study the transmission
properties of tunable CROWs consisting of about 20 nanocavities.

6.2 Tuning of the coupling rate between nanocavity
and waveguide

6.2.1 Mechanism of coupling rate tuning

W0

W1

Figure 6.1: Layout of the sample. Two photonic crystal mode-gap cavities are
made in a photonic crystal waveguide with width W0. Cavities are optically coupled
and separated by distance 9a. Cavity 1 is an ancillary cavity and it is coupled to the
photonic crystal waveguide with width W1. Colored circles represent holes which were
shifted to create a cavity.

To start with we consider an underlying mechanism of tuning of the coupling
rate between photonic crystal cavity and the waveguide. The layout of the pho-
tonic crystal system required for that is presented in Figure 6.1. It consists of a
waveguide with width W1 coupled to two cavities. Cavity 1 is in turn is coupled
to cavity 2 with coupling rate Γ0.

Cavity 1 here acts as an ancillary cavity which provides the coupling between
the input waveguide and cavity 2. If the resonance frequency of cavity 1 (ω1) is
detuned far away from the frequency of cavity 2 (ω2), so condition |ω2−ω1| � 0
is valid, then the cavity 1 can be eliminated from the system resulting in the new
coupling rate γ′ between cavity 2 and waveguide with width W1. This concept
is well known in atomic physics as adiabatic elimination [17, 18]. Assuming
that intrinsic losses of cavities as well as coupling rate of the second cavity to the
waveguide are small in comparison to the load of the first cavity to the waveguide,
it can be shown (see section 6.A.1 for complete analytical description) that cavity
2 will have an effective coupling rate to the waveguide γ′ :

γ′ =
Γ2

0γ1

(ω2 − ω1)2
(6.1)

The effective coupling rate γ′ scales as 1/(ω2 − ω1)2. Hence it follows that by
changing the resonance frequency of cavity 1 a change of the load of the cavity 2 to
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the waveguide happens. This is equivalent also to changing the effective Q-factor

of the cavity, because it is related to γ′ as Q′ =
ω′

2

2γ′ , where ω2 is an effective
resonance frequency of cavity 2. This approach can be used, for instance, for
tunable filters and CROW apodization where changing of the load is required
[19–21].

6.2.2 Experimental observation

To observe the above described effect, we perform experiments on a nanophotonic
sample consisting of two coupled mode-gap photonic crystal nanocavities [22]
which are in turn coupled to the photonic crystal waveguide, as it is shown
in Figure 6.1. The period of the photonic crystal waveguide is a = 485 nm.
The sample is an air-suspended membrane made of Ga0.51In0.49P with thickness
h = 180 nm. The intercavity distance is 9a. The setup scheme can be found in
Section 5.2 of the Chapter 5. Each cavity has a certain intrinsic loss rate due to
out-of-plane scattering, therefore light can be coupled into the system via that
loss channel. For these experiments the IR laser was focused out-of-plane on
cavity 2 and its position was optimized to maximize the output at the resonance
wavelength of the cavity 2. The output was measured by a lensed fiber with the
NA=0.55 coupled to the waveguide. The typical output spectrum of the system
is shown in Figure 6.2. Two resonances of cavity 1 and 2 are presented.

Figure 6.2: Reference spectrum. Normalized output spectrum of 2-cavity system.
IR light is coupled to cavity 2. No pump power is applied.

Next, blue (405 nm) and red (605 nm) lasers were used to detune cavities
1 and 2 in and out of the hybridized state. For each experiment only one pump
laser was used and it was focused on one single cavity at a time to detune one
of the cavities. In Figure 6.3 we show the full width at half maximum (FWHM)
of the resonance of the cavity 2 versus the separation of the resonances induced
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by the pump. The data were averaged over multiple experiments and binned to
estimate errors.

Figure 6.3: Width of the resonance of cavity 2. Dependence of the width of the
resonance of the cavity 2 on the wavelength difference between resonances of the cavity
1 and 2.

When the detuning between the resonances increases, the width of the res-
onance of the cavity 2 decreases to a minimum of about 30 pm which occurs at
about 3 nm of resonance separation. Beyond this value the width rises slowly.
This rise is not explained by formula 6.1. We attribute it to two experimental
factors: in case of cavity 2 being detuned it mostly corresponds to the line broad-
ening due to fluctuations of the pump power. In case of cavity 1 being detuned
it appears due to the interaction between cavity 2 and random modes [23–27]
which are located close to the band edge of the carrier waveguide. These random
modes increase the load of the cavity 2 through the same coupling process where
the random mode acts like an ancillary cavity. Since the FWHM of cavity 2
provides a measure of its tuned Q-factor Q′, we conclude that we experimentally
changed the Q-factor by more than a factor of 3.

We experimentally obtain essential system parameters (see section 6.A.2)
and plot the full theoretical dependence of the coupling constant as well as the
adiabatic approximation using coupled mode theory [28] (see section 6.A.1). This
theory does not take into account pump noise and auxiliary linker resonances.
The result is presented in Figure 6.3 with dashed lines. Two dependencies are
shown: one for full coupled mode theory (CMT) and one for adiabatically elim-
inated theory (ACMT). The CMT dependence has a similar behavior to exper-
imental data, except that it continues to decay for large resonance separations.
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At large detunings ACMT and CMT dependencies overlap completely and at
small detunings the adiabatically eliminated model diverges, which signifies that
the adiabatic approximation is only valid for |ω2 − ω1| � 0. When resonances
are separated spectrally by more than 2 nm, the deviation between two theories
becomes less than 10%.

6.3 Tuning of the coupling constant between two
nanocavities

6.3.1 Mechanism of coupling constant tuning

The same principle as used in Section 6.2 can be applied to systems of nanocav-
ities to introduce the effective coupling constant between any two cavities. We
consider the system presented in Figure 6.4. It consists of 3 nanocavities which
are directly coupled to their nearest neighbors via the coupling constant Γ1 and
Γ2. Cavity 1 is also coupled to the input waveguide with width W1 with coupling
rate γ1.

W0

W1

Figure 6.4: Schematic of the sample. System consists of three nanocavities where
cavity 1 is directly coupled to cavity 2, cavity 2 is directly coupled to cavity 3 and cavity
1 is coupled to the photonic crystal waveguide used to measure transmission. Different
colors for holes correspond to different shifts used to create a cavity mode.

Cavity 2 here acts as the ancillary cavity because it provides coupling be-
tween cavities 1 and 3. If ω0 is the bare frequency of cavities 1 and 3, and ω2 is
the bare frequency of cavity 2 then for large detuning of cavity 2 from cavities 1
and 3, meaning that |ω0−ω2| � 0, cavity 2 can be eliminated which results in the
effective coupling constant Γ′ between cavity 1 and 3. Assuming the absence of
second nearest neighbor coupling and no intrinsic loss we find (see section 6.A.3
for complete analytical description):

Γ′ =
Γ1Γ2

ω0 − ω2
(6.2)

The new coupling constant Γ′ scales inversely with the detuning of the ancillary
cavity. If one is able to manipulate independently the frequencies of different



62 Field programmable nanophotonic arrays with ancillary cavities

nanocavities, then it is possible to create tunable CROWs where bandwidth and
group velocity can be dynamically tuned.

6.3.2 Experimental observation

To experimentally observe tuning of the coupling constant we consider a system
of three directly coupled photonic crystal mode-gap nanocavities. The scheme
of the sample used for this experiment is presented in Figure 6.4. The sample
consists of a membrane with triangular photonic crystal lattice with a period
a = 485 nm. The thickness of the membrane h = 180 nm. Three mode-gap
nanocavities [2, 29] are made in a photonic crystal waveguide with the width
W0 = 0.98

√
3. The center-to-center separations between cavities 1-2 and 2-3 are

9a and 10a. The hole shifts which define the cavities are 0.0124a, 0.0083a and
0.0041a for red, green and blue holes in Figure 6.4. The first cavity is coupled
to the second photonic crystal waveguide with the width W1 = 1.1

√
3a. This

waveguide is used for transmission measurements while IR light is coupled to one
of the nanocavities. The setup scheme is depicted in Figure 5.1b of the Chapter
5.

Figure 6.5: Reference output spectrum. Transmission spectrum of the sample
when IR light is out-of-plane coupled to cavity 3. No pump power is applied.

The reference output spectrum of the sample when no pump power is applied
is presented in Figure 6.5. The IR light was coupled out-of-plane to cavity 3,
which allows to see all resonances at the same time. Cavity 2 is redshifted from
cavity 1 and 3 by more than 1 nm due to the disorder induced by fabrication
imperfections. To obtain results at detuning & 1.5 nm, we pumped cavity 2 to
redshift it further. Conversely, for results at lower detunings we pumped cavities
1 and 3 to shift them closer to cavity 2. For all the measurements the power of
the red light (Pr) was fixed, while the power of the violet light (Pv) was varied.
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Experimentally measured anticrossings are presented in Figure 6.6. To mea-
sure anticrossings of cavities 1 and 3 the IR probe light was coupled to cavity 1.
In Figure 6.6a we pump cavities 1 and 3 to reduce the effective detuning. Cavity
3 anticrosses first with cavity 1 at about Pv = 75µW having anticrossing width
of 0.154 nm and then at higher power Pv ≈ 90µW it anticrosses with cavity 2.
The resonances can be attributed to specific cavities away from the anticrossings
by considering the slopes of the resonance lines in the plot. For Figures b,c,d
cavity 2 is detuned by pumping it. As a result its resonance is outside the range
of the plot. Detuning increases from figure b to d. Anticrossing widths between
cavities 1 and 3 are equal to 0.109 nm, 0.135 nm and 0.338 nm respectively. We
see that increasing the detuning decreases the anticrossing width from 0.154 to
0.109 nm, but then surprisingly at the highest power we observe an increase up to
0.338 nm. This is contradictory to the dependence which follows from equation
6.2, which predicts a monotonous decrease.

a b

c d

cavity 1

cavity 2

ca
vi

ty
 3

cavity 1

cavity 3

cavity 1

cavity 1

cavity 3

cavity 3

λ2=1534.847 nm
Pr=29 μW

λ2=1536.761 nm
Pr=87 μW

λ2=1540.064 nm
Pr=208 μW

Pr=87 μW

Figure 6.6: Anticrossing of resonances of cavities 1 and 3 for selected pump
powers a -The anticrossing for small detuning of cavity 2. Red pump was placed
on cavity 1 and violet pump was placed on cavity 3. b,c,d - Anticrossings for large
detunings of cavity 2. Red pump is placed on cavity 2. In cases b,c violet pump is on
cavity 3, and for d it is on cavity 1. White arrow indicates position and width of the
anticrossing. IR light is coupled to the cavity 1 for all spectra.
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We performed anticrossing measurements for a large number of detunings of
cavity 2 and the final result is presented in Figure 6.7. It shows dependence of
anticrossing width between cavities 1 and 3 (∆λ13) on detuning of the cavity 2
from the center wavelength of the anticrossing (∆λ2). For small detunings the
anticrossing width decreases as predicted by coupled-mode theory (see red dashed
line in Figure 6.7), but for ∆λ2 & 0.7 nm the dependence deviates and reaches
a minimum at about 1.5 nm of detuning. After that anticrossing width rises
and reaches a value close to 400 nm for detunings of about 5 nm. Parameters for
coupled-mode theory were obtained experimentally as described in Section 6.A.4.
By defining the coupling constant from the anticrossing width as Γ13 = ∆ω13/2
we conclude that experimentally we increased the coupling constant by a factor
of 4 relative to the minimum value.

We conclude that tuning of the coupling constant is achieved, while there
is a significant discrepancy between the experimental data and the simple cou-
pled mode theory model at large detunings. In the experiment larger detunings
correspond to larger pump powers which in turn may influence the structure as
described in Chapter 5. To explain the observed deviation we perform numerical
simulations on a system of 3 coupled cavities.

Figure 6.7: Anticrossing width between cavity 1 and 3 versus detuning of
cavity 2. Black squares represent experimental data. Dashed lines show analytic
theory plot for full and adiabatic coupled-mode theory implementations.

6.3.3 Numerical simulation of the experiment

To understand the nature of observed discrepancy between the experiment and
coupled mode theory we perform a 2D FDTD simulation of a system comparable
to the experimental one using the open source MEEP package [30].
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b

a

Figure 6.8: Numerical results. a - Resonances frequencies of a system of 3 coupled
cavities versus perturbation magnitude applied to the cavity 2. The unperturbed band
edge frequency of the waveguide W0 is shown with red line. b - Separation between
two high-frequency resonances versus detuning of the ancillary cavity from the center
frequency of the hybridized cavities. Experiment is also plotted for comparison.

We setup a system which consists of a photonic crystal waveguide with 8
rows of holes on each side of the waveguide and has a length of 87a. We create 3
mode-gap cavities in the center of the structure, each cavity is separated by 9a
distance from the neighboring one. This is slightly different from the experiment
where distances between cavities were not equal, but it is easier to carry out
numerically. Another difference is that in our simulation we start with identical
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cavities, which are not perturbed by disorder, therefore in the absence of pump
resonances are fully hybridized. This arrangement avoids the need for scans of
the detuning between cavities 1 and 3 and thus reduces numerical effort by an
order of magnitude. Other cavity and waveguide parameters are kept the same
as in the experiment. We induce a perturbation of the dielectric function which
models the temperature profile resulting from the pump which is placed on top
of cavity 2. The perturbation is the same as presented in Figure 5.4 of Chapter 5.
We vary the magnitude of the perturbation and calculate resonance frequencies
for the hybridized modes.

The resulting frequencies of hybridized modes are plotted in Figure 6.8a. At
zero perturbation resonances of three cavities are fully hybridized. Splitting is
not symmetric due to the dispersion in the coupling constant [31]. With increase
of the perturbation magnitude the low-frequency resonance becomes localized
on cavity 2 and shifts faster. The other two resonances start to approach each
other which continues to perturbation level of about 1%, after which splitting
increases gradually. In Figure 6.8b we plot together the numerical and experi-
mental result from Figure 6.7 for comparison. We plot the frequency difference
between two high-frequency resonances ∆ω13 on the detuning between resonance
of the cavity 2 and anticrossing frequency (∆ω2). Even though our 2D numerical
result cannot be directly compared to the experimental one due to differences in
considered systems and pump spots, they show very similar behavior, where at
small detuning the anticrossing width shrinks and rises at large detunings. This
signifies that the observed behavior is universal for the system of 3 coupled cav-
ities where second cavity is thermally detuned. The increase of the anticrossing
width between resonances of cavity 1 and 3 corresponds to the increase of the
coupling between these two cavities. This additional coupling is provided by the
fact that mode-profiles of cavities 1 and 3 shift towards the pump position as it
is described in Section 5.5. As a result, the direct coupling constants Γ12 and Γ23

become pump dependent and increase with pump power. At high pump powers
the increase of the direct coupling in the numerator of Eq. 6.2 overtakes the
increase of the denominator and the effective coupling increases.

6.4 Proposed tunable CROW structures

Experimentally as well as theoretically we have shown that an ancillary cavity
can be used to tune coupling constant between two cavities as well as the coupling
constant between a cavity and the waveguide. Tunability of the coupling con-
stant between two cavities immediately opens a way towards tunable bandwidth
devices. Several simple schemes of such devices are considered in this section.
We address their bandwidth and transmission properties both analytically and
numerically.

6.4.1 Band structure properties

To show the tunable bandwidth we consider infinite arrays of photonic crystal
nanocavities where certain frequency shifts are applied to particular nanocavities
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to achieve conditions of adiabatic elimination. We assume here the absence of
second nearest neighbor coupling between resonators.

6.4.1.1 2-frequency structure

The schematic representation of the first structure is presented in Figure 6.9. For
simplicity every cavity is coupled to its neighbor with the same coupling constant
Γ0. Every odd cavity has a frequency ω0, but every even cavity is frequency-
shifted and has a frequency ω′. The period of this structure is therefore 2R,
where R is the distance between two nanocavities.

ω0

Г′

ω0

Γ0

...

Г′

Γ0

...ω0ω0

Γ0 Γ0
ω0

′ ′
space

ω

Figure 6.9: Structure of the 2-frequency infinite cavity chain. Every second
cavity in the structure is frequency shifted and has a frequency of ω′

0. These cavities
are adiabatically eliminated which results in effective coupling constants Γ′ between
cavities with frequencies ω0. Every gray circle here represents a nanocavity.

When operating at the frequency of the odd cavities, we can view the even
cavities as ancillaries and vice versa, therefore the system in Figure 6.9 can be
represented with the following system of coupled-mode equations, where ∆ω =
ω0 − ω′: 

dan
dt

= i(ω0 +
Γ2

0

∆ω
)an + i

Γ2
0

∆ω
an−2 + i

Γ2
0

∆ω
an+2

da′n
dt

= i(ω′0 −
Γ2

0

∆ω
)a′n − i

Γ2
0

∆ω
a′n−2 − i

Γ2
0

∆ω
a′n+2

(6.3)

Using Born-von Karman periodic boundary conditions the band structure can be
obtained [32], assuming that a chain of N cavities with adiabatically eliminated
coupling is considered where aN = a0, an ∝ ei(ωt−kn2R) and e−ikN2R = 1, where
k is a Bloch wavevector:{

ω = ω0 + 2Γ′ + 2Γ′ cos(2kR)

ω = ω0 −∆ω0 − 2Γ′ − 2Γ′ cos(2kR)
(6.4)

Here Γ′ = Γ2
0/∆ω with Γ0 = 0.0002ω0 and ∆ω take values 0.003ω0 and 0.006ω0

the band structure is presented in Figure 6.10. In this structure two bands are
present, where the first band appears close to the frequency ω0 with a band-edge
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fixed at ω0 and second band is close to ω′0 with a band edge fixed at ω0 −∆ω0.
Changing the detuning tunes the bandwidth and dispersion.

Figure 6.10: Band diagram of the 2-frequency adiabatically eliminated cav-
ity chain. The coupling constant Γ0 = 0.0002ω0 and the detuning is equal to 0.003ω0

(black) and 0.006ω0 (red), so every second cavity is redshifted. The band structure
consists of two bands where low-frequency band shifts according to detuning of every
second cavity.

To show that above described tuning of the bandwidth works on real struc-
tures we perform a 2D numerical experiment. We use the MPB plane-wave
expansion package [33] to calculate the band structure of a cavity chain. As a
system for numerical modeling we make a model structure consisting of point de-
fect cavities made in a hexagonal photonic crystal made of dielectric rods placed
in air. The refractive index of the material is equal to 3.17. This structure is
known to have a TM-bandgap [34], therefore the radius of the cylinder of the
photonic crystal lattice is chosen to be 0.18a, where a is a period of the lattice,
to maximize the bandgap. The point defect cavity is created by decreasing the
diameter of a single cylinder to 0.08a to obtain a single monopole cavity mode
away from the band edge. The studied system has a size of 6 periods along the
CROW direction and 24 periods in the perpendicular direction. The spacing
between 2 neighbor cavities is 3a. For such spacing the second nearest neighbor
coupling is more than 50 times smaller than nearest neighbor coupling as cal-
culated by Bloch method [21]. The truncated super-cell used for calculations is
presented in Figure 6.11a.

We induce the frequency shift of every second cavity by changing the di-
electric constant of the point defect (ε′) which represents thermal or free-carrier
tuning. In this case we blue-shift every second cavity to push the resonance away
from the photonic crystal band edge, therefore the second band will blueshift (in
contrast to Figure 6.10). Field maps of these CROW bands for k = 0 in case
of ε′ = 0.3ε are presented in Figure 6.11b,c. In case of low-frequency band the
Ez field resides mostly in the left cavity while for high-frequency one it is in the
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second cavity. The smaller the difference between first and second cavity the
stronger the field in neighbor cavity, as it is shown in Figure 6.11d. This follows
from the equation 6.16.
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Figure 6.11: Calculational supercell and Ez field amplitudes for CROW
bands. a - Supercell for calculation. The picture is truncated in the y direction
for convenience. Each black circle represents a pillar with refractive index 3.17. The
gray circle represents a cylinder whose permittivity was varied. Two cavities are cre-
ated by local hole size modulation and separated by a distance of 3a. b,c - normalized
amplitudes of Ez field of CROW mods at k = 0. b,c - correspond to low and high
frequency bands where the second cavity is made of a pillar with permittivity 0.3ε. d
- crossections of Ez field along the x axis for low frequency band where ε′ = 0.3ε and
ε′ = 0.9ε.

The complete band diagrams are presented in Figure 6.12a,b. The low-
frequency band is shown for 3 different ε′ . Decreasing the ε′ results in increase
of the frequency difference which shrinks the bandwidth. For convenience we
show only one high-frequency band for ε′ = 0.3ε. All bands can be fitted with
cosine dependencies which represent the shape of the band derived for the case
of adiabatic elimination (see equations 6.4).

In conclusion, the numerical calculations confirm that this two-frequency
structure allows tuning of the dispersion.
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B
C

a b

Figure 6.12: Numerically calculated CROW bands. a - Low frequency band for
ε′ values of 0.3ε, 0.8ε and 0.9ε. b - high frequency band for the case ε′ = 0.3ε. Discrete
points represent the calculated result, red lines represent cosine fits. Stars with letters
represent data points for which the field is plotted in Fig. 6.11.

6.4.1.2 3-frequency structure
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-Г′Γ0
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Γ0 Γ0ω0

′

′′

space

ω

Figure 6.13: Structure of the 3-frequency adiabatically eliminated CROW.
Each cavity is coupled to its neighbor by coupling constant Γ0. Every second cavity
is frequency shifted by −∆ω, while every forth cavity is symmetrically shifted by ∆ω.
Every gray circle here represents a nanocavity.

More symmetric system is presented in Figure 6.13. This structure has 3 fre-
quency involved in the adiabatic elimination scheme. Every second cavity here
is shifted by ∆ω and every forth cavity is shifted by −∆ω. The coupled-mode
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equations for such system will look like:
dan
dt

= iω0an + i
Γ2

0

∆ω
an−2 − i

Γ2
0

∆ω
an+2

dan+2

dt
= iω0an+2 + i

Γ2
0

∆ω
an+4 − i

Γ2
0

∆ω
an

(6.5)

This system is comparable to the atomic chain with two atoms per primitive
cell [32]. In our case there are two cavities in the primitive cell coupled with
coupling constant −Γ′ while each primitive cell is coupled to another one with
coupling constant Γ′. The periodicity of the system is 4R. Applying Born-von
Karman periodic boundary conditions gives equation for the band structure of
the 3-frequency CROW:

ω = ω0 ± 2Γ′| sin 2kR| (6.6)

The band is completely symmetric with the center at ω0, unlike in the 2-frequency
case where the center of both bands shifts with change of detuning. We plot the
band structure for two detunings 0.003ω0 and 0.006ω0 in figure 6.14.

Figure 6.14: Band diagram of the 3-frequency cavity chain. The coupling con-
stant Γ0 = 0.0002ω0 and the detuning is equal to 0.003ω0 (black curve) and 0.006ω0

(red curve).

6.4.2 Transmission properties of finite crows with tunable
coupling strength

In this section we calculate transmission properties of the tunable crow structures
that were proposed in previous section.

6.4.2.1 2-frequency structure

To start with we consider the 2-frequency structure. We choose a cavity array
consisting of N = 19 nanocavities where every second cavity is redshifted. This
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results in an effective array of 10 cavities which are coupled with tunable coupling
constants as shown of Figure 6.9. The first and the last cavity are coupled to
input and output waveguides correspondingly as shown in Figure 6.17a. We
choose structure parameters Γ0 = 0.0002ω0 and γ1 = 4.5 ·10−5ω0 and bare cavity
wavelength of 1550 nm, which are typical for mode-gap nanocavities used in our
work [20]. This system is described with the following coupled mode-equations,
here j ∈ [0, (N − 5)/2]:

S1− = −1 +
√

2γ1a1

da1

dt
= i(ω0 + Γ′)a1 + iΓ′a3 − γ1a1 +

√
2γ1

da2j+3

dt
= i(ω0 + 2Γ′)a2j+3 + iΓ′a2j+1 + iΓ′a2j+5

daN
dt

= i(ω0 + Γ′)aN + iΓ′a3 − γ1aN−2 − γ1aN

S2− =
√

2γ1a1

(6.7)

We plot the transmission spectra for detunings of 0.001ω0 (1.55 nm) and 0.002ω0

(3.1 nm) in Figure 6.15 as calculated from the full coupled mode equations as
well as by adiabatically eliminated one. Even though the adiabatically eliminated
curve does not completely reproduce the spectrum produced by full CMT there
is a bandwidth change in both cases. In general as it was mentioned before, the
bigger the detuning the bigger the similarity between two models, as it is seen
by comparing Figures a and b.

a b

Figure 6.15: Transmission spectra for 2-frequency CROW. CROW consists of
19 cavities. Black curves represent full coupled-mode theory, red ones - adiabatically
eliminated one. a - detuning 1.55 nm. b - detuning 3.1 nm.

6.4.2.2 3-frequency structure

In case of 3-frequency CROW we consider an array of 21 cavities for symmetry
reasons. The rest of the CROW parameters are kept the same. Such CROW
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system can be also described with coupled-mode equations, where j1 ∈ [0, (N −
5)/4] and j2 ∈ [1, (N − 5)/4]:

S1− = −1 +
√

2γ1a1

da1

dt
= i(ω0 + Γ′)a1 + iΓ′a3 − γ1a1 +

√
2γ1

da4j1+3

dt
= iω0a4j1+3 + iΓ′a4j1+1 − iΓ′a4j1+5

da4j2+1

dt
= iω0a4j2+1 − iΓ′a4j2−1 + iΓ′a4j2+3

daN
dt

= i(ω0 − Γ′)aN + iΓ′aN−2 − γ1aN

S2− =
√

2γ1a1

(6.8)

We consider the same detuning as used for Figure 6.15 and plot transmission
spectra for 3-frequency case in Figure 6.16. The transmission spectra look com-
pletely symmetric and bandwidth tuning is observed in both models: full CMT
and adiabatically eliminated one. At a detuning of 3.1 nm the adiabatically
eliminated model completely reproduces the full model.

a b

Figure 6.16: Transmission spectra for 2-frequency CROW. CROW consists of
19 cavities. Black curves represent full coupled-mode theory, red ones - adiabatically
eliminated one. a - detuning 1.55 nm. b - detuning 3.1 nm.

6.5 Conclusion

In conclusion, photonic crystal nanocavity arrays with tunable coupling have
been studied theoretically and implemented experimentally. We managed to ex-
perimentally change the Q-factor of a nanocavity by a factor of 3 by tuning an
ancillary linker cavity which controls the load. We controlled the coherent cou-
pling between two nanocavities by a factor of 4 by pumping an ancillary cavity
in the middle. We observed a deviation from the coupled-mode model for large
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detunings, which is attributed to pump-induced changes of the direct couplings.
This result was reproduced in numerical calculations. We proposed 2 types of tun-
able bandwidth multi-cavity structures, containing one or two frequency-shifted
cavities per unit cell. We derived their dispersion diagrams and investigated
transmission properties using coupled-mode models. The results described in
this Chapter can be easily extended to the time-dependent case, which opens
the possibility of a time-dependent change of coupling parameters. Combining
results from this Chapter and results from Chapter 4 allows one to achieve the
full tunability of nanophotonic circuits where resonance wavelengths as well as
coupling rates can be dynamically tuned.

6.A Appendix

6.A.1 Analytic description of tuning of the coupling rate
between a nanocavity and a waveguide

The coupled-mode theory model is described in detail here. A visual represen-
tation of the model is presented on the Figure 6.17. It consists of a waveguide
coupled to two cavities via coupling rates γ1 and γ2. Cavities have bare frequen-
cies ω1 and ω2, and they are inter-coupled with coupling rate Γ0.

waveguideω1 ω2

S0-

S2+S2- Γ0 γ1

γ2

a

b

waveguideω2

S0-

S2+S2- γ́

γ0

Figure 6.17: Two-cavity system for adiabatic elimination. a - A photonic crys-
tal waveguide is coupled to two photonic crystal nanocavities which are coupled among
themselves. Light is coupled into cavity 2 and out-coupled via the waveguide. Cavity 1
is the ancillary cavity. b - Adiabatically eliminated system, cavity 1 is eliminated result-
ing in a coupling rate of γ′ between photonic crystal nanocavity 2 and the waveguide.
Each gray circle represents a nanocavity.

When light is launched from out-of-plane this system can be represented by



Appendix 75

the following system of 4 temporal coupled-mode equations [28, 35]:
da1
dt = iω1a1 + iΓ0a2 − (γ1 + γ0)a1 −

√
γ1γ2a2

da2
dt = iω2a2 + iΓ0a1 − (γ2 + γ′0)a2 −

√
γ1γ2a1 +

√
2γ0S2+

S0− =
√

2γ1a1 +
√

2γ2a2

S2− = −S2+ +
√

2γ′0a2

(6.9)

Where a1 and a2 are field amplitude in the cavities 1 and 2. Further, γ0

and γ′0 represent the intrinsic loss rate of cavity 1 and 2, S0− is the amplitude
of the mode in the waveguide which propagates away from the cavity, S2+ is
amplitude of the free-space mode coupled into the cavity and S2− represents
intrinsic loss. Terms proportional to

√
γ1γ2 correspond to the coupling induced

between cavities by the presence of the waveguide.
If cavity 1 is detuned far away from cavity 2, then it is possible to simplify

the system of equations 6.9 and eliminate the equation that describes the time
evolution of the amplitude a1 in the first cavity. To perform this adiabatic elimi-
nation one has to switch to a rotation frame which rotates with the frequency ω2,
so a′ = a · e−iω2t, and set da′1/dt = 0, where a and a′ represent field amplitudes
in laboratory and rotation frames correspondingly. Eventually this leads to the
following simplified system of 3 equations:

da2

dt
= iω′2a2 − γ′a2 − γ′0a2 +

√
2γ0S2+

S0− = (

√
2γ1(iΓ0 −

√
γ1γ2)

i(ω2 − ω1) + γ1 + γ0
+
√

2γ2)a2

S2− = −S2+ +
√

2γ′0a2

(6.10)

Where ω′2 and γ′ have the following form:

ω′2 = ω2 +
(ω2 − ω1)Γ2

0 − 2Γ0(γ1 + γ0)
√
γ1γ2 − (ω2 − ω1)γ1γ2

(γ1 + γ0)2 + (ω2 − ω1)2
(6.11)

γ′ = γ2 +
Γ2

0(γ1 + γ0) + 2Γ0
√
γ1γ2(ω2 − ω1)− γ1γ2(γ1 + γ0)

(γ1 + γ0)2 + (ω2 − ω1)2
(6.12)

From the first equation of the system 6.10 one can see that the load of cavity
2 to the waveguide is determined by coupling rate γ′. In addition the resonance
frequency ω′2 of the cavity changes according to the formula 6.11. Assuming that
γ0 = γ′0 ≈ 0, γ2 ≈ 0, |ω2−ω1| � γ1, formulas 6.11 and 6.12 can be simplified to:

ω′2 = ω2 +
Γ2

0

ω2 − ω1
(6.13)

γ′ =
Γ2

0γ1

(ω2 − ω1)2
(6.14)

Both ω′2 and γ′ decay as a function of frequency detuning between cavity 1 and
2.
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6.A.2 Determination of parameters for the system with tunable
load to the waveguide

The experimental loading rate γ1 is obtained by placing the IR probe spot on
cavity 1. Simultaneously the red pump focus with a power of 319 µW was
placed on cavity 1 to detune it from cavity 2 by more than 5 nm. The resulting
spectra can be found in Figure 6.18a. The coupling rate then is obtained from
the cavity Q-factor, where Q = ω0

2γ1
, assuming that the intrinsic loss can be

neglected, and it is equal to γ1 = 1.23 ± 0.07 · 10−4ω0. The unloaded Q-factor
of our mode-gap cavities as well as the loaded Q-factor of the second cavity
is > 106 according to our 3D FDTD calculations. We evaluate our theory for
parameters γ0 = γ2 = 0.5 · 10−6ω0, noting that the results do not depend on the
exact values. The bare coupling constant between the nanocavities is determined
from the experimentally measured anticrossing width between nanocavities. The
anticrossing is presented in Figure 6.18b. The coupling constant is equal to
Γ0 = 2.41± 0.02 ∗ 10−4ω0.

a b

cavity 2
cavity 1

Figure 6.18: Determination of structural parameters. a- Resonance of the cav-
ity 1 detuned away from the rest of the resonances. b- Anticrossing of resonances of
cavity 1 and 2. Red pump spot is placed on cavity 1.

6.A.3 Analytic description of tuning of the coupling constant
between two nanocavities

The model of two nanocavities coupled via an ancillary cavity is described in
detail here. A visualization of the model is presented in Figure 6.19. It has 3
nanocavities coupled with coupling constants Γ1 and Γ2. Cavities 1 and 2 are
in resonance and their bare frequencies are equal to ω0, while cavity 2 is shifted
to frequency ω2. This system can be represented as the system with 2 cavities
which consists of a cavity 1 and cavity 3 coupled with coupling constant Γ′ which
appears as result of a presence of the ancillary cavity 2.
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Г′

ω0
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space

ω

Figure 6.19: Adiabatic elimination scheme for coupling constant between
two cavities. Cavity 1 and 3 have same frequencies while cavity 2 is redshifted which
results in the effective coupling constant Γ′ between cavity 1 and 3. Each gray circle
represents a nanocavity.

The full system of 3 nanocavities, assuming no intrinsic losses, can be rep-
resented by the system of 3 coupled-mode equations [35]:

da1

dt
= iω0a1 + iΓ1a2

da2

dt
= iω2a2 + iΓ1a1 + iΓ2a3

da3

dt
= iω0a3 + iΓ2a2

(6.15)

Here a1, a2 and a3 represent field amplitudes in cavities 1, 2 and 3 correspond-
ingly. Assuming that the frequency shift of the cavity 2 is large, we change to
the rotation frame to perform adiabatic elimination of cavity 2. This result in
the following formula for a2:

a2 =
Γ1a1 + Γ2a3

ω2 − ω1
(6.16)

By substituding equation 6.16 into system 6.15 we obtain the new reduced system
of equations, where again one equation is eliminated:

da1

dt
= i(ω0 +

Γ2
1

ω0 − ω2
)a1 + i

Γ1Γ2

ω0 − ω2
a3

da3

dt
= i(ω0 +

Γ2
2

ω0 − ω2
)a3 + i

Γ1Γ2

ω0 − ω2
a1

(6.17)

The new coupling constant Γ′ is equal here to Γ1Γ2/(ω0 − ω2) and it scales
inversely with the frequency spacing between nanocavities. In addition to the
coupling cavities 1 and 3 get frequency offsets equal to Γ2

1/(ω0−ω2) and Γ2
2/(ω0−

ω2). The formalism considered in this section is not limited only to photonic
crystal nanocavities and can be applied to other types of resonators. These
methods of tuning coupling parameters do not require any dispersion properties
of the system and rely only on frequency detunings between nanocavities.
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6.A.4 Determination of parameters for the system with tunable
coupling constant between two nanocavities

To plot the coupled-mode theory dependencies presented in Figure 6.7, we exper-
imentally measured required system parameters. We first obtained the coupling
rate (γ1) of the first cavity to the photonic crystal waveguide W1 by detuning
it away from the resonance with cavity 2 and 3, so that a single resonance is
observed, as shown in Figure 6.20a.

a b c

cavity 1

cavity 1

cavity 2 cavity 2

cavity 3

Figure 6.20: Sample parameter determination. a - Output spectrum of the
loaded cavity 1 to determine γ1. b - Anticrossing of the cavity 1 and 2 to deter-
mine Γ1. Red pump spot is placed on cavity 1. c - Anticrossing of the cavity 2 and 3
to determine Γ2. Red pump spot is placed on cavity 3.

The coupling rate is γ1 = 2.85 ± 0.03 · 10−5 ω0, which corresponds to the
loaded Q-factor of 17500± 500. Then coupling constants between cavity 1 and 2
(Γ1) and between cavity 2 and 3 (Γ2) are taken from anticrossing measurements
with the smallest possible power applied to the sample, so only a single pump
spot was focused on the sample at a time. To determine Γ1 the pump was
focused on cavity 1 and to determine Γ2 the pump was focused on cavity 3.
The resulting anticrossings are present in Figure 6.20b,c. Coupling constants are
equal to Γ1 = 1.45 ± 0.01 · 10−4 ω0 and Γ2 = 8.3 ± 0.3 · 10−5 ω0. The direct
coupling between cavities 1 and 3 (Γ13) can be neglected, because according to
our calculations using field-integration method [3] (Γ1 + Γ2)/(2Γ13) ≈ 350. After
all the parameters are obtained the theory curves can be calculated from systems
of equations 6.15 and 6.17 where in addition the influence of the input waveguide
is taken into account as in system 6.9.



Bibliography

[1] Y. Akahane, T. Asano, B. Song, and S. Noda, High-Q photonic nanocavity
in a two-dimensional photonic crystal, Nature 425, 944 (2003). — p.57.

[2] E. Kuramochi, M. Notomi, S. Mitsugi, A. Shinya, T. Tanabe, and T. Watan-
abe, Ultrahigh-Q photonic crystal nanocavities realized by the local width
modulation of a line defect, Appl. Phys. Lett. 88, 041112 (2006). — p.57,
62.

[3] A. Yariv, Y. Xu, R. K. Lee, and A. Scherer, Coupled-resonator optical waveg-
uide: a proposal and analysis, Opt. Lett. 24, 711 (1999). — p.57, 78.

[4] S. Mookherjea and A. Yariv, Coupled resonator optical waveguides, IEEE J.
Sel. Topics Quantum Electron. 8, 448 (2002). — p.57.

[5] M. L. Cooper, G. Gupta, M. a. Schneider, W. M. J. Green, S. Assefa, F.
Xia, Y. a. Vlasov, and S. Mookherjea, Statistics of light transport in 235-ring
silicon coupled-resonator optical waveguides, Opt. Express 18, 26505 (2010).
— p.57.

[6] C. Ferrari, A. Canciamilla, F. Morichetti, M. Sorel, and A. Melloni, Penalty-
free transmission in a silicon coupled resonator optical waveguide over the
full C-band, Opt. Lett. 36, 3948 (2011). — p.57.
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CHAPTER 7

Non-thermal effects of local thermal tuning with

laser light

As a result of local heating with laser light we observe, apart from
immediate tuning, effects that are reversible on a long timescale of
minutes to days or that appear irreversible. Here we report temporal
and permanent resonance wavelength change as well as permanent Q-
factor change of nanocavities. We describe a data-processing method
to cancel the effect of small resonance wavelength changes and report
initial experiments on immersion of samples in liquids, which may
reduce interface-related slow changes.

7.1 Introduction

Thermal tuning is a versatile tool to locally change the refractive index of various
materials used in nanophotonics field [1–4]. Therefore it can be used to effectively
tune resonance frequency of nanocavities as well as coupling constants between
nanocavities. In the ideal case of pure semiconductors with clean surfaces placed
in a chemically inert atmosphere this method can be used to perform completely
reversible tuning, up to the point where the temperature of the material becomes
too high, at which point chemical structure change, reshaping and eventually
melting of the structure occur.

In real nanostructures the situation is slightly different. Ambient media
typically contain some concentration of oxygen, and the sample will be locally
oxidized due to the heat- and laser-assisted oxidation effects [5–7]. Oxidation
leads to blueshift of nanocavity resonances [8, 9]. In case when water is present
in the ambient media there is typically a water film on the surface of the sam-
ple with a thickness between one molecule layer and several nanometers, which
causes resonance wavelength changes and losses [10, 11]. If there is a polymer or
residuals of some organic materials on the surface of the sample then they may
be burned and their refractive index may be changed by light which again may
cause wavelength change [12, 13].

In this chapter we describe slow and irreversible effects which occur during
and after our thermal tuning experiments. We report time-dependent as well
as permanent redshifts and blueshifts of resonances which do not always have
repeatable behavior. We see that some resonances blueshift while other red-
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shift being exposed to similar conditions. Also we observe Q-factor change in
some cases. We estimate the effects of water film evaporation 3D FDTD calcu-
lations. We describe a method to take into account these slow wavelength shifts
in datasets where only relative frequencies matter and finally report initial ex-
periments on immersion of nanophotonics samples in liquids which is a possible
solution to reduce any surface-related effects.

7.2 Reversible, slow laser-induced changes

7.2.1 Steady-state experiments

Usually each thermal tuning experiment for the setup described in Chapter 2 has
a duration from 200 ms to several seconds depending on wavelength range and
scanning speed. The temperature of the tuned nanocavities reacts to changes in
laser power on a time-scale of ∼ 10µs (Chapter 3). Within the illumination time
pump light constantly illuminates the surface. In all of our experiments after a
pump pulse a reference spectrum of the sample is taken, where no pump light is
applied. In those reference measurements blueshifts and redshifts of resonances
were observed with respect to the reference taken before the experiment. In
most cases the cavity which was illuminated experiences the biggest change. As
an example of such change we present in Figure 7.1 the reference wavelength
measurements during the final experiment of anticrossing of 3 cavity resonances
from Chapter 4.

Figure 7.1: Reference resonance wavelength change of 3 coupled nanocavi-
ties. Measurement is taken right after each experiment with pump light. The duration
of each experiment with pump light is kept constant. Red lines represent the blueshift
range for cavity 3 and wavelength of cavity 1 at pump power of 0 µW. The measure-
ments were taken in order of increasing pump power.

Cavity 1 was illuminated with the tiny power of 9 µW, while cavity 3 was
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heavily illuminated to measure the anticrossing with power up to 180 µW. The
exposure time was the same for all datapoints. As it is seen from the figure the
resonance of the cavity 3 blueshifts by about 180 pm. For small powers up to
60 µW the blueshift is negligible, while for large powers it increases with power.
In contrast, cavity 1 shows a redshift of 24 pm in total. So while both cavity 1
and cavity 3 were illuminated, they experience resonance shift of opposite sign.

7.2.2 Reversibility of the wavelength change

In the experiments in Fig. 7.1 the reference scans were taken immediately after
the pump scans. To examine whether the change of the resonance wavelength
is reversible we exposed the surface of the sample with a holographic pattern
containing 32 pump foci. The image of the holographic pattern is presented in
Figure 7.2. This pattern should create a homogeneous temperature distribution
in the center where the waveguide with nanocavities is placed. For this experi-
ment we used a sample containing multiple nanocavities. The sample parameters
are same as described in Chapter 4. The temperature of the sample was locked
at 315 K. The pattern is aligned such that three nanocavities are placed in the
center of the pattern. The setup description can be found in Chapter 2.
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Figure 7.2: Pump pattern to heat the sample Image of the pump pattern used
to heat the sample which consists of 32 focused pump spots.

During the experiment we kept the pump light on for 3 minutes and then
turned it off to observe the relaxation behavior of the system. Transmission spec-
tra of the sample were constantly measured to track the change of the resonance
wavelength of an isolated resonance of cavity 3. The sample was kept in nitrogen
atmosphere with oxygen content less than 0.1 %. The result of the experiment
is presented in Figure 7.3. Two experiments are shown, Experiment 1 with total
power of 32 spots equal to 418 µW and Experiment 2 with total power 855 µW.
We note that temperature-wise these experiments are steady-state because rise
and decay of the temperature due to pump pattern happens during the time of
∼ 10µs [4, 14], therefore we observe only the time-dependent behavior of non-
thermal effects. Temperature fluctuations of the sample substrate, detected by
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the temperature controller were no more than ±0.005 K which eliminates the
possibility of the wavelength change induced by the response of the temperature
controller caused by pump light.

In Figure 7.3a we show the resonance wavelength in Experiment 1 during
the pump light exposure. It initially changes fast and then appears to saturate.
The total change is about 300 pm. The initial value of the resonance wavelength
before the Experiment 1 was 1539.538 nm, therefore the redshift due to the local
temperature rise at the time when the pump light had just been switched on was
about 1.8 nm. This shift corresponds to an increase of the local temperature at
the position of the cavity by about 19 oC.

After the pump is switched off, cavity relaxes back to its previous state as
shown in Figure 7.3b for Experiments 1 and 2. In both cases the resonance slowly
redshifts, but does not reach the initial wavelength measured before the exper-
iment. In the beginning relaxation is fast, gaining a change of several hundred
picometers withing 2 minutes, after which saturation seems to occur. Then the
speed slows down and continues over a long time. The time difference between
the end of the Experiment 1 and start of the Experiment 2 was more than 2
hours. During that time the resonance was continuously redshifting reaching the
wavelength of 1539.503 nm after 2.5 hours, which is still smaller than the ini-
tial wavelength before the Experiment 1. The blueshift for the Experiment 2 is
nearly twice as large as for Experiment 1, which is not unexpected as total power
is twice as large.
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Figure 7.3: Time-dependence of wavelength change. a - time-evolution of res-
onance wavelength for cavity 3 during exposure with 418 µW (Experiment 1). b -
time-evolution of resonance wavelength of cavity 3 after exposure for Experiment 1 and
Experiment 2 (power 855 µW). Dashed lines represent the initial wavelength of the
resonance right before the experiment. The purple area represents the exposure time.

We performed multiple kinetics experiments with different pump powers and
different heating stage temperatures and observed both redshifts and blueshifts
occurring during and after exposure, therefore the direction of the shift is not
always the same. Consistently these resonance shifts have a time dependence
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comparable to Figure 7.3, i.e. they increase when pump laser is on and partially
relax to the initial state when the pump laser is off. The dependencies are not
well described by an exponential. These kinetics may correspond to water diffu-
sion and water film evaporation/formation as well as to other surface chemistry
reactions, therefore they may have a quite complicated shape [15].

7.2.3 FDTD evaluation of water effects
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Figure 7.4: Scheme of the sample for numerical simulation. The cross-section
of one hole in a photonic crystal membrane is present. Gray area represents membrane
material and blue area represents water film. White color inside the hole represents air.

There is always a thin film of water with thickness up to several nanometers on
top of every object depending on ambient conditions. Moreover in low-humidity
media and even in vacuum systems there still may be water on the surface [16, 17].
The blueshift effect observed for nanocavity resonances can be in part explained
by the decrease of the thickness of this water film on the surface of our samples
[11]. To estimate the possible influence of water films on resonances of mode-gap
cavities we perform 3D FDTD simulations. We consider a GaInP membrane with
thickness h = 180 nm. In this membrane we define a triangular photonic crystal
with period a = 485 nm and hole radius r = 0.25 nm. The cavity is created in a
waveguide of width W0 = 0.98

√
3a by applying hole shifts of 10.4, 6.9 and 3.5 nm

as described in Ref. 18. The length of the structure is 52a and the width is 12a.
We consider the model of the water film presented in Figure 7.4. We assume the
water film homogeneously covers the surface of the membrane from both sides as
well as inside the holes and has a thickness hw. We vary the thickness between
0 and 8 nm to obtain the resonance shift. The dependence of resonance shift on
film thickness is presented in Figure 7.5.

The resonance wavelength increases with the thickness of the water layer.
The redshift reaches the value of 1 nm at a film thickness of about 2 nm. The
quality factor of the nanocavity for all data-points is more that 106. Experi-
mentally we observed blueshifts and redshifts up to about 2 nm. The observed
blueshifts can be explained by local evaporation of the water film. When the
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pump is placed on a particular cavity, evaporation happens mostly at the posi-
tion of the cavity therefore the resonance wavelength of that cavity should shift
the most, as observed for cavity 3 in Figure 7.1. It is unclear though why for
different cavities or different pump positions we observe a different sign of the
effect. We surmise that local surface conditions [19] and morphology may play a
critical role.

Figure 7.5: Numerically calculated dependence of resonance position on
thickness of the water layer. The resonance frequencies are extracted with an
error bar smaller than the data point size. The observed fluctuations are attributed to
discretization error.

7.3 Irreversible effects

In addition to the reversible effects described above, we observe several irre-
versible effects. They are described in detail in this section.

7.3.1 Optical darkening of the surface

According to our observations the darkening of the surface happens at some sur-
face positions which were illuminated by pump light. Surprisingly, we noticed no
straightforward correlation between the pump power, illumination time and the
place where darkening appears, which signifies that it is probably related to local
material and surface chemistry. One of the possible causes of this could be residue
of organic materials used during the fabrication process. Being illuminated by
pump light they may burn, obtain refractive index changes or photo-darkening
[20] which lead to darkening of sample surface observed in reflection. An exam-
ple of such darkening on the surface of one of our samples is presented in Figure
7.6. This sample was used for the experiments described in Chapter 4. The dark
spot appears on the position of the cavity 1 although the cavity 3 was exposed
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to higher intensities of 405 nm light. We note that this darkening of the sur-
face perturbs the image of the pump beam when viewed in reflection. We have
observed darkening after exposure in air as well as in nitrogen atmosphere.

Figure 7.6: Image of the sample. Image of the sample made in the setup with violet
light illumination. The dark spot is marked by the white circle. Black triangles are
markers indicating cavity positions (markers are shifted from actual cavity positions).
The bright line in the middle is the line defect determining the waveguide. The dark
rectangular area is the photonic crystal membrane.

7.3.2 Non-reversible changes of resonance frequency and
Q-factor

Figure 7.7: Irreversible change of the resonance wavelength. The dependence
of resonance wavelength of the cavities 1, 2 and 3 on time. Each square represents a
day when experiments were performed. Each measurement is taken in the beginning of
the day before exposure to pump light.
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We also investigated whether fully irreversible changes occur. In Figure 7.7 we
plot the change of resonance wavelengths of 3 nanocavities for one of our samples
over a time of one month. Within that time multiple experiments were performed,
notably this sample was used for experiments from Chapter 5 and section 6.3 from
Chapter 6. Cavities 1, 2 and 3 were exposed to different powers of pump light
within that time. The data points in Fig. 7.7 correspond to the first reference
measurement of the day, so no pump was applied and any reversible changes have
had time to relax. This sorts out reversible effects described in previous section.

We see that resonances redshift as well as blueshift. On day 25 the resonance
wavelength of cavity 3 is redshifted by 800 pm compared to day 1. There is a
large jump of resonance wavelength of cavity 1 from day 25 to day 30 by 2.8 nm.
This redshift comes together with a drop of the Q-factor to 6.1± 0.2 · 102, while
on day 24 it was 2.65± 0.02 · 104.

7.4 Data analysis procedure to correct for
post-pump effects

To accomplish accurate tuning, it is essential to accurately measure tuning slopes
of resonance frequencies. Slow, non-thermal effects of the pump make it difficult
to obtain such accurate measurements. Here we describe a method to correct
measurements for these effects and obtain precise tuning. Our procedure is based
on reference measurements taken immediately after each experiment involving
pump light (further referred to as pump measurements), and the following as-
sumptions are valid:

1. No mode-profile change happens as a result of the post-pump effects.

2. For systems with optically coupled resonances, no a priori unknown cou-
pling constant change occurs as a result of above mentioned effects.

3. Reference measurement represents the state of the sample on the moment
of a pump measurement, so no change happens to the system during the
short time between pump and reference measurements.

In the case when resonances are rather isolated one can subtract reference reso-
nance wavelengths from the initial reference wavelengths taken before any pump
experiments and apply the difference to resonance wavelengths for pump mea-
surements. In practice quite often it happens that resonance wavelengths are
spaced quite closely, and resonances are optically coupled even in the reference
case. In that case a model is required for a sample which allows to calculate bare
resonance frequencies from both reference and pumped measurement data. The
data is corrected by calculating bare frequencies for pump and reference mea-
surements, applying corrections obtained from the reference measurements and
calculate back frequencies of the coupled resonances.

A simple example is a system of 2 optically coupled cavities where first cavity
is coupled to the waveguide, like it is shown in Figure 5.1a from Chapter 5. In
case where the coupling constant Γ0 between the nanocavities is significantly
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bigger than the load of the first cavity to the waveguide γ1, the bare resonances
frequencies of two nanocavities can be found by inventing the following formula
[21]:

ω1,2 =
ω0,1 + ω0,2

2
±

√(
ω0,1 − ω0,2

2

)2

+ Γ2
0 (7.1)

Here ω0,1 and ω0,2 are the bare frequencies of resonances. As an experimental
example for this procedure we consider the case from Chapter 5 where the cou-
pling constant is changed by the pump light. In our case the power of the red
laser which is focused between nanocavities is 22 µW. The coupling constant for
reference data is equal to Γ0 = 1.34± 0.15 · 10−4, while for the pumped data it is
equal to 1.460 ± 0.003 · 10−4. The pump spot from the violet laser was focused
on cavity 1 and its power was varied to measure the anticrossing. The reference
data from this experiment are presented in Figure 7.8a.
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Figure 7.8: Removal of post-pump effects. a - Reference measurements. Mea-
surement for power equal to 0 µW are initial reference measurements. Black squares
represent resonance wavelengths of coupled resonances, while red circles represent their
bare resonance wavelengths. b - Pump measurements. Black squares represent uncor-
rected result and red circles represent corrected one.

Remarkably, the coupled resonance wavelength of cavity 2 barely see blue-
shifts while the bare one shifts by 9 pm. Cavity 1 was in total redshifted by 75
pm. We calculate corrections which are the difference of reference measurements
from the initial one, and apply them to pump measurements. The comparison
between corrected and uncorrected data is shown in Figure 7.8b. At small power
the difference is not obvious, while for larger pump powers the reference reso-
nance change accumulates and a significant difference appears. The corrected
measurements, which include the direct thermal effects of the pump but exclude
the slow post-pump effects, should be used to accurately calculate tuning slope
and anticrossing position.
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7.5 Immersion of samples in liquids

Short-term and long-term effects described above may be possibly removed by
submersing the whole system in liquid which will block any material exchange
with ambient gas. In case of water-related effects this would stop the evaporation
and relaxation of the water film. There are several requirements for the immersion
liquid:

1. Low refractive index. The refractive index of the liquid should be as low
as possible to have high-Q cavity modes confined in the membrane without
making a new cavity design.

2. Large thermal conductivity. The liquid should preferably conduct
heat well to provide better heat localization [4] and decrease the thermal
crosstalk between cavities when several of them are heated.

3. Non-volatile. During the thermal tuning experiments liquid will be heated
therefore it is preferable that liquid does not evaporate easily, which would
limit the experiment time.

4. Chemically inert. Liquid should not chemically react with the membrane
material, and it should not change under laser light irradiation.

5. Non-absorptive. Liquid should not absorb IR light, to avoid Q-factor
drops.

One of the candidates for immersion liquid is water, which has refractive index of
1.318 at the wavelength of 1.55 µm. Water has a large thermal conductivity, but it
can be easily evaporated when heated. A much better candidate is Galden HT270
heat transfer fluid which has a lower refractive index of 1.29, thermal conductivity
about 3 times larger than for nitrogen and extremely small evaporative loss rate.
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Figure 7.9: Band diagrams. a - Band diagram of a photonic crystal waveguide for
the case of air as surrounding media. Light blue area indicates the overlap between
waveguide bands for waveguides with widths W0 and W1. b - Band diagram for the
case of sample immersed in Galden liquid. Gray area represents light cone, while dark
red area represents bulk modes of the photonic crystal.
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Unfortunately our current structures of interest which are used in Chapters
4, 5, 6 and 8 are not suitable for immersion. These structures have waveguides
with width W1 = 1.1

√
3a to launch and collect light and barrier waveguide with

width W0 = 0.98
√

3a where nanocavities are located (see Figure 6.4 from Chapter
6). Widths of these waveguides are matched such that in air the waveguide
bands overlap and light can be coupled from one waveguide to another and to
resonance states near the band edge for a limited wavelength range. The band
diagram for this case is presented in Figure 7.9a. The overlap between two bands
is highlighted in blue. When the sample is immersed in Galden liquid these bands
separate as shown in Figure 7.9b. That means that light cannot be launched from
waveguide W1 to the waveguide W0, therefore we do not have optical access to
the resonators through the waveguides.

However, modes of mode-gap cavities should still exist when cavities are im-
mersed in liquid, which is verified by 3D FDTD calculations. Simulation param-
eters are described in the Section 7.2.3. The resonance wavelength of the mode
should redshift by 47 nm and the intrinsic Q-factor should drop from 9 · 106 to
106. Coupling constants between nanocavities for center-to-center separations of
9a and 10a used in this thesis should increase by a factor of 2, as calculated using
the field integration method (see Ch. 5).
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Figure 7.10: Reflection spectra. Reflection spectra of a structure with nanocavities
before and after immersion in Galden liquid. Green bar highlights the wavelength
range where resonance of mode-gap cavities and random modes were found. Blue bar
represents the expected wavelength range for those resonance after immersion.

We performed several experiments on samples containing mode-gap nanocav-
ities similar to ones described in Chapters 4,5,6 and 8, without a waveguide to
collect transmission. A drop of Galden liquid was placed on the surface of the
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sample, letting it spread all over the surface. We compared reflection spectra be-
fore and after immersion, in addition we performed pump line scans to identify
cavity resonances. As a result of visual examination under the microscope we
conclude that the liquid film covers the whole surface, but the thickness is in-
creasing from edge of the sample to the center. An example of reflection spectra
before and after immersion is presented in Figure 7.10.

For the spectra before immersion we see mostly interference fringes [22],
but for the frequency range highlighted with a green bar in Fig. 7.10 mode-gap
cavity resonances as well as random modes were found. The wavelength range
which corresponds to these modes for a sample immersed in liquid is highlighted
with a blue bar. Unfortunately no resonances were found, which is verified by
pump line-scans. From out-of-plane scattering measurements with the IR camera
we observe that there is a lot of light emitted from the input waveguide for
wavelengths between 1570 and 1585 nm where a lot of fringes are present. This
signifies that the lower bandedge (see Figure 7.9) of the input waveguide is at
about 1585 nm. We found also the emission of IR light from the barrier waveguide
for wavelengths between 1550 and 1560 nm.

We notice that the shape of the reflection image of the pump beam fluctu-
ates in time which signifies that liquid thickness changes over time. For future
experiments this could be possibly stabilized with cover glass. More experiments
are required to verify the presence of resonances in an immersed sample. In order
to use input and output waveguides, redesigned samples are needed.

7.6 Conclusion

To summarize we reported here non-thermal reversible and irreversible effects
which we observed during and after thermal tuning experiments. We observed
permanent as well as time-dependent redshifts and blueshifts of nanophotonic
resonances together with permanent Q-factor changes. The magnitude of wave-
length shifts increases with pump power. It is hard to conclude the nature of
these effects, as they seem to depend on pump position. At some pump positions
darkening of the surface was observed. In some cases these wavelength shifts can
be removed from datasets using a post-processing scheme which we described.
Immersion of the sample in an inert liquid may be able to reduce such effects but
requires a redesign of the sample waveguides.
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CHAPTER 8

Measurement of the linear thermo-optical

coefficient of Ga0.51In0.49P using photonic crystal

nanocavities

GaInP is a promising candidate for thermally tunable nanophotonic
devices due to its low thermal conductivity. In this work we study
its thermo-optical response. We obtain the linear thermo-optical co-
efficient dn/dT by investigating the transmission properties of a single
mode-gap photonic crystal nanocavity.

8.1 Introduction

Several III-V semiconductors are used for nanophotonic devices, such as GaAs
[1], GaP [2], InP [3] for their specific properties such as optical tunability. For lo-
cal thermal tuning, the high thermal conuctivity of Si or Si3N4 is unfavorable. A
promising candidate for thermally tunable nanophotonic devices is GaInP which
became popular during recent years [4–8]. Its thermal conductivity [9] is more
than 6 times smaller than for Si and Si3N4, which in addition to absence of
two-photon absorption at 1550 nm and favorable nonlinear properties [7] makes
it a promising candidate for thermally tunable photonics. In this work we in-
vestigate the thermal response of a single photonic crystal nanocavity made of
Ga0.51In0.49P. Our analysis allows us to obtain the thermo-optic coefficient of
refractive index for this material whose precise value has not been reported in
the literature to our knowledge.

8.2 Sample and experimental setup

To experimentally measure the thermo-optical coefficient of the Ga0.51In0.49P a
nanophotonic sample containing photonic crystal nanocavities was mounted on
a thermally controlled stage, so the sample was homogeneously heated and the
temperature was locked with a precision of ±0.001 K. The sample is an air-
suspended photonic crystal membrane with a linear array of 10 directly coupled

This chapter has been published as: S. Sokolov, J. Lian, S. Combrié, A. De Rossi, A. P.
Mosk, arXiv:1612.05544 [physics.optics]
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mode-gap photonic crystal nanocavities made of Ga0.51In0.49P. The thickness of
semiconductor membrane is 180 nm.

The structure of a single cavity is presented as the inset in Figure 8.1. It is
made in a photonic crystal waveguide with with W0 = 0.98

√
3a where a=485 nm

is a period of a triangular photonic crystal lattice. Red holes are shifted away
from the waveguide by 6 nm, green - by 4 nm and purple ones are shifted by 2
nm to create a cavity mode. Such cavities are known for large experimentally
measured Q-factors [10, 11] and therefore they are suitable for precise thermal
measurements. The first and last cavities in the array are coupled to input and
output photonic crystal waveguides with width W1 = 1.1

√
3a which are used to

launch and collect light from the structure.

CW IR laser
IR Photodiode

L1

PMF PMF
L2

sampleTemp. ctl.
heating stage

a=485 nm
W0

Figure 8.1: Experimental setup. Transmission through the sample is measured.
The sample temperature is locked to ±0.001 oC using a temperature controller. Inset
shows the cavity structure. Holes are represented with circles. Different colors corre-
spond to different hole shifts.

The structure was probed by IR light with a wavelength around 1550 nm
from the CW tunable laser. The light was coupled into and out-coupled from the
structure with polarization-maintaining lensed fibers L1 and L2 with NA=0.55.
The out-coupled light was collected on an IR photodiode for transmission mea-
surements. The sample was kept in nitrogen atmosphere to avoid oxidation
[12, 13]. The resonance frequencies of cavities are perturbed by unavoidable dis-
order, which breaks the resonance hybridization. This normally undesired effect
allowed us to pick an isolated single cavity resonance. We picked the single res-
onance corresponding to the 3rd cavity in the array, which was verified by our
pump line-scan technique [4, 5, 14]. The transmission spectrum of the resonance
at 48.2 oC is presented in Figure 8.2. The spectrum has a clear Fano-like shape
due to the interference with transmitted TM light [15]. The spectrum is fitted
with a Fano lineshape function [16, 17] and a 1st order polynomial for the back-
ground. The lineshape is perfectly described by the fit, so it is used to obtain
line parameters. The loaded Q-factor of the resonance is Q = 1.6± 0.1 · 105.
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Figure 8.2: Transmission spectrum. Transmission spectra of the sample at 48.2 oC.
Dashed line represents Fano lineshape fit.

8.3 Experiment description

Figure 8.3: Transmission spectra. Patched graph showing all transmission spectra
collected in this experiment. Color of lines changes from black to red to emphasize the
temperature difference.

For the measurement of the thermo-optical coefficient the resonance wavelength
was measured for several temperatures of the sample ranging from 26 to 76 oC.
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Spectra for all temperatures are presented in Figure 8.3. The resonance experi-
ences a redshift which signifies that the material has a positive thermo-optical
response. All spectra have a Fano-like line shape. There was no systematic
change of the Q-factor which signifies that within this temperature range the
mode-profile of the cavity does not change. In total the resonance redshifts by
about 4.5 nm when the temperature rises by approximately 49.5 oC. The depen-
dence of resonance wavelength on the temperature of the sample is presented in
Figure 8.4. The resonance wavelength changes linearly with increasing tempera-
ture, with a tuning slope of 9.4± 0.3 · 10−2 nm/K.

When a sample is heated, any water film is evaporated from the surface
which causes a resonance blueshift [12]. The exact magnitude of this resonance
shift depends on details of the surface condition. In laser heating experiments
with similar temperature changes we have observed this shift to be 360 pm or
less. To account for this a priori unknown shift we add an error term of 5%,
resulting in dλ/dT = 9.4± 0.6 · 10−2 nm/K.

Figure 8.4: Resonance wavelength versus temperature of the sample. The
red line represents a line fit of the experimental data. The error for experimental data
is smaller than the datapoint size.

Using first order perturbation theory and scaling of Maxwell equations one
can get a precise value of linear thermo-optic coefficient dn/dT of the refractive
index of Ga0.51In0.49P. To first order, it can be shown that [18]:

∆λ

λ
=

∆λn
λ

+
∆λa
λ

(8.1)
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Where ∆λn/λ and ∆λa/λ are equal to :

∆λn
λ

=
∆n

n
·

∫
mebrane

ε|E(r)|2dr∫
all

ε|E(r)|2dr
=

1

n

dn

dT
∆TEm (8.2)

∆λa
λ

=
∆a

a
= αT∆T (8.3)

Here ∆λn/λ is the relative resonance wavelength change caused by the refractive
index change ∆n, ε is the dielectric constant of the membrane material and E(r)
is the electric field of the cavity mode. As follows from Eq. 8.2 the change of the
resonance wavelength is proportional to the fraction of the electric-field energy
inside the membrane Em, taking into account that the change in the refractive
index of ambient nitrogen is negligible. According to our 3D FDTD calculations
the fraction of electric-field energy in the membrane is 0.88. ∆λa/λ is the relative
wavelength change due to the thermal expansion of the membrane, where αT is
the thermal expansion coefficient. The dn/dT value can be finally obtained from:

dn

dT
=

n

λEm
(
dλ

dT
− αTλ) (8.4)

The thermal expansion coefficient [19] αT for Ga0.51In0.49P is equal to 5.4±
0.3 · 10−6 K−1. The experimentally measured value of dn/dT is then equal to
dn/dT = 2.0±0.1·10−4 K−1. We note that in case of GaInP linear expansion gives
a noticeable contribution to the tuning slope of the cavity resonance. Without
taking into account that effect the value of dn/dT would be about 10% larger.

The value for dn/dT is about 30% smaller than the value obtained earlier
in the Chapter 3. The previous value was obtained as a result of comparison
between complex modeling and experiment. We surmise that uncertainty of
thermal conductivity of materials as well as laser power estimation in the focus
may have led to overestimation of the result. Moreover, in this chapter the sample
was heated homogeneously so ( dndT )P was measured, while for the experiment with

local laser heating, described in Chapter 3, ( dndT )V was measured, which is actually
a value for a stressed material as the membrane could not expand. The present
experiment does not depend on laser pump power and thermal conductivity of
the membrane material and therefore the obtained value of dn/dT corresponds
to stress-free Ga0.51In0.49P.

8.4 Conclusion

In conclusion, we investigated the thermo-optical effect of the refractive index
for Ga0.51In0.49P. Our measurement took place for a freely expanding membrane
and we took into account the effect of thermal expansion of the material. We
found no significant Q-factor change during our measurement which guarantees
that the working wavelength of photonic devices based on nanocavities made of
Ga0.51In0.49P can be safely biased with temperature within the range of about 5
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nm. This work enables precise thermal tuning of GaInP based photonic devices,
which is relevant as one of the lowest thermal conductivity semiconductors used
in photonics.
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[7] S. Combrié, Q. V. Tran, A. De Rossi, C. Husko, and P. Colman, High qual-
ity GaInP nonlinear photonic crystals with minimized nonlinear absorption,
Appl. Phys. Lett. 95, 221108 (2009). — p.97.

[8] A. S. Clark, C. Husko, M. J. Collins, G. Lehoucq, S. Xavier, A. D. De Rossi,
S. Combrié, C. Xiong, and B. J. Eggleton, Heralded single-photon source in
a III-V photonic crystal, Opt. Lett. 38, 649 (2013). — p.97.

[9] S. Adachi, Lattice thermal conductivity of group-IV and III-V semiconductor
alloys, J. Appl. Phys. 102, 063502 (2007). — p.97.

[10] E. Kuramochi, M. Notomi, S. Mitsugi, A. Shinya, T. Tanabe, and T. Watan-
abe, Ultrahigh-Q photonic crystal nanocavities realized by the local width
modulation of a line defect, Appl. Phys. Lett. 88, 041112 (2006). — p.98.
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CHAPTER 9

Summary

Photonic crystal nanocavities play an important part in the future of nanophoton-
ics. For many systems containing nanocavities it is necessary to be able to tune
their essential parameters. In this thesis we presented experimental investigation
and control of properties of single and coupled photonic crystal nanocavities. Our
experiments are supported by analytical and numerical calculations.

We used nanostuctures based on Ga0.51In0.49P for all the experiments. This
material is suitable due to its optical and thermal properties. Remarkably, it
is able to localize heat much better than Si or GaAs, which makes it a perfect
material for thermally tunable devices. It is not yet as well studied as other III-V
materials. For instance, the precise value of the linear thermo-optical coefficient
for a freely expanding material is not reported. We fill in this gap by measuring
it using resonances of isolated photonic crystal nanocavities (Chapter 8). The
obtained value is important for precise thermal tuning of nanostructures made
of Ga0.51In0.49P.

An apparatus was built to measure reflection and transmission as well as
out-of-plane scattered light from nanophotonic samples over a wide wavelength
range of IR light (Chapter 2). In addition we selectively coupled light into cavities
by out-of-plane focusing. It is interesting that out-of-plane-scattered signal as
well as the signal measured when light is coupled from out-of-plane into a cavity
have Lorentzian lineshapes, which simplifies the data processing in comparison to
reflection and transmission measurements. Local control of nanostructures was
achieved with two pump lasers, where one of them can be shaped by a spatial light
modulator. The spatial light modulator allows to distribute laser light between
several spatial regions, for instance, to have independent tuning of several coupled
nanocavities (Chapter 4) or to homogeneously heat up a certain area (Chapter
7). To suppress non-thermal pump-induced effects (Chapter 7) we developed
an external laser wavelength reference scheme, which being synchronized with
optical shutters for pump lasers, allows to perform measurement over tens of
nanometers within a short time of hundreds of milliseconds with a high resolution
of better than 1 pm.

All the post-pump effects observed in the experiments which mostly result
in time-dependent and permanent changes of the resonance wavelength and Q-
factors are summarized in Chapter 7. While for some applications these changes
are unwanted, for other ones they may be favorable, for example, permanent
frequency shift may be applied to compensate disorder.

The local thermal tuning greatly depends on the material of the nanostruc-
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ture as well as on the ambient medium around the sample (Chapter 3). We
discovered that changing the media from nitrogen to helium produces a change
in the width of the temperature distribution caused by the pump by 30%. The
change of ambient gas does not by itself change any of the photonic properties
of the system and therefore easily allows an increase of the integration density of
cavities on a nanophotonic chip.

Fully tunable photonic circuits is a future dream, and we performed several
important steps to achieve it. Firstly, we managed to control several coupled
nanocavities independently in the presence of thermal crosstalk (Chapter 4).
Moreover, we annulled the disorder and restored the intended state of the sys-
tem. Secondly, we successfully tuned the coupling constant between nanocavities
experimentally. To this end, we developed two methods where we either locally
perturb the area between two nanocavities (Chapter 5) or use an ancillary cavity
(Chapter 6). Additionally, we experimentally tuned the coupling rate between a
nanocavity and a photonic crystal waveguide (Chapter 6). As a result of our find-
ings we proposed two new types of tunable bandwidth coupled resonator optical
waveguides (CROW).

The results described in this thesis extend boundaries of what can be achieved
in nanophotonic circuits based on coupled nanocavities. Although we performed
experiments with steady-state tuning, all our methods can also be applied for the
time-dependent tuning of properties of coupled nanocavities. This can be done
thermally by gating pump light sources used in this thesis on the microsecond
scale or by using pulsed lasers to achieve free-carrier injection and Kerr effect at
time scales shorter than the propagation time of a probe pulse.



Nederlandse samenvatting

Fotonisch kristal nanoresonatoren spelen een belangrijke rol in de toekomst van
de nanofotonica. In systemen die nanoresonatoren bevatten is het nodig om
hun belangrijkste eigenschappen te kunnen verstemmen. Dit proefschrift gaat
over een experimenteel onderzoek van enkele en gekoppelde fotonische kristallen
nanoresonatoren. Onze experimenten worden ondersteund door analytische en
numerieke modellen.

In alle experimenten zijn nanostructuren gebaseerd op Ga0.51In0.49P ge-
bruikt. Dit materiaal is geschikt vanwege zijn optische en thermische eigenschap-
pen. Daarnaast is het veel beter in staat om warmte te lokaliseren dan Si of GaAs,
waardoor het een perfect materiaal is om thermisch afstembare schakelingen te
maken. Het is nog niet zo goed bestudeerd als andere III-V materialen. Zo is de
precieze waarde van de lineaire thermo-optische coëfficiënt van een vrij expan-
derend materiaal bijvoorbeeld nog niet gerapporteerd. Wij meten deze waarde
met behulp van resonanties van gëısoleerde fotonische kristal nanoresonatoren
(Hoofdstuk 8). De gemeten waarde is belangrijk voor de precieze thermische
afstemming van nanostructuren gemaakt van Ga0.51In0.49P.

Met de door ons gebouwde opstelling kan in een breed golflengtedomein de
reflectie, transmissie en verstrooiing uit het vlak van nanofotonische plaatstruc-
turen worden gemeten (Hoofdstuk 2). Door het uit het vlak verstrooide licht te
meten of door het licht in te koppelen van uit het vlak vinden we Lorentziaan-
vormige spectraallijnen in transmissie en reflectie. Dit vereenvoudigt de data-
verwerking ten opzichte van directe transmissie of reflectiemetingen. Plaatselijke
bëınvloeding van nanostructuren wordt bereikt door het gebruik van twee pom-
plasers. Eén van de pomplaserbundels kan door een spatiële licht modulator
worden omgevormd, om zo het licht te verdelen tussen verschillende plaatsen.
Hierdoor kunnen bijvoorbeeld individuele gekoppelde trilholtes worden afgestemd
(Hoofstuk 4), of bepaalde gebieden worden opgewarmd (Hoofdstuk 7). Om niet-
thermische pomp gëınduceerde effecten (Hoofdstuk 7) te onderdrukken hebben we
een externe golflengte referentie methode ontwikkeld, die het door synchronisatie
met optische sluiters mogelijk maakt om metingen te verrichten over tientallen
nanometers binnen enkele honderden milliseconden met een resolutie beter dan
1pm.

De pomp gëınduceerde effecten geobserveerd in de experimenten zorgen voor
tijdsafhankelijke en permanente veranderingen in de resonantie golflentes en de
Q-factor (Hoofdstuk 7). Hoewel deze effecten in sommige toepassingen ongewenst
zijn, zijn ze voor anderen juist wenselijk, bijvoorbeeld als permanente golflengte
verschuiving om wanorde te compenseren.
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De plaatselijke thermische afstemming is sterk afhankelijk van het materiaal
van de nanostructuur en het omringende medium (Hoofdstuk 3). Een verande-
ring van het medium stikstof naar helium zorgt voor een vernauwing van 30%.van
de breedte van het thermische profiel gëınduceerd door de pomplaser. De ver-
andering van het omringende medium heeft geen invloed op de fotonische eigen-
schappen van het systeem en laat daardoor een hogere dichtheid van trilholtes
op een chip toe.

Volledig afstembare fotonische schakelingen zijn een toekomstdroom, en we
hebben enkele belangrijke stappen in die richting gezet. Ten eerste zijn we in
staat geweest om enkele gekoppelde nanotrilholtes individueel te controleren met
de aanwezigheid van thermische overspraak (Hoofdstuk 4). Bovendien zijn we
de effecten van wanorde effectief tegengegaan waarmee we een schakeling hebben
teruggebracht naar de beoogde staat. Ten tweede hebben we succesvol de kop-
pelingsconstante tussen trilholtes veranderd. Hiervoor hebben we twee methodes
ontwikkeld waarbij we het gebied tussen twee trilholtes verstoren (Hoofdstuk 5),
of gebruik maken van een derde hulp trilholte (Hoofdstuk 6). Als resultaat van
dit onderzoek stellen we twee nieuwe types coupled resonator optical waveguide
(CROW) voor, waarvan de bandbreedte afstembaar is.

De resultaten in dit proefschrift bieden nieuwe mogelijkheden voor nanofo-
tonische schakelingen. Hoewel alle experimenten in een stabiele toestand zijn
verricht, is het ook mogelijk om dynamisch, tijdsafhankelijk de eigenschappen
van gekoppelde nanotrilholtes te controleren. Dit kan thermisch worden gedaan
door het pomplicht op een microsecondeschaal te schakelen, door gebruik te ma-
ken van gepulste lasers en het Kerr-effect of de creatie van vrije ladingsdragers
op tijdschalen korter dan de propagatietijd van de meetpuls.
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