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Abstract

In the last decade the field of optomechanics has emerged that explores the interaction
between light and mechanical motions. Photonic crystal cavities are promising for ob-
serving large optical forces, because of their large quality factors and very small mode
volumes. In addition the use of multilayer photonic crystal (PhC) cavities could intro-
duce an additional contribution to the optical forces due to a mechanical modulation of
the coupling strength between the cavities and thus the splitting of cavity modes.
Optomechanical effects in vertically-coupled PhC nanobeams and membranes are studied
in this work. First, a general description of the theory behind optomechanics is given
and an original derivation of the expression for the optical force in the case of dissipative
coupling is given. Then the experimental results in two different systems are shown. The
first system consists of two gallium arsenide (GaAs) PhC nanobeams that are vertically-
coupled. These are characterized and devices with optical and mechanical quality factors
up to Q = 1300 and QM = 1900 are found. The optical spring effect is also observed in
these nanobeams and from this effect optomechanical vacuum coupling rates in the order
of tenths of MHz are calculated, close to record values reported for other photonic crystal
devices. The second system consists of two vertically coupled GaAs PhC membranes that
are suspended in air. Along the center axis of the membrane a line defect (waveguide)
with a L3 cavity in the center is created in the PhC. The cavity is coupled via the PhC
waveguides and suspended nanobeams to double ridge waveguides, which can guide light
from and to the edge of the sample. The losses in these gallium arsenide / aluminum
gallium arsenide double ridge waveguides (RWG) are investigated and waveguides with
reasonably small losses around 15 dB/cm are attained. Coupling into this double RWG
is achieved with an efficiency of 1%. A preliminary characterization of the vertically-
coupled membranes show the existence of fundamental symmetric and anti-symmetric
modes with optical quality factors up to Q = 1900. Photoluminescence spectra collected
from the side of the double-membrane PhC cavities, for non-resonant pumping from the
top, show that the fundamental anti-symmetric cavity mode can couple to and propagate
through the double ridge waveguides and fibers more efficiently than the symmetric one.
Furthermore, resonances from the slow-light region of two waveguide modes have been
observed both from the top and the side collection.
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1 Introduction

1.1 A brief history of cavity optomechanics

Optomechanics is a term that is used to describe the interaction between light and a
movable object. The idea that light can exert a force on an object was first postulated by
Kepler in 1619 [1]. Kepler observed that there is a link between the orientation of sun-
light and the tail of a comet. The theoretical groundwork behind the radiation pressure
was done two and a half centuries later in 1873 by Maxwell [2], when he published his
work on the theory of electromagnetism. Maxwell described that there is a pressure in a
wave propagating in a medium and that this pressure is numerically equal to the energy
density. It took almost 40 years before the first experiments [3, 4] in 1901 demonstrated
the radiation pressure. Just twenty years later the Russian rocket scientists Tsiolkovsky
and Zander suggested to use radiation pressure as propulsion in the form of a solar sail,
something that Kepler also thought about 300 years earlier. In 2010 the Japan Aerospace
Exploration Agency (JAXA) demonstrated the possibility of using solar-sail technology
for an interstellar flight with their experimental spacecraft IKAROS [5] for the first time.
Remarkably enough light-induced forces also have applications at the atomic scale. In
1975 the idea of cooling ions using laser beams was proposed simultaneously by Wineland
and Dehmelt [6] and by Hänsch and Schawlow [7]. This method of cooling is called laser
cooling and it relies on the momentum carried by the photons to slow down the ions.
In 1978 Wineland, Drullinger and Walls published the first experiment on laser cooling
[8], where they managed to cool down Mg ions below 40 Kelvin in an electromagnetic
Penning trap.
The beginning of cavity optomechanics can be traced back to the experimental work done
on gravitation wave detectors by Braginsky [9, 10] in the late sixties. He demonstrated
the retarded nature of the radiation pressure force in a microwave interferometer (cav-
ity), which allows for damping or amplification of the mechanical movement. He also
recognized that the quantum fluctuations in the optical Fabry-Perot resonator limit the
precision of a position measurement on a test mass [11]. A few years later the first cav-
ity optomechanical experiments at optical frequencies were done by Dorsel [12] in 1983,
where they observed optical bistability due to a radiation pressure induced change in the
cavity length.
A limitation in the sensitivity of optical measurements like interferometric gravitational
wave detection is the thermal noise on the supended mirrors. In 1998 Mancini [13] sug-
gested optomechanical feedback cooling to cool the mechanical oscillator quadrature as a
solution to this problem. An experimental demonstration of this cooling using the radia-
tion force was shown one year later by Cohadon [14]. At the beginning of this century it
became possible to fabricate optical cavities with high quality factors, because of the ad-
vances made in the field of nanofabrication. In 2005 this led to the observation of coupling
between the optical and mechanical eigenmodes by radiation pressure in high-Q toroidal
structure [15]. Within one year radiation cooling of a microcavities was demonstrated by
three groups [16, 17, 18]. The coupling between the optical resonance frequency and the
motion of a mechanical eigenmode makes it possible to cool this mechanical mode. This
kind of coupling between the optical resonance frequency and a mechanical displacement
is called dispersive coupling. Within two years later sideband-resolved cooling was also
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Figure 1: (a) Schematic of a 2D photonic crystal, with (b) a point defect and (c) a line defect.

demonstrated experimentally [19]. Subsequently, optical cooling to the ground state was
also demonstrated [20, 21]. In the years after numerous different nanostructures were de-
signed that displayed optomechanical effects due to dispersive coupling. Some examples
of optomechanical photonic crystal devices are shown later in this introduction.
In 2009 a theoretical paper was published by Elste et al [22] on the possibility to achieve
ground state cooling by exploiting the mechanical modulation of an optical cavity’s damp-
ing rate κ, without requiring a very high optical quality factor to be in the good cavity
limit. This kind of coupling between a mechanical motion and the damping rate of an
optical cavity has been labeled as dissipative coupling. In this same year dissipative cou-
pling was also shown experimentally for a microtoroid coupled to a waveguide [23] and
two years later in a Michelson–Sagnac Interferometer [24].

1.2 Photonic crystals, cavities and waveguides

The structures that are investigated in this work are so-called photonic crystal (PhC)
structures. Photonic crystals are periodic dielectric structures that strongly affect the
propagation of electromagnetic waves. A sketch of a 2D photonic crystal is shown in fig-
ure 1a. The wavelength-sized periodicity of the dielectric creates a bandgap that forbids
propagation along certain directions for certain frequencies due to Bragg-like reflections
in this direction. This behavior is very similar to the propagation of electrons through
semiconductor crystals. The frequencies that are allowed to propagate through the struc-
tures are called modes.
A defect in a photonic crystal can locally alter the propagation of certain frequencies.
For example a point defect, as shown in figure 1b, can create an optical cavity with
modes inside the bandgap. These modes are confined inside the cavity, because they are
not allowed to propagate in the photonic crystal. This behavior can also be understood
by picturing the cavity as two highly reflective (Bragg-like) mirrors between which light
bounces back and forth. The modes of the cavity are then the standing waves between
the two mirrors.
It is also possible to restrict the propagation of light only in two directions by creating a
line defect in the photonic crystal as is schematically shown in figure 1c for a 2D PhC.
This kind of defect is called a waveguide and allows the propagation of certain frequencies
inside the bandgap along one direction. For an infinitely long waveguide all frequencies
inside the bandgap would be allowed to propagate, but in reality structures have a finite
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size and the interfaces from photonic crystal waveguide to air, bulk material or another
kind of waveguide act as mirrors. Therefore a waveguide can become Fabry-Pèrot-like
cavity that only has a finite amount of modes.
The photonic crystals that are used in this work are two-dimensional, which means that
they only confine light in two dimensions. Confinement in the third dimension is then
only by total iternal reflection at the interface with air, which can greatly decrease the
ability of a PhC structure to confine light. This disadvantage is also its advantage, be-
cause it allows the coupling of light into for example a cavity.
Photonic crystals have possible applications in bio-sensing, for example to detect biolog-
ical molecules [25] or virusses like HIV-1 [26]. In the laser industry photonic crystals can
also be implemented to create ultrafast pulsed lasers that surpass the modulation fre-
quencies of conventional semiconductor lasers [27]. Recently a photonic crystal laser has
been demonstrated that can emit powers in the order of Watts [28]. Photonic crystals are
also a promising tool for on-chip integration of all-optical circuits. Optical counterparts
for electronic components have already been demonstrated by using photonic crystals:
all-optical switches [29], memory [30] and modulators [31].

1.3 State of the art nano-optomechanical photonic crystal struc-
tures

In this section some nano-optomechanical photonic crystal structures will be highlighted,
since they are most similar to the structures investigated in this work. Figure 2 show
a collection of optomechanical PhC devices. A table with the experimental parameters
for these structures that are relevant to optomechanics are shown in table 1. The first
structure shown is a so-called double zipper cavity that consists of two laterally coupled
nanobeams (Eichenfield et al [32]), where the cavity is created by an harmonic variation
of the lattice period from the center to the ends of the nanobeams. This structure
shows a giant optical-spring effect that can shift the mechanical frequency from 8 to
19 MHz. Another laterally coupled nanobeam cavity is shown in figure 2b (Deotare et
al [33]), which also supports propagating waveguide modes. This device can act as an
all-optical filter, because the optical forces can shift the optical resonance of the filter.
Another possibility is to embed nanobeams inside a cavity that is created by three missing
holes (L3), as is shown in figure 2c (Zheng et al [34]). These very small dimensions
and femtogram mass of the nanobeams with high mechanical and optical quality factors
are promising for ultrasensitive mechanical measurements. Figure 2d shows two zipper
cavities, like in figure 2a, that are coupled via a waveguide (Safavi-Naeini et al [35]). This
device shows the ability to squeeze light, reducing the optical signal’s noise level below
the vacuum noise levels. The use of squeezed light allows working with weaker signals in
all-optical circuits, while keeping a large enough signal to noise ratio. Figure 2e shows
an air-slot optomechanical cavity that is created by shifting the holes in the center of
the suspended membrane by a few nanometers (Zheng et al [36]). Figure 2f shows a
bilayer PhC slab, where the hole diameter is gradually modulated from the center to the
edge (Roh et al [37]). In this structure band-edge modes are used to generate a strong
optical force to create a displacement of around 4 nm. It is also possible to create an
optomechanical structure from a single PhC slab as shown in figures 2g (Antoni et al [38])
and 2h (Gavartin et al [39]). In the second structure the optical modes of a L3 cavity are
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Figure 2: Scanning electron microscope images of state of the art nano-optomechanical photonic
crystal devices. (a) Eichenfield et al [32], (b) Deotare et al [33], (c) Zheng et al [34], (d) Safavi-
Naeini et al [35], (e) Zheng et al [36], (f) Roh et al [37], (g) Antoni et al [38] and (h) Gavartin
et al [39].

strongly coupled to localized mechanical modes, which may be used for photon-phonon
conversion experiments.

1.4 Vertically-coupled photonic crystal structures

This project takes its origin from the work done by Midolo on nano-opto-electromechanical
structures (NOEMS) [40], where he describes the wavelength tuning of vertically-coupled
PhC cavities by electrical or optical forces, as proposed by Notomi et al [41]. One of the
NOEMS that Midolo investigated in his work was a GaAs vertically-coupled nanobeam
structure, which is shown in figure 3a. By applying a bias voltage across the two sus-
pended membranes, they could be deformed and a tuning of ∆λ = 15.4 nm has been
demonstrated. This mechanical dependence of the optical wavelength was also investi-
gated for two cavity modes by finite-element simulations, as shown in figure 3b, where
the wavelength of each mode is plotted as function of the nanobeam separation. From an
optomechanical point of view this is interesting, because it shows that these two cavity
modes are dispersively coupled to the mechanical deformation. The slopes of these curves
are a measure of the optomechanical coupling strength for each mode. The correspond-
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Table 1: Experimental parameters of the structures shown in figure 2.	  
	  
	  
	  	  	  	  	  	  	  	  	  	  

𝑔!/2𝜋  	  	  
(kHz)	  

Q	   QM	   𝛺!/𝜅	   𝛺!/2𝜋	  	  
(MHz)	  

𝐺!/2𝜋	  
(GHz/nm)	  

Eichenfield	  et	  al	   -‐	   10! − 10!	   50-‐150	   10!!	   8	   123	  
Deotare	  et	  al	   -‐	   1.8 ⋅ 10!	   17	   70	   8	   96	  
Zheng	  et	  al	   124-‐326	   5.3 ⋅ 10!	   1.7 ⋅ 10!	   0.3	   1 ⋅ 10!	   4.5-‐15.5	  

Safavi-‐Neaini	  et	  al	   750	   5.6 ⋅ 10!	   10!	   8.1 ⋅ 10!!	   28	   -‐	  
Zheng	  et	  al	   707	   3.3 ⋅ 10!	   367	   0.01	   65	   154	  
Roh	  et	  al	   -‐	   1.6 ⋅ 10!	   2	   1.4 ⋅ 10!!	   1.8	   -‐	  
Antoni	  et	  al	   -‐	   -‐	   10! − 10!	   -‐	   2.5	   -‐	  
Gavartin	  et	  al	   84	   890	   180	   0.05	   991	   -‐	  

	  
	  

(a)
(b) (c)

Figure 3: (a) SEM image of vertically-coupled nanobeams fabricated by Midolo [40]. The
simulated wavelength (b) and quality factor (c) of the symmetric and anti-symmetric modes of
vertically-coupled nanobeams as function of the nanobeam separation z [40].

ing quality factors for the two modes are shown in figure 3c as function of the nanobeam
separation. The separation dependence of the quality factor tells us that it may be pos-
sible to observe dissipative coupling in this kind of vertically-coupled structures. This is
really promising, because nearly all experiments done on optomechanical effects relied on
dispersive coupling, with the exception of three experiments: Li et al [23], Xuereb et al
[24] and Wu et al [42].

1.5 Outline

The goal of this project is to investigate the optomechanical properties of vertically-
coupled nanobeams and double-membranes theoretically and experimentally, working in
the dispersive and dissipative regime. The outline of this report is as follows. In Chapter
2 the theory behind optomechanics will be explained, in particular an original approach
to the derivation of the dissipative optical force in a cavity-waveguide system is presented.
In chapter 3 the experimental setups used for this work are described. Optomechanical
measurements and mechanical simulations of vertically-coupled nanobeams are presented
in chapter 4. In chapter 5 and 6 a preliminary characterization of vertically-coupled PhC
membrane structures is shown. To couple light from the side of the sample into the
vertically-coupled membranes, double ridge waveguides are used. A measurement of the
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losses in these waveguides is shown chapter 5. Finally, a PL characterization of the
vertically-coupled membranes PhC structures is presented in chapter 6.
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Figure 4: Example of an optical cavity that is coupled to a mechanical resonator.

2 Theory of optomechanics

In this chapter the basic theory behind optomechanics will be explained. First it is shown
how light can couple to a mechanical system and how it can change the properties of the
mechanical resonator. Then an original semi-classical derivation of the optomechanical
forces is done by using coupled mode theory to investigate the origin of the different kind
of optical forces acting on the structure. Then finally all theory is put together to show
how light can be used to shift the mechanical resonances and cool down the motion.

2.1 Optical cavity with a moving mirror

Let’s first investigate the simplest possible case where the an optical cavity is isolated
from the environment and contains a certain number of photons, corresponding to an
energy E = Nh̄ω. The cavity consists of a stationary mirror and a moving mirror that
is connected to a wall via a spring. Figure 4 shows a simplified picture of this system. If
the system is at rest, the cavity has a resonant frequency that corresponds to the length
of the cavity with zero displacement. A displacement of the mirror will change the length
of the cavity and therefore also the resonant frequency of the cavity. The cavity length
L is proportional to the round-trip time Trt in the cavity and so the average flux of light
incident on the mirror also changes with the position of the mirror. This light incident
on the moving mirror exerts a radiation pressure force on the mirror by reflection on its
surface that is now also dependent on the mirror position x [43]:

Frad =
2 〈P 〉
c

=
2E

cTrt
=

E

L(x)
, (2.1.1)

where 〈P 〉 is the average power circulating in the cavity and E is total energy inside the
cavity. The radiation pressure force increases the length of the cavity with as consequence
that the radiation pressure force acting on the mirror will become weaker. The optical
fields provide a feedback mechanism for the movement of the mirror. Writing down the
sum of forces acting on the mirror gives an expression which depends on the mirror

7



displacement x:

F = meff
d2x

dx2
= −kx+

E

L0 − x
. (2.1.2)

This equation can be simplified for small displacements, if we assume that the displace-
ment of the mirror is much smaller than the cavity length (x � L0). Expanding the
radiation pressure force in series around x = 0 gives:

meff
d2x

dt2
=

E

L0

−
(
k − E

L2
0

)
x (2.1.3)

The radiation pressure force is now decomposed into a constant force and a spring force
with a spring constant of kopt = E/L2

0. So despite the simplicity of this system, it already
shows how light can be coupled with a mechanical system and act as an additional spring
in the system. However, in this case the effect of the mirror position on the radiation
pressure force is very small, since the displacements are much smaller than the cavity
length (x� L0). In experiments light will be coupled in from the outside and the system
will have losses, both mechanical and optical. Therefore it may be possible to achieve
much larger effects by exploiting the coupling with the environment. The movement of
the mirror can then also change the coupling to the environment and the energy inside
the cavity, which can result in additional contributions to the dynamics of the system.
To model the coupling with the environment, coupled mode theory between a cavity and
a waveguide can be applied as will be shown in the next sections.

2.2 Coupled mode theory: cavity coupling to a waveguide

In the previous section it was implicitly assumed that mirrors perfectly confine light inside
the cavity, which has as consequence that light cannot enter or exit the cavity. In real
structures losses are inevitable and on top of that we need to have interaction with the
system in order to be able to characterize it. The exchange of light with the environment
can be modeled as the coupling between a cavity and a propagating electromagnetic
field, for example the guided mode of a waveguide. From now on we will consider a
cavity coupled to a guided mode of a waveguide to investigate the contribution of this
coupling to the dynamics of the system. This system is schematically shown in figure 5.
The cavity now has an intrinsic loss rate κ0 and a coupling rate to the waveguide κex,
such that the total loss rate becomes κ = κ0 + κex.
If the waveguide is pumped with a constant photon flux |sin|2 at a constant optical
frequency ωp, then the time evolution of the amplitude a of the optical field inside the
cavity can be described by coupled mode theory following the formalism of Haus and
Huang [44, 45]:

da

dt
= −

(
iω0 +

κ

2

)
a+
√
κexsin, (2.2.1)

where ω0 is the resonant frequency of the cavity. Here the amplitude a of the cavity
field is normalized such that |a|2 gives the number of photons inside the cavity. If the
frequency ωp of the pump is assumed to be constant, then it is convenient to rewrite the
amplitude of the cavity and incoming field sin explicitly as function of the frequency of
the pump ωp:

sin(t) = s̃ine
−iωpt, (2.2.2)
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Figure 5: An example of an optical cavity where the resonance frequency is coupled to the
position of a mechanical resonator. Light can couple in and out via a waveguide that is coupled
to the optical cavity by spatial overlap of the fields.

a(t) = ã(t)e−iωpt, (2.2.3)

where the two new quantities ã(t) and s̃in denote the amplitudes in a frame rotating at
the pump frequency ωp. By substituting these two expressions into equation (2.2.1), an
equation for ã(t) can be found:

da(t)

dt
=

(
dã(t)

dt
− iωpã(t)

)
e−iωpt = −

(
iω0 +

κ

2

)
ã(t)e−iωpt +

√
κexs̃e

−iωpt, (2.2.4)

dã(t)

dt
=
(
i∆− κ

2

)
ã(t) +

√
κexs̃, (2.2.5)

where ∆ = ωp−ω0 is the detuning of the pump with respect to the cavity resonance. The
steady state solution ã0 of equation (2.2.5) can then be derived by setting the derivative
to zero to find the average amplitude of the cavity field:

ã0 =

√
κex

κ/2− i∆
s̃, a0(t) = ã0e

−iωpt. (2.2.6)

Squaring this steady state solution gives the average number of photons |a0|2 inside the
cavity. This is an important quantity if one wants to calculate the magnitude of the
optical forces inside the system, as it will be shown in section 2.4.

2.3 Mechanical susceptibility

We now examine optomechanical effects in the cavity-waveguide system shown in figure
5. As mentioned before, a change in the cavity length also changes the resonant frequency
of the cavity. This dependence can be approximated by a first order Taylor expansion of
the cavity resonant frequency:

ω0(x) ≈ ω0 + x
∂ω0

∂x
:= ω0 −Gωx, (2.3.1)

where Gω = −∂ω0

∂x
is defined as the shift in resonance frequency per unit of displacement.

This coupling between the mechanical displacement and the resonant frequency of the
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cavity is called dispersive coupling. The smallest amplitude for the mechanical motion is
determined by the Heisenberg uncertainty principle for position and momentum ∆x·∆p ≥
h̄/2. This zero-point fluctuation corresponds to the ground state of the system, which
can be derived by expressing the momentum uncertainty ∆p in terms of the position
uncertainty ∆x by using the uncertainty principle and then minimizing the energy with
respect to the position uncertainty ∆x:

ε =
(∆p)2

2meff

+
1

2
meffΩ

2
M(∆x)2 =

h̄2

8meff (∆x)2
+

1

2
meffΩ

2
M(∆x)2, (2.3.2)

where ΩM is the resonant frequency of the mechanical mode and meff is the effective
mass of the mechanical mirror. The effective mass is introduced to take into account that
x can be a more general coordinate that describes the magnitude of a deformation of the
structure, because in this case x is not simply a linear displacement of the whole mass
anymore. The ground state of the mechanical system then has an energy of εgs = 1

2
h̄ΩM

and a zero-point fluctuation of xZPF =
√
h̄/2meffΩM . This zero-point motion of the

mirror causes a fluctuation in the optical spectrum that is given by:

g0 = GωxZPF , (2.3.3)

where g0 is the so called vacuum optomechanical coupling rate that describes the coupling
strength between a photon and a phonon in this optomechanical system [46].
The detuning ∆(x) now also depends on the displacement of the mirror: ∆(x) = ∆+Gωx.
The system can now fully be described by the time evolution of the cavity photon number
and the force balance on the mirror:

dã

dt
=
(
i∆(x)− κ

2

)
ã+ i

√
κexs̃in, (2.3.4)

d2x

dt2
+

Ωm

2Qm

dx

dt
+ Ω2

mx =
Frp(a, t)

meff

+
F (t)

meff

, (2.3.5)

where QM is the quality factor of the mechanical mode, Frp(a, t) is the radiation pres-
sure force and F (t) is the total applied force on the mirror, which includes the random
Langevin force. The random Langevin force is a stochastic force that is used to describe
the thermal motion of the mirror due to it’s non-zero temperature. The stochastic nature
of this force, see Appendix B, makes it impossible to exactly calculate the mirror posi-
tion as function of time. It is more convenient to look at the mechanical susceptibility
χxx(Ω), which describes the response of the mechanical system to an applied force for
all frequencies. In the absence of an optical force the susceptibility can be derived by
employing a Fourier transform of equation (2.3.5) for the mechanical displacement [14]:

x(Ω) = χxx(Ω)F (Ω), where χxx(Ω) =
1

meff (Ω2
M − Ω2 − iΓMΩ)

, (2.3.6)

where ΓM = ΩM/2QM is the mechanical damping rate of the mirror. If the optical force
working on the system is weak and can be written in the form of Frp(Ω) = Σ(Ω)x(Ω),
then its effect can be interpreted as a modification Σ(Ω) of the susceptibility [46]:

1

χxx(Ω)
x(Ω) = Σ(Ω)x(Ω) + F (Ω)→ 1

χxx,eff
=

1

χxx
− Σ(Ω), (2.3.7)
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where χxx,eff is the effective mechanical susceptibility. It can be expressed in terms of an
effective mechanical frequency Ωeff and damping rate Γeff by replacing the mechanical
frequency and damping rate in the original susceptibility:

meff

(
Ω2
eff (Ω)− Ω2 − iΓeff (Ω)Ω

)
= meff

(
Ω2
M − Ω2 − iΓMΩ

)
− Σ(Ω). (2.3.8)

By using a first order approximation for the effective resonance frequency Ωeff (Ω) =
ΩM +δΩM(Ω) and the effective damping rate Γeff (Ω) = ΓM +Γopt(Ω), the frequency shift
δΩM(Ω) and the optical damping rate Γopt(Ω) due to the optical force can be determined:

meff (2ΩMδΩM(Ω)− iΩΓopt(Ω)) = −Σ(Ω), (2.3.9)

→ δΩM(Ω) = −Re {Σ(Ω)}
2meffΩM

, (2.3.10)

→ Γopt(Ω) =
Im {Σ(Ω)}
meffΩ

. (2.3.11)

The change of the mechanical frequency due to the optical fields is called the optical
spring effect, wich can for example be used to increase the mechanical frequency in a
controlled manner and effectively trap the mirror with light [47]. On the other hand a
change of the damping rate makes it possible to cool a mechanical mode well below the
thermal equilibrium temperature [48].

2.4 Semiclassical derivation of the optomechanical force in a
coupled system

The radiation pressure force used in the moving mirror system is an example of an op-
tomechanical force. All optomechanical forces can be derived from energy considerations,
where the potential energy ε of the optical system depends on some mechanical displace-
ment x:

F = −∂ε
∂x
. (2.4.1)

In this chapter we will present an original method to derive the optomechanical forces in
a cavity-waveguide system (figure 5) by using coupled mode theory. Another approach
to derive the force from the energy stored in the electromagnetic fields has also been
attempted, following the derivation of Povinelli et at [49]. This approach has been doc-
umented in Appendix C.
Let’s first consider the simple case in which only the resonant frequency ω(x) is a function
of the displacement x. In this case the energy inside the cavity is given by ε = h̄ω(x)Ncav.
If we assume that the variations of the frequency ω(x) are very slow, then the number
of photons inside the cavity ncav is an adiabatic invariant. The adiabatic invariance of
the photon number follows from the argumentation by Ehrenfest that the energy divided
by the frequency ε/ω is an adiabatic invariant [50]. Inserting the energy into equation
(2.4.1) and using the adiabatic invariance of Ncav gives an expression for the force:

F = −h̄∂ω
∂x
Ncav = h̄Gω|a|2, (2.4.2)
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Figure 6: (a) SEM image of the microdisk-waveguide system used by Li et al [23] to demonstrate
dissipative coupling. (b) The isolated cavity-cavity system, where the left cavity is a long cavity
that replaces the waveguide from the system in figure 5.

This force originates from the dependence of the optical resonance frequency on the me-
chanical displacement, therefore it is called a dispersive force, and it has been used in
all optomechanics experiments so far, with the exception of the experiments by Li et al
[23], Xuereb et al [24] and Wu et al [42]. In these last three experiments the coupling of
a mechanical motion to the decay rate of the cavity, i.e. dissipative coupling, was used
to study optomechanical effects. It is difficult to have strong dependence of the cavity
decay rate to a mechanical motion and so far no system has been found having a strong
dissipative coupling in the absence of dispersive coupling. The structure used by Li et
al consists of a microdisk resonator optically coupled to a beam waveguide, as shown in
figure 6a. This system is dissipatively coupled, because the coupling rate κex(x) between
the cavity and the waveguide depends on the distance x between the beam waveguide
and the microdisk.
The calculation of the force from equation (2.4.1) is a bit less straightforward for dissipa-
tive coupling, because the energy does not explicitly depend on the decay rate κ(x) of the
cavity. We will demonstrate the use of coupled-mode theory to find such an expression for
the energy. However since equation (2.4.1) is only valid if the total energy of the system is
conserved, we have treat the waveguide-cavity system as an isolated cavity-cavity system.
This can be done by replacing the waveguide with an infinitely long cavity that carries
the same photon flux. In principle the physics of the coupling should not change, which
means that the optical forces acting on the system in both cases should be equal. Figure
6b shows a schematic of this cavity-cavity system, where both the resonance frequency
of the target cavity ω(x) and the coupling rate κ12(x) between the cavities depend on x.
Let’s consider the simplest case where there is only one mode in each cavity. The coupled
mode equations describing the coupling of these two modes are given by [44, 45]:

da1

dt
= −iω1a1 − iκ12a2 (2.4.3)

da2

dt
= −iω2a2 − iκ12a1 (2.4.4)

where ak and ωk denote the amplitude of the intra cavity fields and the resonance fre-
quency of cavity k respectively. We are now looking for solutions where both cavi-
ties are oscillating at the same frequency, i.e. a1(t) = a1(0) exp (−iωt) and a2(t) =
a2(0) exp (−iωt). In other words we have to find the eigenfrequencies and eigenstates
of equations (2.4.3) and (2.4.4), which can be found by writing these equations down
in matrix form and then solving it in the standard way by equating the characteristic
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polynomial to zero det(M + iωI) = 0:

d

dt

[
a1

a2

]
= −i

[
ω1 κ12

κ12 ω2

] [
a1

a2

]
= −iω

[
a1

a2

]
(2.4.5)

ωc1,c2 =
1

2
(ω1 + ω2)± 1

2

√
∆ω2 + 4κ2

12, (2.4.6)

where c1 and c2 denote the two solutions or coupled modes, ωck is the eigenfrequency for
coupled mode k and ∆ω = ω1 − ω2 is the difference in frequency between the uncoupled
modes. The total energy of the coupled system is given by:

ε = Nc1h̄ωc1 +Nc2h̄ωc2, (2.4.7)

where Nck = |ack|2 is the number of photons in each of the coupled modes. In the case
of two uncoupled cavities (κ12 = 0) this energy would simply be equal to the sum of the
energy in the separate cavities: ε0 = N1h̄ω1 + N2h̄ω2. If we assume that the mechanical
motion is slow and the coupled mode frequencies ωck(x) and the coupling rate κ12(x)
are therefore slowly varying in time, then we can assume that the number of photons in
each mode Nck is an adiabatic invariant. Substituting the expression for the energy in
equation (2.4.7) into the expression for the optical force (2.4.1) and assuming adiabatic
invariance of the number of photons Nck then gives:

F = h̄
∂ωc1
∂x

Nc1 + h̄
∂ωc2
∂x

Nc2 (2.4.8)

It is now important to get an expression for the optical force in terms of the cavity
parameters and the coupling rate κ12. Therefore a relation has to be found between
the quantities Nc1,c2 and N1,2. To find such a relation the eigenvectors of the matrix in
equation (2.4.5) have to be found, because knowledge of the eigenvectors makes it possible
to calculate the amplitudes in the coupled modes ac1,c2 in terms of the amplitudes in the
cavity a1,2. The eigenvectors ~vc1,c2 corresponding to the eigenfrequencies ωc1,c2 are the
solutions of:

i

[
ω1 κ12

κ12 ω2

]
~vck = iωck ~vck, where ~vck =

[
v1

v2

]
(2.4.9)

Inserting the expression found for the eigenfrequencies (2.4.6) into this equation gives a
ratio between the elements v1 and v2 of the eigenvectors and therefore the eigenvectors
themselves:

v1

v2

=
1
2
∆ω ± 1

2

√
∆ω2 + 4κ2

12

κ12

→ ~vc1,c2 =

[
1
2
∆ω ± 1

2

√
∆ω2 + 4κ2

12

κ12

]
(2.4.10)

These eigenvectors still have to be normalized so that amplitudes squared still correspond
to the photon number. Let’s consider the simplest case where the two cavities are in
resonance (∆ω � κ12), the eigenfrequencies and eigenvectors of the system can then be
simplified to:

ωc1,c2 = ω̄ ± κ12, (2.4.11)

v1

v2

= ±1 → ~vc1,c2 =
1√
2

[
1
±1

]
, (2.4.12)
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where ω̄ = (ω1 + ω2)/2 is the average frequency. Now that the eigenvectors are known,

the amplitudes in the cavities ~a =
[
a1 a2

]T
can be written as a superposition of the two

eigenvectors ~a = ac1~vc1 + ac2~vc2. Solving this for the coupled amplitudes ac1,c2 gives the
relation between the coupled mode amplitudes and the amplitudes in the cavities:

ac1,c2 =
1√
2

(a1 ± a2) (2.4.13)

By substituting equations (2.4.11) and (2.4.13) into (2.4.8), one obtains an expression for
the force in terms of the cavity parameters:

F = −h̄∂ω̄
∂x

(|a1|2 + |a2|2)− h̄∂κ12

∂x
(a∗1a2 + a1a

∗
2) , (2.4.14)

where it was used that κ∗12 = κ12 from energy considerations [45]. The expression for
the force now has to be translated back to the cavity-waveguide model. The requirement
that the time evolution of the amplitude of the optical fields in the target cavity should
be the same, regardless of which model is used, gives a relation between a1, a2 and sin:

da1

dt
= −iω1a1 + iκ12a2 = −iω1a1 −

κ

2
a1 +

√
κexsin (2.4.15)

→ κ12a2 = i
κ

2
a1 − i

√
κexsin (2.4.16)

If we assume that only that resonance frequency of the target cavity depends on x, the
final expression for the optomechanical force acting in the cavity-waveguide system is
then given by:

F = h̄Gω

(
N1 +N2

2

)
− ih̄ Gκ√

κex
(a∗1sin − a1s

∗
in) , (2.4.17)

where Gω = ∂ω1

∂x
is the frequency shift per unit of displacement and Gκ = ∂κex

∂x
is the

change in coupling per unit of displacement. In this expression for the force we can
identify two different optical forces with a different origin. The first force is the same
dispersive force as in equation (2.4.17), but with the difference that it depends on half
the total number of photons in the system. This is a consequence of the assumption
that the coupling rate between the cavities is much larger than the mechanical frequency,
i.e. the cavities quickly adapt to a mechanical motion and the mechanical structure will
therefore only ”feel” the average amount of photons inside the target cavity. The second
force stems from the change in coupling between the two cavities. The origin of this
force can be understood from energy considerations: the energy in the system changes
when two uncoupled cavities are moved close to each other in order to couple. This kind
of force is labeled as a dissipative force. This name is a bit misleading since this force
is conservative and exchanges energy from an optical mode to a mechanical mode and
visaversa.
This original semi-classical derivation of the dissipative force (eq. 2.4.17) gives the clas-
sical equivalent of the dissipative force obtained by Elste [22] by using a full quantum
mechanical treatment. Furthermore the approach discussed in this chapter gives an in-
tuitive insight into the origin of the dissipative force.
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2.5 Optical damping rate and mechanical frequency shift

In pure dispersive coupling (Gκ = 0) the cavity resonant frequency is coupled to a me-
chanical displacement and the only optical force acting on the system is the dispersive
force. Now that there is an expression for the force and the model includes coupling to the
outside world, an attempt can be made to solve the system. First the cavity frequency in
(2.3.4) can be expanded around x = 0 to obtain an expression for the amplitude of the
intra cavity fields that includes the optomechanical coupling:

dã

dt
=
(
i∆− κ

2

)
ã+
√
κexs̃in + iGωãx (2.5.1)

In order to solve this nonlinear equation the problem can be simplified by splitting the
intra cavity field amplitude into a time-independent part ã0 and a small time-dependent
fluctuating part δã:

ã(t) = ã0 + δã(t), ã0 =

√
κex

κ/2− i∆
s̃in. (2.5.2)

Substitution into equation (2.5.1) gives an equation for the time-dependent part δã:

d

dt
(δã) =

(
i∆− κ

2

)
δã+ iGωã0x, (2.5.3)

where the term iGωδãx is neglected because it is of second-order. The easiest way to
solve this equation is by employing a Fourier transformation. This reduces the problem
to a linear equation that is easy to solve:

−iωδã(ω) = (i∆− κ

2
)δã(ω) + iGωã0x(ω), (2.5.4)

→ δã(ω) = Gωã0

(
iκ/2− (∆ + ω)

κ2/4 + (∆ + ω)2

)
x(ω) (2.5.5)

This result shows that the spectrum of the fluctuating amplitude δã depends on the spec-
trum of the mechanical motion. Let’s consider the simplest case where the mechanical
motion can be described with a cosine x(t) = x0 cos ΩM t. The Fourier transform of this
displacement x(t) is then given by x(ω) =

√
π
2
x0 (δ(ω − ΩM) + δ(ω + ΩM)). This shows

that the spectrum of the fluctuating amplitude δa will only be nonzero at the mechan-
ical frequency ±ΩM . In the optical spectrum this will result in two so-called sidebands
around the pump frequency as shown in figure 7. This figure shows the sidebands in the
sidebands-resolved regime, where the total loss rate is smaller than the mechanical fre-
quency (κ� ΩM). The separation between the two sidebands is equal to the mechanical
frequency. The optical dispersive force acting on the system is given by equation (2.4.17)
and can be expanded into a constant force and a fluctuating force:

fdisp = h̄Gω|ã|2 = h̄Gω(|ã0|2 + ã∗0δã+ ã0δã
∗ + |δã|2), (2.5.6)

where the first term is a constant force that only results in an offset of the mechanical
system (see Appendix A), the middle terms are the first order terms and the last term is
a second order term. The second order term can mostly be neglected as it is very small.
For the dynamical behavior of the system only the first order force term is of interest.
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Figure 7: A simplified schematic of the sidebands created by the optomechanical interaction,
the sidebands are seperated by the mechanical frequency.

The next step is to Fourier transform this force, so that we can insert the calculated
fluctuating amplitude from equation (2.5.5). As this force contains conjugate terms it is
important to use the standard Fourier transform for a given complex conjugate function:
f(x) = δa∗(x)→ F (ω) = δa∗(−ω). The Fourier transform of our first-order force term is
then given by:

f
(1)
disp = h̄Gω (a∗0δa(ω) + a0δa

∗(−ω)) (2.5.7)

= h̄G2
ω|ã0|2

(
iκ/2− (∆ + ω)

κ2/4 + (∆ + ω)2
− iκ/2 + (∆− ω)

κ2/4 + (∆− ω)2

)
x(ω), (2.5.8)

where the mechanical spectrum is symmetrical around the origin such that x∗(−ω) =
x(ω). This force is weak and can be written as F (ω) = Σ(ω)x(ω), therefore it can be
absorbed into the mechanical susceptibility of the mechanical resonator. The optical
damping rate and the shift of the mechanical frequency can then be obtained from the
inverse susceptibility using equation (2.3.10):

Γopt(ω = ΩM) =
h̄G2

ω|ã0|2

2meffΩM

(
κ

κ2/4 + (∆ + ΩM)2
− κ

κ2/4 + (∆− ΩM)2

)
(2.5.9)

δΩM(ω = ΩM) =
h̄G2

ω|ã0|2

2meffΩM

(
∆ + ΩM

κ2/4 + (∆ + ΩM)2
+

∆− ΩM

κ2/4 + (∆− ΩM)2

)
(2.5.10)

These expressions can be simplified when looking at two limiting cases. The first limit is
the fast cavity limit (ΩM � κ), in which the cavity adapts very quickly to any mechanical
motion. This regime is also called the Doppler regime. The optical damping rate and
mechanical shift can then be simplified to:

Γopt(∆)|Ω=ΩM�κ = −g2
0|ã0(∆)|2 4κ∆ΩM

(κ2/4 + ∆2)2
(2.5.11)

δΩM(∆)|Ω=ΩM�κ = g2
0|ã0(∆)|2 2∆

κ2/4 + ∆2
(2.5.12)
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This result can also be obtained by a different approach described by Kippenberg and
Valhalla [43], as is shown in Appendix D. The optimal optical damping rate in this limit
is achieved by detuning the pump by ∆ = −κ/

√
20 and is then given by:

Γopt = 4g2
0|ã0(−κ/

√
20)|2 ΩMκ

2/
√

20

κ2/4 + κ2/20
=

4√
20

(
20

6

)3

g2
0

(
ΩM

κ3

)
Pin
h̄ω

, (2.5.13)

which becomes very small as it is inversely proportional to the cavity decay rate to the
third. This result deviates from the optimal detuning ∆ = −κ/2 found by Aspelmeyer
[46]. The main difference between the two results is that in equation (2.5.13) the ∆-
dependence of the number of photons inside the cavity ã0(∆) has been taken into account.
The other limit is when the mechanical frequency is much larger than the cavity decay
rate (ΩM � κ). This regime is also called the resolved sideband regime, because the
separation of the sidebands is larger that the full width at half maximum (κ) of the optical
peaks. In this limit the optical damping rate and mechanical shift can be simplified to:

Γopt(∆)|Ω=ΩM�κ = −g2
0|ã0|2

4κ∆ΩM

κ2/2(∆2 + Ω2
M) + (∆2 − Ω2

M)2
(2.5.14)

δΩM(∆)|Ω=ΩM�κ = g2
0|ã0|2

2∆(∆2 − Ω2
M)

κ2/2 (∆2 + Ω2
M) + (∆2 − Ω2

M)
2 (2.5.15)

The optimal cooling is achieved here by detuning ∆ = −ΩM from the cavity resonance.
The optimal optical damping rate is then given by:

Γopt =
4g2

0|ã0|2

κ
=

(
4g2

0

Ω2
M

)
Pin
h̄ω

, (2.5.16)

This optical damping rate is more promising than in the fast cavity limit, because it is
inversely proportional to the mechanical frequency squared. A large optical damping rate
opens the possibility to ground state cooling of a mechanical structure. The mechanical
resonance shift and optical damping frequency are plotted as function of the detuning for
the Doppler regime (eq. 2.5.12 and 2.5.11), the resolved-sideband regime (eq. 2.5.14 and
2.5.15) and an intermediate regime (eq. 2.5.10 and 2.5.9) in figure 8 to show the behavior
of the system in each regime. This figure shows that in the resolved-sideband regime it is
possible to shift the mechanical resonance without changing the effective damping rate.
Furthermore the direction of the mechanical resonance shifts is opposite to for example
in the Doppler regime for a detuning around zero. A derivation of the damping rate and
mechanical shift in the case of pure dissipative coupling has been attempted in Appendix
E.

2.6 Estimation of the optomechanical effects in double-membrane
structures

The system that will be investigated is a double bended photonic crystal waveguide (PhC
WG) structure as shown in figure 9a. The design and simulations of this structure are
the work of Leonardo Midolo [51]. This structure was designed to enable the localization
of slow-light modes in the waveguide by a deformation of the structure. A simple way to
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Figure 8: The mechanical resonance shift and optical damping rate as function of the detun-
ing for different ratios of ΩM/κ: (a) Doppler regime, (b) resolved-sideband regime and (c)
intermediate regime.
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explain this localization is that the bending of the waveguides will change the effective
index of the waveguide modes along the axis of the waveguide. A local decrease in the
effective index can then trap light. A unique feature of this tuning is that that a me-
chanical motion directly translates into a change of the decay rate κ of this self-induced
cavity, resulting in a large Gκ, as shown below. Most of the optomechanical structures
proposed before only show a large Gω, therefore it is interesting to calculate the relative
magnitude of the forces due the dispersive (Gω) and dissipative (Gκ) coupling
The geometry that has been used for the simulations is shown in figure 9b. This figure
only shows one-eighth of the structure, because for symmetry reasons only one-eighth of
the structure has to be simulated. The two photonic crystal slabs have a thickness of 170
nm and are separated by 200 nm when they are flat. The length of the slab is 12 µm and
the width is 6 µm. The lattice constant used in these simulations was 360 nm.
From the simulations the resonant frequencies and quality factors of the slow-light modes
have been obtained for several separations of the membranes. From the resonant fre-
quency ω(x) and quality factor Q(x) the shifts per unit of displacement Gω and Gκ can
be calculated:

Gω(x) = −dω
dx
≈ −ω(x+ ∆x/2)− ω(x−∆x/2)

∆x
(2.6.1)

Gκ =
dκex
dx
≈ ∆κ

∆x
=

1

∆x

(
ω

Q
(x+ ∆x/2)− ω

Q
(x−∆x/2)

)
, (2.6.2)

where ∆x is the step size of the displacement x in the simulations. The shifts per unit
of displacement Gω and Gκ have been calculated for the fundamental and second-order
slow-light mode as function of the membranes separation d = d0 − x as shown in figures
10a and 10b. The calculated values of Gω/2π range from 20-80 GHz/nm for different
separations and are in the same order of magnitude as reported for other photonic crystal
structures (see table 1). For example, Zheng et al [34] and Eichenfield et al [32] have
reported experimental values of Gω/2π = 15.5 GHz/nm and 123 GHz/nm respectively.
The calculated values of Gκ/2π are one order of magnitude larger than experimental
values of Gκ/2π = 500 MHz/nm and 26.6 MHz/nm reported by Wu et al [42] and Li
et al [23] respectively for other nanostructures. Figures 10a and 10b show that the
second-order slow-light mode has the largest Gκ, while its Gω is close to the fundamental
slow-light mode. The optical forces scale with Gω and Gκ, therefore from now on only the
second-order slow-light mode will be investigated. The dispersive and dissipative forces
are shown as function of the detuning in figure 10c. This figure shows that the dispersive
force is largest for zero detuning (∆ = 0) and that the dissipative force is largest for a
detuning of ∆ = ±κ/2. The sign of the dissipative force also depends on the sign of the
detuning, which means that the direction of the force can be controlled.
In order to get a sense of the magnitude of the optomechanical forces acting on the
structure the force balance for a certain displacement can be written down:

F = Fdisp + Fdiss + Fspring (2.6.3)

= h̄Gω|a0|2 − ih̄
Gκ√
κex

(a∗0sin − a0s
∗
in)− kx (2.6.4)

=

(
Gωκex + 2Gκ∆

κ2/4 + ∆2

)
Pin
ω
−meffΩ

2
Mx, (2.6.5)
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here only the time-independent optical forces and the spring force are taken into account.
The thermal and quantum fluctuations are left out. The system will be in equilibrium if
the total force balance is zero. This gives an equation for the optical power Pin required
for a displacement x:

Pin =

(
κ2/4 + ∆2

Gωκex + 2Gκ∆

)
meffΩ

2
Mωx (2.6.6)

Note that in a realistic structure the shifts per displacement Gω and Gκ, the external
coupling rate κex and the optical resonance frequency ω all depend on the displacement x.
Therefore it is not straightforward to write down an expression for x. The minimum power
that is required to displace the membranes by 1 nm (i.e. x = 1 nm) can be calculated
using equation (2.6.6). This has been done as function of the membrane separation in
figure 10d, for zero detuning (∆ = 0) in the case of dispersive coupling and a detuning
of ∆ = −κ/2 in the case of dissipative coupling to ensure that the optomechanical force
for each kind of coupling is maximized. For this calculation a mechanical frequency of
ΩM/2π = 1.0 MHz and an effective mass of 75 fg have been used. Figure 10d shows
that the position of the membranes has a large effect on the magnitude of the dispersive
force, but a small effect on the magnitude of the dissipative force. Despite the fact that
this structure has a theoretical record-high Gκ value, the optomechanical force due to
dissipative coupling is still much smaller than the one due to dispersive coupling.
It is also possible to calculate some optomechanical properties of the system using the
information obtained from the simulations. For the calculations an optical frequency of
ω/2π = 2.265 · 1014 Hz, a quality factor of Q = 2.98 · 104, a mechanical frequency of
ΩM/2π = 1.0 MHz, an effective mass meff = 75 fg and a shift per unit of displacement
Gω/2π = 4 · 1019 are used. The zero point fluctuation can by calculated using xZPF =√
h̄/2meffΩM , which gives a zero point displacement of xZPF = 14.1 fm. Inserting this

value into equation (2.3.3) gives an optomechanical vacuum coupling strength of g0/2π =
0.28 MHz. This value is one order of magnitude larger than reported experimental value
for a similar photonic crystal membrane cavity structure [39], which is g0/2π = 84 kHz.
The mechanical frequency is much smaller than the loss rate (ΩM � κ), therefore the
optimal optical damping rate for this system can be calculated with equation (2.5.13):
Γopt/2π = 0.59 kHz. This value is four orders of magnitude smaller than the damping
rate of Γopt = 1.65 MHz reported for microtoroid systems [19] in the sideband-resolved
regime. Since this system is in the Doppler regime with a small quality factor, it is not
possible to cool to the ground state with these modes.
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(a) (b)

Figure 9: (a) 3D model and (b) COMSOL model of the bended double slab PhC WG for the
simulations done by Leonardo Midolo [51].
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Figure 10: The shift per displacement (a) Gω and (b) Gκ as function of the intermembrane
distance for the lowest and second order modes. (c) The optomechanical dispersive and dis-
sipative forces calculated as function of the the detuning for the fundamental-slow light mode
with a quality factor of Q = 30.000 with an input power of 100 µW and a separation of 200
nm. (d) The minimum power required to create a displacement of 1 nm as function of the
intermembrane distance due to dispersive coupling (for ∆ = 0) and dissipative coupling (for
∆ = −κ/2).
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Figure 11: The experimental setup that was used to measure the mechanical modes of the
nanobeams.

3 Experimental setups

Different kind of experiments were performed in this work with two different setups.
The setups that were used to perform these measurements are shown in the following
two chapters. The first setup is a backscatter setup to measure mechanical resonances.
The second setup is a transmission setup that can be used to characterize samples by
photoluminescence (PL) or transmission experiments.

3.1 Backscatter setup

The setup that was used to measure the mechanical modes of nanobeam structures is
shown in figure 11. This setup is of the Photonic Forces group from AMOLF. The laser
beam is sent through a fiber to a half-wave plate and an exchangable neutral density
(ND) filter to control the power incident on the cavity. The polarization of the incident
laser beam is first defined with the use of a polarizing beam splitter (PBS 1), where the
unwanted polarization is reflected into the out of plane direction. The beam is reflected
via a polarizing beam splitter (PBS 2) to a 50/50 beamsplitter (BS), where the beam is
partially reflected to the a detector which monitors the input power on the sample. The
transmitted fraction is focused by an aspheric lens (L1) with a numerical aperature of
NA = 0.6 onto the sample. The reflected light from the sample is then collected in the
cross polarization by using the second polarizing beam splitter. The light then passes
through a rotatable half-waveplate to a polarizing beam splitter (PBS 3). By rotating
the half-waveplate the light can be guided to either the camera or the photoreceiver. The
camera was mounted with a tube lens (L2) with a focal distance of 200 mm. The light
on the detector is focussed by a lens with a focal distance of 30 mm (L3).
The photoreceiver is connected to a spectrum analyzer in order to extract the mechanical
frequency from the optical signal. A white light source can be turned on to illuminate
the backside of the sample, so that the structures can be made visible on camera.
The laser used in this setup was a New Focus Velocity 6728 with a TLB-6700 controller.
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It had scan range for the wavelength of about 1520 to 1570nm.
The power monitor detector was a Thorlabs DET10C InGaAs detector operating at
wavelengths ranging from 700-1800nm. The reflection detector was a Femto HCA-S-
200M, which was connected to an Agilent N9020A MXA Signal Analyzer to analyze the
mechanical spectrum using Fourier transforms.
The lens used to collect the light from the sample had a numerical aperature of NA =
0.6, a focal distance of 2.97 mm and a working distance of 1.56mm.
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Figure 12: The experimental setup that was used to measure the transmission of double ridge
waveguides and double membrane structures.

3.2 Transmission setup

In order to investigate the properties of the double membane waveguide structures, a
transmission setup was used. This setup is schematically shown in figure 12. A tunable
laser (CW) is connected to a lensed fiber to couple light in from the side of the sample.
On the opposite side of the sample another lensed fiber is used to couple light out of
the sample and send it to a power meter or to the spectrometer. The light in the fiber
to the spectrometer is first coupled out to free space in order to be focussed correctly
on the slit of the monochromator. This also makes it possible to put a filter before the
monochromator. In the measurements described in this report a long-pass filter at 1100
nm is used here.
A microscope with a 10x, 50x or 100x object can be used to also collect or pump from the
top. Inside the microscope there are three beamsplitters. The first beamsplitter (BS 1)
can be used to pump with a laser from the top to do for example microPL measurements.
The second (BS 2) and third (BS 3) are used to shine white light onto the sample and to
image the sample on a camera. The light that passes through all three beamsplitters is
coupled into a fiber by using a lens. This fiber can then be connected to the spectrometer.
Two tunable lasers were available for different wavelength ranges: a HP 8167A (1261-
1338nm) and a Santec TSL-510 (1510-1630nm). The 1300nm laser could be used for
characterisation using quantum dots inside the structure. The 1550nm laser on the other
hand could be used to investigate the optomechanics in the structure, because the light
at this wavelength does not interact with the quantum dots embedded in the structure.
The monochromator used is in these experiments is the Acton SP2500i with an array
detector with 512 pixels. There were two gratings available with 300 lines/mm and 600
lines/mm of which only the first was used. The detector was cooled down with liquid
nitrogen to a temperature of 183 K.
The tapered lensed fibers that were used to couple light in and out of the sample had a
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numerical aperture (NA) of about 0.5, their working distance distance was 4± 1µm and
the spot diameter was 0.7 ± 0.3µm. The 10x, 50x and 100x objectives mounted on the
microscope had a numerical aperture of 0.25, 0.45 and 0.75 respectively.
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Figure 13: The vertically-coupled double nanobeam structure used in this experiment. Figure
(a) shows a SEM image of a nanobeam with a lattice constant of a = 535 nm, a length L3 and
a width W1. (b) A schematic of the cavity. (c) Vertical profiles of the optical symmetric (S)
and anti-symmetric (AS) modes in the double nanobeam structure.

4 Reflection measurement of vertically-coupled dou-

ble nanobeams

In this chapter the optical and mechanical modes of vertically-coupled double nanobeams
are characterized by PL and reflection measurements. The optical spring effect will also
be demonstrated for this structure. Finally the measured mechanical modes are identified
by FEM simulation of the mechanical structure.

4.1 The double nanobeam structure and fabrication

The vertically-coupled double nanobeam structure that was used for these experiments
is shown in figure 13a. The cavity inside each of the nanobeams is created by a lattice
constant defect as is shown in figure 13b. The lattice constant is varied from 360 nm
to 535 nm. For each lattice constant there are two blocks with different electron doses
for the electron beam lithography step in fabrication, where the width and length of the
nanobeams are varied. Both the widths and lengths are scaled with the lattice constant
for consistency. The pattern on the chip with nanobeams is schematically show in figure
14. The widths and lengths can be calculated from the lattice constant:

W1 = 1.31 · a, W2 = 1.48 · a, W3 = 1.55 · a, (4.1.1)

L1 = 20.96 · a, L2 = 22.96 · a, L3 = 24.96 · a. (4.1.2)

At each side of the cavity there are 10, 11 and 12 periods of holes for the nanobeams
with a length of L1, L2 and L3 respectively.
The design of the suspended double nanobeam structure and the fabrication process to
create them are the work of Leonardo Midolo [52, 40]. The fabrication of the structures
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Figure 14: The pattern of nanobeam structures on the sample.

used in this report was done by Tian Xia. The double nanobeam structures are fabricated
on a sample that was grown using molecular beam epitaxy (MBE) on a GaAs substrate.
On this substrate a 1.4 µm thick Al0.79Ga0.21As sacrificial layer is deposited. On top this
sacrificial layer two 160 nm thick GaAs membrane layer separated by a 200 nm thick
Al0.79Ga0.21As as intermembrane layer are grown. The top GaAs layer contains a layer of
InAs quantum dots that emit around a wavelength of 1200-1400 nm.
The first step in the fabrication of the double nanobeams is the deposition of a 400 nm
thick Si3N4 mask by plasma enhanced chemical vapor deposition (PECVD). Then this
nanobeam pattern is exposed using electron beam lithography (EBL) into an electron
beam resist and transferred to the SiN mask by CHF3 reactive ion etching (RIE). The
trenches and holes are then etched through both GaAs membrane layers by using in-
ductively coupled plasma (ICP, Cl2/N2). Then SiN is deposited again to support the
nanobeams from the sides for the wet etching step. By high power CHF3/O2 RIE the
new siN on top of the holes is removed without etching the GaAs nanobeam. The sacri-
ficial layers can now be wet etched using a hydrofluoric acid (HCl) solution. The SiN is
then removed with a low power CF4 plasma.

4.2 MicroPL characterisation

The microPL measurements on the nanobeams are done with the same setup that is used
for transmission experiments by only using the microscope with the 100x objective. The
quantum dots embedded in the sample only emit light with a wavelength of 1100-1400
nm as can be seen in the microPL spectrum in figure 15a, therefore only a part of the
devices could be characterised. The measurements on the mechanical properties of the
structures are done with lasers that work around 1550nm, therefore an extrapolation of
the optical resonance is required. In order to do so the optical resonance wavelength
of two structures is measured as a function of the lattice constant. An example of the
measured PL spectrum of a double nanobeam cavity is shown in figure 15b. This spec-
trum shows two modes, which correspond to the fundamental symmetric (S) and anti-
symmetric (AS) mode of the coupled nanobeams respectively. The vertical profiles of
these modes are schematically shown in figure 13c. The lower energy symmetric mode
is less visible than the higher energy anti-symmetric mode, which may be caused by the
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asymmetry of nanobeam thicknesses. If the upper nanobeam is thinner than the bottom
one, then the symmetric (anti-symmetric) mode will localize more in the thicker (thinner)
membrane [40]. This also means that the far fields becomes very different and that the
anti-symmetric mode will radiate mostly away from the bulk, resulting in more efficient
PL for this mode. Furthermore, the anti-symmetric mode will then have better overlap
with the quantum dots and therefore be better visible in the PL spectrum, and the far
field becomes very different. Simulations have been done by Maurangelo Petruzzella on
a double nanobeam structure with a thickness of 170 nm, a nanobeam separation of 220
nm, a lattice constant of 390 nm and a width of 557 nm. These structural parameters are
close to the fabricated structured measured in figure 15b and these simulations show that
the symmetric and anti-symmetric mode are expected to have a wavelength of 1412 nm
and 1330 nm respectively, which is close to the modes shown in figure 15b. The deviation
come from the difference in nanobeam thickness and separation between the simulations
and the fabricated structure.
Only the anti-symmetric mode has been measured, since the symmetric mode was often
not visible. The measured resonance wavelength of anti-symmetric mode for structures
with length L3 and width W1 is shown as function of the lattice constant in figure 16a.
A linear fit of these results gives a relation between the optical resonance wavelength and
the lattice constant:

λcav ≈ (508 + 1.91a)nm (4.2.1)

The same has been done for the structure with length L3 and width W2, see figure 16b.
The linear fit for this structure gives:

λcav ≈ (494 + 2.04a)nm (4.2.2)

Furthermore, the influence of the width and length of the nanobeams on the optical
resonance frequency have been investigated. Figures 17a and 17b respectively show the
wavelength as function of the width and the length of the nanobeams. The resonant
wavelength depends only the width and not the length. This result could be expected
since the nanobeam length does not strongly modify the optical cavity length while the
width of the beam determines the shape of the cavity mode.
The quality factors of the cavities have also been extracted from the measured spectra. A
statistical frequency analysis has been applied to the measured values as is shown in the
histogram in figure 18. The mean quality factor is around Q = 600, which is close to the
previously reported quality factor QAS = 450 ± 20 for similar vertically-coupled double
nanobeams[52]. Quality factors two orders of magnitude larger have been obtained in
single and laterally coupled silicon nanobeams with tapered-hole cavities [53, 33]. The
quality factor varied from structure to structure without any clear relation to any of the
structure parameters. This could mean that it is limited by defects in the wafer or defects
created during fabrication. Figure 19 shows such defects as seen on the scanning electron
microscope (SEM).
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Figure 15: (a) Photoluminescence collected from the unprocessed area between the different
nanobeam structures. The peak around 870nm comes from the GaAs bulk. The other peaks we
see are from the quantum dots and the wetting layer. The two very sharp features at 1020nm
and 1520nm come from the background light and are not completely removed by background
correction. (b) Photoluminescence collected from the cavity of nanobeam L3 W2 D1 a385nm.
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Figure 16: The optical resonance wavelength as function of the lattice constant for the double
nanobeam structures (a) L3 W1 D1 and (b) L3 W2 D1.
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Figure 17: The optical resonance wavelength as function of the nanobeam (a) width and (b)
length for a lattice constant of 395 nm.
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Figure 18: A histogram of the quality factor in the fabricated nanobeam structures. The mean
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Figure 19: Two examples of defects in the wafer and defects due to the fabrication that could
change the properties of the structure. (a) Shows a small defect on the left bottom side of the
nanobeam due to fabrication and clear defects in the wafer in the unprocessed area. (b) Shows
wafer defects both in the structure and in the unprocessed area.
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Figure 20: The mechanical spectra of different measurements as function of the laser wavelength
(vertical). The structures measured where (a) a515 L1 W2 D1, (b) a520 L2 W2 D1, (c) a535
L3 W2 D1 and (d) a525 L3 W2 D1.

4.3 Measurement of the mechanical properties

To measure the mechanical properties of the nanobeams the previously discussed backscat-
ter setup was used. This was done at a pressure of 10−7 bar to avoid that the mechanical
quality factor got limited by the air pressure. The mechanical motion is transduced into
the optical amplitude and phase by the optomechanical coupling. Therefore in practice
the measurement of the noise spectrum of the backscattered light intensity provides in-
formation about the mechanical spectrum, depending on the laser wavelength. A few
examples of measured spectra are shown in figure 20. In these spectra two mechanical
resonances can be recognized, which correspond to the fundamental mechanical modes
of the nanobeams as we will discuss in the next paragraph. The mechanical resonances
seem to disappear when the laser is in resonance with the cavity. At these minima the
transduction of the mechanical displacement to the optical amplitude is very small as
is illustrated in figure 21a and 21b. The oscillations in the optical signal, due to the
mechanical movement, are then so small that the mechanical resonance is invisible in
the spectrum. There are also local minima in the transduction that are off-resonance as
indicated by the red arrows in figure 20. One explanation is that light can be scattered
back by a continuum scattering process and resonant scattering process. The interference
between these two processes can be constructive or destructive, depending on the wave-
length, and give rise to an asymmetric Fano lineshape [54]. This Fano resonance has two
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Figure 21: The transduction of a mechanical displacement to the optical amplitude for a
Lorentzian resonance with the laser (a) in resonance with the cavity and (b) detuned by half
the linewidth. The transduction is much larger at the side of the Lorentzian than on the top.
The bottom two figures illustrate the transduction for a Fano resonance with the laser (c) in
resonance with the cavity and (d) detuned by half the linewidth. the Fano resonance is caused
by a strong background scattering process.
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minima of transduction as is shown in figures 21c and 21d. This background scattering
process could be the cross-polarized reflection from the surface of the nanobeams, because
polarization is not maintained on reflection if light is not incident perpendicular to the
surface or if there are features on the surface, like holes, edges or defects. This Fano
interference effect has been mentioned earlier in the analysis of photonic crystal slabs
[55] and it has been observed experimentally with reflection measurements on photonic
crystal nanocavities [56]. In this paper they show that the ratio of amplitudes of the two
scattering processes depends on the spot size and position. This means that the align-
ment of the experimental setup is partially responsible for the strength of the continuum
scattering process and this explains why the scattering spectra vary considerably between
similar structures, as observed in figure 20. The Fano lineshape can be fitted by using
[54, 56]:

F (ω) = A0 + F0
(q + 2∆/κ)2

1 + 4(∆/κ)2
, (4.3.1)

where A0 and F0 are constants and q describes the ratio between the resonant and con-
tinuum scattering amplitudes. For the measurements shown in figure 20 the scattering
ratio q has to be small, because the mechanical resonances can even be seen at very
large detunings. If the resonance has a Lorentzian shape, then for large detunings the
transduction would be very small, just like the transduction minimum on resonance (fig-
ure 21a). Furthermore, in figures 20b and 20d the off-resonance transduction minima,
marked by the red arrows, are at different optical wavelengths for each mechanical mode.
This could be caused by a difference in path length for light that nonresonantly scatters
on the top and on the bottom nanobeam, because then the phase difference between the
resonantly and nonresonantly scattered light is different for each nanobeam.
In other structures the mechanical frequency changes as function of the detuning, as is
shown in figures 22a and 23a. Another thing that can be observed in these figures is that
they show transduction minima for fundamentally different detunings. The transduction
minimum in figure 22a is at resonance, which is also where the shift of the mechanical
frequency goes through zero as we know from equation (4.3.2). There is also a small
minimum far off-resonance. In contrast, for the measurement in figure 23a there is one
transduction maximum at resonance and a transduction minimum at each side of the
resonance. To understand this, the ratios of incident and cross-polarized reflected power
for the two measurements are shown in figures 22b and 23b respectively. Both figures
show fringes that seem to come from interference in the setup, because these fringes could
also be observed at the incident power monitor. The first figure shows a Lorentzian peak
around zero detuning that is slightly asymmetric. A fit of this peak with equation (4.3.1)
gives a scattering ratio of q = 2.1 ± 0.1, which indicates that the resonant scattering
process dominates in this measurement. The observation of a Lorentzian-like peak does
agree with the disappearance of the mechanical mode at zero detuning as shown in figure
22a. The second figure shows a feature that resembles a Fano lineshape. The ratio of
the scattering processes of the shown fit is q = −0.47 ± 0.02, which indicates that the
continuum scattering is the dominant scattering process for this measurement. This cor-
responds to what we can see in 23a, where there is a transduction maximum at resonance
and two transduction minima off-resonance frequency.
The shift of the mechanical frequency as seen in figures 22a and 23a. is actually the
optical spring effect that was derived in chapter 2.3. The mechanical shift as shown in
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these figures can be fitted as function of the detuning by using equation (2.5.12):

δΩ(∆) = 2g2
0

κex∆

(κ2/4 + ∆2)2

Pin
h̄ω

, (4.3.2)

where Pin is the power incident on the sample. Figures 22c and 23c show a fit of this
equation to the mechanical shift as observed in figures 22a and 23a. The external coupling
rate κex and the vacuum optomechanical coupling strength g0 are the two unknowns in
equation (4.3.2) and a fit of the measurement data only gives a value for g2

0κex. Therefore
it is necessary to bound an upper and lower boundary on the external coupling rate.
In the most ideal case light couples in from one channel (the top for example) and can
couple out from two channels (the top and bottom), in this case our external coupling
rate is given by κex,max = κ/2 (neglecting intrinsic losses for now). Using this ideal case
an upper boundary for the external coupling rate is found and therefore a lower boundary
for the vacuum optomechanical coupling strength g0:

g2
0κex = g2

0,minκex,max = C → g0,min =

√
2C

κ
, (4.3.3)

where C is the constant for g2
0κex that can be obtained from a fit. On the other hand the

lower boundary for the external coupling rate can be guessed from the cross polarized
reflection coming from the cavity. The photon flux |sout|2 going out of the cavity is related
to the external coupling rate and incident power via the photon number in the cavity:

|sout|2 = κex|a|2 ≈ κex|a0|2 =
κ2
ex

κ2/4 + ∆2

Pin
h̄ω

, (4.3.4)

There is a 50/50 beam splitter in the optical path and only a fraction of the light falls
onto the reflection detector. The power on the detector when the laser it at resonance
with the cavity is then given by:

Pout
h̄ω

=
|sout|2

2
= κ2

ex

2

κ2

Pin
h̄ω

. (4.3.5)

Solving this equation for the external coupling rate κex then gives an upper boundary on
the optomechanical vacuum coupling rate g0:

κex,min =
κ

2

√
2Pout
Pin

→ g0,max =

√
2C

κ

(
Pin

2Pout

)1/4

. (4.3.6)

Combining the lower and upper boundary as derived in equations (4.3.3) and (4.3.6) gives
a general expression for g0:√

2C

κ
≤ g0 ≤

√
2C

κ

(
Pin

2Pout

)1/4

. (4.3.7)

The optomechanical vacuum coupling strength can now be calculated for structure a525
L3 W2 D1 (figure 22):

(4.60± 0.1) · 105 Hz ≤ g0/2π ≤ (8.8± 0.2) · 105 Hz (4.3.8)
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and for the second structure a525 L1 W2 D1:

(1.81± 0.03) · 105 Hz ≤ g0/2π ≤ (3.37± 0.07) · 105 Hz (4.3.9)

Both coupling strengths are of the same order of magnitude, but their ranges don’t
overlap. This could be an indication that the upper boundary has a bigger uncertainty,
probably because the power ratio also includes the cross-polarized light that is only
reflected on the surface, without having interaction with the cavity. The only difference
in the design of the two structures is their length, but fabrication defects may have also
altered the optical and mechanical properties of the structure. Another possibility is that
thermal effects, which are not taken into account, play a role in the dynamics of the
system. For example free carrier injection can change the refractive index of the material
and consequently shift the cavity mode [57].
A simple way to check the order of magnitude is to calculate g0 using equation (2.3.3).

From [52] both simulated as experimental values for Gω can be extracted, for a nanobeam
separation of 200 nm this gives a shift per unit of displacement of Gω/2π ≈ 4.8 · 1019

Hz/m. The effective mass of the system is approximated by the mass of a nanobeam,
which is equal to meff ≈ m ≈ 8.0 fg. The mechanical frequency can be obtained from
the measurements, for this calculation we use the frequency ΩM/2π = 3.33 MHz from
the mechanical mode shown in figure 23. Inserting these values into the expression for
the optomechanical vacuum coupling strength gives:

g0/2π ≈ 8.5 · 105 Hz (4.3.10)

It seems that this experimental method already gives a reasonable approximation of the
value for g0. The estimation of the effective mass could be off, which could affect the
calculated g0 value. Compared to other optomechanical structures, this value is in the
same order of magnitude as the highest known values for PhC structures as can be seen
in table 1 in the introduction. A frequency noise calibration experiment is required to
correctly determine the value of g0 as is described by Gorodetksy et al [58].
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Figure 22: (a) Mechanical spectrum for the lowest order mechanical mode of a525 L3 W2 D1.
The mechanical quality factor for this mode is Q = (1.5±0.1) ·103. (b) The ratio of the incident
and the cross-polarized reflected power. (c) The mechanical resonance fequency as function of
the detuning. The mechanical shift is fitted by using equation (2.5.12) and this gives the fitted
values g2

0κex/(2π)3 = (2.31± 0.10) · 1022Hz3 and κ/2π = (2.23± 0.02) · 1011Hz.
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Figure 23: (a) Mechanical spectrum for the lowest order mechanical mode of a525 L1 W2 D1.
The mechanical quality factor for this mode is Q = (1.9±0.1) ·103. (b) The ratio of the incident
and the cross-polarized reflected power. (c) The mechanical resonance fequency as function of
the detuning. The mechanical shift is fitted by using equation (2.5.12) and this gives the fitted
values g2

0κex/(2π)3 = (2.92± 0.02) · 1021Hz3 and κ/2π = (1.79± 0.03) · 1011Hz.
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Figure 24: (a) The simulation model of the vertically-coupled double nanobeams, where L is
the length of the nanobeam and Wu is the undercut length. The fundamental symmetric (b)
and anti-symmetric (c) coupled mechanical modes for this structure.

4.4 Mechanical modes

The mechanical modes that were investigated in the previous chapter should be the fun-
damental modes of the double nanobeam structure, since these modes had the lowest
frequency. To verify this and to understand how small defects due to fabrication change
the resonance frequencies, eigenmode simulations of the mechanical structure have been
made with the finite element COMSOL Multiphysics. The double nanobeam structure
that was simulated is shown in figure 24. The intermembrane distance between the two
GaAs layers was 200 nm. The support beams had a length of 5 µm and a width of 420
nm. The thickness of the bottom layer was 160 nm, while the thickness of the upper layer
was varied.
During fabrication the top nanobeam gets etched a bit from the top, which means it can
be thinner than the bottom nanobeam. Therefore this structure has been simulated for
different thicknesses of the upper nanobeam to investigate how this affects the fundamen-
tal mechanical symmetric and anti-symmetric modes, which are shown in figures 24b and
24c. These two modes arise due to mechanical coupling of the two fundamental single
nanobeam modes. The simulated resonance frequencies of these are shown as function of
the thickness of the top nanobeam in figure 25a. As can be seen the two nanobeams are
strongly coupled if their thickness is the same (160 nm), because we can see avoided cross-
ing of the modes. On the other hand if their thickness differs by 10 nm the nanobeams
are essentially uncoupled and the modes are separated by almost 200 kHz, which is what
we can see as well for the experiments in figure 20.
Another fabrication step that makes unwanted modifications to the structure is the wet
etching step. The unprocessed area around the double nanobeam structures also gets un-
deretched in this step, which changes the mechanical properties in the structure. Figures
25b and 25c show how the undercut depth in the unprocessed area changes the mechan-
ical resonance frequency for an upper membrane thickness of 160 nm (coupled) and an
upper membrane thickness of 150 nm (uncoupled) respectively. For both scenarios the
mechanical resonance frequencies get redshifted with increasing undercut. This can be
explained as an increase in the effective length of the nanobeam. In the coupled mode
case the modes also couple more weakly for larger undercuts, since their spectral separa-
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Figure 25: The simulated mechanical resonance frequency as function of (a) the upper membrane
thickness and the unprocessed area undercut for (b) an upper membrane thickness of 160 nm
and (c) an upper membrane thickness of 150 nm. (d) The experimental and simulated resonance
frequencies as function of the nanobeam length

tion becomes smaller.
Finally the mechanical resonance frequency has been simulated as function of the nanobeam
length. The results of this simulation and the results of the experiments are shown in
figure 25d. The observed dependence on the length corresponds well to the simlations,
however the calculated deviate slightly from the experimental values, which could be the
result of residual stress in the system. Another possibility is that the fabricated structures
have different dimensions than the simulated structure, in particular the thicknesses of
the layers as these are determined with an uncertainty of 15 nm.
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Figure 26: (a) A cross section of the double ridge waveguide structure. (b) An SEM of a double
ridge waveguide at a cleaved facet [40]. (c) Electrical field profile of the lowest-order linearly
polarized mode (LP01) in this structure, simulated with COMSOL (FEM).

5 Transmission of a double ridge waveguide

In this second part of the thesis, the possibility of observing optomechanical effects in
waveguide-coupled double-membrane structures has been investigated. Light coupling
in from the top, as used for the experiments in the previous chapter, is generally quite
inefficient. A more efficient way to couple light into the cavity is from the side, especially
if the source is also integrated on-chip. Furthermore to be able to observe optomechanical
effects it is critical that the optical power reaching a cavity is maximized, because the
tunable lasers available for this experiment had limited power. To guide light from the
side facet of the sample to double membrane structures, e.g. the one in paragraph 2.6,
the double ridge waveguide has been designed. A transmission characterization of this
structure, as shown in this chapter, is required to determine what losses dominate and
to estimate how much light can be pumped into the cavity.

5.1 Double ridge waveguide structure

The design of the double ridge waveguide was made by Midolo [40] and is based on the
ridge-waveguide structure designed by Fattah poor et al [59]. The cross section of the
double ridge waveguide is schematically shown in figure 26a. The width of the waveguide
is designed to be 5 µm, while the thickness of the two GaAs layers is around 180 nm, the
AlGaAs separation layer has a thickness of about 240 nm.
The fabrication of the double ridge waveguide is almost the same as the fabrication
of the vertically-coupled nanobeams [40]. SiN sidewalls are deposited at the sides of
the waveguides to protect the structure during the wet etching step. Only the bottom
sacrificial layer is wet etched using a HCl solution to form a trapezoidal support for
the waveguides. The inter-membrane AlGaAs layer stays intact in this fabrication, in
contrast to the fabrication process for the nanobeams. The fabrication of the measured
samples was done by Maurangelo Petruzzella. A SEM image of a fabricated and cleaved
double ridge waveguide is shown in figure 26b
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5.2 Loss measurement of a double ridge waveguide

The losses in the double ridge waveguides, that are designed to couple light into the
double membrane structures, are investigated with a transmission experiment with a
tunable laser around 1550nm. A simple way to calculate the losses in a waveguide is
to measure the transmission spectrum as described by Hofstetter and Robert [60]. The
light inside the waveguide is partially reflected on the facets of the sample, therefore
there is interference at the exit facets of the waveguide. The minima and maxima in the
spectrum correspond to destructive and constructive interference. The transmission T of
the waveguide, including the in and out coupling, is given by [60, 61]:

T (β) = ηinηout
(1−R)2 exp(−αL)

(1−R exp(−αL))2 + 4R exp(−αL) sin2(neffLβ)
, (5.2.1)

where ηin and ηout are the coupling coefficients in and out of the waveguide respectively,
R is the power reflection coefficient of the facets, α is the waveguide loss coefficient,
L is the length of the waveguide and neff is the effective index of the waveguide and
β0 = 2π/λ0 is the wave number in vacuum. This equation holds under the assumption
that the imaginary part of the refractive index is much smaller than the real part [61].
Constructive and destructive interference occurs when the total phase change in one
roundtrip ∆φ = 2nLβ is equal to 2mπ for constructive interference and to (2k + 1)π for
destructive interference. Figure 27a shows a typical measured transmission spectrum for
a double ridge waveguide and the corresponding fit using equation (5.2.1). The fit gives
a value for the combined loss-reflection coefficient R̃ = R exp(−αL) of 0.145 ± 0.008. If
the reflection coefficient R is known, then the loss coefficient α can be calculated from
this loss-reflection coefficient. The reflection at the facets can be approximated with
the Fresnel equations, using the effective index of the waveguide neff = 3.24 ± 0.03, as
obtained from the fit. A better value may be obtained by 3D simulations, for example by
exciting a guided mode and calculating the transmission at the facet. The effective index
of the waveguide is verified with 2D finite element (FEM) simulations. A Gaussian beam
from the laser is expected to couple strongest to the lowest-order linearly polarized mode
of the structure. The mode profile for this mode is shown in figure 26c. The effective
index of this mode is expected to be 3.214 from the simulations, which indeed corresponds
well to the value obtained from the fit. Inserting the effective index obtained from the
simulations into the Fresnel equations gives a reflection coefficient of:

R =

∣∣∣∣neff − 1

neff + 1

∣∣∣∣2 = 0.279± 0.009 (5.2.2)

Now that the reflection coefficient is known, the loss coefficient can also be calculated.
The length length of the double ridge waveguide was about L = 1.90± 0.02 mm, which
gives a loss coefficient of:

α =
1

L
ln(R/R̃) = (3.45± 0.46) cm−1 = (15.0± 2.0) dB/cm, (5.2.3)

which is a reasonably small loss and in the same order of magnitude as the value α =
4− 5 cm−1 reported for a single-layer ridge waveguide [59] based on the same technology.
Since both GaAs and AlGaAs are transparent for light of 1265 nm, this loss may be due
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Figure 27: The transmission of double ridge waveguide structure as function of the laser wave-
length. The data is also fitted with equation (5.2.1)

to impurities [62] or scattering loss due to residual waveguide roughness. Because of the
small losses in the waveguide itself, the coupling efficiency η = ηinηout from in and out
coupling from fiber to waveguide can be determined by averaging equation (5.2.1):

〈T (λ)〉 ≈ ηinηout
(1−R)2 exp (−αL)

1 +R2 exp (−2αL)
→ ηinηout = (1.13± 0.21) · 10−4, (5.2.4)

if the in- and out-coupling are assumed to be symmetric, then the coupling rate between
the lensed fiber and the double ridge waveguide is given by: η =

√
ηinηout = (1.1±0.2)%.

However, in this measurement one of the fibers was tilted, which decreases the efficiency
of the out-coupling compared to the in-coupling. Furthermore, the coupling efficiency be-
tween the fiber and the waveguide varied from measurement to measurement, depending
on the alignment of the fibers. For cavities designed for the 1550 nm laser, the maximum
power that can reach the cavity is then at least 0.15 mW.
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Figure 28: (a) Schematic and (b) SEM image of the fabricated double-membrane PhC cavity
structure.

6 Characterization of double-membrane structures

In this chapter two different kind of double membrane structures will be discussed:
double-membranes with a photonic crystal waveguide (PhC WG) and double-membranes
with a photonic crystal (PhC) cavity. The design and fabrication of these double mem-
brane structures were performed by Maurangelo Petruzzella. In this chapter some pre-
liminary experiments on the double-membrane structures will be presented. First a basic
PL characterization of the structures will be shown and then an experiment to investigate
which cavity modes couple to and propagate through a double ridge wave guide (RWG)
will be presented.

6.1 Design and fabrication of photonic crystal cavity and waveg-
uide

To efficiently couple light into the structure, the devices are designed for transmission
experiments from the sides of the sample. The active part of the structure consists of
two suspended PhC membranes with a thickness of about 180 nm that are separated
by 240 nm. These membranes are connected to a double RWG via suspended double
nanobeams, see figure 28. The double RWGs can guide light from and to the edge of
the sample for transmission measurements. The photonic crystal consists of a hexagonal
lattice of holes and is 49 periods wide and 49 period long. For the PhC waveguides a
single line defect is created in the PhC membranes to allow tranmission from nanobeam to
nanobeam. The PhC waveguide is tapered to the suspended nanobeams by using tapered
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Figure 29: Measured PL spectra for two double membrane PhC waveguides for a lattice constant
of (a) a = 372 nm and (b) a = 378 nm. For both devices there is a collection of modes around
1160-1210 nm. A zoom around this spectral range in (a) shows modes that resemble FP like
modes.

holes to increase the coupling efficiency, a method described by Rosa et al [63]. The PhC
cavity structure is essentially a PhC waveguide structure with a L3 in the center of the
waveguide. The L3 cavity is created by a point defect of three periods with two holes on
each side that act as mirrors. The radii and positions of the two holes are optimized to
increase the confinement of the cavity through FEM simulations. An SEM image of a
fabricated double-membrane PhC cavity is shown in figure 28b.
The fabrication of the the double-membranes is exactly the same as the fabrication of
the nanobeams as described in chapter 4.1. The complete fabrication procedure is a
combination of the fabrication of a double-membrane structure and the fabrication of
double ridge waveguides.

6.2 MicroPL characterization

MicroPL measurements on both kind of double membrane structures have been done
with the transmission setup by using the microscope for excitation and collection. For
collection the 100x objective was used and for excitation the CW 780 nm laser was used
with a power set to P = 580 µW.
The PL spectra for double-membrane PhC waveguides have been measured and two of
them are shown in figure 29 for different lattice constants. These spectra show a collection
of peaks around 1190 nm and around 1300 nm that most probably correspond to the slow-
light region of two guided modes [64]. The lower-order mode around 1300 nm is almost
not visible in the PL from the top, but as we will see in paragraph 6.3 it is visible from
the side. A detailed look at the higher-order guided mode around 1190 nm reveals some
periodicity of sharp FP-like resonances, that could come from reflections on the interfaces
at the ends of the PhC waveguides. Additionally they can also split in symmetric and
anti-symmetric modes due to vertical coupling of the waveguides.
The PL spectra for two PhC cavities are shown in figure 30. Two peaks are visible in
the spectrum around 1280 nm that correspond to the fundamental symmetric (S) and
anti-symmetric (AS) modes of the coupled PhC cavities, which has been verified by a
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Figure 30: Measured PL spectra for two double-membrane PhC cavities with a lattice constant
of (a) a = 372 nm and (c) a = 374 nm. In both of these figures at least one peak is clearly visible
around a wavelength of 1280 nm. These spectra are zoomed in on these peaks in figures (b)
and (d) respectively to show the fundamental symmetric (S) and anti-symmetric (AS) cavity
modes.

comparison with FEM simulations. These two peaks are shown in more detail and fitted
with a Lorentzian curve in figures 30b and 30d. The quality factors of these modes are
around Q = 1700, which is quite good for a L3 cavities embedded in a PhC waveguide
with only two holes on each side to confine the light. These spectra also show a collection
of resonances around 1190 nm. These modes most probably include the PhC waveguide
modes, because the spotsize of the laser was larger than the cavity and therefore also
excited the waveguide modes. Some of the resonances may also correspond to higher-
order modes of the cavity, polarized along the waveguide axis, as reported by Hauke et
al [65] for a single L3 cavity. Also for these modes there can be splitting into symmetric
and anti-symmetric modes due the coupling between the two membranes.
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Figure 31: The spectra collected from the side and top for a non-resonant excitation from the
top for a double-membrane PhC cavity with a lattice constant of (a) a = 374 nm and (c)
a = 378 nm. (b) A zoom of the spectrum in (a) to show the spectrum fundamental symmetric
(S) and anti-symmetric (AS) cavity modes more clearly. Important note: the device in (c)
was fabricated on a different wafer as the other structures and should therefore not be used for
comparison.

6.3 Pump-top collect-side

To investigate which modes from double-membrane PhC cavity can be used for transmis-
sion experiments, the cavity was pumped non-resonantly from the top and a spectrum
was collected with a lensed fiber from the cleaved facet of one of the two double RWGs.
The cavity was non-resonantly pumped with a power of P = 580 µW by using the CW
780 nm laser. Modes that don’t couple from the cavity to the double RWG or modes that
don’t propagate through the double RWG or fiber will not be visible in the measured
spectrum. Figure 31 shows two of these spectra measured from the side compared to a
PL spectrum collected from the top. Figure 31b shows the spectra collected from the
top and side for the cavity in figures 30b and 30d. This figure shows that some of the
x-polarized higher-order modes at 1160-1210 nm are visible from the side, which mean
that these can couple to and propagate through the double ridge waveguide. Figure 31c
shows an enlarged part of the spectrum around 1250-1290 nm to see the fundamental
cavity modes. Interestingly enough there seem to be more modes visible from the side
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than in the PL from the top. Two of these modes are cavity modes, but the other modes
are most probably from the slow-light region of the same PhC waveguide modes as ob-
served in figures 29a and 29b, for PhC waveguides. The higher-energy anti-symmetric
mode radiates stronger from the side than the symmetric mode, while the symmetric
mode radiates much more out of plane. It is possible that the symmetric mode does not
propagate at all to the end facet and that we only see FP-like resonances around that
wavelength. This could be caused by a better overlap of the anti-symmetric mode with
the fundamental double ridge waveguide mode, because the waveguide mode is more lo-
calized in the bottom layer, as shown in figure 26c, and therefore asymetric with respect
to the membranes.
Figure 31a shows a measurement on the first working double-membrane PhC cavity,
which had some buckling of the membranes and was fabricated on a different wafer.
Three modes are visible in the PL spectrum from top, but only two of them are visible
from the side. The two highest energy modes correspond to the fundamental symmetric
and anti-symmetric modes of the double membrane structure, while the lowest energy
mode most probably corresponds to one of the guided PhC waveguide modes. In this
case the symmetric mode does not seem to couple or propagate through the double RWG,
which somewhat agrees with the observation made in figure 31b, where the anti-symmetric
mode is much better visible from the side than the symmetric mode.

6.4 Future experiments

The preliminary measurements in this chapter have shown that double-membrane PhC
cavities can be fabricated with quality factors up to 1700, which should allow the demon-
stration of dispersive optomechanical effects, because the dispersive force depends linearly
on the number of photons inside the cavity and therefore increases with larger quality
factors. The PL collection from the side facet has shown that the anti-symmetric cavity
mode is suitable for transmission experiments, therefore the devices should be designed
in such a way that this mode is within the range of the tunable laser. One experiment
that can then be done is measuring the transmission of the cavity as function of the laser
wavelength, which for high enough powers should show a redshift of the pumped cavity
mode due to the mechanical deformation by the dispersive force of this mode. This ex-
periment can also be extended by weakly exciting PL from the top or by using a second
tunable laser to monitor the other cavity and waveguide modes. We have tried this ex-
periment with weak PL and have observed the red shift of one mode and the blueshift
of another mode simultaneously, however the results of these experiments were not very
consistent or reproducable. This might be caused by the fact that the transmission setup
is not suitable for these kind of experiments, because the microscope cannot be positioned
accurately above the cavity in a stable manner. The calculations in paragraph 2.6 pre-
dict a strong dissipative coupling, but no measurements have been done so far to verify
that. Therefore it remains a question if these structures can also be used to demonstrate
dissipative optomechanical effects.
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7 Conclusion

In this work we have studied optomechanical effects in vertically-coupled nanobeams
and membranes both theoretically and experimentally. A novel semi-classical derivation
of the optomechanical forces in a coupled cavity-wavegude system has been presented,
which is the classical equivalent of the dispersive and dissipative obtained in a quantum
mechanical treatment.
The optical spring effect has been demonstrated in double nanobeam structures and from
this effect optomechanical vacuum coupling rates in the order of tenths of MHz has been
calculated, which is close to the highest values reported in the literature. The effect may
have been enhanced by thermal effects, which could mean that the actual optomechanical
vacuum coupling rates are smaller.
The double ridge waveguides show a reasonably small loss of around 15 dB/cm and the
coupling into the waveguide has an efficiency of around 1%. This makes the double ridge
waveguide structure an useful tool to perform transmission measurements on double-
membrane structures, in particular to demonstrate optomechanical effects that need a
lot of power coupled to the cavity.
Characterization of double-membrane PhC cavities has shown the existence of the fun-
damental symmetric and anti-symmetric modes with optical quality factors around Q =
1700. Furthermore it has been shown that side collection is possible with non-resonant
excitation from the top of the sample and that the fundamental anti-symmetric cavity
mode couples to and propagates through the double ridge waveguides more efficiently
than symmetric one. Furthermore, resonances from the slow-light region of two waveg-
uide modes have been observed both from the top and the side collection.
For future experiments, the large optomechanical vacuum coupling rate of the vertically-
coupled nanobeams should be verified by a different kind of experiment (e.g. a frequency
noise calibration measurements) and higher-order mechanical modes can also be inves-
tigated. The double-membrane structures, based on III-V semiconductors, can be ef-
ficiently coupled to waveguides via suspended nanobeams, which makes them ideal for
on-chip integration of an all-optical circuit. The very large tuning range and reasonable
quality factors of these structures should allow the observation of dispersive optomechani-
cal effects. The large tunability of the quality factor as function of the membrane spacing,
as seen in simulations, could be used to demonstrate dissipative optomechanical effects.
The first experiment that could be done is a transmission experiment where the wave-
length of a tunable laser is sweeped around a cavity mode, which should show a redshift
of this mode in the case of dispersive coupling. The experiment can then be extended
by using a second tunable laser or by using weak PL from the top to monitor the other
cavity and waveguide modes. To exclude the interaction with the quantum dots in these
structures, it is best to work with wavelengths around 1550 nm.
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Appendices

A Constant force

A constant force acting on the mechanical mirror will only modify its equilibrium position.
For example if the steady state solution from equation (2.2.6) is substituted into equation
(2.3.5):

d2x

dt2
+

Ωm

2Qm

dx

dt
+ Ω2

mx =
ζ

cmeff

|ã0|2

Trt
, (A.1)

then the general solution for the mirror’s position is given by:

x(t) = xeq + (A ∗ cos(Ωt) +B ∗ sin(Ωt)) e−
Ωm

4Qm
t, (A.2)

where xeq = ζ|ã0|2
cmeffTrt

is the equilibrium position of the mirror due to the radiation pressure

and Ω = Ωm

√
1− 1/4Qm is the frequency of the damped harmonic oscillator.

B Random Langevin force

The thermal motion of a mechanical oscillator can be described by the Langevin equation
[66]:

FL(t) = meff
d2x

dt2
= −meffΓM

dx

dt
+ F (t), (B.1)

where FL is the so-called Langevin force that consists of a damping term meffΓM
dx
dt

and a stochastic term F (t). The effects of the thermal fluctuations are on average zero,
therefore this stochastic force should also on average be zero:

〈F (t)〉 = 0 (B.2)

We also know that the thermal fluctuations are random, therefore the force F (t) should be
uncorrelated and therefore the correlation function should be a delta function of the time
difference: C = 〈FL(t1)FL(t2)〉 = Aδ(t1 − t2). The only systematic force working on the
mechanical resonator is then the damping term and in general the mechanical oscillator
is in thermal equilibrium, therefore the stochastic force F (t) should compensate for the
damping. For simplicity it is often assumed that F (t) is a Gaussian process, so that the
constant A can be determined from the variance of the distribution and this gives [43]:

〈F (t1)F (t2)〉 = ΓMkBTRmeffδ(t1 − t2), (B.3)

where kB is the Boltzmann constant and TR is the temperature of the resevoir bath to
which the oscillator is connected. The random Langevin force can thus be described by
equations (B.2) and (B.3).
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C Derivation of the dispersive optical force as de-

scribed by Povinelli [49]

An attempt has been made to do a derivation of the dispersive optomechanical force using
the classical method described by Povinelli et al [49] by proving that ω ∂U

∂x
= U ∂ω

∂x
. This is

in fact the same as proving that U/ω is an adiabatic invariant. However this rederivation
did not give the same result, as show below.
The energy stored in the electromagnetic fields U is given by:

U(x) =
1

8π
Re

{∫
(E∗(x) ·D(x) +B∗(x) ·H(x))dV

}
, (C.1)

where x is a certain displacement, E = ε−1D is the electric field and B = H/µ is the
magnetic field. The electric and magnetic fields are related by the Maxwell equations:

∇×H = iωD and ∇× E = −iωB (C.2)

The next step is to use these relations to calculate:

E∗ ·
(
∇× ∂H

∂x

)
−H∗ ·

(
∇× ∂E

∂x

)
= i

∂ω

∂x
(E∗ ·D +H∗ ·B) + iω

(
E · ∂D

∂x
+H∗ · ∂B

∂x

)
(C.3)

By integrating both sides of this equation over all space and using the vector identity

b · (∇× a) = ∇ · (a× b) + a · (∇× a) (C.4)

one can obtain the following expression for the left hand side:∫
iω

(
∂H

∂x
·B∗ +

∂E

∂x
·D∗

)
dV (C.5)

and the follow expression for the right hand side:∫
i
∂ω

∂x
(E∗ ·D +H∗ ·B)dV +

∫
iω

(
E · ∂D

∂x
+H∗ · ∂B

∂x

)
dV (C.6)

Moving the second term from the right hand side to the left hand side already shows that
this equation can not be simplified to ω ∂U

∂x
= U ∂ω

∂x
, because of the minus signs now on

the left hand side:∫
iω

(
∂H

∂x
·B∗ −H∗ · ∂B

∂x
+
∂E

∂x
·D∗ − E∗ · ∂B

∂x

)
dV (C.7)

If we treat the displacement x as a perturbation, then we may assume that only the
dielectric constant ε(x) varies with a displacement x. The electrial field E 6= E(x),
magnetic field B 6= B(x) and the magnetic permeability µ 6= µ(x) are then independent
of the displacement x. The left and right hand side then simplify to:

−iω
∫

∂ε

∂x
|E|2dV = 2i

∂ω

∂x

∫
(E∗ ·D +H∗ ·B)dV (C.8)
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→ ∂ω

∂x
≈ −ω

2

∫
∂ε
∂x
|E|2dV∫

ε|E|2dV
, (C.9)

which is actually the frequency shift that results from a small perturbation in the dielectric
constant [67]. Therefore this approach, according to our calculation and differently from
the conclusion of Povinelli et al [49], does not allow that ∂U

∂x
∝ ∂ω

∂x
. This is not surprising

if one concludes that in this derivation no assumption is made on the rate of the change in
the dielectric environment, i.e. the classical equivalent of the assumption that the photon
number is an adiabatic invariant.
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D Full derivation of optical damping rate and me-

chanical shift by Kippenberg’s method [43]

Here we present an alternative derivation of the optical damping rate and mechanical shift
in the Doppler regime (κ � Ωm), which follows the approach described by Kippenberg
et al [43]. The optical power circulating in the cavity is given by:

Pcav(x) =
|ã|2

Trt
=

κex
(∆ +Gωx)2 + κ2/4

|s̃|2

Trt
, (D.1)

where Trt is the roundtrip time, |ã|2 is the energy inside the cavity and |s̃|2 is the input
power (Note that this is different from the formalism used in this thesis). If the cavity
decay rate is much larger than the mechanical frequency (κ� Ωm), then the expression
for the circulating optical power can be expanded for small displacements:

Pcav(x) = Pcav(0) + x
∂Pcav
∂x

(0), (D.2)

Pcav(x) = Pcav(0)− Pcav(0)

(
2∆

∆2 + κ2/4

)
Gωx. (D.3)

To take into that the intra cavity fields adapt to a change in the mechanical displacement
in roughly one optical lifetime, we include an expansion in orders of retardation of the
displacement x(t− τ) = x(t)− τ dx

dt
(t):

Pcav(x) = Pcav(0)− Pcav(0)

(
2∆

∆2 + κ2/4

)(
x− τ dx

dt

)
Gω (D.4)

By substituting this equation in equation (2.3.5) and writing the radiation pressure force
as FRP (x) = 2Pcav(x)/c, the optical driving force can be absorbed into the damping rate
Γeff = Γm + Γopt and frequency Ωm,eff = Ωm + ∆Ωm of the mechanical oscillator, such
that:

d2x

dt2
+ Γeff

dx

dt
+ Ω2

m,effx =
2Pcav(0)

cmeff

, (D.5)

where the optical damping rate Γopt and the change in mechanical frequency ∆Ωm are
given by:

Γopt = −g2
0ncav

1

κ

(
4∆ΩM

∆2 + κ2/4

)
, (D.6)

∆Ωm = g2
0ncav

(
2∆

∆2 + κ2/4

)
, (D.7)

where g2
0 = G2

ωx
2
ZPF = (ω/cTrt)

2x2
ZPF and ncav = |ã0|2/h̄ω. This approach gives exactly

the same expression for the mechanical shift (eq. D.7) as equation (2.5.12) in the main
text. However, the expression for the optical damping rate in equation (D.6) is different
compared to damping rate in equation (2.5.11) derived in the main text. This difference
probably comes from the use of the cavity lifetime τ to calculate the retarted displace-
ment, which may not be the exact time that the cavity needs to adapt to a mechanical
displacement.
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E Optical damping rate in the case of dissipative

coupling

Here we try to derive the expression of the optical damping rate in the case of dissipative
using the same approach used for dispersive coupling (paragraph 2.5). The external loss
rate and therefore also the total loss rate now depend on a mechanical displacement:

κex(x) = κ̄ex +Gκx (E.1)

κ(x) = κ̄+Gκx (E.2)

The general differential equation for a coupled resonator system can be perturbated
around x = 0 to include the dissipative optomechanics:

dã

dt
= (i∆− κ̄

2
)ã+

√
κ̄exs̃in −

1

2
Gκãx+

1

2
Gκ

s̃in√
κ̄ex

x (E.3)

To simplify this equation the intra cavity field can be split into a steady state part ã0

and a fluctuating part δã:

ã(t) = ã0 + δã(t), ã0 =

√
κ̄ex

κ̄/2− i∆
s̃in (E.4)

Substitution into equation (E.3) gives a differential equation for δã:

d

dt
(δã) = (i∆− κ̄

2
)δã− 1

2
Gκã0x+

1

2
Gκ

s̃in√
κ̄ex

x (E.5)

where the term Gκδãx has been neglected. By employing a Fourier transform on this
equation, the fluctuating term δã(ω) can be expressed in terms of the mechanical dis-
placement x(ω):

δã(ω) =
Gκ

2

(
s̃in/
√
κ̄ex − ã0

κ̄/2− i(∆ + ω)

)
x(ω) (E.6)

=
Gκ

2
√
κ̄ex

(
s̃in

κ̄/2− i(∆ + ω)

)(
1− κ̄ex

κ̄/2− i∆

)
(E.7)

=
Gκs̃in
2
√
κ̄ex

(
κ̄/2 + i(∆ + ω)

κ̄2/4 + (∆ + ω)2
− κ̄/2 + i(∆ + ω)

κ̄2/4 + (∆ + ω)2

κ̄ex(κ̄/2 + i∆)

κ̄2/4 + ∆2

)
x(ω) (E.8)

The optomechanical force in case of dissipative coupling is given by:

fdiss = −ih̄Gκ

√
κ̄ex (a∗sin − as∗in) (E.9)

By employing a Fourier transformation:

fdiss(ω) = −ih̄Gκ

√
κ̄ex (ã∗(−ω)s̃in − ã(ω)s̃∗in) (E.10)

= −ih̄Gκ

√
κ̄ex (ã∗0s̃inδ(ω)− ã0s̃

∗
inδ(ω) + δã∗(−ω)s̃in − δã(ω)s̃∗in) (E.11)

The first two terms represent a constant force on the system, while the other two terms
represent the time dependent part of the force (responsible for sidebands). The force and
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the displacement are related via the susceptibility χ, such that x = χF . The coupling
with the optical fields will cause a modification Σ(ω) = Fdiss(ω)/x(ω) of the susceptibility
of the mechanical resonator. This modification gives rise to an optical damping rate:

Γopt =− Im

{
Σ(ωM)

meffωM

}
(E.12)

=
h̄G2

κ|sin|2

2meffωM

(
2κ̄

κ̄2 + 4(∆ + ωM)2
− 1

κ̄2 + 4∆2

4κ̄exκ̄
2 − 16κ̄ex∆(∆ + ωM)

κ̄2 + 4(∆ + ωM)2
(E.13)

− 2κ̄

κ̄2 + 4(∆− ωM)2
+

1

κ̄2 + 4∆2

4κ̄exκ̄
2 − 16κ̄ex∆(∆− ωM)

κ̄2 + 4(∆− ωM)2

)
(E.14)

This result does not correspond at all with the result obtained by Elste et al [22] using a
different treatment. At the moment the reason for this discrepancy is unknown.
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[21] E. Verhagen, S. Deléglise, S. Weis, A. Schliesser and T. J. Kippenberg, Quantum-
coherent coupling of a mechanical oscillator to an optical cavity mode, Nature 482,
pp. 63, 2012

[22] F. Elste, S.M. Girvin, A. A. Clerk, Quantum Noise Interference and Back-action
Cooling in Cavity Nanomechanics, Phys. Rev. Lett. 102, 207209, 2009

[23] M. Li, W. H. P. Pernice, and H. X. Tang, Reactive Cavity Optical Force on Microdisk-
Coupled Nanomechanical Beam Waveguides, Phys. Rev. Lett. 103, 223901, 2009

[24] A. Xuereb, R. Schnabel and K. Hammerer, Dissipative Optomechanics in a Michel-
son–Sagnac Interferometer, Phys. Rev. Lett. 107, 213604, 2011
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[35] A. H. Safavi-Naeini, S. Gröblacher, J. T. Hill, J. Chan, M. Aspelmeyer and O.
Painter, Squeezed light from a silicon micromechanical resonator, Nature 500, pp.
185, 2013

[36] J. Zheng, Y. Li, M. S. Aras, A. Stein, K. L. Shepard and C. W. Wong, Paramet-
ric optomechanical oscillations in two-dimensional slot-type high-Q photonic crystal
cavities, App. Phys. Lett. 100, 211908, 2012

[37] Y. G. Roh, T. Tanabe, A. Shinya, H. Taniyama, E.Kuramochi, S. Matsuo, T. Sato
and M. Notomi, Strong optomechanical interaction in a bilayer photonic crystal, Phys.
Rev. B 81, 121101(R), 2010

[38] T. Antoni, A. G. Kuhn, T. Briant, P.F. Cohadon, A. Heidmann, R. Braive, A.
Beveratos, I. Abram, L. Le Gratiet, I. Sagnes and I. Robert-Philip, Deformable two-
dimensional photonic crystal slab for cavity optomechanics, Optics Letters, Vol. 36,
17, pp. 3434-3436, 2011

[39] E. Gavartin, R. Braive, I. Sagnes, O. Arcizet, A. Beveratos, T. J. Kippenberg and
I. Robert-Philip, Optomechanical Coupling in a Two-Dimensional Photonic Crystal
Defect Cavity, Phys. Rev. Lett. 106, 203902, 2011

[40] L. Midolo, Electromechanical Tuning of Photonic Crystal Cavities, Eindhoven Uni-
versity of Technology, Ipskamp Drukkers, ISBN 978-94-6191-693-8, 2013

[41] M. Notomi, H. Taniyama, S. Mitsugi and E. Kuramochi, Optomechanical Wavelength
and Energy Conversion in High-Q Double-Layer Cavities of Photonic Crystal Slabs,
Phys. Rev. Lett. 97, 023903, 2006

[42] M. Wu, A. C. Hryciw, C. Healey, D. P. Lake, H. Jayakumar, M. R. Freeman, J. P.
Davis and P. E. Barclay, Dissipative and dispersive optomechanics in a nanocavity
torque sensor, arXiv:1403.6486, 2014.

[43] T.J. Kippenberg and K.J. Vahala, Cavity Opto-Mechanics, Optics Express, Vol. 15,
Issue 25, pp. 17172, 2007

61



[44] H. A. Haus, Waves and Fields in Optoelectronics, Englewood Cliffs, NJ: Prentice-
Hall, 1984

[45] H. A. Haus and W. Huang, Coupled-Mode Theory, Proc. IEEE, Vol. 79, pp. 1505,
1991

[46] M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Cavity Optomechanics,
arXiv:1303.0733, 2013

[47] T. Corbitt, Y. Chen, E. Innerhofer, H. Müller-Ebhardt, D. Ottaway, H. Rehbein, D.
Sigg, S. Whitcomb, C. Wipf, and N. Mavalvala, An All-Optical Trap for a Gram-Scale
Mirror, Phys. Rev. Lett. 98, 150802, 2007

[48] J. D. Teufel, J. W. Harlow, C. A. Regal, and K. W. Lehnert, Dynamical Backaction
of Microwave Fields on a Nanomechanical Oscillator, Phys. Rev. Lett. 101, 197203,
2008

[49] M. L. Povinelli, Steven G. Johnson, Marko Lon ar, Mihai Ibanescu, Elizabeth J.
Smythe, Federico Capasso, J. D. Joannopoulos, High-Q enhancement of attractive and
repulsive optical forces between coupled whispering- gallery-mode resonators, Optics
Express, Vol. 13, Issue 20, pp. 8286, 2005

[50] P. Ehrenfest, On adiabatic changes of a system in connection with the quantum
theory, Proceedings Koninklijke Akademie van Wetenschappen 19, pp.576 1917

[51] L. Midolo and A. Fiore, Micro-mechanical control of quality factor and mode con-
finement in double membrane photonic crystal waveguides, not published

[52] L. Midolo, S. N. Yoon, F. Pagliano, T. Xia, F. W. M. van Otten, M. Lermer, S.
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