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Abstract

The controlled generation of single photons within a chip is an essential task for the realization
of quantum photonic integrated circuits. To reach this goal, a double membrane photonic crystal
cavity integrated with ridge waveguides can be employed, where both the cavity and the single
quantum dot lines can be tuned. By exploiting this architecture, several interconnected cavity-enhanced
emitters can be brought into resonance at a fixed wavelength. Besides, a statistical analysis is
performed in order to understand the effects of the mechanical buckling on tunable photonic
crystals. The results show a difference in the optical properties and tuning range of structures
integrated with stress-releasing supports.
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1 Introduction

The Nobel Prize for physics in 2000 was awarded to J. Kilby for the invention of the integration of
electronic components implemented on a single microchip. Thanks to the invention, the progress
in the electronic industry went very fast, which led to the doubling every year of the number of
components per integrated chip following Moore’s Law.[23] In analogy with the invention of the
electronic integrated circuit it is expected that photonic integrated circuits (PICs) will trigger a
revolution both in science and society. In this type of circuit the optical signals are generated and
routed around the chip using dielectric waveguides.[17]
Last decades have witnessed the miniaturization of this technology and many research groups
around the world are trying to bring its operation into the quantum regime. A quantum photonic
integrated circuit (QPIC) is based on the coherent manipulation of the single or entangled photons.
In this regime the light is in a non-classical quantized state, such as a Fock state. Photons are
quanta of light, with an energy of E = ~ω in which ~ is the reduced Planck constant (1.05 ·
10−34 Js) and ω the angular frequency. Exploiting the fundamental nature of this quantum can
provide extraordinary opportunities for the future of information processing including applications
ranging from secure communication to quantum computing, quantum metrology and quantum
lithography.[7][22][25]
An example of secure communication provided by single photons is the key distribution protocol
with polarized photons, better known as the BB84 invented by Bennett and Brassard.[2] In this
protocol, Alice (sender) creates and sends a message to Bob (receiver). Alice arbitrary decides to
encode the classical bits into one of the following orthogonal polarization bases:

|Ψ0〉 = |0〉 |Ψ1〉 = |1〉 |Ψ+〉 =
1√
2

(|0〉+ |1〉) |Ψ−〉 =
1√
2

(|0〉 − |1〉) (1)

Bob chooses a basis and measures the polarization in that basis. Once the transmission is finished,
Alice can tell in which basis she encoded the signal in order to keep only the bits prepared and
analyzed in the same basis. In this way a common and secure key can be established.[7]
The realization of these applications can be achieved in a QPIC. Here, single photon sources are one
of the main elements of this circuit, which can be realized by the coupling a quantum emitter to an
optical cavity. Indeed, cavity quantum electrodynamics (CQED) enables the coherent transfer of
quantum states between light and matter qubits.[14] In this work, the focus is on the realization of
devices in which the energies of both the emitters and the cavities can be controlled. To integrate
this element in a QPIC, the devices have been be integrated with waveguides to transport the
non-classical signals along the whole chip.[28]

1.1 Single photon sources for quantum photonic integrated circuits

A quantum photonic integrated circuit (QPIC) consists in a semiconductor platform where single
photons are generated, routed, processed and detected on the same chip.[30] A schematic view of
the ideal QPIC is shown in figure 1.

The QPIC contains different components, which will be described briefly in the following:
-Single photon sources: Two main mechanisms have been demonstrated so far for the generation
of single photons: the use of photon pairs emitted from non-linear crystals and the intrinsic
spontaneous emission of the two-level systems, such as atoms, NV centers, superconducting qubits
and quantum dots (QDs).[3] A deterministic source of non-classical light which can be embedded
in a III-V semiconductor material is represented by QDs.[33]
-Cavities: Cavities are used to confine light of the QDs in a finite volume by suppressing their
emission along specific directions. The spontaneous emission process of a two-level system is
strongly modified by the presence of the cavity, which can be used to improve both the collection
efficiency and the generation rate of single photons. The cavity quality factor (Q) accounts for the
deviation from an ideal cavity with no losses. In a perfect cavity is the frequency characterized by a
single value and the light is confined indefinitely. Losses mechanisms in real cavities are quantified
by the so-called quality factors (Q) which is proportional to the confinement time in units of the
optical period.[36]
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Figure 1: Schematic view of a quantum photonic integrated circuit (QPIC). Quantum dots coupled
to cavities are used for storage and manipulation of quantum information. Waveguides interconnect
different parts of the QPIC. The presence of a photon in a waveguide is measured by the single
photon detectors. Drawing made by R. Johne, TU/e

-Passive elements: These are used to route and couple light through waveguides. An example is a
directional coupler which consists of two waveguides brought sufficiently close to each other, which
results in an overlap in the evanescent fields of the waveguides. By designing its interaction length,
beam splitters or switches can be realized.[29]
-Photon processing : A group of devices including QDs and cavities in the emission and absorption
of photons is used for the non-linear processing or storing of quantum information. Although still
in its infancy this scheme has already offered several solutions to quantum computation.[20]
-Single photon detectors: A single photon is converted into a electric pulse by a single photon
detector. These kind of detectors give a click when there is a photon present in a mode. The results
of these measurements can be used to control the behaviour of other elements of the chip.[16] A
narrow strip of super conducting material biased near its critical current can be used to achieve this
goal. When a single incident photon is absorbed the strip provides a detectable output signal.[34]
The first superconducting single photon detector (SSPD) fabricated on a GaAs waveguide was
fabricated by our group in 2011. The spectral response of this detector is very broad and also the
sensitivity for the wavelengths used in telecommunication is very high.[35]

The production of single photons is one of the most important parts in the achievement of a
QPIC. As discussed above, QDs embedded in a cavity represent a key component both for the
generation and processing of single photons. The following section describes the properties of
quantum dots.

1.2 Quantum dots as single photon sources

The 3D confinement of the hole and electron wave functions can be achieved by modulating
the bandgap of a semiconductor material. In fact a well with the size of the carrier de Broglie
wavelength can be formed by stacking different materials in the epitaxial growth, leading to the
quantization of the energy into a discrete set of levels. The three dimensional equivalent of a 1D
quantum well is represented by quantum dots. These emitters are very similar to atoms, due to
their energy levels.[21]
Epitaxial semiconductor quantum dots have different advantages compared to other intrinsic single
photon sources; their optical stability is high compared to other solid state systems and the
integration with micro and nano structures is feasible, for example with optical microcavities.
The most common QD-growth is the Stranski-Krastanov (SK) method where the growth of the
materials characterized by a high lattice-mismatch proceeds layer by layer. Here, a planar wetting
layer is formed, which subsequently gives rise to self-assembled islands after reaching a critical
point. During this phase the formation energy of the island is lower than the strain energy needed
to keep a planar wetting layer. InAs alloys in GaAs slabs are the most used material in the growth
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of QDs.[3]

By definition, single photon sources emit a single photon in response to an external trigger with a
probability equal to 1. Classical sources such as thermal light or lasers have a non-zero probability
of emitting more than one photon. Instead, systems which are atom like can be triggered to emit
single photons via optical or electrical excitation. In the case of a QD after non-resonant excitation,
electrons and holes are generated in the conduction and valence band respectively. The QD traps
the electron-hole pairs that decay into several excited states of the QD without radiating photons
and finally forming an exciton state. The emission of a single photon is caused by the radiative
decay of this exciton.[3] This process is schematically shown in figure 2.

Due to the asymmetries in the geometrical shape of the QD, a fine structure splitting of the

Figure 2: 1D diagram of the capture process of an exciton with the emission of a photon by
pumping above the bandgap of the material surrounding the QD. [22]

exciton state is usually observed.[18]

Besides, in order to be used as convenient single photon sources, QDs must fulfil a list of requirements.
The first is the temperature. There are two main reasons for working at low temperatures. Firstly,
at increasing temperature the phonon bath broadens the linewidth of these emitters which results
in an overlapping of several exciton state transitions and therefore causes the loss of the single
photon character. At low cryogenic temperatures, the QD linewidths are narrower and the source
shows the highest photon indistinguishability. The second reason consists in the degradation of the
luminescence signal at higher temperatures since the thermal energy can exceed the confinement
potential of the barrier.[19]
An important requirement concerns the wavelength. Ideally, a scalable single photon source has
a narrow linewidth and a very broad frequency tuning range. In fact, a suitable tuning strategy
enables the selection of the optimal wavelength and the correction of the discrepancy in the energies
of the emitters. This allows to study the interaction between single photons from different emitters,
which is essential in many applications in the field of quantum information.[3]
The efficiency of the QDs is an important figure of merit in the realization of QPIC. It is defined as
the fraction of the total amount of triggers which lead to a generation of a single photon. Notably,
the product of the efficiency of the source and the single photon detector should be higher than
2/3 to be useful for applications in quantum optics.[4]
By employing single photon detectors and correlation schemes the single photon purity of a source
can be analyzed. The first-order coherence function g(1) depends only on the average photon
number 〈n〉 = 〈â†â〉, as can be seen in formula 2.

g(1)(τ) =
〈â†(t)â(t+ τ)〉
〈â†(t)â(t)〉2

(2)

From this equation it is clear that different types of light give the same first-order coherence
function if the average number of photons is the same. The second-order coherence function can
be introduced to distinguish between different statistics of light fields. For a given numbers state
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|n〉, it is defined at τ = 0 as follows:

g(2)(0) =
〈n|â†â†ââ|n〉
〈n|â†(t)â(t)|n〉2

= 1− 1

n
(3)

This equation shows that for a truly single photon source with n = 1 the value of the second-order
coherence is given by g(2)(0) = 0 an effect called anti-bunching. However, the condition g(2)(0) < 1

2
is considered as a threshold to indicate the emission of single photons.[3][7]
Another important property of a single photon source is the indistinguishability of the single
photons. This requirement is necessary to get a fully destructive interference of two single photons.[7]
The last property concerns the polarization of the photons. A self-assembled InAs/GaAs QD has
two orthogonally polarized single exciton states. Therefore there is no polarization preference.
The coupling to a cavity on the other hand will lead to a preference in the polarization due to the
Purcell effect, which effect will be explained further in section 1.4.[3]

1.3 Photonic crystal cavities

Photonic crystals (PhCs) are made of inhomogeneous dielectric materials in which the refractive
index is periodically modulated in space. In this structure the optical Bragg scattering controls the
light propagation, in analogy to the electron Bragg refraction in solid-state crystals. The higher
the refractive index contrast of the materials in the photonic crystal, the higher the strength of the
Bragg scattering. Examples of photonic crystals in three different dimensional spaces are shown
in figure 3.
The spatially periodic dielectric permittivity ε(r) of a PhC is univocally defined by three primitive
lattice vectors (ax,ay,az) by equation 4.

ε(r) = ε(rx + nxax,ry + nyay,rz + nzaz) (4)

In this equation ni are integer numbers and ri the position components. Although, in general the
dielectric permittivity has a complex value for the photonic crystals, its imaginary part vanishes
due to the negligible absorption rate coefficient for semiconductors.
The mode profile in a periodic photonic crystal can be approximated by a superposition of waves
with different wave numbers k. The introduction of the discrete translational symmetry leads to
solutions which satisfy Bloch’s theorem. The Bloch states are encoded in equation 5.

Bk = eikruk(r) (5)

In this expression, k is the Bloch wave vector and uk is the periodic Bloch function. There are
energy regions in the PhC where the frequency ω does not match to any Bloch states and therefore
no mode is available. These regions are called photonic bandgaps. There is again an analogy
between these bandgaps and the energy bandgaps in the the solid state physics. The waves inside
the photonic bandgaps are reflected back, because they are not allowed to propagate further. This
makes manipulation and confinement of the light possible.[15][20]

The photonic bandgap can be used to fabricate waveguides and cavities. For example a photonic
crystal cavity (PCC) can be introduced by removing a few holes in a two-dimensional slab, as can
be seen in the middle image of figure 3. This creates localized modes inside the photonic bandgap
where the mode is confined in a small volume. The interaction between light and matter can be
increased by the cavity.[22][36] The theory about the coupling between cavities and the atom/QD
is presented in the next section.

1.4 Cavity Quantum Electrodynamics in a nutshell

S. Haroche was awarded for the Nobel Prize in 2012 for the fundamental test-bed experiments on
the interaction between a cavity and an atom, in the framework of cavity quantum electrodynamics
(CQED). A short description of this theory is given in the following. There are two different regimes
of coupling; the weak coupling regime which is the work of Purcell, Bethe and Casimir and the
strong coupling regime in which the cavity and the emitter cannot be considered as independent
entities. The full quantum approach of this theory was described by E. Jaynes and F. Cummings
in 1963.[12]
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Figure 3: Examples of photonic crystals in one, two and three dimensions.[22]

1.4.1 The Jaynes-Cummings model

A two level system coupled to the cavity mode is described by the following Hamiltonian:

H = Hfield +Hatom +Hinteraction (6)

In this expression, the three separate terms represent the Hamiltonian of the quantized cavity
field, the atom and their interaction. According to Jaynes and Cummings, the system can be
written by making use of the lowering an raising operators of the atom and cavity (σ,σ†) and
(a,a†) respectively. If the interaction is switched off the two-level system will be in a superposition
of the ground state |g〉 and excite state |e〉, while the electromagnetic field will be written in the
basis of the Fock number states |n〉. The properties of these operators are given in formulas 7 and
8.

σz = |e〉〈e| − |g〉〈g|, σ− = |g〉〈e|, σ+ = |e〉〈g| (7)

a†|n〉 =
√
n+ 1|n+ 1〉, a|n〉 =

√
n|n− 1〉 (8)

Making use of these operators we can expand the terms in equation 6:

H = ~ω
(
a†a+

1

2

)
+ ~ω0(σz)

†σz − i~g
(
a†σ− − σ+a

)
(9)

Here ~ω0 is the transition energy of the atom, while ~ω represents the energy of the cavity mode.
In general, the atom-field state lives in the Hilbert space, which is a dual space arising from the
tensor product of the field and atom spaces. Its basis can be expressed by |i, n〉 with i = g, e and
n = 0, 1, 2, ....
The factor g is the coupling constant and is related to the dipole interaction strength between the
atom and a single photon. From first principles consideration, it can be written as:

g

π
=
dE0

h
(10)

assuming that the field inside the cavity is uniformly distributed in a volume V where E0 =
(~ω/2ε0V )

1
2 is the one-photon field in vacuum. d is the electric dipole matrix element of a atomic

transition defined as:
d = 〈g|qr|e〉 (11)

This accounts for the dipole alignment with the polarization ε of the mode. The energies of the
two bare states |g, n+1〉 and |e, n〉 depend only on the detuning between the emitter and the cavity
field defined as ∆ = ω0 − ω, when there is no interaction (so when g = Ω0 = 0):

E|g,n+1〉 = ~ω(n+ 1)− ~∆

2
, E|e,n〉 = ~ω(n+ 1) +

~∆

2
(12)
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The activation of the interaction leads to dressed states which results in a lifting of the degeneracy.
The time-evolution for a system with no photons and with the atom initially in the excited state
|e, 0〉 in the case of zero detuning is given by:

|Ψe(t)〉 = cos

(
Ω0

2
t

)
|e, 0〉+ sin

(
Ω0

2
t

)
|g, 1〉 (13)

Here, Ω0 = 2g is the so-called Rabi-frequency and describes the coherent exchange of quanta
between the atom and the cavity mode. Vice versa, if the system starts in the |g, 1〉 configuration
the state of the system will be given by equation 14. The difference between these two states is the
minus-sign and the interchange between the sine and cosine, but both states represent a coherent
superposition of the two interacting states.

|Ψg(t)〉 = cos

(
Ω0

2
t

)
|g, 1〉 − sin

(
Ω0

2
t

)
|e, 0〉 (14)

In the case of no losses, the system will return in its initial position after a full Rabi period 2π/Ω0,
as shown in figure 4a for the situation described by equation 13.

(a) No losses
(b) With losses

Figure 4: (a):A schematic view of the interaction between cavity and photon without losses. (b):
The realistic view of the coupling between a cavity and photon with losses. Both the strong and
weak coupling regimes are both shown in occupation probability.[22]

In real atoms and cavities losses are always present, because of the not-negligible coupling of the
system with the outside world. The atom for example, can decay without emitting a photon via
non-radiative channels and photons can be lost due to the finite reflectivity of the cavity mirrors.
This situation is illustrated in the upper part of figure 4b. For the atom the loss will be described
by γatom and for the cavity by κ, which is defined as κ = ω/Q with Q the quality factor of the
cavity. The upper graph of figure 4b shows the occupation probability in the strong coupling regime
for which Ω0 > γatom/2, κ/2. In this case the Rabi oscillations will be damped in time.[7][12][22][26]

The condition Ω0 < γatom/2, κ/2 defines instead the weak-coupling regime. Here no Rabi oscillation
are observed as shown in the bottom part of figure 4b. However, the decay rate of the spontaneous
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emission is strongly modified due to the presence of the cavity, a behaviour called Purcell-effect.
The decay rate of the atom Γ can be made much faster than in the free-space situation.[31] It can
be interpreted as a result of the atom interacting with a large number of modes, which leads to the
start of Rabi oscillations at different frequencies and in turn this leads to destructive interference.
The value of Γ can be increased by increasing the ratio of the quality factor to the volume of the
mode Q/Vmode of the cavity. A cavity with a size in the same range as the cubic wavelength, with
a moderate Q(=1000) results in a ten-fold Purcell factor F .
An important application of the Purcell enhancement in the context of QPIC consists in the
improving of the indistinguishability of the single-photon emitter. For this task, the spontaneous
emission rate enhancement will be matched with the optimum value for the high emission rate. The
best point to get the optimal emission rate is at the beginning of the strong coupling regime. In
particular by reducing the spontaneous emission rate below the non-radiative rate, the coherence
of the radiation is improved.[3][22]
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2 Double membrane photonic crystal cavities

The idea of a photonic crystal realized on a double slab was theoretically proposed by Notomi et
al.[24] As the name suggests, the system consists of two thin (∼ 180 nm) parallel PhC membranes
separated by a distance d which can be decreased by employing electromechanical forces. This
kind of tuning strategy has low Q-losses and is compatible with the integration of QDs. Figure 5
shows a sketch of the double membrane device. The actuation on the double membrane system

Figure 5: A sketch of the double membrane architecture which enables to electromechanically tune
the resonant wavelengths of a photonic crystal cavity.[28]

can be seen as an alteration of the effective refractive index. A coupled system between these
two slabs is formed if the distance between them is small enough (< 500 nm). In this situation
the evanescent tail of each guided mode penetrates into the other slab giving rise to a splitting
in vertically symmetric and antisymmetric coupled modes.[22] Haus introduced the theory of the
coupling and decoupling of these modes in the coupled mode theory (CMT).[9]

2.1 Coupled mode theory

The coupled mode theory can be derived from a variational principle for the propagation constant
of the waveguide-wave solution by using a superposition of the uncoupled modes as a trial field.
In the next part, the derivation of L. Midolo will be followed to explain this theory.
Let’s assume that the cavities of the two membranes are in the uncoupled state. The frequencies
of the uncoupled modes of cavity 1 and 2 are given by ω1,2 respectively. The two uncoupled
eigenmodes Φ1 and Φ2 can be written as:

Φ1 = E1(x, y, z)eiω1t Φ2 = E2(x, y, z)eiω2t (15)

Where E1,2(x, y, z) are the spatial envelope distributions of the electric fields of the two original
modes. The dynamics of the coupled system can be written using the temporal coupled mode
expressed in the following matrix form:

d

dt

(
Φ1

Φ2

)
= i

(
ω1 µ1,2

µ2,1 ω2

)(
Φ1

Φ2

)
(16)

Here, the coupling is indicated with µ and is a negative quantity as predicted by the variational
principle. In fact, small dielectric perturbations δε > 0 added to the system bring the field to
recast to lower the total energy of the mode. Since the energy is minimized when the electric
field is confined in regions with high dielectric constant, the presence of the field in slab 1 reduces
the field in slab 2 and vice versa.[13] Because of these reasons, the coupling resulting from the
perturbation seen by mode 1 due to mode 2 can be quantitatively written as:

µ1,2 = −ω1

2

∫
δε1,2Φ∗1Φ2dV∫
ε1|Φ1|2dV

(17)

When there are no losses, the coupling will be the same in both directions, so that µ1,2 = µ∗2,1 = µ.
This assumption can be used for the diagonalization of the matrix in equation 16, which leads to
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two new eigenmodes, a symmetric mode Φsym and and an anti-symmetric mode Φasym:

Φsym = (αE1(x, y, z) + βE2(x, y, z))eiωsymt (18)

Φasym = (αE1(x, y, z)− βE2(x, y, z))eiωasymt (19)

The symmetric mode is the result of the in-phase sum of the two decoupled modes while the
anti-symmetric mode of the anti-phase term. The coupling matrix has two sets of normalized
eigenvectors which are given by (α, β) and (α,−β). The frequencies of the symmetric and antisymmetric
modes are given in formula 20.

ωasym,sym = ω̄ ±

√(
4ω
2

)2

+ µ2 (20)

In this equation, ω̄ is the average frequency of the two modes and 4ω represents the frequency
difference. In our experimental situation, we make use of two identical slabs with equal thickness
and dielectric constant and the PCCs pattern is duplicated in both membranes. This results in the
same frequencies for the original modes, so ω1 = ω2 = ωo. Thus, equation 21 can be simplified:

ωsym,asym = ω0 ± µ (21)

And the two eigenvectors are: ( 1√
2
, 1√

2
) and ( 1√

2
,− 1√

2
).

The framework previously described can be applied for analyzing the coupling between two cavities
in general. In particular for two-dimensional photonic crystal slabs, the field of the cavity mode can
be rewritten as an in-plane and out-of-plane component. If the two slabs are located horizontally,
the coupling will occur only along the z-axis connecting them. This leads a strong dependence of µ
on the distance d. This integral of 17 contains the out-of-plane profile of the modes weighted with
the dielectric constant. In figure 6a the symmetric and antisymmetric modes of the two slabs are
shown. From this figure, it is clear that a stronger coupling is expected when the evanescent tail

(a) mode profile
(b) frequency

Figure 6: (a) Mode profiles located in two parallel membranes of thickness t,separated by a distance
d. The black dashed lines shows the uncoupled modes. The red line corresponds to the symmetric
coupled mode while the blue dashed line represents the anti-symmetric mode. (b) The difference
in frequency as a function of the displacement and spatial decay. Blue dashed line shows the
anti-symmetric mode and the red line the symmetric mode.[22]

of one mode penetrates further into the other slab. As a consequence, it is a good approximation
to expect that the coupling depends exponentially on d with the same decay constant as given in
the following:

µ = Ae−γd (22)
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In this formula A is the result of the overlap integral of the in-plane field. The spatial decay is

given by γ = k0
√
n2eff − 1, where k0 is the loss rate and neff the effective index. This spatial

contribution together with the distance univocally determines the frequency as can be seen in figure
6b. In fact, it follows that the changing of the distance causes an opposite frequency shift for the
symmetric and antisymmetric mode. This behaviour can be used experimentally to discriminate
the symmetry of a specific mode.[9][22]

The distance of the two membranes can be adjusted electromechanically by using the electrostatic
actuation. In a capacitor the electrostatic force is caused by the separation of charges across
an insulating material. To exploit this effect in the double membrane device, instead of in a real
capacitor, we employ a p-i-n junction operated in reversed bias (Vcav). Here the accumulation of the
electron in the p doped region and the holes in the n doped region causes an attractive electrostatic
force between the two regions. This bias can reversibly displace the two semiconductor slabs since
they will return to their equilibrium position when no voltage is applied due to the restoring elastic
force.[15] Figures 7a and 7b show the contact layout and the sketch of the device. When a certain

(a) schematic side view

(b) side view sketch

Figure 7: (a) A sketch of the side view of the device on which a double p-i-n diode is realized. V1
indicates the bias applied to tune the cavity. These contacts are created in between the two slabs.
V2 indicates the bias that is applied to tune the QD via the quantum-confined Stark effect. The
contacts are located across the top slab. (b) 3D sketch of the same device where the PhC cavity
visible.[28]

threshold of the voltage is reached, defined as the pull-in voltage, the electrostatic forces win over
the elastic forces. The pull-in distance zPI is given in the following:

zPI =
2z0
3

(23)

Here, z0 is the equilibrium distance between the two membranes. This equation states that
regardless of the choice of the design of the plates, the maximum displacement of the slab is
always 1/3 of the original gap.[22]

2.2 Stark tuning

The quantum confined Stark effect predicts a modulation of the energy levels of a quantum confined
system due to the application of an external electrostatic field. This effect is evident from the
field-dependent absorption in semiconductor heterostructures.[26]
Self-assembled InGaAs QDs behave as semiconductor nano structures with dimension zero. These
strained QDs heterostructures are characterized by a permanent electric dipole, which makes them
a good choice for Stark tuning. The QDs that are used in this experimental work have a truncated
pyramid form. Besides, from previous work of F. Pagliano it is known that the strain and indium
concentration lead together to an inverse dipole moment, which means that the hole wavefunction
is confined in the narrower region of the QD above the electron. The energy of the exciton in the
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QD can be modulated by tuning the ground state of both the hole and the electron. In this kind
of tuning, the energies have a broad tuning range and a fast switching time.[26].
The permanent dipole moment can be calculated from D = −er by using the following formula:

p = −e(〈Ψ0
e|r|Ψ0

e〉 − 〈Ψ0
h|r|Ψ0

h〉) (24)

Here, Ψ0
e and Ψ0

h are the electron and hole wavefunctions solutions of the unperturbed Hamiltonian.
The perturbation theory can also be applied to the exciton state of the system. The electrons and
holes wavefunctions then will be considered in their ground states.[26]
The interaction between an uniform electromagnetic field F and an emitter characterized by a
permanent dipole p can be described using the Hamiltonian:

Hint = −D · F (25)

The shift of the energy due to the applied external field can be computed by using a perturbative
approach. The first-order and second-order perturbation of the interaction Hamiltonian will be
considered to extract the relationship between the exciton energy and the applied field.[1][6][26]
For this, the derivation of D.J. Griffiths and E.G. Harris is followed in the next part.

First-order perturbation

To get the first-order perturbation, the Hamiltonian contribution can be written in the following
way:

H = H0 + λH ′ (26)

Here, H ′ is the perturbation and H0 the unperturbed term. The new eigenfunction (Ψn) and
eigenvalues (En) of this Hamiltonian can be find by imposing:

HΨn = EnΨn (27)

The energy and wavefunction can be written as power series of a reasonably small λ to get the
correction terms. These two power series are given in equations 28 and 29.

Ψn = Ψ0
n + λΨ1

n + λ2Ψ2
n + . . . (28)

En = E0
n + λE1

n + λ2E2
n + . . . (29)

In these equations, E1
n is the first-order correction to the nth eigenvalue and Ψ1

n the first-order
correction to the nth eigenfunction etc. By inserting equations 28 and 29 into equation 27 we
obtain the zero-order solution (λ0): H0Ψn

n = E0
nΨ0

n, corresponding to the unperturbed case. The
first order (λ1) approximation gives:

H0Ψ1
n +H ′Ψ0

n = E0
nΨ1

n + E1
nΨ0

n (30)

By taking the inner product of this equation with Ψ0
n, we obtain the first-order correction term to

the energy:
E1
n = 〈Ψ0

n|H ′|Ψ0
n〉 (31)

Which corresponds to the expectation value of the perturbation in the unperturbed state. In the
case of a dipole interaction, (Hint = H ′), this gives:

Eijint = 〈Ψ0
i |Hint|Ψ0

j 〉 = 〈Ψ0
i |D · F|Ψ0

j 〉 (32)

In the non-degenerate case (n = 1), the first-order energy shift can be written as a factorization of
the electric field F and of the average value of the electric dipole in the state |Ψ0

i 〉 = |Ψ0
e〉|Ψ0

h〉:

E1
int = −e(〈Ψ0

e|r|Ψ0
e〉 − 〈Ψ0

h|r|Ψ0
h〉) · F (33)

This equation is better known as the linear Stark effect.[8][26]
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Second-order perturbation

The first-order perturbation approximation cannot completely describe the system, because of the
re-polarization of the dipole that is caused by the small opposite movements of the electron and
the hole in the presence of the electric field. The separation between an electron and a hole can be
increased if the electric field is pointing upwards along the growth direction. The increase in this
distance leads to an increasing dipole moment and therefore to a higher energy shift. This effect
can be taken into account by the second-order approximation. Looking again at the power series
of equations 28 and 29 and collecting the second order terms in λ leads to the following expression:

H0Ψ2
n +H ′Ψ1

n = E0
nΨ2

n + E1
nΨ1

n + E2
nΨ0

n (34)

The second-order energy term to the non-degenerate ground state can be derived taking the inner
product of equation 34 with Ψ0

n, as in the first-order case. This gives the following:

E
(2)
int =

∑
k>0

〈Ψ0
0|Hint|Ψ0

k〉〈Ψ0
k|Hint|Ψ0

0〉
E

(0)
0 − E(0)

k

=

3∑
i,j=1

FiβijFj (35)

In this equation the the components of the polarizability tensor βij are given by:

βij =
∑
k>0

〈Ψ0
0|pi|Ψ0

k〉〈Ψ0
k|pi|Ψ0

0〉
E

(0)
0 − E(0)

k

(36)

By putting the first- and second-order parts together for the case of a vertical dipole oscillation in
the direction of a moderate electric field we obtain the energy shift for an exciton ground state:

E(F ) = E0 + p · F + β · F 2 (37)

From the voltage VQD that is applied between the two contacts on the top layer of the device (see
figure 7b for the side view) the electric field can be calculated by equation 38.

F =
V − Vbi
H

(38)

In this equation, Vbi is the build in voltage and H is the intrinsic region thickness.[26]
Notice that since the QD region is located above the n-layer the clear advantage of the double
membrane platform is that the cavity tuning and QD tuning can be performed with a high degree
of independency.

2.3 Tunable photonic crystal cavities integrated with ridge waveguides

A very important issue for the realization of the on-chip solid state photonic quantum networks
is the coupling of the already discussed tunable devices to the other components of the CQED
systems. For this purpose light has to be transmitted in plane along the chip. Several groups have
already shown the possibility to couple a PCC to a photonic crystal waveguide (PCWG).[5][32]
PCWGs are line-defects in photonic crystals. The light will propagate along the defect and will
be confined by the crystal in the orthogonal direction.[13] The coupling between the PCWG and
the cavity can be achieved by placing the line defect close enough to the cavity. In this way, the
evanescent tail of the cavity mode will couple to the line defect.
Double membrane photonic crystal waveguides cannot be used along the entire chip because of
two main reasons. Firstly, their dimensions are limited due to mechanical reasons. If the length of
the two suspended parts is too long, the membranes will collapse during the fabrication process.
The second reason is the high loss rate of PCWGs.
For these reasons, the light transmission and routing along a chip is accomplished by using ridge
waveguides (RWG).[10] The light emitted from the cavity is first coupled to the line defects and
then to a ridge waveguide. This scheme of the one-sided structure is shown in figure 8 where the
PhC pattern is duplicated in both membranes. The name L3 indicates the three missing holes that
form the cavity. The two holes at one side of the cavity acts as a mirror.[22][37]
The ridge waveguides that are used on the devices contain trapezoidal supports. This support is

used to realize long waveguides across the chip without a high probability of collapsing. This is
shown in figure 9 together with the schematic view of a device with a double-sided architecture.
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Figure 8: Sketch of a L3 cavity coupled to waveguides. The cavity of the single sided structure is
coupled to the PCWG by using a barrier of two holes. The light will travel across the line defect
and will reach the taper part which is made out of six holes. After this it will reach the rectangular
ridge waveguide.[22]

(a)

(b)

Figure 9: (a) Cross section of the double RWG with the trapezoidal sacrificial layer supports
including a FEM simulation of the guided modes made by M. Petruzzella. (b) A schematic view
of the RWG trapezoidal sacrificial layer supports together with the other parts of the two-sided
device.[37]
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3 Experimental setup

The experiments that are carried out in this work are performed on three different micro-photoluminescence
setups. The following two sections will give a short description of these setups. The first setup is
used to measure the photoluminescence spectra of the devices. The second setup can be used to
acquire the IV-characteristic of the diodes and to tune the cavity modes at room temperature. A
third setup is used to tune also the quantum dot energy, and works at low temperatures (∼ 9 K)
and at high vacuum (10−7 mbar).

3.1 Room temperature Micro-photoluminescence setup

Figure 10 shows a sketch of the setup used to investigated the optical properties of the double
membrane PhCs. By operating on this setup, the photoluminescence spectra of the cavities can
be collected at room temperature. A laser (780 nm, CW) is applied from the left side. First, the
fiber-coupled laser light goes through a lens to collimate the radiation in free space. For this reason
lens 1 is placed at its focal length from the fiber-outcoupler. Some removable filters are placed
after this lens to reduce the intensity of the beam. After these filters the excitation beam passes
through a diochroic mirror and finally goes through an objective (x100) to pump the cavity. By
reducing the laser intensity, the spot can be aligned inside the cavity with a µm-precision.
A second optical path in this setup is created to visualize the sample. First a white light is
collimated (lens4) and sent to the objective through the BS1. This illumination is used to get an
image of the sample while aligning the laser at the right position. The image is created by sending
the back-reflected light to the CCD camera.
The last optical path enables the collection of the emitted light from the sample which corresponds
to the micro-photoluminescence spectra in the 1200-1350 nm range. This radiation is first collected
from the objective. After being transmitted through the beamsplitters 1 and 2, it reaches the
diochroic mirror that has a cut-off wavelength of 1000 nm. Here the photoluminescence light is
spatially isolated from the excitation laser. The reflected light will then go through a long pass
filter with a cut-off wavelength of 1000 nm, to suppress the residual laser light reflected from the
sample. After this filter the light goes through a lens that focusses the beam into the adjustable slit
of the spectrometer. A diffraction grating separates the wavelengths components of the spectra,
which are finally collected by an InGaAs detector.
The sample is positioned using a xyz-piezo stage. Using this piezo system, several devices can be
measured.

3.2 Micro-photoluminescence setups equipped with electrical probes

A second setup is used to check the current-voltage characteristics of both the cavity and the
quantum dots diodes and also for testing the tuning of the cavities at room temperature. This
experimental setup is similar to the first setup, but there are some main differences as can be
seen in figure 11. The first difference is that a great amount of elements are placed inside the
microscope. The microscope can be used to collect and pump from the top of the sample. Inside
this microscope there are two beam splitters, which are used to shine light (350-2500 nm) on the
sample and to image the sample on the CCD camera. In this setup the laser (600 nm,CW) is
placed outside the microscope, but is again used to pump the devices on the sample. The light
from the sample that passes through beamsplitter 1 and 2 is coupled to a fibre. From this point,
the light goes through a high pass filter with the cut-off wavelength of 1100 nm and some lenses
to focus it correctly inside the spectrometer. The spectrometer has a grating of 600 lines/mm.
The main difference between this setup and the previous one is the presence of two electrical
probes. These probes are positioned on top of two micrometer stages (x′y′z′, x”y”z”), placed
together with the sample on a third piezo stage. This configuration has the advantage of moving
the whole system when the probes are in contact with the sample. Contacting the probes often
moves the sample, but a third piezo stage in this configuration makes it possible to re-focus again
the laser spot on top of the cavity without lifting the probes.

The third experimental setup used in this work is similar to the second setup, although characterized
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by a free-space optics. Here the main difference consists in the presence of a cryostat that enables
low temperatures (∼ 9 K) experiments. The setup that is used in the experiments of this research
contains two probes by which we can tune the quantum dots and cavity at the same time.

Figure 10: Experimental setup used to measure the cavity micro photoluminescence spectra.
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Figure 11: Experimental setup that is used to measure the IV of the diodes of the quantum dots
and cavities and for the tuning of the cavities. Setup built by R. van der Heijden and Z. Zobenica.
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4 Results and discussion

4.1 Measurements on double membrane structures

In this section the optical-electromechanical characterization of the double membrane structures is
performed. First the optical features of this structures is studied by the micro-photoluminescence
experiments. Using this spectra, a statistical analysis is carried out to acquire information about
the effects of buckling on the spectra and tuning ranges of several devices.

4.1.1 Stress-releasing supports for double membrane photonic crystals

The residual internal stress in nano-mechanical devices can cause an unpredictable deformation
of their structure compromising or limiting their performances. This stress is typically caused by
the difference in thermal expansion coefficients of different materials.[11] It is difficult to avoid the
presence of the internal stress, because it is build during the fabrication process in the thin film
deposition. In the case of the double membrane architecture, large compressive or tensile stress
can lead to the buckling of the upper membrane. The degree of the buckling effect will depend on
the length to thickness ratio of the membrane.
It is expected that the deformation of the structure results in a significant deviation of both the
optical properties and tuning range from the expected values. In the present work we address this
problem by realizing a stress-free membrane and performing a systematic statistical analysis of
their modes.
The design and fabrication of these structures were performed by M. Petruzzella. The structure
consists of two suspended photonic crystal membranes with a nominal thickness of 180 nm and
separated by 240 nm. The cavity is created by a point defect of three periods (L3) in the photonic
crystal pattern. The device consists in a micro-bridge of 10 · L µm dimensions, where L is
lithographically tuned from 10 to 16 µm. Four 2x2 µm2 arms connect this suspended membrane
to a larger GaAs frame.
Even devices contain rectangular tranches that have been etched towards the bottom membrane
(figure 12). These tranches are placed to release the stress of the structures by converting the
longitudinal deformation into a lateral extension of the beams. Each sample contains 64 devices

(a) even (b) odd

Figure 12: The SEM image of (a) an even device with tranches etched for stress-releasing and (b)
an odd device without tranches. Scans made by M. Petruzzella.

arranged in a matrix of 8 rows (indicated by characters) x 8 columns (indicated by numbers). The
higher the number of the device, the higher the lattice constant a of the photonic crystal, which
is varied from 375 to 515 nm in steps of 5 nm. The character indicates the length of the bridges,
which changes from 10 (row A and B) to 16 µm (row G and H).
Two samples realized during a different fabrication campaign were studied: z882-dmRW-1-OL-Q3Q0
(sample 1) and cdmrw-4-Q3Q0 (sample 2).
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4.1.2 Micro-photoluminescence characterization

Micro-photoluminescence measurements on these devices are performed by using the room temperature
micro-photoluminescence setup described in section 3.1. For the excitation a CW 780 nm laser
with a ∼ 0.5 mW power was used and for the collection a 100x objective.
Figure 13 shows the photoluminescence spectra of the cavities of row B of sample 1 that are not
collapsed. Looking at the graph of device B3 we can explain the origin of the different peaks
by a comparison with a simulated spectrum.[22] The high peak at 1288 nm is the fundamental
antisymmetric mode while the peak at 1304 nm is the fundamental symmetric mode. The peaks
between 1185 and 1239 nm arise from the higher order symmetric and antisymmetric modes and
the ones starting at 1337 nm come from the band-edge modes of the PCC.
Besides, figure 13 shows that when the lattice constant is increased (B1 to B7) all peaks move to
the right, to higher wavelengths as it is expected. Remarkably the spectrum of device B2 with
a fundamental symmetric mode located at 1253 nm is red-shifted in comparison with B1 (1259
nm). This can probably be related to a major splitting of the symmetric and antisymmetric mode
due to the reduced inter-membrane distance in the stress-released devices as explained in the next
section.
Figure 13 shows that not all the spectra contain the fundamental symmetric modes as the device

Figure 13: The spectra of the not collapsed cavities of row B of sample 1. The intensity of a mode
is defined as the count rate on the spectrometer. This results in a displacement of the modes to
the right.

B3. The two different situations where the intensity of the symmetric mode is higher than the
intensity of the antisymmetric mode and vice versa, are shown in figure 14. To reveal the nature
of this difference, a statistical analysis is performed.

4.1.3 Statistical analysis

A set of parameters is defined to carry out a statistical analysis. The parameters will be compared
for the even and the odd devices, so for devices with and without stress-releasing arms. The first
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(a) (b)

Figure 14: Spectra of two devices ((a): A7 and (b): A8) of sample 1 with and without
stress-releasing supports. Graph (a) shows a fundamental symmetric mode with a higher intensity
than its antisymmetric counterpart. Instead in (b) the fundamental antisymmetric mode has a
higher intensity.

parameter is the yield of the process, that is the ratio between the number of free-standing cavities
and the total devices:

η =
free standing cavities

total cavities
(39)

A second parameter is defined as the ratio between the intensity of the fundamental antisymmetric
mode and the intensity of the corresponding symmetric mode:

κ =
intensity antisymmetric mode

intensity symmetric mode
(40)

Here, the intensity is defined as counts per seconds on the spectrometer. Lastly, we can define the
difference in the wavelength between the fundamental symmetric and antisymmetric mode. Since
the antisymmetric has a lower wavelength, we have:

4λ = λsymmetric − λantisymmetric (41)

The evaluation of these parameters is performed for both sample 1 and sample 2. This gives the
calculated values of table 1. The table shows that ηtotal is slightly higher for the second sample.

Sample 1 σ sample 2 σ
ηtotal 0.42 - 0.69 -
ηeven 0.28 - 0.72 -
ηodd 0.56 - 0.66 -
κtotal 13 12 3.8 2.6
κeven 6.5 5.4 3.8 2.6
κodd 15 13 ∞ -
4λtotal 25 12 42 7
4λeven 32 6 42 7
4λodd 21 13 - -

Table 1: Calculated values of η, κ and 4λ including standard deviations for two different samples
1 and 2

We attribute this difference to the different drying procedure employed in the fabrication phase.
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The other differences are the values of ηeven and η0dd. For the sample 1 the odd value is higher
than the even value, while sample 2 shows an opposite behaviour. Although, this difference is
not well understood, it can indicate no distinction in the collapsing-rate of the devices with and
without additional tranches.
The calculations of the κ and 4λ give more insides in the different spectrum of the odd and even
structures. Notice that κodd =∞ for sample 2, which means that only devices with stress-release
arms which fundamental symmetric modes. Therefore it is not possible to evaluate the difference
in wavelength of the two modes for this sample.
Nevertheless, comparing the results from sample 1 and sample 2, there is a clear agreement in the
values of κ since the value of κodd is higher than κeven in both cases. For sample 1 the values of
κ can be related to the value of 4λ. With this aim, we plot κ versus 4λ for the even and odd
devices in figure 15. No significant correlation between κ and 4λ is present. However, it is clear

(a) even (b) odd

Figure 15: Plot of κ versus 4λ for the devices with stress-release supports (even, (a)) and odd
devices without (odd, (b)) of sample 1.

that the structures without (with) releasing supports have 4λ < 30 nm (4λ > 23nm).

Besides, the standard deviation shows a higher value for the odd devices. These experimental
results can be related to the presence of a strong buckling upwards of the upper membrane. We
can explain this behaviour by making use of the simulation of figure 16 where 4λ as a function of d
is calculated using a three-dimensional finite element solver. This figure shows that if the difference
in wavelength is lower, the distance between the two membranes will be higher, as expected from
the coupled mode theory (section 2.1. Due to the buckling, the odd devices are characterized by
an effective inter-membrane distance bigger than its nominal valve (240 nm). In fact, for d > 240
nm the calculated 4λ is less than 32 nm as observed experimentally in the devices without stress
releasing structures.

4.1.4 Tuning of the cavity modes at room temperature

The finding 4λeven > 4λodd suggests that there should also be a difference in the tuning range of
the even and odd devices. The tuning of the cavity can be achieved by using the µPL experimental
setup equipped with the probes. As mentioned in section 2.1, the voltage is applied across the two
membranes. For a two-finger probe, the schematic top view of the configuration of the electrical
probes is shown in figure 17a. Here, the signal-finger (S) of the probe is contacted to the p and the
ground-finger (G) is contacted to the n of the p-i-n diode of the cavity. Notice that it is also possible
to use a three finger probe (GSG) with two signal-fingers on the p-layer and the ground-finger on
the n-layer. In this configuration, a positive voltage will correspond to the reversed bias of the
diode.
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Figure 16: 3D finite-element simulation of the difference in wavelength between symmetric and
antisymmetric mode 4λ plotted against the distance d between the two membranes.

Applying a voltage in reversed bias across the two membranes will cause a blue shift of the modes
in the cavity spectra as can be seen in figure 17b. Here the mode profile of the the fundamental
antisymmetric mode of device B7 is shown. The different lines indicate a µPL spectrum acquired
varying the applied voltage from 0 V (bottom) to 4.750 V. A clear blue-shift of 6 nm is evident
when the voltage across the membrane is increased. It is know that a blue-shifting is a clear
signature of the mechanical tuning since a red shift can also have other causes. For example an
increase in the temperature will cause an increase in the refractive index which will lead to a red
shift. Besides we observed an increase of the tuning rate at higher voltages as expected from the
tuning curve shown in figure 16. The difference in the resonant wavelength between 4000 mV and
4500 mV indicates that the membranes are located at small distance, close to the pull-in limit
of the device. In fact, by applying just a slightly higher voltage (of 4750 mV) a collapse of the
upper membrane is observed. At this voltage no peaks which represents a clear evidence of the
irreversible deformation of the membrane.

The tuning of 6 different devices is shown in figure 18. These graph can be used to relate the
tuning range to the presence of stress-releasing supports. On the left (right) part of the figure,
a cavity-tuning color plot is shown for the odd (even) devices. As found in the previous section,
4λeven > 4λodd. From equation 23, the maximum electromechanical displacement of the upper
slab is always 1/3 of the original gap. A lower4λ (odd devices) indicates a higher distance between
the two membranes as shown in figure 16. Since in the presence of buckling the initial distance
is greater than 240 nm, thus the total tuning range is limited. This explains the difference in
the tuning range between the devices with and without the stress-release structures. A maximum
cavity shift of 16.3 nm is achieved for membranes with stress-releasing supports.
Graph 18d, shows two different tuning lines. The left one is the antisymmetric mode which shifts to
the blue while the right one is the symmetric mode which undergoes a red shift due to the applied
bias. Taking the tuning direction into account, the vertical symmetry of the different modes can
be derived.
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(a)

(b)

Figure 17: (a) A schematic top view of the device in contact with the probes. The two-finger probe
on the downside of the figure is used to electromechannically tune the cavity. The signal-finger is
contacted to the p and the ground is contacted to the n part of the p-i-n diodes of the cavity. (b)
Electromechanically tuning of the cavity of device B7 of sample 1. The peak of the fundamental
antisymmetric mode will be shifted to the blue. The different lines indicate different applied
voltages in mV.

4.2 Full tuning of double membrane structures integrated with
ridge waveguides

In order to use the devices of the previous section in a QPIC, they should be integrated with ridge
waveguides. In this section the characterization of these double membrane structures integrated
with ridge waveguides is performed. First the optical features of the PhC structure are studied
by micro-photoluminescence experiments measuring the wavelengths of the modes. After this, we
report the tuning of the cavity modes at low temperature. Besides, at cryogenic temperature,
single quantum dot lines are visible in the spectra and can be tuned via the quantum-confined
Stark effect.

4.2.1 Double membrane structures integrated with waveguides

In this section we study RW-coupled tunable PhC cavities. Here the ridge waveguides (RWGs) are
connected with the two free-standing membranes by suspended double nanobeams. A scanning
electron microscope picture of the device is shown in figure 19. This structure contains an L3 cavity
as described before in section 2.3. The structure that is shown here has a two side architecture.

4.2.2 Micro-photoluminescence characterization

Measurements employing the room temperature micro-photoluminescence setup provide the spectra
of the cavities of the RW-coupled devices. Two examples of a cavity-spectrum are shown in figure
20. The first spectrum shows a very high intensity peak located at 1260 nm. This peak is most
probably the fundamental antisymmetric mode of the L3 cavity. Higher order modes are also
visible around 1150-1200 nm in figure 20a and around 1200-1250 nm in figure 20b. The broad
range of peaks around 1350-1600 nm can be related to the band-edge modes. Additional peaks
with smaller intensity appear in the right graph in the same region of the fundamental mode.
These peaks which are more visible in the inset, arise from the reflections on the interfaces at the
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ends of the photonic crystal waveguides. Due to the vertical coupling of the waveguides, they can
also split in symmetric and antisymmetric modes.[37]

4.2.3 Tuning of the cavity modes at low temperature

The location of the peaks can be determined using the room temperature measurements, but
these peaks will be shifted to lower wavelengths (30 nm) at lower temperature. The tuning at low
temperature is performed on sample 3 (z882-qdcav-dmRW-2-Q0Q1). Figure 21 shows two different
types of plots of the cavity tuning of device WG2R. Both graphs show clearly a blue-shift of the
fundamental L3 antisymmetric mode with a tuning range of 4.9 nm. Notice that the decrease in
the intensity of the signal is probably the result of a loss in the focus of the excitation spot, due
to the setup instability.

4.2.4 Tuning of the quantum dot at low temperature

At low temperatures, quantum dot lines become visible as can be seen in figure 22. This figure
shows different single quantum dot lines as a function of the Stark voltage. The increase of the
applied voltage causes a shift in the wavelength via the quantum-confined stark effect (section 2.2).
This graph shows that it is possible to tune the energy of single QD lines of a double membrane
structure integrated with ridge waveguides. The blue shifting of the single dot lines indicates that
the electron wave function is located below the hole wave function. This results in an inverted
hole-electron alignment with respect to the growth axis of the QDs.[6] This result together with
the tunability of the the cavity of this same structure provide the next step to the realization of
the QPIC.
The tuning curve of single quantum dot lines can be extracted from figure 22. This is given by
the energy (E) as a function of the applied voltage V . This makes it possible to calculated the
electric field F by using equation 38. For this, the following values are used: H = 180 nm and
Vbi

H =∼ 200 kV/cm.[28] The energy of photon is calculated by using E = ~ω = hc
λ . The plot of the

energy E against F of four different single dot lines is shown in figure 23 including polynomial fit.
The negative value of the permanent dipole moment p indicates the inverted dipole as indicated
before by the blue-shifting. The value of the permanent dipole moment p and the polarizability β
are given in table 2. The values of both p and β are comparable with previous work.[28][27]

p (10−5em) β (10−10em2/V)

line 1 −0.00117± 1.22 · 10−4 −3.2012 · 10−6 ± 2.955 · 10−7

line 2 −0.00148± 7.808 · 10−5 −3.8689 · 10−6 ± 1.895 · 10−7

line 3 −0.000754± 3.085 · 10−4 −2.1428 · 10−6 ± 7.495 · 10−7

line 4 −0.0016± 1.247 · 10−4 −4.1914 · 10−6 ± 3.035 · 10−7

Table 2: Fitting parameters p and β extracted from the fitting through the data points of the
single quantum dot lines

23



(a) A7 (b) B2

(c) B3
(d) C4

(e) D3 (f) D2

Figure 18: Colour plot of the electromechanical tuning of the cavity mode of 6 different even and
odd devices of sample 1. Tuning ranges in nm: (a) 1.4, (b) 16.3, (c) 1, (d) 8.3, (e) 1.6 and (f) 13.8,
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Figure 19: SEM image of the double membrane structure integrated with ridge waveguides. Image
made by M. Petruzzella.

(a) (b)

Figure 20: Two measured micro-photoluminescence spectra of the PCC measured of two different
devices both integrated with ridge waveguides. (a) Devices WG2L of sample 1. The fundamental
mode is shown at 1260 nm. The broad range of peaks around 1350-1400 are the band-edge modes.
(b) Device WG2 of sample c2, with fundamental mode at 1301 nm.
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(a) (b)

Figure 21: Two types of plots of the electromechanical tuning of the cavity of device WG2R of
sample 3 showing a blue shift of 4.9 nm: (a) a cascade plot; the different lines indicate the applied
voltage on the cavity. (b) a colour plot.

Figure 22: Stark tuning of the QD lines (device WG2R) of sample 3.
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Figure 23: E vs F plot of four different single quantum dot lines including a polynomial fit.
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5 Conclusion and outlook

In this work a clear difference in the electro-optical properties of double membrane photonic crystal
cavities equipped with stress-released supports demonstrated. Besides, the tunability of both the
quantum dot lines and the cavity of structures integrated with ridge waveguides is presented. The
most significant results are summarized in the following:

A comparative statistical analysis of a set of spectral properties is carried out for double membrane
structures with and without stress releasing structures. We found an indication that the intensity
between the antisymmetric mode and its symmetric counterpart can be related to the buckling
of the upper membrane. Further simulations are needed to confirm this behaviour. Besides we
observed that the upward buckling results in a greater effective inter-membrane distance and a
lower value of the wavelength splitting between the symmetric and antisymmetric mode (4λ). By
implementing a stress-releasing beam, this value can be controlled. (section 4.1.3)

More importantly, the difference in4λ can be related to the tuning range. In fact, the experimental
results suggest that the tuning range is higher (∼ 16 nm) for the stress-released devices compared
to membranes not equipped with these supports (∼ 3 nm).

In section 4.2, the tunability of the cavity and the single quantum dot lines at low temperatures (9
K) have been demonstrated for double membrane photonic crystal cavity structures integrated with
ridge waveguides. This tunability can be used to tune both the cavity and the quantum dot lines
in order to realize a single photon source with a well defined wavelength. In the future, this task
can be performed for different cavities at the same time to realize multiple single photon emitters
of indistinguishable photons. The implementation of the ridge waveguides paves the way to the
integrated connection of several quantum nodes inside the quantum photonic integrated circuit.
The experimental method used in this work employs a top-collection using excitation-objective.
At the moment, there are experiments going on, with the goal of demonstrating the collection of
single photons from the side facet of the ridge waveguide.
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