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1 | Introduction
In this chapter, the author first briefly reviews the history of photonic integration
and the main material platforms used for that. The advantages and limitations of
major integration techniques are discussed. Then the platform used in this thesis –
indium phosphide membrane on silicon (IMOS) – is introduced, and its advantages
for this research are described. Finally an outline of the whole thesis is given.

1.1 Motivation for integration
Before telegraph was invented, when the Manchurian invaders were found crossing
the Great Wall, the fastest way for a Chinese border guard to send a warning to the
troops miles away, was by lighting a fire on a high beacon tower – a primary version
of optical communication that has been used for more than two thousand years. It
was not until the invention of laser in 1960 and low-loss fibers in 1970, that people
for the first time were able to harness the real power of light and saw its vast
potential in high-speed communication. Today the standard single mode optical
fibers can easily provide effective bandwidths of tens of Tbit/s [1], far beyond copper
cables or microwave links, which are both in Gbit/s range. This high capacity,
combined with low loss and light weight, made optical fibers the dominant solution
for telecom in the past decade.
However, because an optical signal usually has to be converted into an electric signal
and vice versa, the cost of associated hardware (e.g. transmitters, switches, filters,
receivers) becomes significant and compensates the benefit of optical
communications when the link becomes short enough (Datacom), e.g. between
computers or workstations in a local network. Unlike electrical components, optical
components are often fabricated with different materials and technologies,
packaged separately and connected together by fibers [2]. For example, an optical
multiplexer could made from diffused glass waveguides, modulators from lithium
niobate, lasers from indium phosphide, photodetectors from germanium, and
micro/nano-eletro-mechanical-systems (MEMS/NEMS) switches from silicon. The
cost of those discrete photonic devices is difficult to reduce since they are mostly
fabricated in specialty foundries in a relatively small volume. Not only the
components, but also the assembling and packaging them into a functioning system,
which requires 5- or 6- axis alignments with submicron accuracy, are very expensive
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[3]. This high cost of photonic components and systems is an important reason
preventing the photonic industry from following the fast growing path as electronics
followed in the last 60 years.
A chip-level integration of the all the common photonic components (and even with
electronics) is believed by many researchers to be the ultimate solution to the cost
and scale problems. The idea of integrated photonics was first proposed in the
literature in 1969 [4]. In its early years people were mainly focused on active
materials. With the development of material science and integration technology
more and more material platforms have been considered. Here we review three
representative platforms that have been investigated widely: silicon on insulator,
silicon nitride and indium phosphide.
The silicon on insulator (SOI) technology was developed in 1990s for electronics to
reduce the parasitic capacitance. People soon found that it could also be used to
build compact integrated photonic circuits, with the advantage of a high refractive
index contrast (Δn ≈ 2). Driven by the development of optoelectronic chips, the field
of silicon photonics has been developing strongly in the last decades. A typical SOI
wafer has a 200 nm to 400 nm thick crystalline silicon layer resting on a buried
silicon oxide substrate forms the core layer from which rectangular waveguides can
be patterned [5]. A large variety of components including directional couplers,
multimode interference couplers, fiber-to-grating couplers and ring resonators
have been developed since then. Besides the passive functions, tuneability were
introduced by p-n junctions [6], micro heaters [7], and MEMS [8]. With these
techniques modulators and switches have been demonstrated. Detectors can also be
integrated by implantation of epitaxially grown germanium [9]. The typical building
blocks in a SOI platform are shown in Figure 1.1. The biggest advantage of this
platform is its compatibility with the CMOS (complementary metal-oxidesemiconductor) fabrication technologies. Process flows have been developed so that
the mature CMOS foundries built for making transistors can be reused to fabricate
integrated photonic chips. Therefore the cost of integrated photonic chips can be
scaled down when the volume goes up. The constraint is also clear: materials that
are not compatible with CMOS process are not an option. Multi-project wafer (MPW)
services have played an important role in promoting integrated electronics in its
early stage, as they allow the early adaptors to share the cost of expensive processing
for their prototyping in small volumes before it goes for mass production. The same
model has been applied to silicon photonics in the last few years. Today there are
many foundries provide the multi-project wafer (MPW) services for silicon
photonics, e.g. IMEC (Leuven, Belgium), CMP (Grenoble, France) and AIM
2

photonics (New York, USA), etc. which makes the platform available and affordable
to more communities.
However, the biggest drawback of silicon photonics, is the lack of light sources and
amplifiers on chip due the indirect bandgap of silicon. Many attempts have been
made to make the bandgap of silicon direct, e.g. Si quantum dots [10], strained
silicon nanocrystals [11], silicon quantum wires [12] and hexagonal SiGe [13].
However, the performance of these materials are still very limited also practical
ways to integrate them with the current silicon process is yet not clear. Another
approach is hetero-integration of III-V and silicon, which has been demonstrated to
make on-chip lasers in a number of works (see e.g., [14]–[16]). However their
scalability in large circuits is yet to be proved. Despite these efforts, so far most
silicon photonic chips still have to use external lasers, which greatly limits their
potential applications.

Figure 1.1: Typical building blocks in SOI platform with grating couplers, germanium
photodetectors, waveguides, modulators and MOSFETs (metal–oxide–semiconductor
field-effect transistors). [17]

Another CMOS compatible technique besides SOI is silicon nitride photonics, where
silicon nitride is used as waveguide layer, filled and encapsulated with silica as
cladding layers on a silicon wafer [18]. The index contrast (2:1.5) is lower than that of
SOI (3.5:1.5), which makes the footprint of devices made from silicon nitride much
larger than their counterparts from SOI. However, there are two main advantages
of the silicon nitride platform: first, the lower index contrast makes the waveguide
less vulnerable to scattering loss from sidewall roughness. As a result the loss in
silicon nitride rib waveguide can be one order of magnitude smaller than in SOI
waveguide, even down to ~1 dB/m at the cost of poor mode confinement [5]; The
second advantage is the broader transparent band from 500nm to mid-infrared,
which for example enables biophotonics applications at visible wavelengths [18].
Though there is no electro-optic effect in Silicon nitride, modulators can still be
achieved with the thermal-optic effect [19], MEMS [20] or adding an extra electro3

optic material layer [21]. The cross section of typical building blocks is shown in
figure 1.2. There are also foundries such as LioniX (Enschede, Netherlands) and
LIGENTEC (Ecublens, Switzerland) that provide MPW services on silicon nitride.
The main drawback of the platform is that no light sources, detectors, amplifiers are
available in the generic MPW processes.

Figure 1.2: Typical building blocks in silicon nitride platform [19]

Since the invention of GaInAsP/InP diode laser in 1976 [22], Indium phosphide (InP)
has been considered to be one of the most promising materials for photonic
integration [23]. InP has a direct bandgap of 1.344 eV at room temperature, and the
bandgap of its alloys with gallium arsenide – GaxIn1-xAsyP1-y, can be continuously
tailored from 0.354 eV to 2.17 eV by changing the alloy ratios x and y, which makes
it the most popular material for the near-infrared communications system [24]. InP
also has a Pockels effect, which can be used for phase modulators. Despite not
having the benefit of CMOS compatibility, InP based monolithic integration is a
platform that can provide all the passive and active functions that are required for
large scale integration, as shown in the typical building blocks in figure 1.3. Around
the year 2000, the development of generic processes for InP-based integration of
optical amplifiers with waveguide components and modulators [25] was pioneered
by the COBRA research institute of TU/e. At the moment there are two open-access
foundries in the world providing MPW service on InP, i.e. Smart Photonics in
Eindhoven and Henrich-Hertz Institut in Germany. In 2014, a photonic integrated
circuit (PIC) with more than 1000 components including lasers, modulators,
detectors and multiplexers on a single chip was reported [26]. However, it is difficult
to push the integration density further, as conventional InP devices suffer from a
large footprint due to the lack of index contrast to the substrate. The allowed
bending radius depends on the depth of etching. For a deeply etched waveguide a
small bend radius down to 10 µm is possible. However, significant polarization
conversion can occur at the junctions between straight and curved waveguide
sections due to the fact that sidewalls are not perfectly vertical [27].

4

Figure 1.3: Typical building blocks in InP platform [25]

This problem can be addressed with the InP membrane technology, which will be
described in detail in the next section. In short, by adhesive bonding of an InP wafer
onto a silicon wafer with silica layer on top, and removing the InP substrate
afterwards, a InP layer with ~1 µm thickness sitting on a low index substrate is
formed [28]. Besides the benefit of index contrast, this technology also enables
integration between photonics and electronics on a wafer scale, reducing parasitics
and ensuring intimate heatsink connections.
Table 1. Comparison of the main platforms for photonic integrations
SOI
WAVELENGTH RANGE
(µM)
SUPPORT FOR
DETECTORS
SUPPORT FOR LASERS
WAVEGUIDE LOSS
(DB/CM)
TYPICAL BEND RADII (µM)
TYPICAL COST (EUR/MM2)
[29], [30]*

INDIUM
PHOSPHIDE
0.9 to 12

IMOS

1.1 to 3.5

SILICON
NITRIDE
0.5 to 3.5

yes

no

Yes

Yes

no
1

no
0.1 to 0.5

Yes
2

Yes
2.5

3
20 to 70

70 to 150
15

20 to 500
60

5
-

0.9 to 3.5

*This is the cost per total area (defined as the area of each design area multiplied by
the number of copies)
At this stage it is difficult to say which platform will become the ‘standard’ in the
future as they are all still in their early stage if compared with integrated electronics
industry. In 2018 a 128×128 silicon photonics switch network is reported [31],
arguably the largest photonic integrated circuit in terms of number of components
to this date, thanks to the low loss and compact footprint of each device. But InP is
5

still the most viable solution when it comes to active devices. While in principle
silicon photonics has a cost advantage in high volume, at this stage the production
volumes for all these platforms are still quite low, and the typical cost per chip area
of the two main platforms (silicon photonics and InP) are actually comparable for
prototype MPW service as shown in Table 1.
Although historically optical communication has been the main driving force behind
photonic integration, it is certainly not the only one. Optical sensing has found more
and more applications in medical and biotechnology, chemistry, space sciences and
many other industry fields, due to its numerous advantages: high sensitivity, fast
response, environmental ruggedness, non-intrusive nature and so on.
Conventionally optical sensing system has been bulky and expensive as it is based on
free-space optic systems and discrete components. During the past decade the
development of fiber-based sensors greatly reduced the size of optical sensors and
enabled many new applications [32]. One of the most successful example is the Fiber
Bragg Grating (FBG) sensor [33], in which the Bragg wavelength can be modulated
either by the change of period or refractive index. The former can be used to sense
strain and pressure, while the latter can be used to measure temperature. In recent
years, with the development of integrated photonics technology, on-chip optical
sensors have drawn a lot of attentions [34], [35]. Light in waveguides has smaller
mode volume than in optical fibers, which makes it suitable for localized sensing of
bio and chemical environment. Combined with on-chip components such as
arrayed waveguide gratings, ring resonators or photonic crystals, they can also be
used for spectroscopy [36] and nanomechanical sensing [37]–[39]. Currently most of
these sensors are using off-chip light sources and detectors. By including more
components onto a single chip, the footprint and cost of such sensors would drop
further, and allow even more applications to emerge and contribute to the
development of the internet of things (IoT).
The two major application fields of integrated photonics – communication and
sensing – require the controlling and sensing the property of light (e.g. amplitude,
phase, frequency) on a chip, which is the theme of this thesis. The two targets are
like the two sides of a coin: to use light for communication we need to encode the
information into some property of light, and to sense with light we need to decode
the information from the changing property of light. Among the many properties of
light that can be controlled and detected, the structures investigated in the thesis
basically rely on phase and the corresponding interference that can lead to path
switching, sensing of motion, and dispersion.

6

Realizing these functionalities in large scale photonic integrated circuits needs to
meet at least two major challenges: i) for most optical devices, the footprint cannot
simply scale down while maintaining the performance, because their operation
principle is often limited by the material parameters e.g. refractive index and
electro-optic coefficient. The concepts of free space optics (such as MEMS mirrors)
cannot be easily translated into waveguide-based optics on a chip; ii) the operating
power for existing photonic devices is in general much larger than for their
electronic counterparts, which could limit their application in a larger scale.
To overcome these two major blocks, new concepts and novel designs are needed,
e.g. by introducing and combining technologies and methods from other disciplines.
One of these efforts is nano-optoelectro-mechanical systems (NOEMS), which
exploiting electro-mechanical actuation on the submicrometer scale to manipulate
light on a chip [40]. Another example is algorithm-based topology optimization,
which was initially adopted in the field of structural mechanics [41], and applied in
nanophotonics in recent years, offering a new approach to design photonic devices
with ultracompact dimension and novel features that are otherwise impossible [42].
As it will be shown in this thesis, these methods, together with many others, enable
controlling and exploiting light at the wavelength scale and thereby allow conceiving
devices with unprecedented functionality and footprint.

1.2 Indium Phosphide Membrane on Silicon
To meet the demand for high density on-chip optical interconnects, electronics and
photonics have to be integrated on a chip level. This requires generic photonic
integration with complete functionality, and access to CMOS circuits. Hybrid IIIV/silicon integration is so far the most practical direction to achieve this goal. In the
past decade, many techniques have been developed to assemble the III-V and silicon
together:
1) Lensed-coupling/edge-coupling between SOI and III-V chips [43], [44].
This has already been used in commercial products and high performance tuneable
lasers have been demonstrated. However these methods require high quality
interfaces, complex assembly process and critical alignment for each light source,
which put scalability into question when the complexity of photonic circuits
increases and many sources are needed.
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2) Vertical-coupling between SOI and III-V chips [45].
In vertical-coupling or surface-normal coupling method (also called 3D integration),
III-V pads are flipped and bonded on processed silicon wafer. Light is transferred
from III-V to silicon by a through-silicon vias and a grating-waveguide coupler. The
integration density is limited by the use of large bond pads, and heat dissipation is
challenging due to the silica cladding.
3) Hetero-epitaxy [46], [47].
III-V stacks can also be epitaxially grown on a silicon wafer, and then photonic
circuits can be fabricated directly on the InP layer, just like in classical InP
technology. This approach therefore has the same issue of low index contrast. The
main benefit of this approach is the scale advantage of large silicon wafer and the
use of high performance silicon-based equipment. While hertero-eptiaxy is being
actively studied however they are still far from being mature. The epitaxial layer
cannot be grown on a processed CMOS wafer due to the high temperature involved
during the expitaxy.
4) Die/wafer bonding onto silicon photonics [48]
In this method usually an unprocessed InP die or wafer with the layer stack required
for a laser is flipped and bonded on top of a processed silicon photonics circuit, after
which the substrate of InP is removed and the laser or optical amplifier is fabricated
on those layer stacks. Light is coupled between InP layer and silicon layer through
tapers, which induces coupling losses and also costs additional space on the wafer.
5) Wafer bonding onto silicon or CMOS
In this method, a blank or patterned InP wafer is flipped and transferred on top of a
silicon wafer or a silicon wafer through adhesive bonding with a BCB layer. After
substrate removal, a III-V membrane of a few microns thick is left on top of the
CMOS wafer. Wafer-scale processing is then used to make electronic connections
between the CMOS layer and photonic layer. This method is named as IMOS [26],
which stands for indium phosphide membrane on silicon. The IMOS platform has a
few advantages compared with the other approaches mentioned above: first, the
bonding layer provides a low refractive index (~1.5) substrate for the InP waveguide,
which enables a tight light confinement similar to that of SOI, making high density
integration possible; Second, as the photonics is all in the III-V layer stack, the
8

thickness of bonding layer as well as the alignment between the two bonded wafers
are less critical compared to those with hybrid photonic layers; Third, as the bonding
layer provides a good thermal insulation between the photonic and electronic layers,
heat dissipation in the photonics can be engineered independently and efficiently
with a heatsink layer on top of the photonic membrane.
The IMOS platform was originally developed in the Institute of Photonic Integration
at the Eindhoven University of Technology. In 2012, a polarization converter with a
record-short length of 5 um and conversion of 99% was reported [49], as the first
device demonstrated on this platform. In the following years, passive devices and
components with some record performances and footprint on InP-based photonics
have been demonstrated [26], including straight and bended waveguides, arrayed
waveguide gratings, ring resonators, MMIs and grating couplers.

Figure 1.4: Typical building blocks in the IMOS platform [28]

By adding active materials layers with band-gaps comparable to or lower than the
photon energy, active devices can be realized in the IMOS platform. Twin-guide
lasers using vertical coupling between an active layer and passive layer [50] was
developed with both ring cavities and distributed Bragg reflectors. The twin-guide
structure can also be used for photodetectors under a reverse bias, which is suitable
for applications where the speed is not critical, such as on-chip power monitoring.
For high-speed applications, a Uni-Traveling Carrier Photo Detector (UTC-PD) has
been developed with transit-time constants of only a few picoseconds [51]. This was
achieved by a different layer than the twin-guide: a p-doped absorption layer is on
top of the intrinsic waveguide, hence electrons with a high drift velocity are the only
active carrier. High-speed phase modulators have been proposed in the platform
9

based on a slot waveguide filled with non-linear electro-optic polymer [52]. The fast
electronic response of polymer materials enables a potential bandwidth of 40 GHz
according to the simulation. Alternatively high-speed modulation can also be
implemented in the platform by an electro-absorption modulator (EAM) [53], using
the strong band-filling effect in highly n-doped InGaAsP layers. However the EAM
needs yet another different layer stack which requires additional active/passive
regrowth to be integrated with a laser and a UTC-detector. Figure 1.4 shows the basic
building blocks of IMOS including both active and passive devices.
IMOS is an emerging integration platform with many opportunities as well as
challenges. From material growth aspect, precise control of material composition is
crucial for high performance of the active devices; from device aspect, since the
photonic layer is thermally isolated from the environment, thermal management
needs to be taken care of by heat sinks or thermal bridges [54].
The high confinement of light in IMOS waveguide makes it suitable for refractive
index engineering, which, combined with the access to on-chip lasers and
photodetectors, provides a promising solution for fully integrated on-chip sensing.
The commonly used active materials in IMOS, InGaAsP/InGaAs, can be etched
selectively from InP, which is convenient for making mechanically suspended
structures (e.g. cantilevers, bridges). Besides, electrostatic actuation of such
mechanical structures can be realized by reverse biasing a p-i-n diode. These
properties make the IMOS platform very suitable for building nano-opto-electromechanical systems (NOEMS), an emerging type of structures that combine optical,
electrical and mechanical functionality at nanoscale to control light propagations on
chip [47]. Conventionally, controlling light can be achieved by tuning the refractive
index of waveguides through the electro-optic or thermo-optic effects, which has
been widely adopted for optical phase modulators. The footprint of devices using
this technique is usually limited by the index tuneability Δn, which is in the order of
10-3 to 10-2. Alternatively one can control light by changing its path physically, e.g.
through MEMS micromirrors, or microlenses, which are known as MOEMS (microopto-electro-mechanical systems). While these devices are good for free-space or
fiber-based optics, they cannot be easily integrated with waveguides on a chip. The
NOEMS approach is intermediate between these two: it changes the effective
refractive index neff in a waveguide by displacing the physical boundary between
different materials by the electrostatic or piezoelectric force. Depending on the
material and specific geometry used, Δneff up to 0.1 can be achieved by submicron
10

displacements. Such a high tuneability makes much more compact tuneable optical
systems possible, with materials with weak or even no electro-optical effect.
Another significant advantage of NOEMS is the power efficiency. Just like the
MEMS micro mirrors, in NOEMS devices energy is only consumed during the
displacing of material, in contrast to electro-optic/thermal optic devices, where
energy is constantly spent to maintain the state.
For the reasons discussed above, the IMOS platform has been chosen for all the
experiments and simulations conducted in this thesis. However, many of the results
and conclusions can also be translated into silicon photonics, as the index contrast
is similar.

1.3 Double-membrane NOEMS
Tuning the resonance frequency of photonic crystal cavity without Q losses by
modifying the distance between two thin parallel membranes electromechanically
was initially proposed by Notomi et al. [55]. Tuneable quantum light sources [56],
NEMS spectrometers and displacement sensors [57] have been demonstrated with
this technology. The basic principle behind these works relies in the alteration of
effective refractive index (ERI) in the photonic crystal cavity. Such principle can also
be used to alter the ERI in waveguides which provides an effective way the tune the
propagation constant in a PIC. Just like in the coupled double-cavity system, the
evanescent coupling of each guided mode in two waveguides results in two
composite supermodes with symmetric and anti-symmetric profile of their electric
field. Their origin can be explained intuitively in the formalism of coupled mode
theory (CMT), which was established by Haus [58] for microwave oscillation and
propagation and introduced to guided-wave optics in 1970’s [59].

1.3.1 Coupled mode theory

Figure 1.5: sketch of the two composite waveguide modes in the two coupled waveguides:
symmetric (right) and anti-symmetric (left) mode.
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Two guided modes are assumed in uniform parallel lossless waveguides in x
direction with propagation constants  1 and  2 , and implicit time dependence e j t .
With the two waveguides are infinitely apart from each other, their mode
amplitudes obey the equations:
d a1
dx
da2
dx

  j  1 a1

(1.1)

  j 2a2

(1.2)

When these waveguides are in close proximity, the modes couple with each other
by the interaction of evanescent fields. The coupled mode equation in matrix form
can be written as:

 1
d  a1 

   j
dx  a2 
 

   a1 




 2   a2 

(1.3)

The diagonalization of the coupling matrix yields eigenvalues, which are the
propagation constants of the composite modes as shown in figure 1.5:
 s ,as   

  


 2 

2



2

(1.4)

Where  and   are the average propagation constant of the two waveguides and
the detuning of them, respectively. Equation (1.4) indicates that the propagation
constant of the composite modes can be tuned by modifying the coupling between
the two waveguides.

Assuming one of the waveguides is excited at an input, i.e., a1(0) = 1, a2(0) = 0,
solving equation (1.3) with this initial condition gives:
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(1.5)

where S 
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2



2

, 𝑃1 = 𝑎12 and 𝑃2 = 𝑎22 are the normalized power in each

waveguide. The first time maximum power transfer from one waveguide to the
other happens at
Ls 


2S

(1.6)

It can be seen from equation (1.5) that a complete power transfer is only possible if
  = 0, i.e, the two waveguides are phase matched. It also shows that the output of
such a directional coupler system can be tuned by either modifying the coupling or
propagation constant, as shown in figure 1.6.

Figure 1.6 Normalized power in the second waveguide as function of propagation
direction.

1.3.2 Electrostatic actuator model
Electrostatic actuation is the most commonly used actuation mechanism in
MEMS/NEMS for its effectiveness and broad compatibility. A large varieties of
electrostatic actuators for both horizontal and vertical movements have been
developed in both silicon-based [60] and III-V material platform [61], [62]. III-V
materials are epitaxially grown and doped layer by layer, therefore it is very natural
to implement junctions, therefore actuators in vertical direction. The large coupling
area in vertical actuators provides a strong electrostatic force without involving
large and complex driving units such as a comb drive.
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When operated in reverse bias, the accumulation of carriers in the p- and n-doped
regions provides an attractive force which can be used to displace a released
semiconductor slab. With gaps larger than 10 nm and voltage within 100V the
extension of the depletion region is negligible [63], therefore the junction can be
treated as a metallic capacitor.

Figure 1.7: A sketch of the spring-mass model
A simple and intuitive spring-mass model can be used to describe the behavior of
this electromechanical system. Two parallel rigid conductor plates with initial
distance d0 (i.e., distance at rest) are assumed, one of which is connected with a
spring with force constant k and the other is fixed. A voltage bias of V is applied to
the plates, results in a homogeneous electric field in the space between them. Figure
1.7 illustrates the model described above.
The system at static equilibrium can be analyzed using either the balance of forces
or looking at the potential energy. Taking the latter approach for example, the total
potential energy of the system is:
U ( z ,V ) 

1

kz

2

2



0 AV

2

(1.7)

2(d 0  z)

where z is the displacement of plate. At static equilibrium

 U ( z ,V )
z

 0

, which

gives:
z (d 0  z )

2



0 AV
2k

2

(1.8)

It is clear that the value of the left part of the equation (1.8) has an upper limit, which
sets the maximal displacement the plate could reach in static equilibrium – the static
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pull-in displacement zPI [64]. The value of zPI can be calculated by solving
 V ( z ) /  z  0 . From another point of view, the system leaves stable equilibrium at
the point where the mechanical reactive force stops changing with the displacement,
i.e.,

2

 U ( z ,V )
z

2

 0

, which gives:

k 

0 AV

d0

2

 z

3

(1.9)

 0

Combining equation (1.8) and (1.9) the pull-in displacement and pull-in voltage can
be obtained
zPI 

d0
3

3

,V P I 

8d0 k
27 0 A

(1.10)

which means the pull-in instability limits the travel range of electrostatic plates to
1/3 of its original gap and any applied voltage above VPI will lead to the collapse of the
plate. However, it should be noted that we did not take the dynamic response of
system into account in the above analysis. It can be imagined that when a step
voltage signal is applied to the system, the plate will not immediately stop at the
equilibrium position due to the inertia. In this case a voltage smaller than VPI could
actually cause collapse of the plate, which is called dynamic pull-in [64].

Figure 1.8: A sketch of the elastic bridge model
Another limit of the above analysis is the assumption of rigid plates. In reality the
recovery force comes from the bending of the plate, moreover the membranestretching force can play an important role when flexural rigidity is low. In a more
accurate elastic bridge model (figure 1.8), the mechanical response is governed by
the classical von Karman equation [65]:
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where z is the local displacement on the bridge,
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(1.11)

is the flexural rigidity defined as

, E is Young’s modulus, ν is Poisson’s ratio, h is the thickness of

the membrane, σ is the longitudinal membrane stress.
The first term on the left of equation (1.11) is the force related to the bending of plate
and the second term is related to the membrane stretching. When the displacement
is much smaller than the thickness of membrane, the mechanical force is dominated
by the bending force; when the displacement is much larger than the thickness of
membrane, the stretching force is dominating. A more accurate pull-in
displacement can be found by using equation (1.11) instead of equation (1.8).
However solving equation (1.11) is not trivial which has been studied using various
approximations and profile assumptions [64]. Many of these works shows that the
pull-in displacement is actually always larger than d0/3, and the exact number
depends a lot on the gap-thickness ratio: the larger this ratio is, the larger the pullin displacement (relative to d0) is [66]. This is mainly due to the fact that the
stretching force has a steeper slope to the displacement than that of the bending
force. In the case of devices in this thesis, both the displacement and gap is smaller
than the thickness of the membrane, therefore the difference between the springmass model and elastic bridge model is not very significant, and the actual pull-in
displacement should be not much larger than d0/3.

1.4 Overview of the thesis
In this thesis controlling light and sensing with it on a chip based on the IMOS
platform is explored. The design, fabrication and characterization of devices for
different applications in phase modulation, optical switching, nano-mechanical
sensing, and spectral sensing are described.
Chapter 2 concerns the development of the fabrication process and its optimization.
The tailored IMOS material platform is first introduced, followed by a description
of the process. Then the experimental setups involved in the characterization of the
devices are explained. Finally, the optimization of some key electrical and optical
characteristics is discussed.
The following three chapters are dedicated to the main experimental results
achieved in this research work. In chapter 3, a phase modulator and a switch based
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on a Mach-Zehnder interferometer are demonstrated in the IMOS platform. Firstly,
the state-of-the-art in optical phase modulators and switches is briefly reviewed.
Then the principle of the proposed NOEMS phase shifter is explained and the
designs of the double-membrane waveguides and the adiabatic taper are discussed.
The main experimental results of the phase shifter are shown and analyzed. An
optical switch based on the phase shifter is finally demonstrated.
In chapter 4 a more compact realization of the optical switch based on a fourwaveguide directional coupler is presented. The principle of the device is first
explained in the framework of coupled-mode theory. Next the main experimental
results are shown and a comparison between it and the other switch based of MZI is
made.
In chapter 5 an integrated nano-mechanical sensor based on the four-waveguide
directional coupler and waveguide-photodiodes is presented. After reviewing the
state-of-the-art in nano-mechanical sensors, the fabricated waveguidephotodiodes are characterized. Next the experimental method is introduced, and
the readout of displacement is shown. The measurement of Brownian motion at
room temperature is presented and the displacement imprecision is calibrated from
that. Next the response function and the fluctuation of resonance frequency are
measured and discussed, and the influence of pressure on the resonance is shown.
Finally the relevant performance parameters for the sensing of
displacement/force/mass are given.
Chapter 6 is dedicated to a separate topic, namely a theoretical study of novel
nanophotonic structures for on-chip spectral sensing. Firstly, the state-of-the-art in
integrated spectral sensors is briefly reviewed. The concept of spectral sensing using
disordered scattering media is then introduced and its optimization is discussed.
The developed optimization method based on the adjoint method is introduced and
the optimized results for a multiplexer are shown. The design of a general planar
filter for spectral sensing is investigated and the ultimate physical limits are
discussed. In the end a fabrication-friendly design method has been proposed and
the fabrication tolerance of the design is studied.
This thesis is concluded with an outlook on possible future research directions.
Improvements to the fabricated devices in terms of speed, efficiency, sensitivity and
robustness are proposed.
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2 | Fabrication
In order to fabricate the NOEMS devices on IMOS platform, a processing recipe is
developed and optimized as one of the main achievements in this thesis. The main
processing steps as well as the characterization of the basic electrical and optical
properties of fabricated sample will be described in this chapter. The setups used for
the characterization and experiments in this work is also introduced.

2.1 Layerstack

Figure 2.1: Sketch of a typical double membrane structure on IMOS platform

As mentioned in the last chapter, the major part of this thesis involves building
NOEMS with indium phosphide membrane technology. So far most
NOEMS/MOEMS devices have been built with silicon. Apart from different
chemicals used for etching, their two major differences in their fabrication process
are: (i) the regrowth of III-V semiconductor layers on top of a structured surface is
more complex than with Si. As a consequence, the degree of freedom in design is
limited to devices with multiple layers: what is etched in one layer has to be etched
also in the layers above (if there is any). This makes some vertical coupler design and
vertical mechanical stopper [8] impossible; (ii) it is easier to define doping variations
in the vertical (growth) direction in III-V semiconductors. As a result, a reverse
biased p-i-n junction with insulation layer partially etched away can be used as a
vertical displacement actuator [56], [57]. In contrast, most silicon-based
MEMS/NEMS devices use metal electrodes to create lateral displacement e.g. in
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comb drive actuators. However in recent years silicon-based vertical NOEMS have
also been reported using pre-bent cantilevers, by exploiting the surface stress from
a metallic film [8], [67]. With these differences in mind, we designed a
InP/InAsGaP/InP sandwich heterostructure for our vertical actuating NOEMS
devices, shown as the sketch in figure 2.1. After bonding and substrate removal,
there three major layers are left for the suspended waveguides/beams,
sacrificial/absorption and bottom waveguides respectively.

Figure 2.2: Epitaxial structure of the samples (before bonding) shown in this thesis. Grown
by Rene 2van Veldhoven from NanoLab@TU/e

Table 2.1 layerstack parameters
Layer’s #
1
2
3
4
5
6
7
8
9
10
11

Purpose
Protection before processing
Etch stop for layer1
Bottom waveguide layer
N contact
Sacrificial layer/absorption layer
Top waveguide/suspended layer
Top waveguide/suspended layer
P contact
Contact protection
Wafer removal etch stop layer
Iron doped InP wafer

19

Material
InP
InGaAs
InP
InP
Q1.58
InP
InP
InGaAs
InP
InGaAs
InP

Thickness(nm)
50
50
220
50
220
150
110
20
50
300
-

Doping(cm-3)
nid
nid
nid
n = 1×1018
nid
p = 5×1017
p = 1×1018
p = 1×1019
nid
nid
n = 1×1018

“nid” stands for “non-intentionally doped”, meaning that dopants were not intentionally
introduced by the operator during the epitaxial growth (but could still be present in low
concentration as background doping).

The process starts from the epitaxial growth of III-V heterostructure, which is done
by Rene van Veldhoven, NanoLab@TU/e. The layer stack is shown in figure 2.2 and
functionality and parameters of each layer are listed in table 2.1. The layer stack is
grown by MOVPE with a thickness accuracy of 5%. A 2’’ semi-insulating iron-doped
InP wafer, oriented along the <100> direction, is used for the growth. First, a 300
nm thick InGaAs layer is deposited on top of the substrate, as a etch stop layer for
the substrate removal after bonding. Then comes the first membrane, which is used
for suspended waveguides and beams later. This includes a contact layer, essential
for the active control of the suspended beam and for photodiodes as well. Initially
we use p-InGaAs as the contact layer on top of the membrane, however part of the
p-InGaAs layer is etched away together with the sacrificial layer (Q1.58) during the
final releasing step by wet etching. While this is not a problem for the p-i-n junction,
it prevents the charges from moving efficiently to the suspended beam, results in a
failure of the actuation. Our second trial was using p-InP for the contact layer but it
failed as well, as p-InP only allows a Schottky contact, which is not adequate to drive
the actuator neither. Finally we found a working stack with p-InGaAs contact layer
and a thin i-InP below it (i.e. layer#9 in the table) to protect it from etching. Another
two p-doped InP layers are added for the main part of top membrane. The second of
them has a lower doping level (5×1017 cm-3) to reduce the zinc diffusion into the active
region during the epitaxial growth. The total thickness of the top membrane (after
flipping) is 330 nm, slightly thicker than the bottom membrane (270 nm) for three
reasons: (i) the presence of substrate makes the effective refractive index of bottom
waveguides larger than that of the suspended waveguide with same thickness,
therefore a thickness compensation is needed to keep the mode symmetry, as shown
in figure 2.3; (ii) removing the SiN mask at the end of process produces an
undesirable reduction of the thickness of the top membrane (ranging from 10 to 20
nm), which should also be compensated; (iii) the width of suspended waveguide is
smaller than that of bottom waveguides due to a side-wall effect (which will be
explained in section 2.2.2), which also needs compensation.
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Figure 2.3: (a) Effective refractive index (ERI) of fundamental TE guided mode in a planar
InP membrane as a function of thickness t, with substrate of SiN/BCB/SiO 2 (black) and
without substrate (red). In order to have the two guided modes have the same ERI, a
thickness compensation to the latter is needed (15 nm in this case). Electric field (Re{E})
distribution of the symmetric composite mode, without (b) and with (c) thickness
compensation.

After the first membrane an InGaAsP (Q1.58) quaternary layer with a thickness of
220 nm is grown. There are two functions for this layer: (i) it provides an insulation
between p- and n- layer in the junction and can be selectively etched from InP
membranes, therefore works as an sacrificial layer for the mechanical part of device;
(ii) it is also an absorbing layer for a photodiode. The thickness is chosen empirically
to be 220 nm as it gives enough tuning range of Δneff, while the risk of collapsing
during processing is manageable. The second membrane uses n-InP as contact layer
followed by a non-intentionally doped InP layer for the main part of bottom
waveguides. Finally, the 50 nm InP cap layer and the 50 nm InGaAs etch stop layer
for that is placed on top the grown layerstack, to protect the waveguide layer before
processing.

2.2 Nanofabrication
The whole procedure of fabrication can be divided into a few major steps: wafer
bonding, processing of the optical/mechanical part, processing of the electrical part
and releasing of suspended beams. Though IMOS allows preprocessing the wafers
before they are bonded (double-sided processing [5]), for the prototype
demonstration in this thesis we chose to bond two empty wafers and do all the
patterning and etching steps afterwards. The order of processing the
optical/mechanical part and electrical part can be switched as they are independent
from each other. Each of the major steps (excepted for bonding) takes one or
21

multiple patterning and etching steps for different layers and features, which will
be described in detail in the following sections.

2.2.1 Wafer Bonding
In order to transfer the III-V heterostructure onto a silicon wafer, a wafer bonding
process needs to be done. There have been many different bonding technology
reported, e.g. direct bonding, surface activated bonding and adhesive bonding [69].
The former two are often used for Si-Si bonding and require stringent conditions
such as extremely flat and clean surface and ultrahigh vacuum, while adhesive
bonding has much more relaxed requirements by using an intermediate bonding
material. The process used by the author here was originally developed in reference
[70], using benzocyclobutene (BCB) as the adhesive bonding material. Although a
full 2'' wafer can be bonded on a 3'' silicon wafer, for testing purpose the author
cleaves the 2'' InP wafer into 6 pieces, only one of which is used in each process. The
simplified procedure of a BCB based wafer bonding is shown in figure 2.4(a). A 250
nm silicon oxide layer is first deposited on the silicon wafer with plasma-enhanced
chemical vapor deposition (PECVD). Meanwhile a 50 nm silicon nitride layer is
deposited on the InP wafer with PECVD, as an etch stop layer, after cap layers are
removed. Next both wafers are kept in an oven at 280 ˚C with nitride flow for 8 hours
for outgassing, which is important to avoid bubbles during the bonding process.
Right after that a thin layer of adhesion promotor (AP-3000) is deposited with spin
coater (500 rpm 7’’ + 4000 rpm 50”) on both wafers, followed by a 5-minute baking at
135 ˚C. The thickness of BCB layer can be different depending on the application,
however a thicker BCB layer provides more tolerance to surface roughness therefore
gives more reproducible results. Here we chose a 900 nm-thick BCB layer (BCB35,
spun at 500 revolutions per minute (rpm) for 7’’ followed by 4000 rpm for 50”). After
spinning and soft-baking the BCB at 100 ˚C for 5 minutes, the InP wafer is flipped
and placed on the silicon wafer and put in a bonding machine, in which a force of
159 N is applied at 280 ˚C in vacuum for 1 hour. The crystalline directions of the two
wafers are aligned by roughly aligning the wafer flat to enable a cleaving of the
bonded wafer at the end of fabrication. Once the bonding is completed and wafer
cooled down, the excess BCB from the edges of wafer can be removed by reactiveion etching (RIE). Finally the InP substrate is removed with solution of H2O:HCl (1:4)
at 35˚C for about 30 min, and InGaAs etch stop layer is removed with solution of
H2O:H2SO4:H2O2 (10:1:1). Figure 2.4(b) shows a piece of cleaved bonded wafer after
substrate removal.
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Figure 2.4: (a) Schematic of wafer bonding procedure. (b) A piece of bonded wafer
after cleaving.

2.2.2 Processing of the mechanical/optical part
In this step the mechanical beams, waveguides and waveguide-based components
(multi-mode interference couplers, directional couplers) as well as gratings couplers
are defined. Three patterning and etching steps are needed due to the different
etching depths required by these components.
Suspended beams and waveguides
Suspended beams and waveguides provide tunablity in our design, which are
defined first since they are in the top membrane. Meanwhile, alignment markers for
the next exposures and isolating trenches for mesas are also defined together in the
same etching step. The waveguides are designed to align with <110> direction of the
bonded wafer to enable cleaving afterwards, as shown in figure 2.5(a). The device
orientation is critical also for the releasing step as the quaternary sacrificial layer has
an anisotropic etching rate when selectively etched from InP waveguide layer using
a H2O:H2SO4:H2O2(10:1:1) solution. Specifically, the etching rate in the <011>
direction is much slower than that in <001> direction and sometimes it can even
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form an ‘etch stop’ [71]. As a consequence the undercut facet is about 45˚ angled to
the edges of rectangular holes, as shown in figure 2.5(b), and there might be
materials remaining if the distance between two holes is too large. For this reason
the body of the beam is designed with densely packed hole-arrays to ensure the
releasing of device is not prevented by the etch stop.

Figure 2.5: (a) An example layout of a double clamped beam tapered waveguide. The
waveguide is aligned with the <110> direction of the wafer. (b) A high voltage (15 kV) SEM
shows the undercut facet around the square holes in suspended membrane. The facet is
marked in red line, which is about 45˚ to the edges parallel with the waveguides.

A 100-kV electron beam lithography (Raith EBPG5150) is used to pattern the
nanostructure. To balance the resolution and speed of exposure, a beam step size of
10 nm and current of 5 nA are used for waveguides. The dose employed in the
exposure is 180 μC/cm2. Electron beam lithography is known to be affected by a
proximity effect [72], which means the local dose density is influenced by its
neighboring pattern, which is due mainly to backscattering of the electrons. This
effect is compensated by a proximity effect correction software (BEAMER), in which
the correction parameters are estimated by modeling the trajectories of elctrons via
Monte Garlo simulations and fitting the data with a Gaussian point spread function
[73]. Positive elcectron-beam resist ZEP520A is used for exposure for its high
resolution. Resist usually cannot stand the inductively coupled plasma (ICP) etching,
therefore the mask needs to be first transferred to a stronger material, silicon nitride,
before the nanostructure is etched in the semiconductor layers.
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In detail, a silicon nitride layer of 100 nm is first deposited on top of InP with PECVD,
followed by spin-coating of a 400 nm-thick ZEP520A resist on top. The thickness of
these layers is chosen by the principle that it is at least twice thicker than what will
be consumed in the following dry etching process. To make the resist harder, it is
pre-baked gradually from 100 ˚C to 150 ˚C for 2 minutes then baked at 200 ˚C for
another 4 minutes. After the exposure, the resist is developed in n-amyl acetate for
70 s and rinsed in a solution of methyl isobutyl ketone (MIBK):IPA (9:1) for 45 s. Next,
the mask is transfer to the silicon nitride layer by reactive ion etching (RIE) with
CHF3. Then the remaining resist is removed by stripping with O2 plasma in RIE
(300W, 10 min). The scattering induced by the roughness of sidewalls is a major loss
origin in waveguides. Therefore to reduce the roughness of sidewalls in the mask,
the sample is dipped in a 1% HF solution for 2 s. Next the sample is placed in an ICP
RIE, and the heterostructure of InP/InGaAsP/InP is etched by a cycle-based recipe.
In each cycle CH4/H2 is first injected for etching and then O2 is injected for ashing.
During the process the reaction chamber is kept at 60 ˚C. To define the suspended
beams and waveguides, the etching needs to penetrate the first InP membrane, but
leave the bottom InP membrane untouched. The actual etched depth is measured
with an atomic force microscopy (AFM) profilometer, and the number is used to
calculate the accumulated etching depth needed for the bottom membrane. Then
the sample is stripped by O2 plasma again to remove any carbon based residue from
the last etching. Finally the silicon nitride mask is removed with a buffered HF
solution (6:1). This full patterning-etching procedure (Figure 2.6), developed by
dr.F.M. Pagliano, is used again in the definition of grating couplers and bottom
waveguides, with only a few variations in parameters.
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Figure 2.6: Schematic of the semiconductor dry etching procedure. (a) Fresh surface after
cleaning. (b) Silicon nitride layer deposition with PECVD. (c) Electron beam resist
spincoating. (d) Electron beam lithography and development. (e) Mask transfer to nitride
with RIE. (f) Resist removal with RIE. (g) Semiconductor etching with ICP. (h) Nitride layer
removal.

Table 2.2: Dry etching chemistries used in this work
Chemistry
O2 plasma
CF4 plasma
CHF3(RIE)
CH4/H2(ICP)

Etches
Polymers,
resists
SiN
SiN
InP,InGaAsP

Rate
Depends on
power
20 nm/min
20 nm/min
InP 70 nm/min
InGaAsP 35
nm/min

Anisotropic
No

Mask/Stops on
III/V and SiN

No
Yes
Yes

III/V
III/V, resist
SiN

Bottom waveguides
Bottom waveguides are responsible for transmitting light from grating couplers to
tuning components and vice versa, or from transducing components to photodiodes
in our design. The processing steps are very similar to that of the suspended beams
and waveguides. However, as the operation of device depends on tuning the
coupling between suspended waveguides and the bottom ones, it is critical to have
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a precise overlay alignment between them. Another challenge comes from the fact
that part of the bottom waveguides are not etched on a flat surface, and the sidewall
of the layer above tends to extend the masked area for the layer below when their
boundary is overlapped, which is illustrated in figure 2.7. Although in most cases
this issue can be avoided by modifying the mask design to avoid boundary overlaps,
the performance has to be compromised for coupled waveguides where the same
mode size is desired in the upper and lower waveguides. To reduce this side effect a
relatively thin (60 nm) of silicon nitride layer is chosen for the mask in this etching
step. Though there is a silicon nitride etch stop layer between the bonding layer and
the bottom InP membrane, etching down to the stop layer will eliminate the option
of using wet etching to remove the mask (the risk is that the whole membrane is
removed), therefore a thin InP layer of 10 to 20 nm is usually left on purpose. Another
option is to remove the SiN mask by dry etching in RIE with CF4, then it is not
important if the bonding layer has been reached or not.

Figure 2.7: (a)~(h) The etching procedure of the bottom membrane. Note that in (d) the mask
has the same width as the waveguide etched in previous step, however in (h) the final bottom
waveguide is thicker than the top one by 2h, where h is thickness of the silicon nitride layer
in (b). Figure 2.7(i) shows the SEM of a double etched structure as (h) illustrated, where a
width step at the interface between two etching steps can be seen on the sidewall.
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Grating couplers
Grating couplers are used to couple light from single-mode optical fibers into
waveguides on chip and vice versa. Fibers are 13˚ tilted from the normal direction as
shown in Figure 2.8(a). The grating area is 15×20 µm2 to match the core of single
mode fiber with 10 µm diameter. A waveguide taper connects the grating coupler to
the standard waveguide. An etching depth is first fixed at 150 nm empirically, then
the period and fill factor are optimized to maximize the average coupling efficiency
from 1510 nm to 1610 nm. A 2D finite difference time domain (FDTD) model of the
grating coupler is built to find the optimized parameters. First the lateral position
of fiber input is swept to find the optimum. Then a particle swarm method [74] is
employed for the optimization. The group size of particles is 10 and the number of
generations is 50. The result of the optimization is shown in figure 2.8. With a pitch
of 750nm and fill factor of 0.58, the coupling efficiency is above 0.3 for from 1510 nm
to 1610 nm and maximized at 1550 nm, while the back reflection is below 0.02.
Although the 1D gratings can be well represented in the 2D model, the profile of a 3D
Gaussian beam cannot. Therefore a 3D model taking the circular beam cross section
into account would be required for a more accurate optimization. However as we
are not focusing on the performance of grating coupler in this work, we chose to
work with the 2D model for its simplicity and more affordable computation load.

Figure 2.8: (a) FDTD model of a waveguide-grating coupler. The core of grating is in light
blue, the InP grating is in red and the bonded layer is in gray. Perfectly matched layers are
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used as boundaries of the model, shown as orange area. (b) The FoM (average coupling
efficiency from 1510 nm to 1610 nm) and the two optimizing parameters, grating pitch and
fill factor, as a function of swarm generation. (c)The coupling efficiency and back reflection
from the grating as a function of wavelength, after optimization.

Precise control of the etching depth of grooves is critical for maximizing the
coupling efficiency as well as reducing the back-reflection from the grating coupler.
There are two challenges in the process to achieve this goal: (i) on top of the InP
waveguide layer, there is the sacrificial layer of InGaAsP, which is half etched in the
last step. The etching rate of InGaAsP by our recipe is about 35 nm while that of InP
is 70 nm. This difference in etching rate together with the uncertainty in thickness
of epitaxial layers, make the precise estimation of the etching depth a tricky task; (ii)
the dry etching rate of nanostructure in ICP strongly depends on the area being
etched, which is known as the lag effect [75]. The etching rate in a 300 nm-width
groove is about 0.77 of that on a free surface [76]. Since the profilometer (TENCOR)
available to the author does not have enough lateral resolution to measure the depth
of grooves in the gratings, a calibration structure with bigger size is measured and
the value is then converted into the estimated etching depth of gratings by
multiplying 0.77. The image of a fabricated grating coupler and its measured
coupling efficiency (including the waveguide taper) are shown in figure 2.9. For
practical reasons e.g. imprecision of etching depth, roughness on the sidewalls,
imperfect alignment and mode shape, the actual coupling efficiency is lower than
that in the simulation. However the wavelength of maximized coupling efficiency is
1550 nm, which meets well the design target. The ripples on the efficiency curve are
likely due to the Fabry-Perot effect arises from the back reflection of the gratings.

Figure 2.9: (a) SEM image of the grating coupler. (b) Measured coupling efficiency of the
grating coupler. Inset: optical microscope image of the grating coupler.
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2.2.3 Processing of the electrical part
In this step the contact layers are opened and metallized. Three lithography
exposures are done for the p-via, n-via and metallic contacts respectively. Though
optical lithography could be used for this step as no submicrometer feature is
involved, we still used electron beam lithography for its flexibility, which is
convenient in the developing phase of devices.
P-via and n-via
In order to make contacts for the p-i-n junctions, materials on top of the contact
layers need to be removed so that the metallic alloy can be deposited. Though the
same dry etching process as for the waveguide etching can be used for the step, a 20
nm over-etch to the contact layer could be devastating to contacting performance.
To avoid this risk we chose selective wet etching instead, ensuring that etching stops
at the material interface of the contact layer. Similar to the last step, the pattern is
first defined by electron-beam lithography and then transferred to silicon nitride
mask with a CHF3 RIE. For p-via, only a layer of InP needs to be etched, with solution
of H3PO4:HCl (8:2). The profilometer is used to check the etching depth. A second
etch can be done if there is doubt on whether the interface has been reached. For the
n-via, the solutions of H3PO4:HCl (8:2) and H2O:H2SO4:H2O2 (10:1:1) need to be used
alternately twice to reach the n-InP contact layer. It is crucial to check the depth with
the profilometer and microscope after etching of each layer, as an incomplete
etching in any step would transfer also to the next layer by creating an undesired
‘mask’. The chemical solutions used for wet etching in this work are listed in Table
2.3 together with their properties.
Table 2.3: Wet etching chemistries used in this work
Chemistry
Buffered HF(6:1)
H2O:HCl(1:4)
H3PO4:HCl(8:2)

Etches
SiN
InP
InP

Rate
80 nm/min
>50 nm/min
>400 nm/min

H2O:H2SO4:H2O2(10:1:1)

InGaAs, InGaAsP

>400 nm/min
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Stops on
InP, InGaAsP
InGaAs
InGaAs, InGaAsP,
SiN
InP, SiN

Metallization
A standard lift-off process is used for the metallization. First a positive resist
(PMMA-950K-A11) is spin-coated on the sample and baked at 182˚C for 3 min. A dose
of 1150 µC/cm2 is used. A beam step size of 20 nm and current of 50 nA is employed.
It is important for the metallic pads to extend and cover the p-via, so that p-contact
layer will not be exposed to the acid during the releasing step. After the exposure the
sample is developed in MIBK:IPA (1:3) for 1 min and rinsed in IPA for 50 s. Next a
short O2 descum (100W, 15s) is employed within the RIE system to clean the opened
contact area and diluted phosphide acid H2O:H3PO4 (10:1) is used to deoxidized the
surface right before deposition of metal. An alloy of Ti/Pt/Au (25nm:75nm:200nm) is
used for both p- and n-contact, where titanium is used to improve adhesion, while
platinum is a diffusion barrier for gold. The deposition is done with an electronbeam evaporator (Temescal, FC2000). Finally, the sample is kept in an acetone
vapour bath for 1 hour and acetone liquid for 10 min and rinsed with IPA to lift-off
the metal.

Figure 2.10: (a) the layout of a device (grating couplers and photodiodes are not shown). The
p-via is covered by the metal to protect the p-contact layer from undercut. Deep trenches
(blue) surrounding the contacts isolate the device from others. Shallow trenches (gray)
between the n- and p-contact prevent the recombination of carriers through the edges,
therefore make the NEMS actuator more responsive to actuating voltage. (b) SEM image of
the device.

2.2.4 Releasing of the beams
The suspended beams and waveguides are released by a selective wet etching of
InGaAsP sacrificial layer with a H2O:H2SO4:H2O2 (10:1:1) solution. However, it is
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found that the gold pads are acting as a catalyst for the reaction – an effect known
as metal-assisted chemical etching [77] – resulting in a faster and inhomogeneous
etching rate. Wet etching a sacrificial layer with the metallic pads exposed with acid
gives a much larger undercut near the metal. In figure 2.11(a), the NEMS beam has
metal on only one side of the waveguide and it got undercut more than 10 µm
(marked in red arrows) while on the other side without metal the undercut is around
2 µm (marked in black arrows). While in normal etching rate the contact layer is not
attacked by the acid, with metal-assisted etching it is also etched away, and the InP
protection layer gets detached as shown in figure 2.11(b). Too fast and too much
undercut could also result in the whole top membrane bending up around the pcontact, due to the metallic stress. To have a controlled undercut, the metallic pads
are covered with a silicon nitride mask, defined in a lithography step. Next the
sample is put in H2O:H3PO4 (10:1) for 10 min for deoxidization. Then the sample is
immersed in H2O:H2SO4:H2O2 (10:1:1) kept in 20 ˚C for 3 min, gently stirred by 10 s
every 30s and carefully rinsed in pure water. This etching does not only create the
undercut for the beams, but also make a smooth top surface of the bottom
waveguides. A successful release with proper undercut is shown in figure 2.11(d).

Figure 2.11: (a) Optical microscope image of a device showing the effect of metal-assisted
etching to the undercut. The image is over-exposed on purpose to see the facet of undercut
(marked in dashed lines). The part of membrane with an undercut shows a light purple or
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blue colour while the part without undercut is in darker blue. (b) SEM image of a failed
release in which the contact layer is etched and therefore the protection is ‘floating’. (c) SEM
image of a failed release in which the sacrificial layer got etched too much and the top
membrane is bended up due to the metallic stress. (d) SEM image of a successful release,
etched with metallic pads covered with a silicon nitride mask.

One of the main risks in the NEMS fabrication process is the stiction – the
suspended membrane collapses on the bottom layer after its release under external
or internal stress, and therefore loses tunability. Once happened, stiction is usually
irreversible due to many short range forces e.g. Casimir, van der Waals and
electrostatic force arising from the junction [78]. A main reason for the stiction is
the capillary force due to surface tension of the liquid in the interstitial spaces left by
the sacrificial material during the drying process. There are many parameters,
besides the surface tension, which can influence the chance of stiction during the
drying, namely the contact angle of the droplet on the surface, the dimension of the
intermembrane gap, the stiffness and width of suspended membrane. This problem
has been investigated in [79], in which the drying process is modeled and an
elastocapillary number NEC is defined to predict the chance of stiction due to
capillary force. The elastocapillary number for square plates [16], neglecting the
holes and internal residual stress is:
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where E and ν are the Young’s modulus and Pooisson ratio of InP, respectively, d0 is
the initial gap dimension, t is the thickness of membrane, L is its width, γl is the
surface tension of water (72 mN/m), c is the contact angle of water on a flat InP
surface. When NEC > 1 the membrane is likely to be successfully released and when
NEC < 1 it will collapse.
The thickness of the membrane was chosen to be close to the typical InP waveguide
thickness in the IMOS platform [80], [81] and the intermembrane distance was
chosen empirically from previous works [56], [57] in our group. However it is
interesting to check the limit of Δneff in InP double-membrane devices. Assuming
the Δneff is limited only by the electrostatic pull-in, the maximized Δneff can be plotted
as a function of thickness t of membrane and initial inter membrane distance d0,
which is shown in figure 2.12 together with the curve of NEC = 1, assuming a 10×10
μm2 suspended membrane. It is clear that the design parameter is far from the
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optimal point for maximized pull-in limited Δneff , which can be as high as 0.08 with
thinner membrane and smaller gap. However it also shows that such combination
of parameters has a higher risk of stiction. Anyway, the actual footprint of
suspended membrane in this work is far larger than 10×10 μm2, in some cases as
large as 140×30 μm2. Given the L-4 dependence in equation (2.1), it is clear that such
large suspended structure are very unlikely to survive a normal drying process, even
by replacing water with liquid with lower surface tension such as isopropanol (γl=23
mN/m).
To prevent the droplet to form and induce capillary force between the membranes,
super-critical drying methods [82] have been used to avoid a direct transition of
interstitial fluid from liquid to gaseous phase. In this work this is done with a Leica
super-critical drying system (EM CPD 300). First the sample is transferred from
water to IPA, then inserted into a sealed chamber. The system is first cooled down
to 16˚C, then the IPA is substituted by liquid CO2 through 32 cycles of dilution steps
(the pressure in the chamber is balanced with the external CO 2 bottle at this stage).
Then the pressure of the chamber is increased by incrementing the temperature,
until they pass the critical point (TC = 31˚C, PC ≈ 74 bar), after which the CO 2 enters
the regime of supercritical fluid, i. e. distinct liquid and gas phases do not exist
anymore. Then the pressure is decreased while the temperature is maintained until
CO2 becomes gas again, hence a phase transition is avoided. Finally, the left silicon
nitride mask is removed by an isotropic dry etching based on CF4.

Figure 2.12: The pull-in limited Δneff as function of membrane thickness t and intermembrane gap d. The orange dashed line shows the parameter combination where N EC = 1,

34

which is calculated assuming a 10×10 μm2 suspended membrane. Designed parameter
combination is marked with an orange square.

2.3 Experimental setups
The samples have been characterized using two different setups for different
experiments in this work. In Chapter 3 and 4, the transmission of devices is
measured with a fiber-based setup. In Chapter 5 the photocurrent of device is
measured in a vacuum setup where light is injected from an objective.

2.3.1 Fiber-based waveguide setup
The setup for measuring transmission of waveguide-based devices with grating
couplers, designed and built originally by dr.F.M. Pagliano, is shown in figure 2.13(a).
A tunable laser (Santec TSL510, wavelength range from 1510 nm to 1630 nm) is
coupled into a polarization-maintaining fiber, through an optical-fiber polarization
controller and connected with a 4-degree-of-freedom fiber holder. The X, Y, Z
positions of the fiber are motorized with a piezo-stage and the angle to the Z axis
can be adjusted manually within a range of 15 degree. The fiber tip is stripped and
cleaved to have a flat facet. The optical signal from a sample is collected with another
cleaved fiber with the same position-control unit, detected with a photodiode and
read out with a power meter or an oscilloscope. A RF probe with 3 fingers is used to
contact the electromechanical actuator. The sample is put on a XY movable stage. To
monitor the relative XY position of the fiber tips to the gratings, as well as the
vertical distance between them, an NAVITAR 12X zoom lens system with working
distance of 86 mm and tunable magnification of 1.16X-14X is set at an angle of 45˚ to
the sample plane. In this way the distance between the fiber tip and sample surface
can be estimated by the distance between the images of the fiber and its shadow, as
shown in figure 2.13(b). As the objective is far from the sample, the illumination
angle needs to be symmetric to that of the camera, in order to have an image with
good contrast. A second illumination is needed from a flatter angle to see the RF
probe fingers.
The fiber to fiber signal is very sensitive to the position of fibers. Before the
transmission can be measured, one needs to align both fibers to the grating couplers
on the sample first. This is done using the following procedure: first a coarse
alignment is done by monitoring the position of fiber tips on camera, then a fine
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alignment is achieved by adjusting the XY position of each fiber to optimize the
power read on the power meter.

Figure 2.13: (a) Sketch of the fiber-grating coupled waveguide setup. Light 1 is in line with the
zoom lens, while Light 2 is illuminating the probe from side. The red lines indicate the light
path in the optical fiber and the green lines indicate the electric signal path. (b) Image seen
by the camera during a measurement. Grating, actuator, electric probe, fiber tip and its
shadow are marked with arrows.

2.3.2 Photocurrent vacuum setup
The setup was originally built by dr.F.M. Pagliano to measure photoluminescence
on microstructures. In this work we use part of the original setup to measure the
photocurrent in a vacuum environment to reduce the air damping to the mechanical
motion of beams. Figure 2.14 shows a schematic of the setup (parts not used in this
work are omitted). Free-space optics are mounted on a rail so that they can be
aligned easily before the measurement. A laser beam is focussed through an
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objective and a transparent window of the vacuum chamber to the grating coupler
on the sample. Two electric RF probes are used for collecting the photocurrent from
the on-chip photodiode and actuating the device, respectively. The sample is
clamped on a XY motorized stage, while the objective can only move in z direction
to tune the focus. Before the actual measurement, a visible laser is first used to align
the laser spot with the grating coupler, then the objective is replaced with another
one with lower magnification and larger field of view to align the probes with
contacts, finally the objective is changed back to perform measurement. In static
measurement the sample is probed with an electric DC source and the photocurrent
is monitored with a multimeter. In the dynamic/frequency measurement, the
sample is modulated by an AC source while reverse biased, and the variation of the
photocurrent is amplified with a transimpedence amplifier and then monitored by
an electric signal analyzer (ESA).

Figure 2.14: Sketch of the photocurrent vacuum setup. The red lines indicate the light path
(solid lines for light in fiber, dashed lines for light in free space) .The yellow lines indicate the
path of illumination light. The green lines indicate the electric signal path.

2.4 Calibration of the electrical properties
As mentioned in the first chapter, we use a reverse-biased p-i-n junction as a parallel
plate capacitor for the actuation of the beam. The operation of the tuning diode in
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reverse bias can be described in an equivalent circuit model, as shown in figure 2.15.
The diode has two capacitors, a NEMS capacitor Cm in which air is used for the
isolation, and a parasitic capacitor Cpa in which intrinsic semiconductor is the
isolation. The area of the parasitic capacitor is roughly equal to the area of the pcontact (100×100 μm2) and the dielectric constant of InGaAsP is 12.5×8.854×10−12
F⋅m−1 = 1.1×10−10 F⋅m−1. By 𝐶 = 𝜀𝐴/𝑑, this gives Cpa = 5.5 pF. Similarly, Cm can be
calculated to be 0.2 pF for a typical device used in this work. When a reverse bias is
applied Cpa decreases slightly due to an enlarged depletion region, while Cm increases
due to the smaller inter-plate gap from the displacement of the beam. The parasitic
capacitor also comes with a parallel resistance Rpa (shunt resistance) due to the
current leakage, a series resistance comprised of contact resistance Rc and layer
resistance Rl. The layer resistance is determined by the sheet resistance of p- and ncontact layers, and the geometry of the device. In this work we are mostly interested
in the frequency range up to a few MHz because the fundamental mechanical mode
of the beams cannot exceed that. In this low frequency regime the parasitic
inductance can be neglected, therefore is not shown in figure 2.14. The sum of series
resistance and shunt resistance Rc + Rl + Rpa defines the power used by the device in
DC mode. In the following section we measure these parameters with transmission
line measurements and the characterization of the diode.

Figure 2.15: Equivalent circuit of the tuning diode in reverse bias. Metal pads are marked in
yellow color.

2.4.1 Transmission line measurements (TLM)
The transmission line measurement (TLM) method is a systematic way to determine
the performance of electric contacts. A series of 100×100 μm2 metal pads with
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increasing distance L between them (5 to 20 μm) are patterned on the p- and ncontact layers, together with the device contacts. The pads are isolated from the rest
of the chip by deeply etched trenches, to minimize parasitic current flows. In this
way a series of resistors with area of (100 μm)∙L and resistance of Rl is formed. The
total resistance between two adjacent pads is 2Rc + Rl, where Rc is the contact
resistance. The resistance of uniform thin layers can be quantified by the sheet
resistance, which is calculated as Rs = Rl∙W/L where L and W is defined in figure
2.16(c). Therefore by measuring the I-V curves between the pads two by two, both
Rc and Rs can be obtained.
The measurements have been performed with a probe-station inside the
Nanolab@TU/e cleanroom at room temperature. The I-V curves for p- and ncontacts fabricated with the process described in this chapter are shown in figure
2.16(a) and (b). Both of them have I-V which are almost straight lines, indicating
ohmic contacts. Figure 2.16(d) shows the slopes retrieved from (a) and (b) and their
linear fits. The intercept of the fitting lines indicate the contact resistance of p- and
𝑝
𝑛
n-contacts to be 𝑅𝑐0 = 220 Ω and 𝑅𝑐0
= 34 Ω respectively. Therefore the total
𝑝 𝐴𝑇𝐿𝑀
𝐴𝑝

contact resistance of the diode can be estimated by 𝑅𝑐 = 𝑅𝑐0

𝑛
+ 𝑅𝑐0

𝐴𝑇𝐿𝑀
𝐴𝑛

= 237

Ω, where 𝐴 𝑇𝐿𝑀 , 𝐴𝑝 and 𝐴𝑛 are the area of the contacts in the TLM experiment and
in the diodes. The sheet resistance can be obtained by Rs = slope∙W, which gives 1.08
kΩ/square and 0.62 kΩ/square for p- and n-contact layers respectively. Given the
doping concentrations and thickness of p- and n-contact layers, their expected sheet
𝑝

resistance are 𝑅𝑠 =
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1
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𝑒𝑡𝑝𝐼𝑛𝑃 𝜇ℎ
𝑝
𝐴
𝐴
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= 1.94 kΩ/square and

𝑅𝑠𝑛 = 𝑒𝑡 𝐼𝑛𝑃 𝜇𝐼𝑛𝑃 𝑁𝐼𝑛𝑃 = 0.63 kΩ/square (the electron and hole mobility in doped InP
𝑛

𝑒

𝐷

and InGaAs at room temperature are taken from [83]–[85]). The measured sheet
resistance of n-contact is very close to the expectation, while that of n-contact is 44%
smaller than the expected value, might be due to imprecision in the doping level or
layer thickness. However, as the p-contact sits directly on top of the junction, the
layer resistance in the diode is dominated by the n-contact layer, and given the
geometry of contacts can be calculated to be around 60 Ω.
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Figure 2.16: TLM measurement. (a) I-V curves of the p-contact array, measured between the
pads two by two. (b) I-V curves of the n-contacts. (c) The SEM image (up) and the layout
(down) of the contact array. (d) Slopes of the I-V curves of p- and n-contacts as a function of
the inter-pad distance and their linear fits. The intercepts of the fit lines indicate the contact
resistance to be 220 Ω and 34 Ω for p- and n-contact respectively. The slopes of the fit line
give the sheet resistance 1.08 kΩ/square and 0.62 kΩ/square for p- and n-contact layers
respectively.

2.4.2 Diode characteristics
Figure 2.17 shows the measured I-V curve of a typical tuning diode. The diode shows
a smooth turn on voltage around 1.3V. The resistance in forward bias is small and
limited by the series resistance round 270 Ω, very close to the value calculated from
TLM results (254 Ω). In reverse bias the diode shows no break down from 0V to -5V,
which is enough for the actuation of most devices in this work. The leakage current
density is consistent with that in another work on IMOS platform [86], but is higher
compared to the standard InGaAs photodiode [87]–[89], partially due to the
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diffusion of p-dopant (Zinc) into the intrinsic layer during the growth. The dark
current could be reduced by surface passivation. For a device working at -4 V bias,
the DC power used is P=U∙I=4×6 V∙μA=24 μW. Using the measured series resistance
and estimated capacitance, the cutoff frequency of the diode can be calculated as 89
MHz, far beyond the mechanical frequency of the NEMS beams.

Figure 2.17: I-V curve of the tuning diode from -5V to 2V. Inset: the I-V curve with current
plotted in log scale, in order to see the small current value in reverse bias.

2.5 Calibration of waveguide loss
Waveguides are used for transporting light between the different components on a
PIC and they contribute to the optical loss in the system. In this work a typical
waveguide in IMOS platform is composed of InP waveguide with a cross section of
500×270 nm2, sitting on layers used for bonding (BCB/SiO2). Usually there is thin
layer of 10 to 20 nm InP left after etching of the waveguide. In this work a layer of
SiN (50 nm) is inserted between the InP membrane and the bonding layer as etch
stop. The high index contrast (Δn≈1.8) gives a small volume of the guided mode as
shown in figure 2.18(a), which is similar to that of the typical SOI waveguide. Optical
loss in waveguides mainly comes from material absorption and scattering loss.
Material absorptions in III-V semiconductor waveguides include free-carrier
absorption, interband absorption, and two-photon absorption. InP has a bandgap
energy of 1.27 eV, which is much larger than that of photons with wavelength around
1.5 μm, therefore the interband absorption is negligible. The two-photon absorption
is proportional to the square of light intensity in the waveguide and is only
significant at very high power [90]. Free-carrier absorption is proportional to the
free carrier concentration [91], and it is the major source of absorption loss in our
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waveguides due to n-doped layer on top of them. The free-carrier absorption in a ndoped semiconductor can be written as in MKS units [92]:
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where 𝑁𝐷 is the doping concentration, n is refractive index of InP, 𝑚𝑒 = 0.08𝑚0 is
the effective mass of the carrier, and 𝜇𝑒 is its mobility. Equation (2.2) gives 𝛼𝐹𝐶𝐴 =
13.6 dB/mm in the n-InP contact layer. The free-carrier absorption loss in the
waveguide is Γ𝛼𝐹𝐶𝐴 = 1.1 dB/mm, where Γ = 0.078 is the confinement factor
determined by the mode distribution in the doped layer, calculated by a simulation
of the waveguide mode.
Scattering loss in optical waveguides depends on the dimensions of cross section
and the roughness of surface, in [93] an analytical expression of the upper bound of
scattering loss α in a planar waveguide is developed:
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where σ is the root mean square of roughness and κ is a factor related to the
statistical distribution of that (κ = 0.76 for Gaussian), k0 is the propagation constant
in air, d is the width of waveguide and n is refractive index of the waveguide. From
equation (2.3) it can be seen that the scattering loss is especially sensitive the
roughness for waveguides with compact cross-section. For the waveguide in this
work, assuming a roughness of 5 nm on the sidewalls (roughly estimated from the
SEM), a scatter loss of 1.9 dB/mm is calculated from equation (2.3).
To calibrate the waveguide loss we fabricated a series of waveguides with different
lengths, as shown in figure 2.18(b). Transmission is measured with the setup
described in 2.3.1. The maximum fiber-to-fiber transmission is measured around
1550 nm due to bandwidth of grating coupler. There is about 1 dB fluctuation in the
transmission spectra from the Fabry-Perot effect induced by the back reflection of
the gratings. To compensate for this fluctuation we calculate the average
transmission from 1545 nm to 1555 nm for the calibration of waveguide loss at center
wavelength of 1550 nm. The result is plotted in figure 2.18(d) and fitted with a
straight line. The intercept of the fitting line indicates the coupling loss related to a
pair of gratings, which is 21.8 dB, therefore the loss related to one-way fiber-to42

waveguide coupling is 10.9 dB. The slope of the fitting line indicates the loss of
waveguide, which is 2.6 dB/mm. This value is close to the sum of free carrier
absorption and scattering loss estimated above, which is quite high compared to the
best record (~2.5 dB/cm) of IMOS waveguide [80], [81], for several reasons: i) we did
not use the C60/ZEP mixed resist to optimize the patterning as in [80]; ii) the highly
doped n-InP layer is not stripped, which gives an absorption loss; iii) the sidewalls
of the fabricated waveguides is not very smooth, due to the deep etch (sacrificial
layer needs to be etched first) and thin mask layer we used (as discussed in 2.2.2).
Nonetheless, we are not focusing on optimizing the optical loss of waveguides and
all the devices investigated in this work have dimension smaller than 1 mm,
therefore this loss is not detrimental for the study and improvement can be made by
employing resist with C60 and stripping the highly doped layers if lower loss is
required in the future.

Figure 2.18: (a) Simulated electric field (|E|) distribution of the fundamental mode in a typical
IMOS waveguide used in this work. (b) Optical microscope image of the waveguides array
used for calibration. (c) Measured fiber-to-fiber transmission of waveguides of different
lengths as a function of wavelength. (d) Average transmission from 1545 nm to 1555 nm as a
function of waveguide length and its linear fit.
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3 | Optical phase modulators and switches
based on a double-membrane Mach-Zehnder
interferometer
In this chapter, we present an optical phase modulator based on electromechanically
actuated double-membrane waveguide in the IMOS platform. Firstly, the state-ofthe-art in optical phase modulators and switches is briefly reviewed. Then the
design principle of the proposed NOEMS phase shifter and the optical circuit is
explored by analytical and numerical modeling. Next, the main experimental results
of the phase shifter are shown, and route switching is demonstrated by
implementing the phase shifter in a Mach-Zehnder interferometer (MZI) circuit.
The advantages and limitations of the fabricated device, as well as possible
improvements, are discussed. Finally, a comparison between the presented
modulator and other related published works is given on the main performance
metrics.

3.1 State-of-the-art in photonic integrated phase modulators
Photonic integrated phase modulators are devices that modulate the phase of light
propagating in waveguides. It is a required building block in many complex
functionalities on a PIC chip. For example, precise control of phase in a 0 to π range
is needed for interferometric switches and filters; larger phase shifts are needed for
optical delay lines as well as arrayed-waveguide filters [94]; a phase modulator
within the resonator of a single-frequency laser can be used for laser wavelength
tuning; an array of phase modulators can be used for beam steering [95] and more
complex programmable optical circuits for computations [96], [97].
As changing the optical path is difficult on a chip, one needs to tune the refractive
index of waveguides to modify the phase in a PIC. Many physical mechanisms are
being used for controlling the refractive index of waveguides, among which the
most commonly used are the electro-optic (Pockels) effect, the thermo-optic effect,
and carrier injection/depletion. In recent years, NEMS/MEMS phase modulators
have also been proposed and demonstrated in multiple platforms [20], [98]–[102].
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Widely accepted performance metrics for optical phase modulators include
modulation range, drive voltage, speed, optical bandwidth, footprint, insertion loss,
and power consumption. Some of these metrics are often dependent on each other.
For example, in many cases, the modulation range (maximal phase shift) can be
extended either by enlarge the footprint or increasing the operating voltage.
Therefore a comprehensive figure of merit – the half-wave voltage length product
(Vπ∙L) is often used to judge the efficiency of a modulator. Below we list some most
commonly used types of modulators and briefly review their advantages and
limitations.
Electro-optic phase modulators
The principle of electro-optic phase modulators is mostly based on linear electrooptic effect, also called the Pockels effect, named after German physicist Friedrich
Pockels [103]. It is the modification of the refractive index proportionally to the
electric field. It occurs in crystals that lack inversion symmetry (e.g., lithium niobate)
and other non-centrosymmetric materials such as electric-field poled polymers or
glasses [104], [105]. The advantages of electro-optic phase modulation include fast
speed up to many GHz and negligible power dissipation. However, frequently used
materials for PIC, such as Si and SiN, have nearly zero electro-optic effect at the
telecommunications wavelengths. InP does have a non-zero electro-optic
coefficient. However, its relatively small value requires an interaction length of at
least a few mm to obtain sufficient phase shift [106]. A recent development is
represented by poled polymers with a large electro-optic coefficient, which are
deposited on the waveguides for phase tuning [21], [107], [108].
Carrier injection/depletion modulators
Varying the concentration of free charges in semiconductors can change their
refractive index, which is known as the plasma dispersion effect. It is a very common
method of achieving both phase and amplitude modulation in silicon and III-V
devices. Modulation speed larger than 10 Gbit/s has been demonstrated with many
different structures [109], [110]. However, these devices are very power consuming
as they require continuous current driving.
Thermal-optic phase modulators
The thermal-optic effect is the modification of the refractive index in response to
temperature. The operation time is from a few to tens of μs, hence much slower than
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electro-optic modulation. It can be implemented in most materials with micro
heaters. However, it consumes a power of tens of mW and makes heat dissipation
and localization challenging issues in densely packaged circuits [111], [112].
NEMS/MEMS phase modulators
Micro-electro-mechanical-systems (MEMS) provide a power-effective solution for
reconfigurable optical devices and have been widely used for projection, free-space
wavefront modulation, and switches [113], [114]. Most of the existing applications are
based on moveable micro-mirrors that are not compatible with photonic integrated
circuits. By perturbing the evanescent field of light propagating in a waveguide, the
effective refractive index of the waveguide mode can be tuned, and therefore the
phase changed. The speed of the MEMS-based phase modulation (ms- to s-range)
is not adequate for data transmission. Therefore they are not meant to replace
electro-optic or current-injection modulators. On the other hand, the unique
advantage of low-power consumption and large tuneability makes them suitable for
applications such as network switching, beam steering, optical sensing, and other
scenarios where speed is not crucial, but high power efficiency is important. In the
last decade, a number of MEMS-based on-chip phase modulators have been
reported on different materials [20], [98]–[102]. In silicon photonics, phase shifting
has been achieved by moving a free-standing waveguide with a comb-drive actuator
to change the optical path [98], however, it takes a large displacement (~300 nm) and
thereby a longe response time to have a π shift. Another work uses a tuneable slot
waveguide [99], however, their measured modulation efficiency is rather low (20˚ by
10 V). Recently a silicon-on-insulator MEMS phase shifter was theoretically
proposed [100]. On the silicon nitride platform, modulators have been
demonstrated with an in-plane moveable H-resonator [20], which has a Vπ L = 0.17
V cm. The out-of-plane moveable microbridge [101] shows better modulation
efficiency at the cost of covering the microbridge with metal and therefore
introducing metal-induced losses. A plasmonic phase modulator was demonstrated
by tuning metal-insulator-metal gap [102] at a wavelength of 780 nm, however much
higher plasmonic losses are expected in the telecom wavelength due to a higher
imaginary part of permittivity of metal. So far, making a non-metallic phase
modulator with high modulation depth, large tuning range, and low actuation
voltage is a challenging task.
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Figure 3.1: State-of-the-art NEMS/MEMS optical phase modulators based on (a) silicon
tuneable slot waveguide [98], (b) SOI waveguide (theory) [100], (c) silicon nitride moveable
H-resonator [20], (d) silicon nitride moveable microbridge [101] and (e) plasmonic waveguide
[102].

3.2 Design of NEMS optical phase modulators
In this work, we designed and developed a NEMS optical phase modulator with low
operation voltage and large tuning range based on vertically-coupled waveguides.
Optical and mechanical performances are studied through analytic and numerical
modeling to find appropriate design parameters. An MZI is employed to
demonstrate the phase shifting by the modulator.

3.2.1 Tapered double-membrane waveguide
A schematic representing the general idea of phase tuning using electrostatic
actuation double-membrane waveguide is illustrated in figure 3.2. The bottom
waveguide is fixed on the substrate and the vertically aligned movable waveguide
can approach the bottom one and interact with its evanescent field. This interaction
results in a redistribution of the light field in the guided mode (shown in figure 3.2(c))
and hence, a tuning of the effective refractive index neff of the composite mode, as
discussed in chapter 1.3. As the material property is unchanged during the tuning
process, neff and hence the phase change solely depend on the gap between the two
waveguides. To reduce the scattering loss, a width of w0 = 1 μm is used for both
bottom and top (movable) waveguide, while in practice, the former is 60 nm to 100
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nm wider than that due to a fabrication limit. The top waveguide follows an
adiabatic taper profile in both ends, enabling an efficient broadband power
transmission from single-membrane waveguide to the double-membrane
waveguide and vice versa. The length of each taper is Lt = 60 μm to minimize the
power beating between the coupled waveguides, while the width at the end of the
taper is w1 = 150 nm to leave enough room for fabrication error. The profile of the
taper follows a linear relation of w ( x )  w 1  ( w 0  w 1 ) x / L t in the propagation
direction x.
The neff of a double-membrane waveguide (exclude the taper) with the parameters
as figure 3.2(a) is simulated with an FDTD model and plotted in figure 3.2 (d). As
discussed in chapter 1.4, the pull-in limited displacement in the system is about d/3
= 66 nm, corresponds to a maximal Δneff of 0.035. As a comparison, the linear electrooptic coefficient of III-V material is of the order of pm/V at telecommunication
wavelength [115], which means a voltage of more than 100 V would be needed to have
the same Δneff.

Figure 3.2: Concept of the NEMS phase modulator based on a double-membrane waveguide.
(a) Sketch of the tapered double-membrane waveguide in top-view and side-view.
Waveguide on top is indicated in dark blue while the one in the bottom is in light blue. (b)
Schematic of the tuning mechanism of the device. (c) Electric field intensity |E| 2 distribution
of the guided mode in a double-membrane waveguide with a gap of 200 nm and 100 nm. (d)
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Effective refractive index neff of the guided mode as a function of the vertical gap between
two waveguides.

To study the effect of the tapered double-membrane waveguide to the guided light,
a 3D FDTD model is built, and the calculated normalized electric field distribution
at a wavelength of 1550 nm along the propagation direction x is plotted in figure
3.3(a). The electric field intensity distribution of the guided (symmetric) supermode
at four different cross-sections along x is shown in figure 3.3(b). In the first 30 μm,
most of the field is confined in the bottom waveguide and the power coupled to the
top waveguide is negligible. The fraction of power in the top waveguide gradually
increases until the end of the taper, where more field is confined in the top
waveguide due to its higher thickness. The transmission of the entire structure,
monitored in the bottom waveguide at the right-most position (x = 140 μm), is
plotted in figure 3.3(c). It shows the optical loss induced by the entire structure is
below 0.3 dB in a wavelength range from 1500 nm to 1600 nm. However, it should be
noted that the support structure is not included in this model. Therefore this is only
part of the actual insertion loss. The scattering loss induced by the support structure
is studied experimentally in a later section 3.3.1.

Figure 3.3: Optical simulation of the tapered double-membrane waveguide. (a) The
normalized electric field |E| distribution along the propagation direction at a wavelength of
1550 nm. The axis x and z are aligned with the propagation direction and vertical direction,
respectively. The fundamental TE mode is excited at the input (x = 0 μm). (b) The normalized
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electric field intensity |E|2 distribution of the guided supermode at four different positions
indicated by white dashed line in (a). (c) The calculated transmission in the bottom
waveguide at the end of the structure x = 140 μm.

The phase shift induced by displacement of the moveable waveguide can be
calculated by  

L

   n e ff ( x ) k 0 d x
0

, where L is the total length of the structure and

k0 is wavenumber in a vacuum. In order to get



, the profile of

n e ff ( x )

before and

after displacement needs to be known. This is also simulated and plotted in figure
3.4(a) for a displacement of 25 nm. To calculate the   as a function of the
displacement without simulating
effective length of the taper as
taper and

DM

 n e ff

T

n e ff ( x )

for every displacement, we define an

LT

DM

L e ff    n e ff ( x ) d x  n e ff
0

, where LT is the length of

is the change of neff in the non-tapered double-membrane

waveguide. From the data shown in figure 3.4(a)

T

L e ff

= 25.8 μm is obtained for a 60-

μm-long taper. Now the phase shift can be easily calculated without integration by
    n e ff ( 2 L e ff  L D M ) .
DM

T

Putting the data in figure 3.2(d) into the equation



as a function of the displacement is obtained, as shown in figure 3.4(b). It can be
seen that a π-phase shift can be achieved by displacement of 24 nm and a pull-in
limited phase shift is around 3.3π with a displacement of 66 nm.

Figure 3.4 (a) Evolution of the effective refractive index of the supermode along the taper for
no displacement (black line) and 25 nm displacement of the movable waveguide (red line). (b)
Calculated phase shift by the modulator as a function of the displacement. A π-phase shift is
indicated by a red dashed line and a pull-in limited shift is in blue dashed line.
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3.2.2 Support beam
The design layout of the tuneable double-membrane waveguide is shown in figure
3.5(a). The tapered waveguide in the middle is supported by short ‘tethers’ every 8.5
μm. This separation between the tethers is set to be small enough to avoid possible
mechanical buckling [116]. These short tethers then connect with the body of the
mechanical beam, in which hole arrays are etched to enable the undercut. The
undercut outside the etched area is negligible. The total area of the suspended
structure is 34×140 µm2. However, only 17 µm on the two edges of the waveguide are
opened, and the rest is fixed and connected with the un-etched membrane, to have
maximize the bending in the center of the suspended waveguide. As discussed in
chapter 1.4, the electromechanical behavior of such a system can be roughly
described by a spring-mass model, and the relation between displacement z and
applied voltage V is
z (d 0  z )

2



0 AV
2k

2

(3.1)

The suspended structure shown in figure 3.5(a) can be approximately regarded as a
fix-fix beam with a width of W and length of L between L1 and L2. The spring constant
of a fix-fix beam is k

  EW t

3

L

3

[117], where E is Young’s modulus, t, W, and L are

the thickness, width, and length of the beam.  is a coefficient related to the
assumption of force distribution. If the force is loaded only in the center point of the
beam, then  = 16; if the force is uniformly distributed along the beam direction,
then  = 32. In our case, the electrostatic force can be considered as uniformly
distributed when the displacement is zero because the distance between two
charged membrane is uniform; when the suspended membraned is bent downwards,
the electrostatic force is more concentrated in the center of the beam because the
gap is the smallest there. Therefore the value of  should be between 16 and 32 in
the actual situation.
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Figure 3.5 (a) The design layout of the double-membrane waveguide showing the mechanical
support beams. L1 is the length of the released edge and L2 is the length of the etched area in
the beam direction. The etched area in the top membrane is in gray and that in the bottom
membrane is in blue. (b) The calculated beam-center displacement of a 25-μm long beam by
three different models: point load, distributed load and finite element method (FEM). (c) The
calculated pull-in voltage as a function of beam length by point load and distributed load
model.

The displacement of beam center is calculated as a function of voltage using
equation (3.1) with both point-load and distributed-load models for a beam with a
length of 25 µm, as shown in figure 3.5(b). Etched holes in the beam can be taken
into account by including a fill factor so that W = ff∙W0; however, this is not
important as it is canceled out in equation (3.1). The actual displacement curve
should lie in the gray area between the two extreme models in figure 3.5(b). To verify
this idea, we built a multi-physics FEM model with COMSOL, in which the a voltage
difference between the beam and ground is assumed and interaction between solid
mechanics and electrostatics is taken into account. Force distribution is not
predefined but is a result of the solution in the FEM model. The result of the FEM
model is plotted in black points in the figure and indeed they lie in the gray area.
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Another important parameter to consider during the design is the pull-in limited
voltage, which sets the maximal voltage that can be applied to the device. As
discussed in chapter 1.4, it can be calculated with equation (1.10). Again the results
of the two extreme models are plotted in figure 3.5(c). The pull-in voltage is hard to
get from the FEM model, but a pull-in voltage around 5 V can be estimated for a
beam length of 30 µm for example, from figure 3.5(c).

3.2.3 Overall design
The phase modulator described above is implemented in an on-chip Mach-Zehnder
interferometer so that the phase shift can be measured from the variation in the
transmission spectrum. The design of a 2×2 interferometer is shown in figure 3.6(a).
Two input waveguides are connected with a 3dB MMI coupler, after the interference
light is sent into two branches, one of which has a phase tuning unit. Next to the
phase tuning section, the beams propagating in the two branches are combined and
interfere with each other in another 3dB MMI coupler. The transmission in the two
outputs is a function of the phase difference between the two branches, which can
be derived with a transfer matrix method [118]. The 2×2 MMI coupler assumed here
has perfect 3dB-splitting and π/2 phase shift between the two outputs. The transfer
matrix of such an MMI coupler is:
1 1

2  j

TM M I 

j

1

(3.2)

The transfer matrix of the phase tuning section is:
T  e

where  0 and  0

 

j 0

 e j 

 0

0

1

(3.3)

are the phase delays of the two branches respectively.

Therefore the complete transfer function can be written as:
 E o1 
 E i1 

  TM M I T TM M I 

 Eo2 
 Ei2 

For only one input excited, Ei2 = 0. Inserting equation (3.2) and (3.3) into (3.4):
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(3.4)
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The optical intensity of the outputs is proportional to:
 | E | 2   s in 2    / 2  
o1
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 | E i1 |
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o2 | 

 cos    / 2  

(3.6)

The normalized transmission in the two outputs is plotted according to equation (3.6)
in figure 3.6(b). A transmission change from minimum (maximum) to maximum
(minimum) should be observed with a π-shift of the modulator.

Figure 3.6 (a) Schematic of the MZI interferometer. (b) Transmission of the two outputs (o1
in black and o2 in red) as a function of the phase difference between the two branches in an
ideal MZI interferometer.

To design the MMI coupler, we built a 3D FDTD model of it. The width of the coupler
and the separation between the inputs/outputs are chosen to be 2 µm and 1 µm
respectively. A 1 µm taper is used at the interface between the waveguides and the
coupler to reduce reflection. The length of the MMI is optimized to get a 3dB
splitting. Optimal performance is found when the length equals 14 µm. Figure 3.7
shows the final design and its simulated optical properties. When one input is
excited, the transmittances in the two outputs slightly deviate from -3dB due to
reflection. The phase difference between the two outputs is also not exact π/2 but
varies between 0.49 π and 0.52 π in the wavelength range from 1500 nm to 1600 nm.
These results indicate that though the phase modulator designed above is very
broadband in principle, the measured spectral performance of the interferometer
could be limited by the dispersion of the MMI coupler. An optimization including
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more design parameters or a more advanced design [119] could lead to a better
performance of the MMI coupler. However, these optimizations are beyond the
scope of this work.

Figure 3.7 (a) Design of the MMI coupler. (b) Simulated electric field |E| distribution in the
MMI coupler when one input is excited (left top) at a wavelength of 1550 nm. (c) Simulated
transmission spectra in the two outputs of the MMI coupler. (d) The simulated phase
difference between the light fields at the two outputs.

A fabricated interferometer based on the designed modulator and MMI coupler and
on the process flow desicribed in chapter 2 is shown in figure 3.8(a). The phase delay
in the lower branch can be tuned with the NEMS modulator by applying a negative
voltage bias between p- and n-contact. The detail of the tapered double-membrane
waveguide is shown in figure 3.8(b).

Figure 3.8 (a) SEM image of the MZI with a phase modulator in one of the branches. Detail
of the tapered double-membrane waveguide (in red box) is shown in a SEM image in (b).
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3.3 Characterization of NEMS optical phase modulators
We characterized the fabricated NEMS phase modulators using the setup described
in chapter 2.3.1. The performance of the device is evaluated on the main metrics
mentioned at the start of this chapter. A large phase tuning range, as well as
broadband routing switching, are demonstrated in this section. Some limitations
of the devices and possible improvements are also discussed.

3.3.1 Static character of the modulators
The I-V curve and static response of the modulators as function of the reverse DC
bias voltage to the junction is shown in figure 3.9(a) and (b). In this experiment, light
from a tunable laser is coupled into one of the input waveguides through a fibergrating coupler. The applied voltage is tuned by a DC source from 0 V to 5.5 V, and
the leakage current from the tuning diode is plotted in figure 3.9(a). Meanwhile the
transmitted power is coupled to another fiber and monitored with a power meter.
The measurement is conducted for different wavelengths from 1510 nm to 1600 nm
and the result is plotted in figure 3.9(b). Spectral fringes with a free spectral range
of 9 nm are observed due to the optical path difference between the branches
induced by the presence of the modulator. The fringes shift as the modulator
changes the phase difference between the two branches. The maximal transmission
is observed around the wavelength of 1550 nm due to the dispersion of the grating
coupler. After subtraction of the grating coupling loss, an insertion loss of 5 dB and
a modulation depth of 13 dB are observed, as shown in figure 3.9(c). The phase shift,
as well as Δneff, can be extracted from figure 3.9(b) by tracking a transmission
extremum, which is plotted in figure 3.9(d). The first π phase shift is reached at 4.15
V, which gives a VπL of 0.058 V∙cm. Due to the exponential decay of the optical field
in the gap region, the phase sensitivity improves with smaller gaps. With a pre-bias
of 5.1V, an ultralow voltage-length product VπL of 5.6×10-3 V∙cm is obtained, at the
expense of operation close to the pull-in instability. The maximum phase shift is
more than 3π, which is among the highest measured MEMS-based phase shifters
reported to date [20], [98]–[102]. By comparing with Fig 3.4(c), a displacement of 60
nm is expected at 5.5 V, showing that the modulator can be tuned until close to the
pull-in limit.
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Figure 3.9 (a) Transmitted power spectra of an MZI with NEMS modulator in only one branch
for a reverse-bias varying from 0V to -5.5V. The input laser power is 10 mW. (b) Transmission
of the MZI as a function of bias voltage at 1540 nm, after subtracting grating coupling loss.
(c) The optical phase shift and ERI change a function of voltage, extracted from (a).

3.3.2 Route switching with phase modulators
An optical switch is a device that switches optical signals between fibers or
integrated optical circuits. There are many different physical mechanisms that can
be used to realize such a function and most of them fall into three categories: i)
physically reconfiguring the optical path by rotating mirrors or displacing fibers; ii)
Active optical switching based on semiconductor amplifier (SOA); iii) changing the
refractive index of material (by, e.g. temperature, electric field, plasma) in an
interferometric device. The first approach is widely used commercially in telecom
networks, however, it is designed to work with optical fibers and difficult to be
applied on integrated optical circuits. The other two methods are compatible with
chip-based optics. SOA based switches are very fast and also allow all-optical

57

switching, but they are quite power-consuming. The third approach is often limited
by the small tuning range of the refractive index.
Applications of optical switches include path routing and logic operations. The latter
requires high speed, therefore fast mechanisms, e.g. SOA and electro-optic
switching. The former, however, has lower requirements on speed but is more
sensitive to the power consumption in the static state. Therefore, for route
switching applications, MEMS/NEMS is a promising technology. A few promising
works on integrated MEMS/NEMS optical switches based on directional couplers
[67], [120], [121] and adiabatic couplers [8] have been reported in recent years.
However, most of them require a large operating voltage of tens of volt, which might
limit their practical applications. Here we show that the fabricated modulator can
also be used for route switching at a low voltage.
Though wavelength selective switches are useful, in many other cases, broad
bandwidth is a desired feature for route switching. If we define the imbalance
between the two branches A and B in an MZI as

A

B

A

B

 S   n e ff ( x ) d x   n e ff ( x ) d x
0
0

the phase difference between them can be written as

   2  S / 

maxima/minima in the transmission spectrum correspond to
an integer, which gives the free spectral range   F S R
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then

. The

where m is
S

= 0, the

two branches are identical, and the free spectral range is in principle infinitely large.
In reality, the bandwidth is still limited by the dispersion of MMI couplers. Based on
this idea, we made a device with identical modulators on each of the two branches
as shown in figure 3.10(a). In the default state, there is no phase difference between
the two branches. Therefore light travels to the cross channel (channel 2) after
passing the two 3dB MMIs. To switch light to the other output, one of the
modulators is actuated to give a π phase shift, resulting in a change between
constructive and destructive interference in the second MMI. Consequently, the
light is switched from channel 2 to channel 1. The voltage for maximum switching is
around 4.2 V, which agrees with the voltage needed for a  phase shift observed in
figure 3.9(c). An extinction ratio above 15 dB is measured at the switching point.
However, the optimal switching voltage slowly drifts towards larger values at longer
wavelengths as more Δneff is needed to reach a π phase shift, as shown in figure 3.9(b).
Though the phase modulator is broadband, this drifting of the switching point limits
the bandwidth of the switch to 30 nm (for extinction >10 dB).There is an extra 4 dB
loss in the measurement of the switch compared to the device in Fig 2. We attribute
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this extra loss to fabrication imperfections (e.g., etching rate inhomogeneity and
defects).

Figure 3.10 (a) SEM image of a 2×2 optical switch by implementing two MEMS phase
modulators on both branches of an MZI. (b) Measured transmitted power of the two
channels marked in (a) as a function of wavelength for varying voltage bias. Input laser power
is 10 mW. (c) Measured transmission in dB at 1540 nm, with grating coupling loss subtracted.

Below we estimate the energy consumed in the actuation of the device with a simple
parallel capacitor model. The energy stored in the NEMS capacitor is E c

 q

2

2C

,

where q is the charge, and C is the capacitance of the capacitor. The energy change
in the capacitor caused by the displacement is:
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The capacitance is
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where z is the displacement of the free

conducting plate. Then the capacitance change caused by displacement is:
C 

A
(d  z )
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Put (3.8) in (3.7), then we get:
 Ec 

q

q 

C

q

2

2 A

z

(3.9)

Using a spring-mass model for the mechanical part, the energy stored in the
spring is E m

 kz

2

2

, so that:
(3.10)

 E m  k z z

Assuming a quasi-static condition, i.e. k z
 Em 

 q

q

2

 2  A  , equation (3.11) turns into:
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z

The energy consumed by the parasite resistor when a charge q is transferred is the
product of voltage difference between the battery Vb and capacitor q/C, and the
charge being moved:


 E R   Vb 


q 
 q
C 

(3.12)

Summing up (3.9), (3.11) and (3.12) gives the energy consumed by the battery at any
moment:
 E c   E m   E R  Vb q

(3.13)

Therefore, the total energy consumed after the actuation is:
2

E to t  V b q 
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 0 A Vb
d  z

(3.14)

where Vb is the operating voltage. Evaluating equation (3.14) with the parameters of
fabricated devices gives Etot = 1.5 pJ. Assuming a worst-case situation of continuous
switching at a frequency of 1 MHz, the operating power is 1.5 µW/π-phase shift. The
power required for maintaining a static switching state is defined by the dark
current of the tuning diode at the actuation voltage, which is 10 µA in our case. The
total power < 42 µW is still much smaller compared to that of thermal-optic
modulators, which is in the mW range [111], [112]. The power consumption of the
device could be decreased further with reduced reverse current by a smaller junction
area.

3.3.3 Dynamic character of the modulators
The frequency response of the modulator is measured in ambient conditions by
actuating it with an AC voltage at negative DC bias and monitoring the transmission
power with a signal analyzer. The frequency response is dominated by the
fundamental mechanical resonance of the beam at 1.1 MHz, as shown in figure
3.11(a). The measured mechanical frequency falls well within the expected range
estimated from

fm 

k / m 2

. The measured mechanical quality factor is 3.7 due

to the air damping at atmospheric pressure. The mode shape of the resonance
calculated with FEM is plotted in figure 3.11(b), showing the middle part of the beam
has a larger displacement than the rest. As the suspended waveguide is wider in the
middle and tapered towards the two ends, this mode shape is very efficient for the
tuning of neff.

Figure 3.11 (a) Frequency response of the MZI driven by a sinusoidal signal with Vpp = 1.6 V
and with an additional dc bias Vdc = 0.8 V. Input laser power is 15 mW at a wavelength of
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1560 nm. (b) Simulated mode shape of the fundamental mechanical mode of the doubleclamped suspended waveguide in perspective view (up) and front view (down).

The temporal response of the modulator is measured with an oscilloscope. The
falling signal shows an oscillation with a period of 0.9 µs time, which matches well
with the measured frequency of mechanical resonance (figure 3.12(b)). As shown in
figure 3.12(a), the rise time is significantly longer (15 μs), limited by neither the
mechanical frequency nor the RC constant of the circuit. The reason for this slow
rise time is unclear, and the author speculates that it relates to a current lag effect
usually found in GaAs MESFETs [122], where the drain current switches only partly
on and then gradually increases toward the steady-state value when a sudden
voltage pulse is applied. The effect is caused by the charging of the surface states.
Methods such as tighter structures and passivation [123] have been suggested to
alleviate the lag effect. However, their effectiveness on devices in this work needs to
be explored. For now the switching/modulating speed of the device is limited by the
rise time of 15 μs, which is still much faster than 3D MEMS optical switches based
on micro-mirrors, normally having a switching time around 1 ms, but slower than
several NEMS/MEMS modulators/switches with similar footprint, indicating a
room for further improvement on the speed.

Figure 3.12 (a) Transient response in the two channels of the MZI when the modulator is
driven by a square wave signal at a frequency of 10 kHz. (b) Zoomed-in transient response of
the two channels during the drive voltage changes from 3.2 V to 0 V.
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3.3.4 Repeatability and stability of the tuning diode
The repeatability of tunings is tested by consecutively increasing the applied voltage
from 0 V to 2.5 V and back to 0 V again for 20 times. The measurement is conducted
in a time of about a half-hour. The measured transmission is plotted in figure 3.13(a).
A hysteresis with respect to the voltage direction (ascending/descending) is observed.
A similar phenomenon has also been observed in GaAs based NEMS devices [124].
We attribute the hysteresis to the same current lag effect observed in figure 3.12(a).
The standard deviation of the transmission in each tuning direction is calculated
from figure 3.13(a), and it is found to be dependent on the tuning voltage. As shown
in figure 3.13(b), the maximal transmission at 0 V varies less than 0.3% percent,
indicating that the setup is stable during the experiment. Below 1 V, there is no
significant variance in transmission, while above 1V, the standard deviation
gradually increases with voltage until close to 2% near 2.5 V. According to equation
(3.6), this means the variation of phase is also below 2% of π. There are two reasons
for this noise increment: i) the sensitivity dT/dV increases with voltage in this range;
ii) the leakage current increases with voltage.

Figure 3.13: Tuning repeatability and stability. (a) Measured transmission as a function of
voltage. The modulator is tuned forward (red) and backward (blue) for 20 roundtrips. A
maximal 3% hysteresis is observed. (b) Calculated percentage standard derivation of
transmission as a function of voltage.

3.3.5 Insertion Loss
The insertion loss of the measured MZI mainly comprises three origins: i) normal
waveguide loss; ii) reflection loss from the MMI couplers; iii) scattering loss induced
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by the nano tethers supporting the suspended waveguide. Waveguide loss has been
discussed in chapter 2.5. For the proposed modulator, optical loss mainly comes
from the scattering of the supporting structures. To quantify this loss a series of
waveguides with nano tethers connecting with them are used for calibration. The
separation between the nano tethers is the same as in the suspended waveguides.
The transmission spectra are measured for waveguides with different length and
results are shown in figure 3.14(a). The loss increases with wavelength until 1560 nm,
because less light field is confined in the core of waveguide and hence more sensitive
to the surface scattering at larger wavelength. For wavelength above 1560 nm, the
variance of the loss is dominated by the interference induced by periodically
distributed nano tethers, which gives a free spectral range around ∆𝜆 =

𝜆2
2𝑛𝐿

= 60

nm, where n is effective refractive index and L is pitch of the nano tethers. The
transmission dip seems to shift with the length of the waveguide, of which the
reason is not clear, but might be related to inhomogeneity on the chip.
Transmission loss as a function of the tether-supported waveguide length is plotted
for two different wavelengths in figure 3.14(b). From the slope of linear fits, a loss of
5 dB/mm and 20 dB/mm is obtained for wavelengths of 1530 nm and 1550 nm. For
1550 nm, this means 2.8 dB loss for the modulator with 140 μm length. Combined
with the normal waveguide loss of 1.3 dB for 0.7-mm- length of the MZI, the total
loss of MZI is 4.1 dB, which is close to the observed 5 dB loss in figure 3.9 and the
discrepancy can be explained by the reflection loss from MMI couplers. There are
several possible ways to reduce this detrimental scattering loss induced by the
support structure. If the device is built with silicon this issue can be solved by using
a suspended ridge waveguide as in [8]. Unfortunately, this is not possible with InP
as the bottom waveguides have to be defined after the suspended ones. An approach
that could be used for InP is to introduce multimode interference in the suspended
waveguide and connect with nano tethers only at positions where the field is
concentrated in the center of the waveguide due to interference [67]. Another
possible solution is to use nano tethers with subwavelength pitch so that they are
seen as a homogenous medium by the guided lightwave.

64

Figure 3.14: Scattering loss induced by the supporting structures. (a) Transmission spectra
of waveguides with nano-tethers. The length of waveguides from 400 µm to 1200 µm is
measured. Transmission spectra of 600 µm waveguide without nano-tethers is shown in
gray curve as a reference. The coupling loss of grating has been subtracted from the figure.
(b) Transmission of waveguides with nano-tethers as a function of waveguide length at
wavelengths of 1530 nm and 1550 nm.

3.4 Conclusion
In this chapter, the NEMS optical phase modulator based on the double InP
membrane on silicon has been presented. The design principle is introduced and
measured performance in terms of tuning efficiency has been discussed with several
other relevant metrics given. The operating power consumption (< 1.5 µW/π-phase
shift) is significantly smaller than phase modulators based on the thermo-optic
effect and carrier injection/depletion. The low operation voltage (< 5.5 V) and
compact footprint (140 μm) result in a small VπL of 0.058 V∙cm, which is similar to
the best performing among NEMS/MEMS optical phase modulators reported so far
[20], [98]–[102]. The phase tuning range of more than 3π with a high modulation
depth of 13 dB is also highest among the reported NEMS/MEMS modulators. A
cross-bar route switching with an actuation voltage as low as 4.2 V is demonstrated.
The rise/fall time, around 15 μs, is presently limited by a current lag effect. The
instrinsic limit would be given by the mechanical resonance frequency of 1.1 MHz.
The Insertion loss of the measured MZI is 5 dB, in which the contribution of the
modulator is around 3 dB.
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4 | Optical switches based on fourwaveguide directional couplers

In the previous chapter, a cross-bar route switching is demonstrated by
electromechanically tuning the phase difference between two branches in an MZI.
In this chapter, a more compact cross-bar optical switch is presented based on a
four-waveguide directional coupler in the IMOS platform. For an introduction, the
state-of-the-art in integrated optical switches is reviewed with a focus on the recent
progress on NEMS/MEMS optical switches. Then the principle of the fourwaveguide directional coupler is developed, and the design of the switch is given
based on that. Next, the main experimental results of the switch are presented and
analyzed. Finally, remarks on the limitations of the fabricated devices and possible
improvements are given.

4.1 State-of-the-art in integrated optical switches
In a broad sense, an optical switch is a device that selectively switches optical signals
on or off or from one channel to another, in response to a control signal [125]. When
the control signal is also an optical one, it is then called an all-optical switch or
optical transistor, as it is an analog of the electronic transistor. In a narrow sense or
commercial terms, an optical switch refers to a device that routes optical signals
between different circuits, and this is the meaning we use in this thesis.
Commercially, optical switches have already been widely used for signal switching
and routing from fiber to fiber, providing flexibility in optical network connectivity.
Available applications include optical protection, configurable add/drop, system
monitoring, etc. Traditionally, an optical signal has to be first converted into an
electrical signal, then switched to another port, and converted back to optical. This
is called Optical-Electrical-Optical (OEO) technology. An optical switch that
switches optical signals directly without converting it into electrical one is usually
called an Optical-Optical-Optical (OOO) switch or photonic switch. Though the OEO
technology has progressed a lot in terms of latency since its invention, OOO
technology is often preferred for upgradability, lower cost, and better power
efficiency [126], [127]. The most commonly used optical switches for fiber optics are
mechanical switches based on motored prisms or fibers in the early years, they
require tens of ms to operate, and their bulky size limits the scalability. In recent
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years, MEMS optical switches based on movable micro-mirrors become very
popular. They are more scalable, but the switching time is still above 1 ms and
typically requires high driving voltages (tens of volts) [125].
In the future, chip-level integration will become prevalent in optical communication
and sensing systems, so that integrated optical switches for on-chip waveguides
instead of optical fibers will become fundamental elements in these circuits. For onchip circuits, reconfiguring the physical path of light is difficult due to the 2D
topology and the limited space on a chip. However, integrated optical switches can
be built by changing the absorption/gain or refractive index of the material for
guiding light on a chip.
SOA based optical switches have fast switching times (~ns for electrical control and
~ps for optical control), high extinction ratio, and sizable operating gain bandwidth
[128]–[130]. These advantages make them suitable for high-capacity packet
switching. However, the huge power consumption (in 100mW range) limits their
large-scale applications.
Carrier-injection/-depletion based optical switches employ plasma dispersion effect
to tune the refractive index locally in a junction area in a waveguide-intersection/Yjunction/MMI/directional coupler/MZI [131]–[134]. The index tuning results in a
change of deflection or interference in these structures so that light is steered to
another port. This method can be used in both silicon and III-V based devices by
doping the material. The switching time is in the ns range, and operating power is
in the mW range.
Thermo-optical switches are based on refractive index tuning by temperature. The
main advantage of this approach is that it can applied to non-conductive materials
such as silica or silicon nitride or polymers. The best switching time reported so far
is a few hundred ns, which is adequate for all routing applications [135]–[137]. The
typical operating power is a few mW or more. In some cases, the power
consumption can be reduced to sub-mW, at the expense of speed [138].
The Pockels effect can be used for optical switching in electro-optic materials such
as InP. The switching time can reach sub-ns and the power consumption is below
100 μW, much smaller than the above methods. However, a millimeter-sized
interaction length is needed due to the limited tuning range of the refractive index
[139].
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Table 4.1 state-of-the-art in MEMS/NEMS optical switches
Year

Platform

Vs
(V)

L
(μm)

ts
(μs)

Ext. ratio
(dB)

15

Switchin
g loss
(dB)
5

This work

-

IMOS

3.4

80

Lateral DC
[121]

2005

InP

8

225

18

0.45

5.5

Vertical
bridge [140]

2005

SOI

24

160

60

11

15

Vertical PhC
WG [141]

2006

SOI

180

~40

>1000

8.7

4

Lateral WG
[142]

2008

SOI

65

12.3

-

5.6

21.6

Lateral DC
[143]

2010

SOI

40

40

14

1

8

Vertical DC
[67]

2015

SOI

14

11.9

3.8

2.47

25

Vertical AC
[8]

2016

SOI

42

30

0.91

0.47

60

Lateral AC
[144]

2018

SOI

18.6

50

37

0.5

16.7

Lateral DC
[120]

2019

SOI

25

10

28

0.5

12.1

Lateral DC
[145]

2019

GaAs

7

26

1

0.67

23

Vertical Disk
[146]

2019

Au-SOI

1.4

~4

0.1

2

15

12

DC = directional coupler; PhC = photonic crystal; WG = waveguide; AC = adiabatic
coupler.
MEMS/NEMS provides a compact and power effective way to switch light on a chip
either by moving the interface of a waveguide or shifting the distance between two
waveguides to control their coupling with each other. The switching time varies
from μs to ms, mainly depending on the movable mass. One advantage is that the
tunability is not limited by the material properties such as the electro-optic
coefficient or thermos-optic coefficient, so that it can be applied to various material
platforms, and the interaction area can be very compact. Another and perhaps the
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most important benefit is the ultralow static power consumption. The two
advantages make MEMS/NEMS optical switches attractive for applications
requiring large scale reconfigurable networks, such as beam steering, optical crossconnects, optical signal recovery, etc. Here we briefly review works on
MEMS/NEMS optical switches and list their major performance metrics in table 4.1.

Figure 4.1: NEMS/MEMS-based integrated optical switches based on (a) aluminum bridge
and SOI ring resonator [140], (b) laterally actuated InP directional coupler [121], (c) SOI
photonic crystal waveguide with a switching slab [141], (d) movable SOI waveguide with two
free ends [142], (e) laterally actuated SOI directional coupler [143], (f) vertically actuated SOI
directional coupler [67], (g) vertically actuated SOI adiabatic coupler [8], (h) laterally actuated
SOI adiabatic coupler [144], (i) laterally actuated SOI directional coupler [120], (j) laterally
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actuated GaAs directional coupler [145], (k) vertical actuated gold disk coupled with SOI
waveguide [146].

In 2005, a wavelength-selective switch was reported based on a movable aluminum
bridge and a waveguide-ring resonator on the SOI platform (figure 4.1(a)) [140].
Coupling between the waveguide and the ring is suppressed when the aluminum
bridge approaches the ring from above, so that light can be switched on or off at the
resonance wavelength of the ring resonator. However, the reported insertion loss is
pretty high (11 dB).
In the same year an InP-based MEMS optical switch was reported (figure 4.1(b)) [121].
A suspended directional coupler is employed, in which the gap between the two
coupled waveguides is tuned with a bias voltage. It has a low insertion loss of 0.45
dB, but the extinction ratio (5.5 dB) is not ideal.
In 2006, K. Hane reported a MEMS optical switch based on a photonic crystal
waveguide on the SOI platform (figure 4.1(c)) [141]. A narrow switching slab is
suspended in the gap between the input and output waveguides. By a vertical
displacement, the switching slab can bridge or break the gap. However, the switch
suffers from a poor extinction ratio (4 dB) as well as a very high actuation voltage
(180 V).
In 2008, the same group reported a MEMS optical switch based on a movable
waveguide with two free ends (figure 4.1(d)) [142]. The alignment between the free
ends and input/output waveguides can be broken or recover by a lateral
displacement induced by a comb-drive. It has an insertion loss of 5.6 dB and requires
an operating voltage of 65 V.
In 2010, a laterally actuated MEMS optical switch based on the directional coupler
on the SOI platform is reported (figure 4.1(e)) [143]. The actuation does not change
the distance between the two coupled waveguides but changes the effective
refractive index of one waveguide instead. Insertion loss is much lower (~1 dB), but
the extinction ratio is only 8 dB, and it needs a voltage of 40 V to operate.
Ming C. Wu reported vertically actuated MEMS optical switches with directional
couplers on the SOI platform (figure 4.1(f)) in 2015 [67] with a fast switching time of
3.8 μs and compact interaction length of 11 μm. In the next year, they published
another type of switches based on adiabatic couplers (figure 4.1(g)) and minimized
the switching time to 0.91 μs [8]. The switches also have a very low insertion loss
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(~0.5 dB) and a high switching ratio (60 dB). However, they require a rather high
actuating voltage of 42 V.
K. Hane reported laterally actuated MEMS switches with adiabatic couplers (figure
4.1(h)) in 2018 [144] and directional couplers (figure 4.1(i)) in 2019 [120] by employing
comb-drive actuators on SOI platform. These switches have very short interaction
length (10 μm and 50 μm), and switching time is around 30 μs. However, an
ultraviolet illumination is needed to get this short switching time. The actuating
voltage is 25 V and 18 V, respectively.
In 2019 Papon et al. reported a nanomechanical optical switch for single-photon
routing on a suspended GaAs membrane (figure 4.1(j)) [145]. Though not designed
for telecom application, the device shows a nice performance at a wavelength
around 900 nm: fast response below 1 μs and very low insertion loss below 1 dB.
Very recently in 2019, Haffner et al. reported a hybrid Plasmonic-SOI NOEM switch
with a record-small footprint (~10 µm2) and unprecedented low actuating voltage
(1.4 V) and rapid switching (<100 ns), at the expense of narrow bandwidth (1~2.5 nm)
[146]. These are achieved with a movable suspended thin gold disk coupled with a
sitting silica disk evanescently through a very small vertical gap (55 nm).
From table 4.1 it can be seen that the performance of MEMS/NEMS optical switches
has progressed a lot in the last decade and become very competitive compared with
non-MEMS based approaches. However, most of the works are done on the SOI
platform, which does not support lasers and amplifiers. A more compact, highperformance MEMS/NEMS optical switch than ref [121] is still absent on InP.
Additionally, drive voltages are still high, mostly >10 V. In the following section, we
introduce a novel design of optical switch based on a tunable four-waveguide
directional coupler in the IMOS platform, which is very compact and at the same
time requires low switching voltages.

4.2 Design of NEMS optical switch based four-waveguide
directional couplers
Directional couplers do not require splitting and combining light in two arms and
are therefore more compact than Mach-Zehnder interferometers and potentially
attractive for nanomechanical switching. As discussed in Chapter 1.3.1, the
transmission at the outputs of a directional coupler can be tuned by changing either
the coupling rate or propagation constant mismatch betwe en the two coupled
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waveguides. The former can be achieved by tuning the distance between two freestanding waveguides. However, this is neither practical nor efficient on an IMOS
chip, as the waveguides are sitting on the bonded layer. Therefore we chose the
second approach – tuning the propagation constant – by varying the effective
refractive index of a double membrane waveguide, as in the phase modulator.
We first discuss the operation principle of a standard two-waveguide directional
coupler. As discussed in chapter 1, the optical power in a general directional coupler
follows:
2
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where 𝑆 = √(∆𝛽/2)2 + 𝜅 2 , x is the propagation direction and 𝜅 is the coupling rate,
∆𝛽 is the propagation constant difference between the two waveguides. When the
two waveguides are identical (i.e., Δβ = 0), equation (4.1) turns into:
 P ( x )  c o s 2 ( x )

1

2
P

 2 ( x )  s i n ( x )

(4.2)

which indicates that the optical power in the two waveguides flips at xs = π/(2κ), as
plotted in figure 4.2(a). Switching the optical power at xs implies P1(xs) = 1, P2(xs) = 0.
Inserting this condition into equation (4.1), assuming constant κ, we get:
  2

3

(4.3)

which is the switching condition for the two coupled waveguides. By using equation
(4.3) into (4.1), we can plot the power distribution of the switched state as figure 4.2
(b). Such switching behavior can be understood intuitively in terms of the
supermodes of the two-waveguide system. As discussed in chapter 1.3, the system
supports a symmetric and an anti-symmetric supermode, as shown in the left panel
of figure 4.2(d), and their propagation constants are defined by equation (1.4). Both
modes are equally excited when light is coupled to one of the waveguides. The power
transfers completely from the input waveguide to the other one when the phase
difference between the two propagating supermodes meets Δ𝛽𝑆,𝐴𝑆 = 𝑚𝜋 (m is an
integer larger than 0), as shown in the left panel of figure 4.2(e). Switching the power
in the two waveguides is triggered by an extra π shift, i.e., Δ𝛽′𝑆,𝐴𝑆 = (𝑚 + 1)𝜋.
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Therefore the switching conditions are

Δ𝛽 ′ 𝑆,𝐴𝑆
Δ𝛽𝑆,𝐴𝑆

= (𝑚 + 1)/𝑚 . The first three

switching conditions (m=1, 2, 3) are marked in figure 4.2(c). With increasing order
m, the requirted Δ𝑛 becomes smaller, at the cost of a longer device and lower
bandwidth. Figure 4.2(d) shows the mode redistribution caused by a small refractive
index change (m=1) and figure 4.2(e) shows the consequent switching of propagating
wave calculated with a FDTD simulation, which agrees with the analytic result in
figure 4.2(a) and (b).

Figure 4.2: The principle of a directional coupler switch based on Δβ tuning. (a) Calculated
optical power in two identical (Δβ = 0) coupled waveguides in the propagation direction x. (b)
Calculated optical power in two coupled waveguides with different propagation constants
satisfying    2 3  . (c) Simulated propagation constants difference between the two
supermodes as a function of the refractive index difference between the two waveguides.
The initial difference and the difference needed for switching are marked with red arrows.
(d) Simulated electric field distribution (Re{Ex}) of symmetric (S) mode and anti-symmetric
(AS) mode for a homogeneous (Δn = 0) and non-homogeneous (Δn = 0.009) waveguides pair.
The substrate is omitted in the simulation. (e) Simulated field distribution (|E|) along the
propagation direction in a directional coupler with identical waveguides (left) and
waveguides with non-zero Δn (right) when only one input is excited. The plot is compressed
in the x-direction.
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To tune the effective refractive index in the directional coupler through the
evanescent field, we build each ‘composite waveguide’ with double membranes. As
the coupling between membranes is comparable with the inter-waveguide coupling,
it is more proper to treat the system as four coupled waveguides as shown in figure
4.3. The lateral coupling rate κh is a constant while the vertical coupling rates κv1 and
κv2 are controlled independently by the displacement of a waveguide in the vertical
direction. Diagonal coupling is assumed to be negligible and not taken into account
in the model. For simplicity, the four waveguides are assumed to be identical, and
no substrate is considered.

Figure 4.3: a schematic of four coupled waveguides model

The coupled-mode equation describing the system can be written as [147]:
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where β is the propagation constant of each waveguide. In the non-actuated state,
i.e. z = 0 (z is the vertical displacement of waveguide from initial position), the
vertical distance between membranes is the same and consequently κv1 = κv2.
Inserting this condition into equation (4.4), the eigenvectors of the equation can be
calculated to be {1,1,1,1}, {1,-1,1,-1}, {-1,-1,1,1} and {-1,1,1,-1}. They correspond to the
four supermodes supported by the system, as seen in figure 4.4(a), which shows
mode distribution of the four-waveguide cross-section calculated by finitedifference eigenmode simulations. The four supermodes are combinations of the S
and AS mode in lateral and vertical directions. When one of the waveguides
displaces slightly in the vertical direction, the symmetry of the system is broken, and
so is the symmetry of the supermodes, as shown in figure 4.4(b). The obvious
similarity between figure 4.4 and figure 4.2(d) shows that the small displacement
indeed changes the effective refractive index of the composite waveguide.
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Figure 4.4: Simulated field distribution Re{Ex} of the four supermodes in four coupled
waveguides (a) with no displacement and (b) with a displacement of one waveguide.
Simulations are done with the finite difference eigenmode solver provided by commercial
software Lumerical MODE.

When light is input from one of the waveguides, all these modes are excited and the
output is a result of the interference between the four modes. Assuming a1 is the
only input, i.e., a 1 ( 0 )  1, a 2 ( 0 )  0 , a 3 ( 0 )  0 , a 4 ( 0 )  0 , then the solution of
equation (4.4) is:
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(4.7)

sh and sv are the adjusted coupling rate in the lateral and vertical direction taking
into account any asymmetry.
In the symmetric system, i.e., κv1 = κv2, then sh = κh and sv = κv1 = κv2, and equation
(4.5) turns into:
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which clearly indicates a field distribution governed by vertical and horizontal
beating simultaneously.
For applications we want the system to be perfectly transmissive, i.e. all the optical
power couples back to only one output, for example:
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where L is the length of the coupling region.
Combining equation (4.9) and (4.5) gives:
  v1   v 2  2 l h



L  ( 2 m  1)

2 h


(4.10)

where l and m are positive integers. The first equation in (4.10) tells that the system
has to be symmetric, and the vertical distance between the waveguides has to match
with the lateral distance between them. The second equation defines the required
coupling length. In practice, the fabrication feasibility, footprint, affordable
displacement all need to be taken into account when choosing the values of l and m.
For proof of concept, we use  v 1   v 2  6  h and m = 1 here. Inserting (4.10) back to
(4.5), we can plot the power distribution in those waveguides as figure 4.5(a) and (b).
It can be seen that total power in the composite waveguides (indicated in dashed line)
is just like the one in figure 4.2(a).
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Figure 4.5: Calculated power in the four coupled waveguides along the propagation direction
x. (a) and (b)  v 1   v 2  6  h ; (c) and (d)  v 1  (8  3 )  h ,  v 2  (8  3 )  h , i.e., the larger
displacement occurs at the opposite side of input waveguide; (e) and (f)  v 1  (8  3 )  h ,
 v 2  (8  3 )  h , i.e., the larger displacement occurs at the same side of the input
waveguide.

Now we change the boundary condition to switch the power from one output to
another:
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Combing equation (4.11) and (4.5) gives:
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where p and n are positive integers. These are the switching conditions. It is clear
that neither κv1 nor κv2 can take the same value as in equation (4.10), which means
two waveguides need to move to switch perfectly. Another constraint is that no
repulsive actuation is possible in our electrostatic actuator, which means κv1 and κv2
need to change in the same direction. One option is to set p = 4 and n = 1 in equation
(4.12), then  v 1  (8  3 ) h ,  v 2  (8  3 ) h , so that both are larger than 6  h . It means
that switching can be achieved by reducing the vertical distance between
waveguides at both sides, with the larger displacement at the opposite side of the
input. Figure 4.5(c) and (d) show the calculated power distribution according to this
solution. It can be seen that the power is completely switched back to the input
waveguide as expected, thanks to the synchronization of lateral and vertical beatings.
This means a taper is not needed as all the four supermodes supported by the system
are involved in the interference. Alternatively, we can set  v1  (8  3 ) h ,  v 2  (8  3 ) h ,
which means the larger displacement is at the same side of the input. The
corresponded results are plotted in figure 4.5(e) and (f). They show a complete
switching again, but the vertical beating is tightened at the input side, as the
coupling rate is larger there. It is not a coincidence that the switching condition here
has     2 3  , while in two coupled waveguides, the switching condition is
v1

  2

v1

3

h

. This is because the change of the coupling rate between two waveguides

is equivalent to the change of propagation constant of their composite waveguides.
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This equivalence is also hinted by the shared form between equation (4.6) and the
second term in equation (1.4).
Having proved that a complete switching is possible in a four-waveguide directional
coupler, we come back to check our assumption of zero diagonal couplings. To test
if the diagonal coupling rate is negligible, we give it non-zero value, e.g.  d   h / 1 5
and rewrite equation (4.4) as:
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It is hard to solve the equation analytically, so we solved it numerically, plotted the
solution as a function of the propagation direction x, and compared it with the case
of  d  0 in figure 4.6(a) and (b). From the figures, it can be seen that the
consequence of a non-zero diagonal coupling is a slight drop of transmission and
lower isolation between the outputs when the propagation distance is long enough.
Then we made a 3D FDTD model to check how important diagonal coupling is in
practice. In this model a four-waveguide system with a cross-section shown as
figure 4.4(a) is simulated (cross-section of the waveguide is 500×270 nm2, gap in
lateral direction and vertical direction are 300 nm and 200 nm, respectively), and
electric field intensity in each waveguide is monitored along the propagation
direction and plotted in 4.6(c). From figure 4.6(c) it can be seen that the transmission
barely drops within 3π/(2κh), which indicates that the diagonal coupling is indeed
negligible in this case.
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Figure 4.6: Calculated optical power in the four coupled waveguides in the propagation
direction x, (a) diagonal coupling is not considered; (b) a non-zero diagonal coupling
 d   h / 1 5 is considered; (c) 3D FDTD simulation.

To translate the solutions found above into a design of the device, we built a 3D
FDTD model including the directional coupler as well as the curved input and output
waveguides and substrate, as shown in figure 4.7. The thickness of the two
waveguide layers and their separation are the same as in chapters 2 and 3. The width
of the waveguides is 370 nm. After some parameter sweep, a lateral gap that satisfies
equation (4.10) is found to be g = 380 nm.

Figure 4.7: an illustration of switching based on the four-waveguide directional coupler.
(a)The switch in cross-state (switch off) (b) The switch in bar-state (switch on), cantilevers
are omitted.
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It was found that a coupling length of 29 μm is enough for the input TE polarized
light to be coupled to the cross port at a wavelength of 1550 nm. The field distribution
in the bottom waveguides is shown in figure 4.8(a), and the transmission spectra of
the two ports are plotted in figure 4.8(b). It can be seen that the wavelength of
maximal transmission in cross port does not exactly overlap with the wavelength of
minimal transmission in the bar port, due to the influence of the substrate. The
maximal extinction ratio is more than 30 dB and the bandwidth is limited by the
interference effect in the vertical direction (because κv > κh). By changing the vertical
distance in the model, an optimal switching performance was found with
displacements of the two suspended waveguides to be 52 nm and 5 nm, which are
both within the pull-in limit. The corresponding field distribution and transmission
spectra are shown in figure 4.8(c) and (d). The spectral responses in the two states
are similar but with the two ports switched. The simulated field distributions agree
well with the theoretical ones in figure 4.5(a)~(d).

Figure 4.8 (a) Simulated electric field distribution (|E|) of cross-state. The plot surface is
through the mid-plane of bottom waveguides. The input is the fundamental TE mode. (b)
Simulated spectral response of the two outputs in the cross-state. (c) Simulated electric field
distribution (|E|) of bus-state. (d) Simulated spectral response of the two outputs in the busstate.

Similar analysis on the beams that support the suspended waveguides can be done
as in chapter 3.2.2. The main difference in this device is that the beams can only
support the waveguides from one side, which makes it a cantilever. The spring
constant of a cantilever is also governed by equation k   E W t 3 L3 [117], while α is 1/4
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for point load (at the free end) and 2/3 for the distributed load. Therefore the spring
constant of a cantilever beam is much smaller than that of a fix-fix beam with the
same length, which means a shorter beam is needed for moderate pull-in limited
voltage. We calculated the displacement as a function of actuating voltage for a
cantilever of 11 μm in the two extreme cases (point load and distributed load), and
plotted the results in figure 4.9(a). The FEM model, without any assumption on force
distribution, gives a displacement curve between those of the two extreme cases, but
is more close to the distributed load model. The pull-in voltage is also calculated as
a function of the beam length by equation (1.10). From figure 4.9(b) it can be seen
that the cantilever cannot be longer than 11 μm to avoid collapse below a voltage of 5
V.

Figure 4.9 (a) The calculated end displacement of an 11-μm long beam by three different
models: point load, distributed load and finite element method (FEM). (b) The calculated
pull-in voltage as a function of beam length by point load and distributed load model.

Figure 4.9(a) shows that the switching voltage is close to the pull-in voltage, so that
the risk of collapse during operation is high. To reduce the risk, we seek a design
that requires less displacement for switching, i.e., with higher displacement
sensitivity. Equation (4.2) suggests that the required change in propagation
constant is related to the lateral coupling rate. Therefore it is possible to lower the
requirement on displacement by increasing the lateral distance between the
waveguides. This comes with a price of longer coupling region according to equation
(4.9), i.e., a tradeoff between compactness of the device and required displacement.
During the actual fabrication process, it is difficult to have the width of waveguides
and their separation precisely as the design, due to lag effect of plasma etching, as
well as the mask broadening effect mentioned in chapter 2. To tackle this
uncertainty, we have a parameter sweep on the separation between waveguides and
the length of the coupling region in the fabricated switches.
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4.3 Characterization of the NEMS optical switch
In this section, we give the characterization of the fabricated NEMS optical switch
with the setup described in chapter 2.3.1. The performance is evaluated and
compared with the modulator-based switch design introduced in 3.3.2. The
advantages and limitations of the switch are discussed at the end of the section.

4.3.1 Static characteristics of the modulators
A crossbar switch based on a four-waveguide directional coupler is fabricated on the
IMOS platform, as shown in figure 4.10(a). The two suspended waveguides are
supported separately by cantilever beams with a design similar to that in the NEMS
modulators, as shown in figure 4.10(b). Unlike in the modulators, waveguide-taper
is unnecessary here, since all the supermodes are involved in the multimode
interference in the four-waveguide directional coupler. Therefore the footprint of
the device is only limited by the coupling length, which is chosen to be 80 μm, as a
result of a compromise between compactness and displacement sensitivity. The
width of the suspended waveguides is 400 nm. The bottom waveguides are 100 nm
to 150 nm wider, due to the mask-broadening-effect mentioned in chapter 2. The
lateral center-to-center distance between the waveguides is 910 nm.

Figure 4.10 (a) The SEM image of a fabricated NEMS optical switch. Inset: a simplified sketch
of switch design based on the four-waveguide directional coupler. Bar (ON) and cross (OFF)
states are indicated by the blue and the red arrow, respectively, while input is marked by the
yellow arrow. The layers indicated in yellow are metallic contacts. The detailed structure in
the coupling region (in the dashed box) is shown in (b).

In this experiment, light from a tunable laser is coupled into one of the input
waveguides, and transmission of the two output ports are measured separately, as
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shown in figure 4.11(a). The static response of the switch is measured by applying a
negative DC bias to the p-i-n junction. Though in principle the ideal operation
requires actuating both suspended waveguides, as discussed in the last section,
displacement of one of two waveguides has only a very small effect. In fact,
calculation shows that displace only one waveguide rather than both induces a loss
of 0.5 dB while the influence on the extinction ratio is negligible. Figure 4.11(b) shows
the transmission in the two ports as a function of actuating voltage on one actuator,
while the other one is not actuated. It can be seen that the insertion loss of the switch
is around 5 dB in the default state (cross-state), and does not change much after the
switching (bar-state) at 3.4 V. Therefore actuating only one suspended waveguide
does not limit the performance of the switch here. The energy required for the
switching is only 0.25 pJ, according to equation (3.14). This is six-fold smaller than
the energy cost of the modulator-based switch, thanks to the shorter supporting
beam, shorter coupling region (due to the lack of tapers), and lower actuating
voltage. This actuating voltage is CMOS compatible and smaller than that of the
most of previous works on MEMS/NEMS optical switch, as shown in table 4.1,
except for the most recent wavelength-selective hybrid plasmonic switch [146].
Figure 4.11(c) and (d) show the transmission spectra of the two ports before and after
the switching. The average extinction ratio from a wavelength of 1510 nm to 1590 nm
is 12 dB before the switching and 15.5 dB after that. However, the spectral response
suffers from ripples due to a Fabry-Perot effect from the reflections at two ends of
the coupling region. Checking figure 4.10(b) closely, a step change of width can be
observed in the bottom waveguide at the end of the coupling region, which is
responsible for the reflection. This abrupt change of waveguide width is not from
the design but mainly due to the mask-broadening effect mentioned in chapter 2.
To have a flat spectral response, the device needs to be redesigned so that the bottom
waveguides are consistently wider than the suspended waveguides, e.g. by
introducing a taper at the interface. The potential bandwidth of the switch, if the
Fabri-Perot effect was avoided, should be improved to 40 nm for an extinction ratio
over 15 dB.
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Figure 4.11 (a) Optical microscope image of a fabricated NEMS optical switch tested in this
experiment, the input grating is marked with the yellow arrow, while the bar port (Ch1) and
cross port (Ch2) are marked with red and blue arrows. (b) The transmission of two ports as a
function of the actuating voltage, at a wavelength of 1555 nm. (c) The transmission spectra of
the two ports when the switch is off (voltage = 0 V). (d) The transmission spectra of the two
ports when the switch is on (voltage = 3.4 V).

4.3.2 Dynamic characteristics of the switch
The frequency and temporal response of the switch are measured in the same way
as described in section 3.3.3. The mechanical resonance frequency of the switch
based on four-waveguide direction coupler is 1.58 MHz, 43% larger than that of the
modulator-based switch, due to the smaller mass of the beam. Differently from the
modulator, the suspended waveguide has a uniform displacement in the
propagation direction in the fundamental mechanical mode. This assures the
vertical coupling rate does not change in the propagation direction, as assumed in
the theoretical model. Similar to the previous device, the rise time (turn-on) of the
switch is dominated by the current lag effect, while the fall time (turn-off) is
dominated by the oscillation with a period of 0.6 μs, which matches the mechanical
resonance of the beam.
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Figure 4.12 (a) Transient response in the two channels of the switch when the modulator is
driven by a square wave signal at a frequency of 10 kHz. (b) Zoomed-in transient response of
the two channels during the drive voltage changes from 3.8 V to 0 V. (c) Frequency response
of the switch driven by a sinusoidal signal with VPP = 2 V and with an additional dc bias VDC =
1 V. Input laser power is 15 mW at a wavelength of 1550 nm. (d) Simulated mode shape of the
fundamental mechanical mode of the cantilever in perspective view (up) and front view
(down).

4.3 Conclusion
In this chapter, a NEMS optical switch based on a four-waveguide directional
coupler on the IMOS platform has been presented. Compared with the MZI-based
switch introduced in the last chapter, the directional coupler compresses the
footprint by combining the phase tuning and interference sections, and eliminating
the need for mode tapering. As a result, the footprint is scaled down from 400×100
μm2 to 80×25 μm2. The switching voltage is 3.4 V, corresponding to a VπL of 0.027
V∙cm, which is less than half of that in the MZI modulator. Though it is possible to
reduce switching voltage and VπL of any NEMS/MEMS device by making the
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supporting beam softer (e.g., by extending the length or reducing the thickness of
the beam), this will also reduce the mechanical resonance frequency of the beam,
and limit the speed of the device. At this stage, the speed of both presented switches
is limited by the current lag effect; however, the ultimate limit is their natural
mechanical resonance frequency, which is faster in the switch based on the fourwaveguide directional coupler.
Despite the advantages in performance, the four-waveguide directional coupler
brings more challenges to the fabrication than the other design: i) the small lateral
distance between the coupled waveguides induces significant lag effect during the
dry etching, which makes the cross-section of waveguides asymmetric and their
optical properties difficult to predict and calibrate; ii) the width of the waveguides
and their separation always present a discrepancy from the design in the doublemembrane waveguide region due the mask broadening, and the optimal coupling
length is sensitive to this discrepancy; iii) for efficient lateral coupling the width of
waveguides has to be relatively small and limited to single-mode, making them
more vulnerable to the scattering loss induced by nanotethers supporting them. This
is why the insertion loss is not smaller than the modulator, though the device is more
compact. On the other hand, the modulator-based switch is more robust and
tolerant to the fabrication errors.
Directional couplers are often employed in the reported NEMS/MEMS optical
switches [67], [120], [121], [143], [145]. While in most of the other works the coupling
rate between the waveguides is tuned, in this work the switching is achieved by
tuning of the propagation constant. The principle is similar to the device in ref [143],
but using a more efficient vertical actuation. The presented switches in this chapter
and chapter 3 represent a significant step towards more compact switching on InP;
Currently the footprint of the presented switch (mainly determined by the critical
coupling length of the directional coupler) is limited by the cross-section of
waveguide and the gaps between them. Both can be made smaller in principle, but
huge effort needs to be spent on optimizing the process and reducing the loss before
that can be achieved, just like what has been done in silicon photonics in the past
decade.
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5 | Nanomechanical sensors based on

four-waveguide directional couplers and
integrated photodiodes
In this chapter, an optomechanical sensor is demonstrated by integrating the fourwaveguide directional coupler and waveguide-photodiodes on the same chip. The
field of mechanical sensing is first reviewed with a focus on the comparison of
different readout methods. Next, the state-of-the-art of on-chip optomechanical
sensors are introduced as well as their limitations. Then the main results of the
fabricated devices are discussed, and the important performance metrics, e.g.
sensitivity and imprecision are given, with an emphasis on the displacement and
mass sensing. In the end, the device is compared with other works, and possible
improvements are mentioned.

5.1 Introduction to mechanical sensing
Mechanical sensors measure variables related to mechanical properties, such as
displacement, velocity, mass, acceleration, force, pressure, strain, among others.
They have a large variety of applications ranging from molecule detection, atomic
force microscopy (AFM), to accelerometers in vehicles and motion sensors in
smartphones. Most of these measurands can be related to the displacement or
deformation of a transducer (e.g., a microcantilever) and its time derivatives, either
directly, or through Newton’s second law of motion and Hooke’s law, etc. Therefore
the key to mechanical sensing is usually transducing the displacement/deformation
into an electric signal so that a computer can read it. Transduction methods of a
displacement/deformation can be categorized into two major groups: optical
transduction [148] and electrical transduction. The former includes readout based
on laser reflection and interferometry, while the latter uses readout based on
piezoresistance and capacitance.
Laser reflection is the most commonly used readout method in commercial AFMs,
introduced by Meyer and Amer in 1988 [149]. A laser beam is focused on the surface
of a cantilever and reflected onto a two-segment photodiode. The angular
displacement of the cantilever is then transduced to the photocurrent difference
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between the two segments, which is read by a differential circuit. In this way, the
readout is immune to the noise from the laser and a sub-Å resolution is regularly
achieved [148]. The fabrication is also relatively simple as no circuits are needed on
the cantilever. Interferometry-based readout is similar but using interference
between the reflected beam and reference beam to measure the optical path
difference induced by the displacement of the cantilever (rather than angular
displacement). Therefore it gives a higher sensitivity at the expense of the complex
optical circuit [150].
The piezoresistive readout is often used in commercial accelerometers and pressure
sensors, and it was introduced in AFM in 1992 [151]. The transducer is patterned from
a piezoresistive material, and the resistance of that changes with a motion-induced
strain, which is translated to a measurable voltage through a current bias. The most
commonly used piezoresistive material in the transducer is doped silicon, and thin
metal films are reported to be suitable for nanoscale cantilevers [152]. The advantage
of this method is that the measurement system is integrated on the same chip with
the cantilever without the need for an external readout system. This allows an
integration of sensor arrays and parallel readout [153]. However, the piezoresistive
system is vulnerable to conductance fluctuations induced by temperature changes.
The piezoresistive sensors also suffer from higher noise with smaller transducer
(needed for higher sensitivity), as the Johnson power noise increase for larger
resistance brought by the smaller transducer.
Capacitive readout is based on the capacitance change as a function of the distance
between two conducting plates, where the cantilever is acting as one of the plates
[154]. It is less commonly used than the above methods. One of the reasons is that
the sensitivity degrades with smaller cantilevers as the capacitance is proportional
to the area of plates.
So far, the optical readout provides a slightly better signal-to-noise ratio than the
electrical readout due to less detrimental noise (e.g. temperature induced
fluctuations, Johnson noise, 1/f noise) associated with it [155]. However, the future
trend of AFM is miniaturization and parallel sensing, as needed for high-speed
imaging [9, 10] and multiplexed detection [6, 11]. Laser reflection requires bulky
optics and stringent beam alignment, which make it difficult to implement it in an
on-chip sensor array. Nonetheless, AFM sensor arrays with optical readout have
been developed using a camera to image all the reflection from the array elements,
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then processing the image to extract the displacement of each cantilever [157], [158].
These systems are based on a complex optical system, and the precise alignment to
all the cantilevers remains an issue. On the other hand, the dimension of the
cantilever is restricted to the diffraction limit, which limits its mechanical resonant
frequency and the acquisition speed. Integrating the optical circuits and detectors
on a chip could break these limits and potentially leads to a more compact and faster
self-sensing optical readout, which is interesting for AFM and other microcantilever based applications such as high-throughput chemical analysis and labelfree bio-sensing.

5.1.1 Optomechanical sensing
The recent development in nanofabrication technology enables the integration of
micro/nano-mechanical systems and photonic interferometry circuits on the same
chip. Such systems enable the interaction between optical and mechanical degrees
of freedom via an optical force. The studies of these interactions forms the field of
cavity optomechanics [159].
A typical optomechanical system comprises an optical cavity and a mechanical
resonator. In order to have a strong optomechanical coupling, the mechanical
resonator is usually placed close to the high-field regions. The motion of the
mechanical resonator changes the cavity length hence the optical resonant
frequency. Consequently, the circulating light intensity in the cavity varies when the
cavity is pumped with a quasi-resonant laser. In return, this changes the optical
force acting on the mechanical resonator. This feedback loop is known as
“backaction”, and it is the basis of optomechanical coupling. Many interesting
phenomena such as laser cooling and amplification of mechanical oscillation are
based on the retardation of the backaction (dynamic backaction) related to the finite
optical decay time. Therefore a high optical quality factor is usually essential for
optomechanical systems. From figure 5.1, it can be seen that the displacement
sensitivity ∆𝐼/∆𝑧 benefits from both the strong optomechanical coupling and high
optical quality factor, which is known as cavity-enhanced sensing [160].
The smallest displacement that can be measured by the system with a certain
bandwidth is called displacement imprecision. It is determined by the sensitivity to
the measurand and the noise level in the measurement. Cavity-based
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optomechanical sensors are reported to reach the imprecision of sub-fm/Hz1/2,
limited only by fundamental quantum shot noise on the optical detector [160].

Figure 5.1: schematic of a general optomechanical system(left) and the principle of cavityenhanced displacement sensing (right).

Despite the ultrahigh sensitivity and low imprecision, cavity-based optomechanical
sensors are not ideal for AFM applications because of a few limitations: i) though the
sharp lineshape enhances the displacement sensitivity, the largest measurable
displacement is limited to a few nm or less by the narrow linewidth; ii) the probe
laser must match very precisely the resonant frequency, thereby an expensive
tunable laser with very low-frequency noise is usually required. On the contrary, a
conventional AFM based on laser reflection can measure displacement up to a few
hundred nm displacement in the static mode, and usually requires only a simple red
laser.
An alternative solution is non-resonant optomechanical sensing, e.g., based on
position-sensitive detection, or interferometers with large free spectral range, or
the four-waveguide directional coupler presented in the last chapter. While
resonant systems offer the highest response to displacement, this can be partially be
compensated in non-resonant sensors by higher laser power as they are more
immune to heating and dynamical backaction. Additionally, laser frequency noise
becomes less critical, which, together with the large optical bandwidth, reduces the
requirements of complexity on the read-out laser. It should be mentioned that the
optomechanical coupling strength defined as the optical resonant frequency shift
per unit displacement 𝐺 = 𝜕𝜔𝑐𝑎𝑣 /𝜕𝑧 , may not be as useful in a non-resonant
system. For example, a displacement of one waveguide in the four-waveguide
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directional coupler will not just shift the spectra, but also tune its profile
simultaneously, as shown in figure 4.5.

5.1.2 Imprecision limit
The imprecision of any optomechanical sensor is limited by the noise in the system.
Besides the noise from the setup and instruments, there are a few fundamental
noises in the optomechanical system. The first one is the shot noise that comes from
the fluctuation of the number of photons detected. The corresponding imprecision
improves with more power as the noise power spectral density Sxx scales with 1/N,
where N is the average number of photons in the cavity/interferometer. As the input
laser power grows, the shot-noise-limited imprecision drops and allows a more
precise readout until the fluctuation of optical force induced noise, i.e., backaction
noise becomes dominant. During the measurement, each photon imparts
momentum to the mechanical oscillator independently, results in a random walk
noise, i.e., position/momentum imprecision of the mechanical oscillator is
proportional to √𝑁. Therefore the power spectral density of backaction noise scales
with the number of photons N. As a result, there is minimal imprecision at an
intermediate photon number, which is called the standard quantum limit (SQL). It
is the imprecision limit that is measured at the power where the sum of shot noise
and backaction noise is minimal, as shown in figure 5.2 [159]. In practice, when
measuring an external force through the displacement, the SQL is usually buried by
thermal noise that relates to the Brownian motion of the mechanical system at a
temperature T. The mean value of thermal Brownian motion at temperature T is:
x
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(5.1)

The thermal noise can be reduced by lowering the temperature or increasing the
mass of the movable part. When only the frequency band outside the mechanical
resonance is used, a high mechanical quality factor can also reduce the thermal noise
at those frequencies.
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Figure 5.2: The displacement spectral density of added noise as a function of the laser power
at the mechanical resonance. The figure is taken from [159]. At lower powers, imprecision
noise dominates, while at higher powers the backaction noise dominates. The SQL is reached
at the intermediate powers where the two contributions intersect.

5.1.3 State-of-the-art in integrated optomechanical sensors
Various on-chip structures have been studied for optomechanical sensing. Most of
these systems are focusing on increasing the optomechanical coupling strength,
thus the sensitivity to optical force.

Figure 5.3: Representative optomechanical sensing structures based on (a) waveguide-DBR
mirrors [161]; (b) micro-disk and nano-beam [37]; (c) micro-disk and nano-beam with a probe
[162]; (d) photonic crystal beam with an extra loading mass [39]; (e) double-membrane
photonic crystal cavity [57]; (f) cantilever side-coupled to an MZI [163].
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An intuitive design is a Fabry-Perot cavity with one movable mirror. In 2011,
Pruessner et al. reported a waveguide-DBR microcavity system on silicon, in which
one of the distributed Bragg reflector (DBR) mirrors is driven by radiation pressure
[161]. The system was proposed for mass sensing, with a minimum detectable mass
change of 0.33 fg.
One of the most investigated types of structure in optomechanics is micro-disk/ring
coupled with a nano-beam/waveguide/cantilever. The main advantage is the
ultrahigh optical quality factor that can be achieved in these micro-disk/ring cavities.
The perturbation to the optical path can be introduced by the motion of the microdisk/ring [37], [161], or the motion of nano-beam/waveguide/cantilever [39], [57],
[162], [163]. The latter form has the benefit that the optical part and the mechanical
part can be optimized separately. The dimensions and mass of the cantilever can be
made very small so that fast response and high sensitivity to mass change can be
achieved. With the high quality factor and strong optomechanical coupling,
displacement imprecisions below that at the SQL has been achieved [164]. Note that,
due to the narrow optical resonance, most of these systems require feedback loops
to lock the laser to the cavity mode.
Photonic crystal cavities on suspended beams or membranes enable even stronger
optomechanical coupling than that in the above systems. In 2012 Krause et al.
presented an optomechanical accelerometer with a photonic crystal cavity zipper
structure, with an extra loading mass [39]. An ultrahigh mechanical quality factor
of 1.4×106 is measured. The displacement imprecision reaches 4 fm/Hz1/2, only
slightly above the SQL. In 2015 Leijssen and Verhagen reported detected thermal
noise below that at the SQL by exploiting the Fano resonance in a sliced photonic
crystal nanobeam [165]. All these demonstrations relied on external lasers and
detectors, which makes the sensing system complex and difficult to scale. In an
effort to make the read-out more practical Zobenica et al. in our group reported a
displacement sensor based on GaAs double-membrane photonic crystal cavity [57].
The sensor was integrated with a quantum dot photodetector for on-chip
photocurrent read-out. As a subsequent work, in 2018, an integrated sensing tip and
a waveguide for input light were added to the double-membrane photonic crystal
cavity, making the sensor suitable for the integration of large arrays and thereby
parallel sensing [166].

94

Table 5.1 Summary of selected optomechanical sensing systems
WG-DBR
[161]

MD-NB
[37]

Material

silicon

meff (pg)

6800

9

QO

1990

6.5×10

QM

5×10

4.8×10

5

MD
PhCC
MD-NB -Cantilever -Zipper DM PhCC
[162]
[167]
[39]
[57]

silica+SiN silicon

silicon

SiN

GaAs

silicon

0.14

10000

50

0.54

4

4×10

9500

1×10

300

~20

3600

1.4×10

1400

1.78×104

1.2
4
5

MZI-NB
[163]

4×10

4

4

6

GOM
(GHz/nm)

4.5

0.003

0.5

2

35

60

2.3

Δz
(fm/Hz1/2)

59000

50

3

20

4

100

unreported

zMAX (nm)
21.6
993
9.68
2.42
0.582
0.323
281
WG = waveguide; MD = micro-disk; NB = nano-beam; DM = double-membrane; DBR =
distributted Bragg reflector; MZI = Mach-Zehnder interferometer. Meff: effective mass of the
oscillator; QO: optical quality factor; Q M: mechanical quality factor; GOM: optomechanical
coupling rate; Δz: displacement imprecision; zMAX: largest detectable displacement.

An optomechanical transducer can also be built on non-resonant systems. The
optomechanical coupling is generally weaker in this case, but it also means a larger
detectable displacement range and a lower requirement on the laser frequency. In
2012, Sauer et al. reported a nanomechanical cantilever side-coupled to an MZI on
silicon [163]. Though the optical quality factor is only 300, the authors claim it can
detect mass down to 2 zg in a 5 s sampling time. In 2014, a displacement transducer
based on an air-gap suspended waveguide with an integrated photodiode on InP
was reported [168]. However, none of these two works reported the displacement
imprecision.
We listed some representative works on various optomechanical sensing systems
and their key parameters in table 5.1. While the high optical quality factor helps
enhance the signal hence the sensitivity, it is the noise to signal ratio hence the
imprecision that determines the final resolution of an optomechanical sensor. Also,
a high optomechanical coupling rate does not guarantee a small displacement
imprecision, as can be seen from the table. For sensing applications, the optimal
design depends on the sensing target, e.g. accelerometers need a large mass load to
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reduce the thermal noise, while cantilevers with small mass and high mechanical
quality factors are preferred in mass sensing to gain more signal. For the AFM
working in contact mode, a cantilever with low mechanical quality factor can avoid
unwanted ringing [169], and displacement dynamic range and simplicity of the
implementation are crucial. Many of the above cavity-based systems have excellent
displacement/force imprecision, but also with a very limited measurable
displacement range (calculated by Γ/𝐺𝑂𝑀 , where Γ is the linewidth of the optical
resonance). It is also not clear how an AFM tip could be implemented in these
systems. So far the only two practical designs for AFM applications are in ref [19, 24].
However the design in [19] cannot be extended to a 2D array as it uses in-plane
displacement, and it depends on an external photodetector.
In this work, we introduce an optomechanical displacement sensor based on the
integration of the four-waveguide directional coupler [147] and waveguide
photodiodes. According to the results shown in chapter 4, the out-of-plane
displacement of one of the suspended waveguides is transduced into the
transmission changes in the two output waveguides and converted into
photocurrent by the waveguide photodiodes. Similar to the photocurrent collected
by the two-segmented photodetector in the conventional AFM based on laser
deflection, the photocurrent collected by the two waveguide photodiodes varies
oppositely. This can be used for a differential sensing to cancel out the noise from
the laser, but it is not employed in the present study.

5.2 Waveguide photodiode
Many different electrical configurations can be used for an on-chip photodiode [86].
In this thesis, we built the waveguide photodiodes based on the p-i-n heterojunction
for its simplicity, as the same configuration is also used for the actuators on the
same chip, so that no extra processing step is needed. Figure 5.4(a) shows the
schematic cross-section of the photodiode. The absorber (Q1.58) is sandwiched
between the bottom waveguide layer and the top p-InP layer. The width of the
absorber is about 1 µm narrower than that of the top structure due to the undercut.
The p-contact metal is above the junction, and n-contact lies close to it on one side
to ensure that carriers generated in the absorber can be swept out quickly and
collected by the contacts. An alloy of Ti/Pt/Au (25 nm/75 nm/200 nm) is used for the
electrodes for both p- and n- contacts. The connecting waveguide is tapered to
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match the width of the diode. Light in the bottom waveguide gradually transits to
the absorbing layer through evanescent coupling. The generated photocurrent is
converted into a voltage difference by a load resistance, then read by a multimeter.

Figure 5.4 (a) A schematic of the waveguide photodiode (cross-section) and the measurement
circuit. (b) Calculated electric field intensity |E|2 of the fundamental mode (TE polarized) in
the photodiode. (c) The SEM image of the fabricated photodiode. The image is fake colored
to indicate the electrodes (yellow), InP layers (blue), and deeply etched area (purple). (d) The
optical microscope image of the optomechanical sensing system.

The electric field intensity distribution of the fundamental mode (TE polarized) at a
wavelength of 1550 nm is calculated with an eigenmode solver provided by Lumerical
MODE solutions and plotted in figure 5.4(b). It shows that most of the light is
confined in the absorbing layer. A confinement factor defined as Γ =
∬𝑎𝑏𝑠 |𝐸|2 𝑑𝑆⁄∬∞ |𝐸|2 𝑑𝑆 is calculated to be 0.5 for the given cross-section,
According to [86], the absorption coefficient of Q1.58 is 1000 cm-1 at the wavelength
of 1550 nm, so that the modal absorption coefficient is estimated as 500 cm -1 in our
photodiode. Assuming there is no extra optical loss in the photodiode, and that all
the photo-generated carriers are collected by the contacts, then the quantum
efficiency of the photodiode is given by the Beer-Lambert law as 𝜂 = 1 − 𝑒 −Γ𝛼𝐿 ,
where α is the material absorption coefficient and L is the length of the photodiode.
This means a photodiode longer than 32 µm is sufficient for efficiency over 80%, in
the fabricated devices, the length of detectors is at least two times larger than that.
Figure 5.4(c) shows the SEM image of a fabricated waveguide photodiode and figure
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5.4(d) shows how it is integrated with the transducer. An actuator is included in the
design as well for active tuning of the device and testing purpose.
To calibrate the performance of the designed waveguide photodiode, we put
calibration devices without transducers on different positions of the sample. Figure
5.5(a) shows the image and photocurrent spectrum of one calibration device
measured with a laser power of 165 µW in the waveguide and at zero bias. The
maximum photocurrent is measured around the wavelength of 1550 nm. The
fluctuation in the spectrum indicates that there is minor reflection from the detector
(and the grating coupler), which could be improved with an improved taper design.
Figure 5.5(b) shows the measured photocurrent at 1540 nm as a function of the laser
power on the chip, with two different load resistances of 10 kΩ and 500 Ω. Below a
power of 100 µW, the photocurrents measured with two resistances are the same,
and a linear dependence on the power can be seen. Above 100 µW, the photocurrent
measured with 10 kΩ resistance starts to saturate, while no saturation is observed
for 500 Ω. By fitting the photocurrent with an exponential saturation fit 𝐼𝑝ℎ =
𝐴(1 − 𝑒 −𝑏𝑃 ) , the saturation photocurrent A is found to be 73 µA for the load
resistance of 10 kΩ. We attribute this resistance-dependent saturation to the selfbiasing of the diode, as the photovoltage gets close to the built-in voltage 𝑉𝑜𝑢𝑡 ≈ 𝑉𝑏𝑖 .
The built-in voltage of the p-i-n junction can be calculated with 𝑉𝑏𝑖 =

𝑘𝑇
𝑁 𝑁
ln ( 𝐷 2 𝐴 ),
𝑞
𝑛𝑖

where ni is the intrinsic thermal carrier density of InP. According to [86], the pdopant (Zn) concentration in the active layer can be as high as 1017 cm-3, due to the Zn
diffusion during the epitaxial growth using the MOCVD. This gives a calculated
built-in voltage of 1.2 V. As the dark current contribution can be neglected at zero
bias, the calculated saturation current is 𝐼𝑠𝑎𝑡 =

𝑉𝑏𝑖
𝑅𝑑 +𝑅𝐿

≈115 µA, in the same order of

magnitude to the value estimated from measured current (73 µA). The discrepancy
indicates that the doping level of n- contact layer might be lower than the value in
table 2.1. The responsivity of the photodiode is calculated from the measured
photocurrent and plotted in figure 5.5(c). Before saturation, a responsivity of 0.36
A/W obtained. According to 𝑅 = 𝜂𝑞𝜆⁄ℎ𝑐, this corresponds to a quantum efficiency
of 29%. The reduced quantum efficiency of the device is likely due to the absorption
loss from the metal, and recombination of carriers before diffusing to the contacts.
The metal loss could be reduced by optimizing the position of metal pads on the player so that it overlaps less with the optical mode.
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Figure 5.5 (a) The photocurrent spectrum of a calibration waveguide photodiode measured
with a laser power of 165 µW in the waveguide and a load resistance of 10 kΩ. Inset: Optical
microscope image of the calibration device. (b) Measured photocurrent as a function of onchip power with a load resistance of 10 kΩ and 500 Ω. (c) The measured responsivity of the
photodiode as a function of power on the chip with a load resistance of 10 kΩ and 500 Ω. All
the photocurrents are measured at zero bias.

5.3 Nanomechanical sensors with four-WG directional coupler
In this section, the optomechanical sensor is characterized with the setup
introduced in 2.3.2. The directional coupler measured in this work has a coupling
length of 85 µm, and the other parameters are the same as in chapter 4. All the
measurements are conducted under a low pressure of (~10-3 mbar) to avoid air
damping, except for section 5.3.5.

5.3.1 Readout of mechanical motion
We first characterized the static response of the sensor by inducing a displacement
in the transducer and measure the photocurrent statically with a multimeter.
Displacement of the suspended waveguide is triggered by applying a reverse bias on
the actuating diode, as shown in figure 5.6(a). Laser with 10 mW power is injected
from an objective with a magnification of 50× and NA of 0.42 to the grating coupler.
The coupling loss in this step is about 15 dB, therefore the power on chip is 0.3 mW.
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The response of the transducer is measured by the changing photocurrent in the
cross (Ch1) and bar (Ch2) channels as a function of the actuating voltage, from 0 V to
2.5 V at a wavelength of 1540 nm, as shown in figure 5.6(b). The photocurrent in the
two channels changes in the opposite directions, as expected from the optical
transmission changes observed in the switch in the last chapter. The photocurrent
in channel 2 is not zero at zero actuating voltage, because the length of the device
does not match the condition of a complete power transfer to the cross port.

Figure 5.6 (a) Static measurement configuration. (b) Photocurrent in channel 1 (cross) and
channel 2 (bar) as a function of bias voltage on the actuator at a wavelength of 1540 nm with
an on-chip laser power of 0.3 mW. (c) and (d) Photocurrent in the two channels as a function
of bias voltage and wavelength.

We further measured the photocurrent response of the two channels at different
wavelengths from 1510 nm to 1600 nm, as shown in figure 5.6(c) and (d). The
measured photocurrent in both channels reaches a maximum around the
wavelength of 1550 nm due to the design of the grating couplers. In the whole
measured wavelength range, the modulation of photocurrent due to the actuation is
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between 25% and 60% of its maximum. The photocurrent in the two channels is
modulated in opposite directions in the entire measured wavelength range,
differently from cavity-based optomechanical sensors, which only show response at
the resonance.

Figure 5.7 (a) Configuration of the photocurrent spectra measurement, with a device under
test, RF-probe, amplifier, and the ESA. (b) Power spectral density measured by the ESA in
the RF frequency range of 0-2 MHz for different inputs. When the TIA is connected to the
RF three-finger probe of the setup in an open circuit (green curve) the noise increases by
20~30 dB above 0.5 MHz. When the probe is touching the sample (without laser input), the
noise increases by an additional 2dB (blue curve).

In the second experiment, we characterized the dynamic response of the sensor by
measuring the photocurrent spectrum with an ESA. To increase the signal-to-noise,
the generated photocurrent is first amplified by a transimpedence amplifier (TIA)
before being measured by the ESA, as shown in figure 5.7(a). Before connecting with
the TIA (A=500 kV/A, BW=4 MHz), the ESA noise floor is measured at around -154
dBm (red curve in figure 5.7 (b)). The TIA has a specified noise current of 490 fA/Hz1/2
[170]. The expected power noise due to the TIA is

𝐼2 𝐴2
𝑍

= 1.2 fW/Hz, where Z is

impedance of the ESA, I is current input to the ESA, and A is the amplification of the
TIA. It matches well with measured value (black curve). The noise increased by 20 to
30 dB when the three-finger RF probe is connected to the TIA in an open circuit
(green curve). The actual origin of this noise is unknown, but it is attributed to the
environmental electrical noise picked up capacitively by the three-finger probe, as
already observed in Zobenica’s PhD thesis [124]. The noise level in that thesis is very
similar, but with more spike noise at the low frequency when the probe is connected
with the TIA. Connecting the probe with the device-under-test only introduces 2dB
extra noise (blue curve). This amplified electrical noise of the probe-device system is
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the limit of displacement imprecision in our experiment in this chapter, except for
the frequency close to the mechanical resonance, where thermal noise is the limit.
When an input laser (𝜆=1540 nm, on-chip power 0.3 mW) is injected into the grating
coupler in the device, the thermal Brownian motion of the cantilever can be detected
with the above configuration, as shown in figure 5.8(a). The resolution bandwidth is
set at 1 Hz, and results are averaged over 20 acquisitions. A thermal motion peak is
found at 1.624 MHz, closed to the predicted value of 1.59 MHz by a FEM simulation.
The quality factor of the peak is 1100.
The motional mass of fundamental mechanical mode of the cantilever is defined by
𝑚𝑒𝑓𝑓 = ∫ 𝑑𝑉𝜌|𝒓(𝒙)|2 , where 𝜌 is the density of InP. The normalized mode shape
𝒓(𝒙) is calculated from a FEM model. The motional mass is calculated to be 470 pg
as a result. The spring constant can be calculated with the measured resonant
2
frequency 𝑘 = 𝑚𝑒𝑓𝑓 𝜔𝑚
= 49 N/m. For AFM applications, depending on the sensing
target, a smaller k might be needed, which can be designed with a longer cantilever.
Inserting the motional mass and the temperature of T = 297 K back to equation (5.1),
we obtain the expected position variance of the cantilever 〈𝑥 2 〉𝑡ℎ = (9.2 pm)2. The area
underneath Sxx(f) curve in figure 5.8(a) (after background subtraction) should be
equal to the calculated 〈𝑥 2 〉𝑡ℎ . In this way the Sxx(f) curve is calibrated, and the
relation between photocurrent and displacement is found, providing a sensitivity of
𝛿𝐼/𝛿𝑥 = 595 A/m. Therefore the noise floor in the power spectrum is translated into
a displacement imprecision of 30 fm/Hz1/2 off the resonance peak. The theoretical
thermal noise spectrum of a damped harmonic oscillator is [171]:
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1

≫ 𝑄 ), the displacement power
𝑚

1/2
𝑠𝑥𝑥

〈𝑥 2 〉𝑡ℎ

≈ 2√𝜔

𝑚 𝑄𝑚

= 0.18 fm/Hz1/2.

Therefore the measured noise floor outside the resonant frequency is not limited by
the thermal noise, but by the amplified electrical noise as shown by the blue curve in
figure 5.7(b).
Due to the large optical bandwidth of the directional coupler, similar sensitivities
can be obtained throughout an ultrawide wavelength range, as shown in figure 5.8(b)
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where the Brownian motion is measured with laser wavelengths varying from 1520
nm to 1600 nm. This is a unique feature of our integrated sensing platform, which
makes nano-optomechanical sensing possible with a simple fixed-wavelength laser
in the telecom band.

Figure 5.8 (a) The power spectral density (PSD) (left axis) and displacement spectral density
(right axis) of the device around the frequency of fundamental mechanical resonance with
input laser turned on (red dots) and off (black dots), measured at the wavelength of 1540 nm
and with a laser on-chip power of 0.3 mW. The device is mounted in a vacuum chamber
(pressure around 10-3 mbar). The inset shows the displacement distribution of the
fundamental mechanical mode of the cantilever simulated with Comsol. (b) The
displacement noise spectrum measured at different laser wavelengths.

5.3.2 Response function
In this experiment, we resonantly actuate the cantilever using the integrated
actuator to explore the response of the sensor in the frequency domain. The actuator
is driven by an AC signal with a sweeping frequency, and the peak power in the
power spectrum is tracked using the ‘max hold’ mode of the ESA. A -1 V DC voltage
is combined with the AC voltage through a bias-T to ensure that the actuator works
in reverse bias. The response curves for different driving voltage are shown in figure
5.9(a). The measured response follows

𝜕𝐼
𝜕𝑉

𝜕𝐼

𝜕𝑥

𝜕𝐹

= 𝜕𝑥 ∙ 𝜕𝐹 ∙ 𝜕𝑉 , where F is the recovering

force acted on the cantilever. The sensitivity

𝜕𝐼
is
𝜕𝑥

measured as 595 A/m in the last

experiment, and it does not depend on frequency. The transfer function of a springmass system follows [155]:
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where 𝛾 = 𝜔𝑚 /𝑄𝑚 . For small damping (i.e., 𝛾 ≪ 𝜔𝑚 ), it predicts a flat response at
low frequency and a peak at the resonance. For 𝜔 = 𝜔𝑚 , equation(5.3) turns into
𝜕𝑥
𝜕𝐹

1

2 ≈
= 𝑘 √1 + 𝑄𝑚

𝑄𝑚
,
𝑘

i.e., the force sensitivity at the resonance is enhanced by a

factor Qm. Therefore the force imprecision of the sensor at the resonant frequency
1/2

can be obtained by 𝑆𝑥𝑥 (𝜔𝑚 )𝑘⁄𝑄𝑚 = 8.9 fN/Hz1/2.
The measured frequency response, however, has an unexpected frequency
dependence at low frequencies. This is due to the current lag effect mentioned in
chapter 3 and 4, i.e., the charges thus the electrostatic force cannot follow the
𝜕𝐹

modulation at high frequency, which makes 𝜕𝑉 decrease with frequency.
As the driving voltage increases, the response becomes saturated at 11 dBm near the
resonance, as shown in figure 5.9(b). This is limited by the dynamic range of the
transimpedance amplifier. A Lorentzian fit using the unsaturated points indicates
the potential unsaturated peak power to be 20 dBm, corresponding to an
oscillation peak-to-peak displacement of 22 nm. Together with the measured noise
floor, this provides a potential displacement dynamic range >50 dB in a
measurement bandwidth of 1 Hz.

Figure 5.9 (a) Driven-response spectra for various driving amplitudes measured with a 50 Hz
resolution bandwidth. A -1 V DC bias is applied for V pp of 13 mV, 100 mV, 200 mV, 400 mV,
800 mV, 1.4 V (from bottom to top in the figure). For V pp=1.4 V a -1.4 V DC bias is used. (b)
Zoom-in of the spectra around at the resonance, with a Lorentzian fit of the 1.4 V modulation
data. The laser wavelength is 1540 nm and on-chip power 0.3 mW.
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5.3.3 Electromechanical tuning of the mechanical mode
In this experiment, the influence of electrostatic actuation on the mechanical
resonance is explored. Figure 5.10 shows the power spectra of the sensor when a DC
voltage from 0 V to 2 V (in reverse bias) is applied to the actuator. As the applied
voltage increases, the thermal noise peak of the fundamental mode splits into two.
One (P1b) remains at the fixed frequency, while the other peak (P1a) shifts to a lower
frequency and its linewidth gets broader. This is because both suspended
waveguides oscillate independently, and their resonances overlap in the spectrum
when no voltage is present to break their symmetry. P1a corresponds to the actuated
cantilever, while P1b corresponds to the other one. In static equilibrium, the
𝜀𝐴𝑉 2
. Assuming the displacement 𝑧 ≪ 𝑑, by a Taylor
2(𝑑−𝑧)2
2
𝜀𝐴𝑉
𝜀𝐴𝑉 2
obtain 𝐹𝑒 ≈ 2 + 3 𝑧. The second term on the right side of the
2𝑑
𝑑

electrostatic force is 𝐹𝑒 =
expansion we

equation is proportional to the displacement and has an opposite sign to the spring
force, thereby can be seen as an electrostatic spring softening effect. This reduced
effective spring constant results in a shifting of P1a to lower frequency, which
𝜀𝐴𝑉 2
3 in the small detuning
0𝑑

follows a quadratic relation with the bias voltage ∆𝜔 = 2𝑚𝜔

range. The decreased quality factor of P1a is likely due to an increased mechanical
loss from the bending of the cantilever. Similarly, P2a is the 2nd mechanical mode of
the actuated cantilever. Solving the eigenmode problem with a FEM model (Comsol)
gives the first and second resonant frequency at 1.58 MHz and 1.65 MHz, which
match well with P1a (P1b) and P2a. The symmetric mode shape of the 2nd mode (as
shown in figure 5.10) contributes little to the optical phase shift, therefore it provides
much lower transduction (smaller peak in the spectrum). It is however not clear why
P2b is not present in the spectrum. These voltage-dependent mechanical spectra
show that the displacements of the two suspended waveguides are independent. The
active tuning of the effective spring constant might be used for tuning the force
sensitivity in the static mode.
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Figure 5.10: Tuning PSD of thermal Brownian motion by different bias voltage on the
actuator. The peak of the 1st mechanical mode of the biased cantilever (P1a) is marked by red
dashed line, and that of the unbiased cantilever (P1b) is marked by yellow dashed line. The
peak of the 2nd mechanical mode of the biased cantilever (P2a) is marked with green dashed
line. Their simulated mode shape is shown above the graph.

5.3.4 Resonance frequency fluctuation
It is possible to use the reported optomechanical sensor for mass sensing. The
principle of a resonant mass sensor is that the analyte accreted on a cantilever gives
a resonance frequency shift proportional to the inertial mass of that analyte. From
𝜔𝑚 = √𝑘/𝑚𝑒𝑓𝑓 , we can write the relation between the added mass and frequency
shift as 𝛿𝑚 ≈ −2

𝑚𝑒𝑓𝑓
𝜔𝑚

𝛿𝜔𝑚 , assuming that 𝛿𝑚 ≪ 𝑚𝑒𝑓𝑓 . Therefore the imprecision,

i.e. the smallest detectable mass by the sensor, depends on how precisely one can
measure the resonant frequency. The thermal noise limited frequency fluctuation is
[172]:
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(5.4)

dr

where 〈𝑥 2 〉𝑡ℎ and 〈𝑥 2 〉𝑑𝑟 are the mean position variance of the cantilever due to
thermal motion and driving force, and 𝜏 is the integration time. Putting the
measured parameters into equation (5.4), we deduce the calculated thermal-noiselimited frequency fluctuation of the sensor to be 0.01 Hz, for a driven peak-to-peak
voltage of 400 mV and integration time of 1 s.
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The frequency stability of an oscillator in the time domain is typically characterized
by an Allan variance measurement. It is done by measuring the variance of the
difference of two fractional frequencies separated by a series of time intervals 𝜏 in a
total measurement time T. The definition of Allan deviation is [173]:
 y ( ) 
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Where f(t) is the current frequency, and f0 is the reference frequency. There are
several different ways to do the Allan variance measurement, and here we used an
ESA and the Rohde & Schwarz Allan variance tool (a software) for the availability and
easy operation. The tool automatically collects the power at the set intervals, and
converts it into a phase noise. The measurement configuration is shown in figure
5.11(a). The internal reference of the ESA is employed for the measurement. A
sinusoidal signal with a peak-to-peak voltage of 400 mV is applied to drive the
cantilever. One limitation of this approach is that it cannot distinguish the
amplitude noise from the phase noise, thereby it tends to overestimate the variance
if amplitude noise is not negligible. Figure 5.11(b) shows the measured Allan
deviation as a function of the integration time from 0.2 s to 100 s. The slope follows
an inverse square root dependence on the integration time, indicating that additive
phase noise dominates the frequency stability [174], until close to 100 s, where a
systematic drift starts to take place. For integration time of 1 s, a fluctuation of 0.056
Hz is obtained. The value is larger the theoretical 0.01 Hz obtained from equation
(5.4), this might be due to amplitude noise induced by the electric probe. The
measured frequency fluctuation corresponds to a 𝛿𝑓/𝑓𝑚 = 3.6×10-8 for 1 s integration
time, given the motion mass of cantilever 470 pg, so that the potential smallest
detectable mass is 32 ag, which is at least comparable or better than cantilever-based
mass sensors with similar size [154], [175], [176] and is potentially useful for labelfree bio-sensing [177].
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Figure 5.11 (a) The setup configuration for the Allan deviation measurement. (b) The Allan
deviation as a function of integration time. The τ -1/2 slope is indicated with a dashed line,
where τ is the integration time. An integration time of 1s is marked with a dashed line.

5.3.5 Influence of pressure
In this section, we briefly discuss the influence of ambient pressure on the
mechanical quality factor. As mentioned in the previous sections, a large mechanical
quality factor is desired for high sensitivity to mass, force or any other measurement
which relies on the determination of the mechanical resonance. We expect the
mechanical quality factor to vary with pressure, due to air damping. In the following
experiment, an optomechanical sensor is driven by an AC voltage, and the response
is measured under different ambient pressures. The quality factor of the mechanical
resonance is extracted from these spectra and plotted as a function of pressure in
figure 5.12. Three pressure regimes can be distinguished in the figure: intrinsic
regime, molecular regime, and viscous regime [178].
At very low pressures the intrinsic quality factor of the cantilever is dominant, which
is close to 500 in a measured device (this is a different device from that measured
above). This low intrinsic quality factor is mainly due to the high support dissipation
and clamping loss from the large width of the cantilever (i.e. the length of the
suspended waveguide). Other possible intrinsic losses include phonon-phonon
scattering and phonon-electron scattering [179].
As the pressure increases, collisions between the gas molecules and the cantilever
starts to play a role as the damping source. The quality factor dominated by the
molecular collisions can be written as [180]:
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where R0 = 8.317 J/(mol K) is the gas constant, Mm =29 g/mol is the molar mass of air,
t and 𝜌 are the thickness and density of the cantilever, respectively. The total quality
factor is
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Putting Qintrinsic = 500 and the parameters from the measured device into equation
(5.7) and (5.8), we get a fit to the experimental curve, which is plotted as a red curve
in figure 5.12.
When the pressure increases further (P>50 mbar in figure 5.12), equation(5.8) is no
longer valid to describe the quality factor because the pressure enters the viscous
regime. In this regime, the collisions between the molecules have to be taken into
account, and the gas behaves like a viscous incompressible fluid. For most of the
measured devices, the quality factor drops to around or below 10 at atmospheric
pressure.

Figure 5.12: Measured mechanical quality factor as a function of ambient pressure (black
points) and fitted quality factor using a free molecule model (red curve).

5.4 Conclusion
In summary, the presented non-resonant optomechanical sensor shows a
displacement imprecision (30 fm/Hz1/2) comparable with some of the state-of-the109

art cavity-based optomechanical sensors. This imprecision is measured at a
frequency close to the mechanical resonance and is limited by the electrical noise of
the probe-device system. This noise could be reduced with a wire bonding for the
detector contacts. A rather high laser power (10 mW) is used in the experiment;
however, the coupling efficiency from the objective to the waveguide is rather low
(~15 dB), results in low on-chip power. Displacement sensitivity and imprecision are
expected to be improved significantly by using optical fiber instead of the objective
to couple light into the waveguide. The cavity-free design provides an ultrabroad
optical bandwidth eliminating the need for expensive tunable lasers and making the
sensor immune to frequency noise. The sensor also gives a larger displacement
range (>20 nm) than most other on-chip solutions. These characters, together with
the on-chip waveguide photocurrent readout, show the potential for AFM
applications. The device could also be useful for mass sensing, with a smallest
detectable mass of 32 ag. Reducing the currently rather large dimension of the
cantilever would improve the mechanical quality factor and lower the motional mass,
thereby achieving a better mass sensitivity.
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6 | Design of integrated diffusive spectral
sensors

In this chapter, we turn to the field of spectral sensing and investigate a novel
approach to design integrated spectral sensors using diffusive structures. The stateof-the-art integrated spectral sensors are first reviewed and spectral sensors based
on scattering media are introduced. Next, the concept of open channels and their
engineering by topology optimization is presented. Then we briefly review the
principle of inverse-design methods and our implementation. As the main part of
the work, two types of designs, namely multiplexers and general filters, are
proposed for spectral sensing. The ultimate limit of spectral resolution is discussed.
Finally a modified method is proposed for fabrication-tolerant design, and the
sensitivity to fabrication errors is analyzed.

6.1 Introduction
Reflection and transmission spectra provide information about the interaction
between matter and electromagnetic radiation. Spectral sensors are devices that
collect the spectral information which can be used to classify and quantify
substances. Conventional spectrometers are bulky and expensive systems that are
mostly used in labs. In recent years, motivated by the vast emerging applications in
farming, food industry, healthcare and many more fields, many efforts have been
spent on miniaturized spectral sensing systems in both academic and industrial
communities. The infrared spectrum is especially useful for agriculture and
industry as most organic molecules contain chemical bonds that have spectral
signatures in the near- or mid-infrared wavelength range. Integrated photonic
circuits can transport and detect infrared light, thereby are perfect platforms for
chip-scale spectral sensing.

6.1.1 State-of-the-art of integrated spectral sensing
Most reported on-chip spectral sensing systems can be divided into three main
categories by their mechanisms: diffraction-based solutions, interferometry-based
solutions, and hetero-material-based solutions.
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The first category uses a similar mechanism as non-integrated spectrometers with
diffraction gratings. Instead of the grating, on-chip dispersive elements such as
planar waveguide curved gratings [1, 2] and arrayed waveguide gratings [3–5] are
employed. This type of solution can provide a large number of channels to cover a
broad bandwidth and decent spectral resolution. However, the resolution of such
integrated spectrometers is directly related to the optical path length, and therefore
to the lateral dimension, typically resulting in mm- to cm-sized structures. Photonic
crystals [6, 7], and digital planar holography [8–10] have shown strong dispersion
that can be exploited to reduce the footprint of diffractive structures on chips,
though they are often limited in sensitivity or bandwidth.
In the second category, spectral information is extracted from the interference of
light in on-chip optical cavities or interferometers. Microcavities such as FabryPerot cavities [191]–[193], ring resonators [194], and photonic crystal cavities [57],
[195], [196] provide narrow linewidth thus high spectral resolution, as well as
compact footprints. Multiple spectral channels can be achieved by either cascading
cavity arrays or exploiting MEMS tunable cavities [57], [191], [192]. The drawback of
these devices is that each cavity (or cavity setting) only gets a small portion of the
incoming light, resulting in low efficiency. Another approach is based on
interferometers: in 2014, an MEMS Fourier-transform infrared spectrometer (FTIR)
has been demonstrated based on a Michelson interferometer on a silicon chip [197]
and a commercial product was developed later based on the work [198]. However the
resolution of that is limited by rather small moving range of the MEMS mirror on
chip. In another solution light is split and sent to an array of on-chip MZIs with
different free spectral range [199]–[201], to mimic the effect of optical path tuning
in a FTIR. Alternatively, switch circuits are used to tune the optical path on a chip
to avoid the large array of MZIs [202]. These FTIR-alike sensors measure all the
wavelengths simultaneously in each MZI (or MZI setting) and extract spectral
information by the method of compressive sensing [203]. They provide the Fellget
advantage, i.e., better signal to noise ratio from the multiplexed measurement.
However, the need for large path differences results in relatively large structures.
In the third category, spectral information is collected directly from absorbing
materials which are sensitive at different wavelengths. A colloidal quantum dot
spectrometer based on 195 different types of quantum dots was reported in 2015
[204]. A micrometer-scale spectrometer based on single, compositionally
engineered nanowire is reported in 2019 [205]. This type of sensors has the smallest
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footprint as no dispersive or interferometric structure is required. However,
fabricating these materials on a large scale is still very challenging in the current
stage.
The competition for high-performing, compact, and low-cost spectral sensing
solutions is far from over. While cm-sized or bigger sensors with a larger number of
high-resolution channels could find high-end applications, for example in device
characterization and in fiber sensor read-out, cheaper and more compact sensors
with a small number of channels and lower resolution may find a market in
customized fields such as food content analysis and authentication. In figure 6.1 we
show representative on-chip spectral sensors in the visible and near-infrared band,
with their resolution and bandwidth as x and y coordinates and their footprint
indicated with colors. It can be seen that most broadband sensors require a relatively
large footprint. Except for the nanowire (NW) sensor, devices made from photonic
crystals have the most compact footprints; however, their bandwidth is very limited.
In summary, building an integrated broadband spectrometer with a small footprint
is still a challenging task.

Figure 6.1 Reported on-chip spectral sensors in the visible and near-infrared band. Colors of
the dots indicate the footprint in the log scale. [57], [187], [188], [192]–[195], [200]–[202],
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[204]–[206]. The design in this work is scaled to the near infrared to have a fair comparison
with the other works.

6.1.2 Spectral sensing with a disordered scattering media
Scattering media are media filled with particles smaller than the wavelength. Light
incident on them spreads out and loses all directionality. This phenomenon is called
the diffusion of light. It is unwanted in most optical applications as ray optics as well
as devices based on it do not work in this regime. However, it is known that light
propagating in such media is scattered hundreds or thousands of times before it
exits from the other side, leading to extremely complex and long optical paths in a
relatively small footprint. Meanwhile, the scattering media is highly dispersive as
each scattering creates a diffraction wave. The interference of hundreds or
thousands of diffraction waves results in a complicated random pattern of light,
which is called speckle. Just like any interference phenomenon, the speckle is
wavelength dependent, i.e., it contains spectral information of the incident light.
With previous knowledge of the scattering properties of the medium, the spectrum
of incident light could be reconstructed from the speckle using a compressive
sensing method. In 2003, Xu et al. reported a multimodal spectrometer using a
disordered 3D photonic crystal as scattering media and a detector array of 7
elements to record the speckle [207]. Around 10 nm resolution was achieved in the
visible band. In 2013, Redding et al. demonstrated a spectrometer with disordered
scattering media on a chip with 25 detection channels [206]. Resolution of less than
1 nm was obtained in 25 nm bandwidth in near-infrared. In 2018, an on-chip
spectrometer based on a similar structure was proposed for the visible band [208].
These sensors have compact footprints thanks to the complex optical path in the
scattering media. However, their quality of spectral reconstruction suffers from low
light transmission through the scattering media due to strong backscattering and
out-of-plane scattering.

6.2 Modification of open channels in a disordered scattering
media
In the last few decades, tremendous work has been done on developing methods of
imaging through strong scattering media. It has been found that there exist ‘open
channels’ in random scattering media, i.e., light with certain wavefront can pass
through the media with transmission close to 1 [209]–[211]. So far, work in this area
has been focused on engineering the wavefront of the incoming light to match the
114

open channels occurring in a random scattering medium[212]. In this section, we
show that using inverse design [42], it is possible to tailor the open channels to match
the desired wavefront by modifying the size, position and/or shape of the scatterers
based on an optimization algorithm (topology optimization). In this way, we
combine the strong dispersive properties of a scattering medium with the high
transmission typical of designed dispersive structures.
To understand the role of topology optimization in scattering media, we start with
investigating a ‘diffusive waveguide’, i.e., a quasi-1D dielectric waveguide in the xdirection with a perfect electric conductor boundary condition in the y-direction, as
shown in figure 6.2(a). The width and length of the waveguide are 7 µm and 9.4 µm,
respectively, and assumed infinite in z-direction, i.e. 2D system. The body of the
waveguide has a refractive index of 3.43 and is partially filled by circular holes with
a radius of 240 nm. The holes follow an aperiodic (golden spiral lattice) distribution,
which functions as a disordered scattering media but has less out-of-plane leakage,
according to ref [206]. At a wavelength of 3250 nm, the ratio of hole-circumference
to wavelength (2𝜋n𝑟/𝜆 ≈ 1.5) corresponds to the Mie scattering regime, which
indicates that the scattering direction is sensitive to any change in the shape or size
of the scatterers, leaving room for topology optimization. The transport mean free
path in the diffusing medium is calculated to be 𝑙𝑡 = 2.3 μm with 𝑇 = 𝑙𝑡 /𝐿 [213] (T is
transmission and L is length of the waveguide), by averaging the calculated
transmission over different realizations. The localization length 𝜉 = 𝜋𝑁𝑙𝑡/2 ≈ 54 μm,
where N is number of modes supported by the empty waveguide [214]. The length of
the simulated structure (9.4 μm) is between 𝑙𝑡 and the localization length, thereby
the waveguide operates in the diffusive regime. Transverse-magnetic (TM)
polarized probe light is considered without loss of generality, with the electric field
in out-of-plane (z) direction. The following simulations are carried out with a
commercial 2D finite-difference time-domain (FDTD) code (Lumerical FDTD
Solutions).
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Figure 6.2 Diffusive waveguide before (a) and after (d) optimization. |E| field distribution
when light is injected as a Gaussian beam, before (b) and after (e) optimization. The |E|
distribution of 2nd maximal transmission channel before (c) and after (f) optimization. The
wavefront at the input boundary is plotted (red-filled area) along with the field distribution.

Normally light has low transmission through the waveguide in figure 6.2(a) due to
strong backscattering. Figure 6.2(b) shows an example where incident light has a
Gaussian-distributed wavefront at a wavelength of 3000 nm. The FDTD simulation
shows the electric field hardly reaches the half-length of the waveguide, resulting in
a transmittance of 0.16 (defined as the power crossing the right boundary divided by
the total input power), and the rest of the input wave is reflected back. However, as
mentioned in the last section, there are some situations where high transmittance
can occur when the wavefront of the incident light matches one of the "open
channels" of the system. In order to find these open channels, the transmission
matrix t of the diffusive waveguide needs to be constructed first. This is done by
using the guided modes of the empty waveguide as a basis [210]. A guided mode
(𝑗)

(𝑗)

𝐸𝑖𝑛 (𝑦) is launched at the input plane (x=0), then the transmitted field 𝐸𝑡 (𝑦) at
output end (x=L) is calculated with the FDTD method and decomposed in the basis
(𝑗)

(𝑖)
of the empty waveguide modes using 𝐸𝑡 (𝑦) = ∑𝑁
𝑖=1 𝑡𝑖𝑗 𝐸𝑖𝑛 (𝑦) . The coefficient 𝑡𝑖𝑗
relates the field incident in the waveguide mode j to the field transmitted to the
waveguide mode i. By repeating the procedure for j = 1, 2, … N, the full transmission
matrix t is obtained, where N is the number of modes supported by the empty
waveguide. Transmission channels are defined from a singular value decomposition
of the transmission matrix, 𝑡 = 𝑈Σ𝑉 † , where Σ is a real diagonal matrix containing
the transmission coefficients of the eigenchannels. U and V are unitary matrices

116

that map the eigenchannels onto the guided modes at the input and output sides.
The eigenchannels with transmission close to 1 are referred to as open channels of
the system.
Figure 6.2(c) shows the field distribution when an incident wavefront matches the
2nd high transmission channel of the diffusive waveguide in figure 6.2(a). The
transmittance, in this case, is 0.69, much higher than that with the Gaussian
wavefront. Then we modify the topology of scatterers using the transmission
through the middle of the output plane as an optimization target. The optimization
method will be elaborated in the next section. The resulting structure is shown in
figure 6.2(d). It can be seen that some of the holes have been distorted from the
circular shape and shifted from their original positions, while the overall change of
most holes is not significant. After the optimization, the 2nd maximal transmission
channel is tailored to match the Gaussian input beam and the target output, which
can be seen from the similarity in their wavefronts as well as electric field
distributions between figure 6.2(e) and (f). This result implies that the topology
optimization increases the transmission not by changing the diffusive nature of the
device, but by tailoring the transmission matrix in a way that (one of) the open
channels match the desired input/output modes.

6.3 Adjoint method in nanophotonic design
Conventionally, design of nanophotonic devices relies on the intuition of the experts,
i.e., a certain structure is defined based on known physical effects and then a small
number of characteristic parameters are optimized with numerical calculations,
until the outcome matches the design objective. This approach has been very
successful historically, bringing devices with various functionalities. However,
when multiple objectives are required, or a large number of parameters need to be
considered, the physical effects can be so complex that finding an optimal design
using intuition becomes hardly possible. Fortunately, with the increasing
computation power and availability of advanced simulation software, using
algorithms to discover automatically optimal design solutions becomes feasible and
efficient enough. This algorithm-based design approach – tuning the design
problem into an optimization problem in which objective functions (e.g.,
transmittance) are maximized (or minimized) in the parameters space – is
sometimes referred to as inverse-design [215] or topology optimization [216] in the
literature.
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There are mainly two types of optimization algorithms used for the inverse-design
of nanophotonic devices: stochastic optimization and gradient-based optimization.
Examples of the former include genetic algorithm, particle swarm, and directbinary search [217], etc. In this type of method, the sensitivity of the objective to the
design parameters (i.e., gradient) is not necessary and does not drive the algorithm
deterministically even it is calculated in some way. In the gradient-based approach,
the gradient is derived analytically from the objective function and used to direct the
searching of the optimal solution in the parameter space. Each of the two
approaches has pros and cons: the stochastic method has a better chance to find the
global optimal solution when the objective function is non-convex and complicated,
but at the expense that a large number of simulations are needed in each iteration.
Consequently it is only affordable with a relatively small set of parameters.
Gradient-based methods, instead, are more computationally efficient, thereby they
can deal with many more degrees of freedom. However, the result might be more
sensitive to the initial solution as it is less likely to find the global optimum in case
of complicated objective functions.
In order to exploit the large number of degrees of freedom in the scattering system
(because of the many scatterers involved), we chose the gradient-based approach to
generate the design. A well-established way to calculate the gradient is the adjoint
method [218]. To communicate the idea of this algorithm clearly, we briefly review
the mathematics of the adjoint method here.
Consider a generic optimization problem with objective function F:
T

F  g x
s u b je c t to : A x  b

(6.1)

where A is a linear operator, while g, x, and b are verctors. In the context of an
electromagnetic problem, x may represent the electric (magnetic) field in the device
space, and Ax = b is Maxwell’s equations. For any linear problem like (6.1), an
equivalent dual problem can be found as [219]:
T

F  s b
*

s u b je c t to : A s  g

(6.2)

where A* is called the adjoint of the operator A, which is formally defined by:
*

Ax  y  x  A y
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(6.3)

If the computational cost of calculating (6.2) is smaller than that of (6.1), then it
makes sense to solve the dual problem instead of the original one. In the field of
optimization, this is called the dual method. It can be proved that the operator of
Maxwell’s equations is self-adjoint, i.e., A* = A [219]. Therefore, if x represents the
electric (magnetic) field in the device space, then s can be interpreted as a dummy
electric (magnetic) field in the device space, or ‘adjoint’ field, which can be calculated
by solving Maxwell’s equations as well. The whole point of using the adjoint method
in nanophotonic design is that it saves a huge amount of computation time to
calculate the gradient with the ‘adjoint’ field instead of the actual field. Below, we
will explain the reason for that in an intuitive way.

Figure 6.3: The concept of adjoint method in electromagnetic problems. Scatterers are
indicated by the black areas and light waves are indicated by pink arrows. The key idea is to
convert the original, computationally-expensive problem (many scattering problems) into a
simple dual problem (single scattering problem).

Consider a nanophotonic design problem with an objective function defined as 𝐹 =
𝑓(𝐸(𝑥0 )), where 𝐸(𝑥0 ) is the complex electric field. We assume the permittivity at
position 𝑥0 is a constant. Then the gradient is [220]:
 F
 E ( x0 ) 
 2 Re 

d  (x)
 E ( x0 )  ( x ) 
dF

(6.4)

The real-value function is a result of the sum of the complex derivative and its
conjugate, as the objective function has to be real. On the right side of the equation,
𝜕𝐹
𝜕𝐸(𝑥0 )

can be calculated analytically if 𝑓(𝐸(𝑥0 )) is known, however,

𝜕𝐸(𝑥0 )
𝜕𝜀(𝑥)

is

computationally expensive because directly solving the problem would require
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solving Maxwell’s equations in the design space by N times, where N equals to the
number of degrees of freedom in the design space, as illustrated in the left panel of
figure 6.3. Here, for the purpose of illustration, we assume that a certain function of
the field at position 𝑥0 must be maximized by moving a dielectric protrusion along
the perimeter of a circle. Using a Born approximation (i.e., the first-order variation
in the polarization at position x is equivalent to an independent current source
induced by the incident field), the perturbation to the electric field at position 𝑥0 can
be written as:
 E ( x 0 )  G ( x 0 , x ) j ( x )   0   ( x )  S G ( x 0 , x ) E 0 ( x )

(6.5)

where 𝐺(𝑥0 , 𝑥) is the Green’s function that relates the electric field at position 𝑥0
with the current source at position x, ∆𝑆 is the unit area for optimization (or unit
volume in 3D). 𝐸0 (𝑥) is the incident electric field at position x. Therefore:
E ( x0 )
 ( x)

Inserting it back to equation (6.4), and rewrite
convenience of note:
dF
d  (x)

(6.6)

  0  V G ( x0 , x ) E 0 ( x )
𝜕𝐹
𝜕𝐸(𝑥0 )

as 𝑓′(𝐸(𝑥0 )) for the

 2 R e  f '  E ( x 0 )   0  V G ( x 0 , x ) E 0 ( x ) 

(6.7)

This transformation is illustrated in the middle panel of figure 6.3.
As a second key step, we can observe that, by Lorentz reciprocity, the roles of field
and source can be interchanged, as shown in the right panel of figure 6.3. This means
that equation (6.7) can be transformed into:
dF
d  (x)

 2 R e  f '  E ( x )   0  V G ( x , x 0 ) E 0 ( x 0 )   2 R e  f '  E ( x )  E a d j ( x ) 



(6.8)

where 𝜀0 ∆𝑉𝐺(𝑥, 𝑥0 )𝐸0 (𝑥0 ) is the just the field at position x when a dummy source
is placed at position 𝑥0 , as shown in the right panel of figure 6.3. Naturally, this is
the ‘adjoint’ field 𝐸𝑎𝑑𝑗 (𝑥) = 𝜀0 ∆𝑉𝐺(𝑥, 𝑥0 )𝐸0 (𝑥0 ) we were expecting to find. Noted
that to keep equation (6.4) consistent, 𝑓′(𝐸(𝑥0 )) is also replaced with 𝑓′(𝐸(𝑥)) after
the interchange. Equation (6.8) is very convenient as it can be calculated by solving
Maxwell’s equation in the design space only once. By now, the computationally-
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expensive many scattering problems have been transformed into a simple dual
problem of single scattering.
In this work, we use Lumerical FDTD as the solver for Maxwell’s equations in the
design space. In each iteration during the optimization, two simulations are needed
to calculate the gradient: one forward simulation to calculate 𝑓′(𝐸(𝑥)) and another
adjoint simulation to calculate 𝐸𝑎𝑑𝑗 (𝑥) . Then 𝜀(𝑥) is updated according to the
gradient and pre-defined step size, followed by the next iteration. This process is
repeated until the objective function converges. There are two different approaches
to update 𝜀(𝑥) : density optimization or boundary optimization. In the density
topology optimization approach, 𝜀(𝑥) can vary continuously to make use of
gradients, resulting in ‘grey’ structures (i.e., structures with intermediate material
properties that are not available in the real world). To solve this problem a
penalization term can be added to the objective function so that intermediate 𝜀(𝑥)
becomes unfavored, resulting in convergence to binary solutions [221]. The strength
of penalization needs to be carefully tuned to avoid too fast convergence and to get
optimal results. Another option is to convert the ‘grey’ structure to a level-set
representation after a pre-optimization and optimize the boundary afterwards [222].
In another approach, only the gradients on the interface between different materials
are used to alter the material boundary. In this way, a binary structure is guaranteed,
limiting the parameter space. In this work, the second approach suits our need as
we start from a binary structure with a lot of boundaries, and the many scatterers
provide a large enough parameter space for the optimization.

6.4 Inverse-design of diffusive spectral sensors
In this section, we present the designs of two types of nanophotonic devices:
multiplexers and general filters, by implementing the concepts and methods
discussed in the previous sections. Optical performances are compared with those
without topology optimization to show the advantage of the proposed method. The
fundamental limit on the spectral resolution and its origin are discussed. In the end,
we introduce a modified method that leads to fabrication-tolerant designs, and its
sensitivity to the fabrication errors is investigated.

6.4.1 A diffusive 1×10 multiplexer
Array-waveguide-grating(AWG)-based multiplexers have been proposed for
spectral sensing in the literature. In this section, we show the optimization of a
scattering media for a 1×10 multiplexer for mid-infrared, with a much more compact
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footprint than AWG-based devices. As reported in ref [206], random scattering
media can be used to reconstruct the incident spectra using a measurement matrix,
even without any topology optimization. Here we compare the transmission
properties of the scattering media before and after topology optimization and show
that the optimization leads to a potentially better reconstruction quality.
First, a 9.4μm×14.4μm planar slab embedded in the air is modeled in 2D, as shown
in figure 6.4(a). Scattering is induced by etched holes, as described in section 6.2, so
that the device works in the diffusive regime. Incident light is guided to the slab
through an input waveguide and exits from scattering media through 10 output
waveguides on the other side of the slab. A refractive index of 3.43 and 1 is assumed
for the slab and the etched parts, respectively. As the incident mode usually does not
match any of the open channels, strong backscattering happens and only a small
fraction of the incident light reaches the outputs, as shown in figure 6.4(b). Light
passing through the slab forms a wavelength-dependent speckle. A 2D spatialspectral transmission matrix T can be calculated by a single time-domain simulation
and a Fourier transformation of the transmitted signals at all the outputs, as plotted
in figure 6.4(c). In experiments, this could be done by measuring the transmission
with a tunable laser. The transmission matrix T relates the input spectral signal S to
the measured spatial transmission speckle I by 𝐼 = 𝑇𝑆. Given T and measured signal
I, there are many ways to retrieve the spectral information S. For example, one can
use any optimization procedure to minimize ‖𝐼 − 𝑇𝑆‖2 . The quality of the
reconstruction of S depends on many different aspects. Besides the reconstruction
algorithm, a well-conditioned matrix T is surely better for the reconstruction than
an ill-conditioned one. Another factor is the signal to noise ratio in the measurement
of I as well as during the calibration of T, which suffers from the low transmission
of the scattering system.
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Figure 6.4: Scattering structure with uniform holes in a golden spiral distribution before (a),
and after (d) topology optimization.Black and white areas in the left image have a refractive
index of 1 and 3.43, respectively. Distribution of electric field intensity at first target
wavelength (3000nm) before (b) and after (e) topology optimization. Transmission spectra in
all the output waveguide channels before (c) and after (f) topology optimization. Numbers on
the y-axis indicate the outputs waveguides.

In order to improve on these points, we assign different target wavelengths to each
of the outputs and optimize their transmission using the adjoint method, as
described in section 6.4.1. A 500 nm bandwidth from 2975 nm to 3475 nm is covered
with ten target spectral channels. The objective function is defined as the electric
field intensity at the assigned output and target wavelength, thereby equation (6.8)
becomes

𝑑𝐹
𝑑𝜀(𝑥)

= 2𝑅𝑒[𝐸𝑜𝑙𝑑 (𝑥) ∙ 𝐸𝑎𝑑𝑗 (𝑥)] , where 𝐸𝑜𝑙𝑑 (𝑥) is the electric field

calculated in the forward simulation (i.e., using an incident wave as the excitation)
and 𝐸𝑎𝑑𝑗 (𝑥) is the adjoint field obtained in the backward simulation (i.e., using
dummy sources at outputs as the excitation). The phase of the dummy sources is set
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by the phase at the outputs in the forward simulation. Though FDTD allows us to
evaluate the objective function for all the wavelengths by single forward simulation,
the adjoint field can only be calculated for one wavelength per simulation. Therefore
we employ a strategy that evaluates all target wavelengths in each iteration and picks
up the worst one to optimize. The structure showed in figure 6.4(a) is used as an
initial solution to start with. In order to handle the free deformation of the
boundaries of the many scatterers, a signed distance function is constructed in the
2D plane as [223]:
 d  ( x , y ),    if n ( x , y )  n 1

f ( x, y)  

  d  ( x , y ),    if n ( x , y )  n 2

(6.9)

where 𝜕Ω is the boundary between different materials with refractive index n1 and
n2, and 𝑑((𝑥, 𝑦), 𝜕Ω) is the smallest distance between point (𝑥, 𝑦) and a boundary
𝜕Ω. For piecewise smooth boundary, the absolute value of the gradient of the signed
distance function always equals to 1, i.e., |∇𝑓| = 1 and the direction of that is always
normal to the boundary, i.e., ∇𝑓(𝑥, 𝑦) = 𝑁(𝑥, 𝑦). These two properties allow us to
represent the evolution of the boundary simply by 𝛿𝑓(𝑥, 𝑦), which is known as the
level-set method. In each iteration 𝑓(𝑥, 𝑦) is updated by:
f ( x, y)  t 

dF
d

( x, y)

(6.10)

where ∆𝑡 is a step size that is determined empirically. After the updating, 𝑓(𝑥, 𝑦)
is converted back to refractive index by:
 n1
n(x, y)  
 n2

f (x, y)  0
f (x, y)  0

(6.11)

In practice, we did not use equation (6.11) as it introduces a saw-tooth-like boundary
in a rectangular mesh discretization. Instead, we use an antialiasing function that
allows a refractive index between n1 and n2 at positions that are at or very close to the
theoretical boundary.
Figure 6.4(d) shows the optimized structure and after 900 iterations. Sizes and
shapes of the scattering holes are significantly changed from the original, while their
positions are relatively stable. This is understandable as the gradient-based method
tends to find the local optimal that is close to the initial solution. Comparing the
electric field distribution in figure 6.4(e) to that in (b) at one of the target wavelengths
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(3000 nm), the incident light penetrates more into the scattering media and
concentrates at the assigned output by constructive interference. Unlike photonic
crystal waveguides, the light here is not confined in a path but rather spreads over a
large part of the whole device, showing that the optimization has redefined the open
channels in the system, as anticipated in section 6.2. Figure 6.4(f) shows the
transmission matrix after optimization. It can be seen that the device becomes a
multiplexer, with the transmission at target wavelength greatly improved at all the
outputs. Compared to the original transmission matrix, the average transmittance
over the entire wavelength range is 2.7 times higher, while the condition number of
the matrix is 16 times smaller. That means the quality of spectral reconstruction with
the optimized device is expected to be improved significantly due to a higher signalto-noise ratio and a better-conditioned matrix.

Figure 6.5: Average and minimum transmittance at target wavelengths as a function of the
number of iterations, for 2D (a) and 3D (b) models.

Figure 6.5(a) shows the evolution of the figure of merit as a function of the number
of iterations. The transmittance increases quickly from around 0.02 to 0.5 in about
400 iterations and then slowly approaches to 0.6 in the next 500 iterations. The
difference between the average and minimum transmittance in all the outputs is
below 3%, indicating that, even though in each iteration only the wavelength with
the lowest transmittance is optimized, the target wavelengths maintain about the
same transmittance during and after the optimization. The number of iterations
needed to converge depends on the number of spectral channels that need to be
optimized, e.g., optimization of two spectral channels only takes about 200
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iterations to reach convergence. In actual structures the transmission is likely to be
lower due to the out-of-plane scattering, as shown in the result of 3D modeling in
Figure 6.5(b); however the FoM still experiences a significant improvement of more
than a factor of ten during the optimization. Unfortunately, copying the structure
optimized in a 2D model to the 3D device does not give acceptable performance due
to the complex scattering structure involved. Therefore 3D models have to be used
for the optimization of 3D devices. For 2D models, each simulation takes less than 1
min on a desktop computer with the Intel Core i7-6700 processor, and the total time
for an optimization depends on the design target and is usually a few hours. Though
we use mainly 2D models in this thesis for a proof of the concept, 3D optimization
can be done with the same principle, but takes a few days. Results in figure 6.5 show
that the optimization method works also in 3D and that the general conclusions
obtained in 2D models can be translated to 3D, with a lower expected transmission.
Though the results shown above are all assuming TM polarization, the principle and
method can be used also for TE polarization. The only difference is that two in-plane
electric components have to be taken care of for TE polarization. As it can be seen in
figure 6.6, a slightly worse performance is obtained for the same problem than for
TM polarization. This could be due to that the same scatterer has a larger scattering
cross-section for TE than TM polarization, as could be observed in the average size
of holes in figure 6.6(a) and 6.4(d), and thereby it is more difficult for the algorithm
to reduce the backscattering for TE polarization. For the rest of the chapter, we will
again focus on the optimization for the TM polarization.

Figure 6.6: Optimization with TE polarization (a) Optimized scattering device by a 2D FDTD
model with TE waveguide mode as input. (b) Distribution of electric field intensity at first
target wavelength (3000nm) (c) Transmittance spectra of the 10 outputs.
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6.4.2 General planar filters for arbitrary transmission spectra
Given a transmission peak at a certain wavelength, one can design a corresponding
Fabry-Perot filter by choosing the proper cavity length. However, given a
transmission spectrum with arbitrary and complex spectral features, it is not as
trivial to find a general method to design the corresponding photonic structure that
gives the desired filtering response. Such a general design method and filters are not
only of fundamental interest but also have applications in optical communication
[224], [225] and spectral sensing [226]. Particularly, when a spectral sensor is
customized to classify or discriminate a specific kind of substance, the possible
spectra can be written in a basis of few orthogonal spectral functions. Therefore
measuring through a few spectral detection channels that match the major spectral
principal components, is in principle more efficient and cost-effective than
measuring the whole spectra with hundreds of wavelengths.
In the field of thin-film optics, such a general filter can be designed in a 1D
multilayer structure by numerical approaches such as needle method [227] and
inverse-scattering method [228]. Those designs usually require tens or hundreds of
layers with different and precise thickness, which are challenging to fabricate.
Metasurfaces can be designed to have rich spectral features and fabricated with a
few lithography steps. Very recently, a few theory works have been reported using
deep learning to generate metasurface designs that meet some desired spectral
features [229], [230]. So far, their results are still limited to rather simple features.
General filtering in on-chip waveguides can be achieved with arrayed-waveguide
gratings with modulators on each arm [231]. However, such a device takes a large
footprint. A more compact approach was proposed based on complex Bragg
gratings on planar waveguide [232], but it is limited to discrete narrow spectral
notches.
Here we provide a method to generate planar filters with arbitrary transmission
spectrum using a scattering medium with optimized topology. We start with a
9.4µm×9.4µm dielectric slab with aperiodic distributed uniform holes, but only keep
one input and one output. To demonstrate the versatility of the method, we set three
types of target spectra: low-pass, double Lorentz peaks, and sinusoidal spectral
shapes in a wavelength range from 3000 nm to 3300 nm. Simultaneously optimizing
the performance at each wavelength becomes impractical due to the broad spectrum.
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Alternatively, choosing a few fixed wavelength points to optimize would make the
final result depend on how the points are chosen. To address this problem, we define
the FoM as the largest difference between the target spectrum and the device
spectrum in the current iteration, i.e., 𝐹𝑜𝑀 = 𝑚𝑎𝑥{|𝑇𝑖 (𝜆) − 𝑇𝑡𝑎𝑟 (𝜆)|}, 𝜆 ∈
[𝜆1 , 𝜆2 ], where λ1 and λ2 are the lower and upper bound of wavelength, and try to
minimize it. In this way, the target wavelength is not a preset constant but is chosen
dynamically according to the result in the current iteration. Figure 6.7 (a) ~ (f) shows
the optimized topologies, the target spectra and the spectra of optimized filters,
which closely match the target ones, with a maximum transmittance difference
around 0.1. The number of sampling frequencies is chosen to be 60 since more
points are not improving the performance.

Figure 6.7: Topology of the inverse-designed planer filters (9.2×9.2 µm2) with optimized
transmittance spectra (red) and corresponding target spectra (black). Spectra of a low-pass
filter with a step width of 150 nm (a) and 60 nm (b). Spectra of two Lorentz peaks separated
by 200 nm (c) and 100 nm (d). Sinusoidal spectra with a period of 150 nm (e) and 60 nm (f).
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6.4.3 Limitation of diffusive spectral sensors
While these results in Fig. 6.7 show that the spectral responses of the designed filters
fit the targets quite well, it is reasonable to assume that, due to the interference
nature of the device, there is a limit on the narrowest spectral feature that can be
realized by a device with finite area, limited by the optical path length it supports.
To find out the narrowest spectral feature that can be generated with the diffusive
spectral sensors we set a series of target sinusoidal spectra with a different period
from 30 nm to 100 nm, and try to find the optimal filter topologies for them from the
same initial topology as described in the last section. In this case, the smallest
𝑚𝑎𝑥{|𝑇𝑖 (𝜆) − 𝑇𝑡𝑎𝑟 (𝜆)|} one can get without capturing any spectral feature is
𝑚𝑎𝑥{|𝑇𝑡𝑎𝑟 (𝜆)|}/2, by a ‘filter’ with constant transmittance of 𝑚𝑎𝑥{|𝑇𝑡𝑎𝑟 (𝜆)|}/2 in
the wavelength range of interest. In our case, we target the peak transmittance to be
0.6, so we set a FoM of 0.3 as a minimum requirement for the filter. Figure 6.8(a)
shows the evolution of FoM as a function of the number of iterations for different
targets. All of them have improved FoM compared to their initial condition because
the transmittance is increased over the entire wavelength range. However, from
figure 6.8(b) it can be seen that only those with a target period above 50 nm reach a
FoM below 0.3, suggesting that the optimization approaches a resolution limit
intrinsic to this structure. Such a limit is imposed by the optical path length
supported by the device and scales with lt/L2 [206]. As the topology optimization only
modifies the scattering matrix but not lt or L, the resolution-limit is already
determined before the optimization.

Figure 6.8: (a) FoM as a function of the number of iterations during the optimization, for
sinusoidal spectra with different target period from 30 nm (purple) to 100 nm (barn red). (b)
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Lowest FoM for different target period. Points above the black dashed line (FoM >0.3) fail to
resolve the target spectra.

The spectral resolution of a spectral sensor is determined by the change in
wavelength Δ𝜆 required for generating an uncorrelated intensity distribution on the
detectors. To quantify it, we ‘calibrate’ the transmission matrix of the initial
scattering medium used for the optimizations in figure 6.7 and show it in figure
6.9(a), and calculate the spectral correlation function [206] of the transmission on it
〈𝑇(𝜆)𝑇(𝜆+Δ𝜆)〉

using 𝐶(Δ𝜆) = [〈𝑇(𝜆)〉〈𝑇(𝜆+Δ𝜆)〉] − 1 , where T(λ) is the transmittance in the output
waveguide at wavelength λ and 〈… 〉 represents the average over λ. To be
representative, the correlation function is averaged over different spatial channels.
As shown in figure 6.9(b), C is normalized to 1 at Δλ = 0, and its half-width at halfmaximum, δλ, is about 25 nm, meaning that a wavelength shift of 25 nm is sufficient
to reduce the degree of correlation of transmittance to 0.5. Therefore two
independent wavelength channels need to be separated from each other by about
2δλ, which is 50 nm, which corresponds to the resolution limit obtained from
topology optimization. To conclude, the proposed method can be used to design
filters with arbitrary transmission spectra with a resolution limit of 2δλ, which is
determined by the dimension and mean free path of the diffusive area.
As the resolution scales with lt/L2, it can in principle be improved by using larger
structures – this could not be tested in the present study due to limitations in
computing power and memory. However, we note that another limit will be
imposed by out-of-plane scattering in a real 3D structure. Because longer optical
paths suffer more from that scattering loss, the average path length and thus the
resolution is essentially limited by that. Indeed it has been reported that in a largearea diffusive spectrometer the measured resolution is less than that of 2D
simulation due this reason [206]. A theoretical research by Liew et al. reveals that
in a lossy scattering media (e.g. loss induced by out-of-plane scattering), the open
channels undergoes a transition from diffusive to ballistic-like transport and
increased frequency bandwidth [233]. However the exact scaling of bandwidth
varies with the realization, and certain distributions of scatterers also introduces
less out-of-plane scattering than others by avoiding short spatial vectors [206],
which means topology optimization could play a role in reducing the degradation of
resolution due to the out-of-plane scattering.
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Figure 6.9: (a) Initial topology of the scattering media with multiple outputs and its
transmission spectra (before optimization) in all the spatial channels. (b)The spectral
correlation function of transmission of the filter with initial topology (before optimization)
averaged over all the detection channels.

6.4.4 Fabrication-friendly inverse-design method
While the inverse-design method enables us to explore a vast number of degrees of
freedom in the design space that are otherwise impossible to handle, it also leaves a
great challenge on the fabrication, as features with arbitrary shape and size are
generated by those algorithms. To ensure that the generated design is suitable for
fabrication, smoothing functions could be implemented in the algorithm (also in
this work) to avoid any features smaller than the lithographic resolution [234].
However, another challenge comes from the irregular shapes of holes or islands of
material: in view of proximity effect correction, they would require extensive
optimization on the process and possibly degrade performance. One option to avoid
irregular shapes is to use pixelated structures in which the design space is divided
into uniform ‘pixels’ (i.e., virtual unit cells) that have only two states: etched, or not
etched. Several very compact devices have been demonstrated using this type of
design, functioning as power splitters [235], polarization rotators [236], and
polarization splitters [217], etc. However, this method obviously has relatively few
degrees of freedom and also excludes the possibility to use gradient-based
optimization, which limits itself to simple functionalities and small design space.
To balance the fabrication feasibility and degrees of freedom, we propose an
intermediate solution by limiting the element geometry to circles with various sizes
and positions. To implement this constraint, we start with uniform circular hole
arrays and evaluate how much the radius and position should be changed for each
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hole in each iteration, according to the local gradient of the objective function. This
is done by integrating the calculated gradient along the boundary of the circle and
evaluating the contribution from different angles. Instead of the signed distance
function, a 3×N matrix (∆𝑥, ∆𝑦, ∆𝑟)𝑖 is updated in each iteration, where N is the
number of scatterers. The minimum diameter allowed can be easily set in the
algorithm to limit the smallest feature, and is here chosen as 200nm. A maximum
diameter of 700 nm is set to avoid overlap between adjacent holes. To demonstrate
the method we use the same design area and same objective function as in section
6.4.1. The exact distribution of the initial array is not critical as long as the target
wavelength does not fall into a bandgap, and a square lattice with a lattice constant
of 720 nm is used for simplicity in the calculation, while other types of
lattice/disorder are also viable.

Figure 6.10: (a) Optimized scattering structure with deformation limited to the radius and
position of holes. (b) Overlapped distribution of electric field intensity at the ten target
wavelengths from 3000 nm to 3450 nm. Fake RGB colors are assigned to these target
wavelengths to show the demultiplexing of the incident light. (c) Average and minimum
transmittance at target wavelengths as a function of the number of iterations. (d)
Transmittance spectra of the ten outputs.
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Figure 6.10 (a) shows the final topology of the device after 1000 iterations and its
optical properties as a multiplexer is shown in (b) and (d). It can be seen that, while
the radius of holes changed a lot, the lattice was only slightly deformed, indicating
the scattering properties of the individual scatterer are more influential to the
performance than their positions. Actually, we found in our tests that even with a
further constraint that only allows the radius to change with fixed positions, the
average transmission at the target wavelengths merely drops 17% relative to the
values in figure 6.10. For the design with both free positions and radius, an average
transmittance of 0.5 is obtained, about 16% lower than that of the free deformed
design in the previous section, as the consequence of the limitation in the degrees of
freedom. Another consequence is the slightly slower convergence during the
optimization, as shown in figure 6.10(c), compared to figure 6.5(a).
In the above discussions, we showed the design of a multiplexer that covers a 500
nm bandwidth, while each peak in the transmittance spectra has a full width at half
maximum (FWHM) of around 45 nm in the mid-infrared band. We emphasize that
neither the bandwidth nor the linewidth is at the limit in this case. In figure 6.11(a),
we show another device optimized for a smaller spectral channel of 30 nm in the
same wavelength range. The device has a footprint of 135 µm2. If the 84 µm2 sized
device shown in the last section has a resolution of 50 nm, then this one should have
a resolution of 31 nm, close to the target bandwidth of spectral channels. Indeed the
average transmission at target wavelengths are lower than that in figure 6.10 (d)
because the linewidth of the peaks could shrink further and starts to overlap. It is
clear that designing for even narrower spectral channel would only result in large
crosstalk for the current footprint. In figure 6.11(b) we show a device with same
footprint but broader bandwidth of 720 nm. The linewidth is not uniform among
different channels because there is no constraint on that besides the intrinsic lower
bound determined by the footprint. However, targeting both broad bandwidth and
narrow linewidth for each channel would of course require a large number of
channels, thereby needs large footprint and more iteration of optimization.
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Figure 6.11: A deformation limited 1×9 multiplexer with 30 nm spectral channels (a), and that
with a 720 nm bandwidth (b) in the mid-infrared.

6.4.5 Fabrication tolerance
Performance degradation due to fabrication imperfections needs to be considered
for any real application. Compared to devices designed in the conventional way, it is
difficult to predict the fabrication tolerance of inverse designed devices due to their
unintuitive topologies and a large number of variables. To investigate the sensitivity
to fabrication errors of the device proposed in figure 6.10, we assume two different
scenarios: In the first one, every individual etched hole has a local radius uncertainty
that follows a Gaussian distribution with a common variance, which could be caused
by dose fluctuations, electromagnetic noise and mechanical jitter during electron
beam lithography. In a second scenario, all the etched holes share a uniform radius
offset, usually caused by underexposure or overexposure, common problems in both
electron- and photo-lithography. Figure 6.12(a) shows the distribution of
transmission in all the outputs when a local uncertainty is assumed. Three sets of
samples with different variance from 5 nm to 15 nm are simulated with each set
containing 100 samples. An error of 5 nm causes a minor average transmission drop
from 0.5 to 0.46. As the variance of radius increases to 15 nm, the transmission
degrades to 0.25 on average and shows a larger distribution. In the case of uniform
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radius offset, the transmission in each output is plotted separately from -30 nm
(underexposure) to +30 nm (overexposure) with a 10nm step in figure 6.12 (b). In this
design, overexposure shows more damage to the performance than underexposure,
and channels at the longer wavelength side are more vulnerable to exposure error
than the others. In summary, the required tolerances are demanding, but within the
limit of modern electron beam lithography or deep-UV optical lithography.

Figure 6.12: Tolerance to fabrication errors (a) Probability density distribution of
transmission with a radius uncertainty of individual holes. Different outputs are plotted
together. Radius variations follow a Gaussian distribution with zero mean and a variance of
5 nm, 10 nm and 15 nm, plotted in blue, green and olive respectively. Solid curves are
Gaussian fits to the distribution. (b) Transmission degradation with uniform radius offset
induced by under- or over-exposure. Different channels are marked in different colors.

6.5 Conclusion
In summary, we proposed a method to design the transmission properties of planar
scattering media in the diffusive regime for spectral sensing. The modified
scattering media shows greatly enhanced transmission, achieved by tailoring the
open channels to match the designed wavefront at the target wavelengths. The
spectral resolution, which is limited by the device area, is around 30 nm (~ 33 cm -1)
in the mid-infrared, for a footprint of 135 µm2. The design could be scaled to work in
near infrared, with a footprint similar to devices based on photonic crystals.
It seems from figure 6.1 that there is a trade-off between the bandwidth/resolution
and footprint of the on-chip spectral sensors, with only a few exceptions. The
proposed sensor design clearly has a footprint advantage compared to devices with
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similar bandwidth. Though the resolution obtained here is significantly lower than
that of cm2-sized solutions based on MZIs, recent works have shown that a few
relatively broadband filters are capable of discrimination of strongly overlapping
infrared chemical spectra [237], [238]. Besides, higher resolution could be achieved
by increasing the design area. In addition, the flexibility of the objective function
allows designing for a customized complex spectral response, which can be chosen
to match the spectral principal components to realize discrimination and
classification tasks more efficiently. The footprint of proposed devices is similar to
that of photonic-crystal-based spectral sensors, but with much broader bandwidth
that covers 300 nm to 500 nm in the mid-infrared band. A modified adjoint method
is developed to generate simplified topologies, composed of circular scattering
elements with varied sizes and positions. The method provides a third option,
alongside pixelate topology and freeform topology, combining the benefits of
gradient-based optimization and a simple geometry amenable to nanofabrication.
The proposed method therefore provides an avenue to design and fabricate compact
and yet high performance on-chip spectral sensors.
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7 | Conclusions and outlook
In this thesis work, phase modulation and route switching of light in an integrated
photonic circuit has been demonstrated, based on a nano-opto-electro-mechanical
system (NOEMS) built on the indium phosphide membrane on silicon (IMOS)
platform. The developed devices can be integrated with the various passive and
active components on the IMOS platform to enable different functionalities.
Potential applications are those which require compact footprints and low power
consumption, e.g., tunable laser arrays, optical cross-connects, self-configuring
networks, and beam steering. Combined with integrated waveguide p-i-n
photodiodes, displacement sensing has been realized on the same platform. This
work may lead to fully integrated AFM sensors that are suitable for parallel sensing.
Finally, in a distinct research line, novel designs of compact integrated spectral
sensors are proposed based on a topology-optimized diffusive structure. The most
significant results achieved in this thesis are summarized as follows:






Two types of NOEMS actuators (cantilever and double-clamped beam), a
waveguide photodetector, and other necessary components of integrated
photonic circuits (e.g., waveguides, MMIs, grating couplers) have been
designed and optimized. A fabrication process for NOEMS on IMOS
platform has been developed.
A NOEMS optical phase modulator on IMOS has been demonstrated.
Operating power consumption lower than 1.5 µW/π-phase shift is achieved,
which is significantly better than those based on the thermo-optic effect and
carrier injection/depletion. The low operation voltage (< 5.5 V) and compact
footprint (100×140 μm2) result in a small VπL of 0.058 V∙cm, which is among
the best performing micro/nano-mechanical optical phase modulators
reported to date. The phase tuning range of more than 3π with a high
modulation depth of 13 dB is highest among such modulators.
A cross-bar route switching with an actuation voltage as low as 4.2 V has
been demonstrated by implementing the developed phase modulator in a
2×2 Mach-Zehnder inteferometer (MZI) with a footprint of 100×400 μm2.
The actuation time is measured to be around 15 μs. The Insertion loss of the
measured MZI is 5 dB, in which the contribution of the modulator is around
3 dB.
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A novel concept of NOEMS optical switch based on a four-waveguide
directional coupler has been proposed and demonstrated on the IMOS
platform. An analytic model in the framework of coupled-mode theory is
built to investigate the complex coupling behavior in the device. Compared
with the MZI-based switch introduced earlier in this thesis, the directional
coupler compresses the footprint by combining the phase tuning and
interference sections and eliminating the need for mode tapering. As a
result, the footprint is scaled down to 80×25 μm2. The switching voltage is
3.4 V, corresponding to a VπL of 0.027 V∙cm, which is less than half of that in
the MZI modulator, with similar actuation time.
A non-resonant optomechanical displacement sensor with on-chip
photocurrent readout has been demonstrated. A displacement imprecision
of 30 fm/Hz1/2 is measured at room temperature, which is comparable with
some of the state-of-the-art cavity-based optomechanical sensors, while
offering the important advantage of integrated photodetection. The cavityfree design provides an ultrabroad optical bandwidth eliminating the need
for expensive tunable lasers and making the sensor immune to frequency
noise. The sensor also gives a larger displacement range (>20 nm) than most
other on-chip solutions. The force imprecision at the mechanical resonance
is 8.9 fN/Hz1/2. The mechanical oscillator also shows a low-frequency
fluctuation of 𝛿𝑓/𝑓𝑚 = 3.6×10-8, which corresponds to the smallest
detectable mass of 32 ag for resonant mass sensing.
A numerical method has been proposed to design the transmission
properties of planar scattering media in the diffusive regime for spectral
sensing. By a topology optimization, the transmission through the
scattering media is enhanced by more than one order of magnitude for
multiple target wavelengths by tailoring the open channels to match the
input/output wavefronts. A 10-channel multiplexer is designed to cover a
500 nm bandwidth in the mid-infrared band, with a footprint of only 135
µm2. The spectral resolution is around 33 cm-1. Furthermore, a method to
design generalized filters that can match any desired spectral feature within
their resolution limit has been demonstrated. To improve the fabrication
feasibility of the designed devices, a modified adjoint method is developed
to generate simplified topologies, composed of circular scattering elements
with varied sizes and positions.

There are still some open issues to be addressed in each of the areas covered in this
thesis. For the IMOS phase modulators, the insertion loss needs to be reduced
before it can be applied as an array in a large photonic circuit. The insertion loss of
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the device mainly comes from 3 contributions: i) the waveguide loss due to carrier
absorption and sidewall roughness, which is measured to be 2.6 dB/mm; ii) the
scattering loss from the nanotethers supporting the suspended waveguide, which is
measured to be 20 dB/mm; iii) the reflection from the MMI coupler. The first two
contribute about 4.1 dB to the insertion loss. The carrier absorption loss from the
bottom waveguide could be reduced by stripping the n-doped layer (50 nm) on top
of the waveguide; The scattering loss from the supporting structures could be
reduced by employing multimode interference and put the connecting beams at the
focal positions as demonstrated previously [67]. The length of the tapers could also
be compressed by introducing a more efficient non-linear profile, which would also
reduce the insertion loss.
In the optical switches based on the four-waveguide directional coupler, the
scattering loss induced by the supporting structure is even more critical, because the
width of waveguides has to be narrow to ensure a strong coupling. One alternative
low-loss solution is to employ a whispering-gallery mode by replacing the
directional coupler with a double-membrane disk that couples with the waveguide,
similar to the structure in the ref [239], at the expense of a narrow bandwidth.
Another issue of this device is that the performance is quite sensitive to fabrication
errors. The narrow gap (in-plane) between the coupled waveguides as well as the
deep etching through double membranes makes it difficult to get consistent and
precise dimensions desired for the structure from the fabrication process. The
bandwidth of the switch in chapter 4 is limited by the fringes in the transmission
spectra induced by the Fabry-Perot effect from the reflection at the interfaces
between bottom single-membrane waveguide and double-membrane waveguide.
The reflection exists mainly because of a step change of the width of the waveguide,
limited by the fabrication process. This could be avoided by introducing a taper in
the bottom waveguide at the interface. With the reflection removed, the bandwidth
of the switch could be improved to more than 40 nm (for an extinction ratio>15 dB),
surpassing that of the MZI-based switch (~30 nm).
Another issue for both the phase modulators and switches in chapter 3 and chapter
4 is the slow transient response when the actuator is turned on. There is a big room
for improvement between the measured 15 µs and their mechanical-resonancelimited response time (~1 µs). This is likely related to the current lag effect, which we
also observed during the measurement of the I-V of the diode. Such a current lag
effect is common in III-V transistors. In principle, it can be improved by passivation
and reducing the surface area between contact and the suspended beam.
Experiments and tests are needed to see how much it can be improved.
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For the displacement sensor, the electric noise of the probe-device system is
preventing us from measuring the thermal noise floor except for the frequency close
to the mechanical resonance. Therefore a wire bonding for the detector contacts is
very likely to improve the displacement imprecision of the system. Another
bottleneck is the low optical coupling efficiency from the objective to the grating
coupler. An improved coupling efficiency, either by integrating fiber coupling in the
vacuum chamber or by using a better design for the coupler, could improve the onchip power, and thereby the signal-to-noise ratio of the measurement, which also
contributes to a better imprecision. However, for AFM applications, the system may
benefit more from a larger maximum measurable displacement than from a smaller
imprecision. This could be achieved by increasing the thickness of the sacrificial
layer and thereby reducing the optomechanical coupling coefficient.
Another point that could be improved is the responsivity of the photodetector.
Current the detector is used at zero bias to avoid the dark current. The detector
suffers from a relatively large dark current for the redundant area of the absorbing
layer, which could be removed by etching and replaced with an insulation layer (e.g.,
SiN). The quantum efficiency could also be improved by optimizing the topology of
metal on top of the junction to avoid the hot spot of the electric field.
For the theoretical study on the diffusive spectral sensor, we made the objective of
the optimization to be a one-to-one mapping of spectral channels and spatial
channels (i.e., individual output waveguides), resulting in the design of a
multiplexer. However, we know from the literature that it is not necessary to have
such a diagonal spectral-spatial matrix to reconstruct the input spectral information.
One alternative approach is to first calculate the transmission matrix of the initial
scattering structure for the target wavelengths, use the wavefront of an open
channel as the input, and optimize the output wavefront to match the waveguide.
After the optimization the one ‘output’ waveguide can be used to efficiently couple
light in and an optimized ‘random’ transmission matrix is measured at the other
side of the device. Intuitively it could bring either a higher average transmission or
a faster convergence as the only the wavefront on one side of the structure needs to
be modified for the open channel.
The spectral resolution of optimized devices is limited by the area we could afford to
optimize. Due to the complex scattering in the diffusive media, a pre-optimized 2D
model does not simply translate to a good initial solution for a 3D model as in ref
[218]. As the 3D optimization is necessary and much slower than in 2D, the next step
of this research would be to find a way to generate a better initial solution for 3D
optimization, so that the number of iterations needed for convergence can be
reduced. Besides looking for clues from the 2D optimization, this might also be done
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by pre-optimization on a lower mesh density, or part of the total device, or a
simplified objective. Machine-learning-based methods might also be helpful to
predict a working initial solution; however, this would require a large number of
simulations to train the model first.
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Summary
Controlling and Sensing Light on a Chip using Nanophotonics
Photonic devices and circuits provide powerful tools for communication, sensing
and other applications. However, compared to electrons, it is difficult to confine and
manipulate photons on a chip. In this thesis a number of approaches, based on
nanophotonics, were investigated for light control in an integrated chip.
A first line of research has been based on combining light with mechanics in NanoOpto-Electro-Mechanical Systems (NOEMS), which represent an emerging
multidisciplinary field that combines Nano-Electro-Mechanical Systems (NEMS)
with nanophotonics and offers an energy-efficient way to manipulate light. So far
NOEMS have mostly been fabricated using silicon-based materials for their low cost
and mature processing techniques. However, the lack of direct band gap in silicon
hinders the integration with active components, e.g. lasers, amplifiers,
photodetectors. The indium phosphide membrane on silicon (IMOS) platform
enables compact integration of active and passive components on a same chip.
Building NOEMS on IMOS may open the way to power-effective, highly integrated
optical devices for the future data center and internet of things.
This research started from the one of basic elements of optical networks, i.e. phase
modulators. Conventional optical phase modulators are based on the electro-optic
effect. However, as the electro-optic coefficient is small or zero in most materials
used for photonic circuits, alternative approaches are being investigated to realize
small-footprint phase modulators operating at low voltages. In this project I
exploited the fact that effective refractive index of guided modes can be tuned
effectively by perturbing the evanescent field through electromechanical actuation.
I fabricated an on-chip Mach-Zehnder phase modulator by tunable double
membrane waveguides which gives very high modulation efficiency. With the same
concept I demonstrated a 2X2 optical switch with low actuation voltage of 4.4V,
corresponding to a mechanical displacement of only 25 nm. I also proposed,
theoretically investigated and experimentally demonstrated a novel design of optical
switch based on a tunable four-waveguide directional coupler, which has a more
compact footprint. As a second application of the studied NOEMS structure, onchip displacement sensing has been investigated. Integrated waveguide
photodiodes were developed to enable to on-chip optical readout. Displacement
imprecision of 30 fm/Hz1/2 and 90nm optical bandwidth has been measured,
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potentially enabling an integrated high-dynamic-range displacement sensor for
atom force microscopy (AFM).
In a second research line, I explored the possibility of controlling propagation
through disordered nanophotonic media. Light traveling through disordered
scattering media undergoes multiple scattering, corresponding to a large optical
path, which is a useful property for making compact devices, in particular
spectrometers. However low optical transmission hinders their application. I
explored a numerical method to design and optimize two-dimensional ‘disordered’
scattering media to have high transmission and meet desired performance targets
in both the spatial and the spectral domain. An inverse-design algorithm has been
developed and fabrication tolerance has been taken into account. Using this
optimization algorithm, ultracompact on-chip multiplexers and filters have been
proposed and the fundamental limits of these structures investigated. Combined
with compressive sensing or chemometric analysis, this work provides a new
approach for on-chip spectrometry.
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