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Summary

Optical beam steering is important for metrology, sensing and
communication. Researchers have demonstrated beam steering through movable
optics and microelectromechanical systems. While the combination of mechanical
actuators with the optical source often results in bulky designs and requires extra
packaging costs, direct integration on the photonic chip substrate remains a
challenge. Electro-optical effects provide refractive index modulation directly in the
guiding medium, representing an integrated solution to tune the optical beam
direction without employing movable parts.

In this work we investigate an integrated beam steering solution which
addresses aspects such as sub-micrometer accuracy, large tuning range, beam
quality, low complexity of the electrical circuitry and low electrical power
consumption. We study a method to achieve beam steering across the facet of a
multimode optical waveguide, through an advanced interference mechanism.
Activation of the proposed interference mechanism is proposed by reconfiguration
of the refractive index profile of the waveguide. This is studied by using both current
injection and voltage controlled effects. The possibility of activating the proposed
interference mechanism by reverse bias voltage control is interesting to enable
power efficient beam steering. The design space is investigated for both analog and
digital operation to address switching and continuous sensing functionalities. The
capability of moving an optical beam across the chip facet is important for micro-
optical alignment but may also open research routes for free space beam steering
functions. The possibility of engineering the output facet of the beam steering device
in order exploit the beam steering across the facet for far field reconfiguration is also
explored.

The literature review of the main beam steering techniques is reported in
chapter 1. Different methods are presented together with performance and
advantages/disadvantages.

In chapter 2, a review of the physical mechanisms which can be exploited in
InP technology to achieve refractive index modulation is reported. A model for
refractive index perturbation is built in order to perform accurate simulations of the
proposed beam steering device. An absorption model is also defined to understand
how refractive index perturbation affects optical losses.

The proposed beam steering mechanism is introduced in chapter 3. The
steering concept is explained through a simple analytical model, which links a
refractive index modulation to the modal perturbation and beam steering.



A low power consumption implementation of the device is addressed in
chapter 4 through accurate electrical-optical simulations, in which refractive index
modulation is activated through reverse bias voltage. A proof of concept device is
studied. A beam steering of + 1 um across the chip facet is achieved with a
maximum applied voltage of 6 V. The employed technology shows that the voltage
driven device efficiency is compromised by the leakage current path present
between the control electrodes. The possibility of achieving low power consumption
optical switching is numerically demonstrated.

Current injection is experimentally studied in chapter 5 to achieve large
refractive index modulation and explore the tuning range limits of the studied
device. An extended steering range of + 4 um is shown by employing an electrical
power up to 420 mW. The impact that the refractive index perturbation has on the
beam quality is studied through a fiber-to-chip coupling experiment.

The effect that the proposed beam steering mechanism has in the far field
region is studied in chapter 6. The far field of the device is experimentally
characterized for both voltage and current control. A concept to enhance far field
beam steering is proposed and experimentally demonstrated by integrating a curved
facet at the output termination of the device. An enhancement of the full far field
beam steering range up to 5° and 60° has been measured for the voltage and current
driven beam steering device respectively. This improvement comes at cost of a
higher lateral beam divergence on the order of 35°.

The possibility of fabricating curved facets at wafer level is explored in
chapter 7. A strategy to fabricate etched facets through dry plasma etching is
presented. High quality straight facets with a roughness of 7 nm are shown, and
obstruction free radiation is achieved after singulation thanks to the proposed
precision cleaving strategy.
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1 Introduction

Beam steering through photonics is a valid method to enable either continuous
or digital alignment functionalities with features such as sub-micrometre accuracy,
wide angle range, low power consumption, all collected in a compact integrated
solution.

Beam steering is applicable to a number of fields ranging from LIDAR [1],
sensing [2], metrology [3], and imaging [4] to communication [5]. Beyond classical
optical beam steering methods based on optomechanical devices [6], several novel
integrated optical beam steering techniques are reported in the literature. These
include techniques based on micro-electromechanical systems (MEMS) [7], liquid
crystals [8] and photonic integrated circuits (PICs) [9]. Methods based on PICs are
interesting to enable compact integration of the steering function directly with the
optical source [10]. Photonic integrated beam steering has been employed to
demonstrate functions such as optical switching [11] and LIDAR [1]. This
dissertation will explore integrated optical beam steering based on photonic
integration to enable new concepts for micro-alignment of optical components
without the use of movable parts, a function not yet addressed by PICs.

In this chapter, the importance of micro-optical alignment is introduced,
together with the main alignment techniques reported in the literature. Alignment
techniques based on beam steering are highlighted and discussed to motivate our
research direction. The ambitions and challenges of this thesis are reported at the
end of this chapter.

1.1 Optical alignment in photonics

The reliable employment of photonic modules is possible if the fabricated
PICs are provided with a robust and accurate packaging service [12]. One of the
most critical steps in photonic packaging is the alignment [12] of optical
components. Fiber-to-chip alignment, positioning of micro-lenses and alignment of
fiber arrays have direct impact on the performance of the final photonic module and
require sub-micrometer accuracy [13]. Part of the alignment procedure still needs
manual operation, making the total packaging a slow and expensive process, which
may represent up to 80 % of the total photonic module price [14] for large volume
production. Developing low-cost and efficient alignment techniques is particularly
important for InP technology that still cannot rely on the same packaging technology
level of silicon semiconductor industry [15]. Researchers have proposed several
passive and active alignment techniques in order to improve speed, accuracy and
yield in photonic packaging.
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1.1.1 Passive alighment techniques

Passive alignment techniques aim either to ease the positioning of optical
fibers with respect to the photonic I/O waveguide ports, or to improve the chip-fiber
coupling tolerance to misalignments. Passive alignment techniques may rely on
mode conversion [16], engineered geometrical constraints [17], or thermal effects
[18] and do not require monitoring of the optical power coupling efficiency. Passive
alignment enables fast and low-cost assembly but hardly can achieve the sub-micron
alignment accuracy necessary for optimal optical coupling from single mode lasers
to optical fibers [19].

V-grooves

V-grooves are passive alignment features often employed to achieve accurate
optical fiber positioning [20]. High precision V-grooves can be fabricated through
photolithographic process with a pitch accuracy in the order of tens of nanometers,
and a sub-micron accuracy on the final opening width [21]. Wet chemical etching is
usually employed for semiconductor V-grooves formation because of the process
cleanness and precision. The geometry of wet etched V-grooves is defined by the
etched semiconductor crystal planes. VV-grooves are attractive to accurately place
optical fibers in a linear array scheme to achieve multiport coupling to photonic
chips. A common fiber-chip coupling scheme is show in Figure 1-1.

Glass Fiber

V-Groove Chip
Photonic Chip

Figure 1-1. a) fiber-chip coupling schematic through V-grooves based passive alignment [22]. b) optical and SEM
photograph of a V-groove based carrier [23].
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V-grooves for fiber positioning can be either fabricated on a different
substrate with respect to the photonic die, or directly integrated on the photonic chip
[24] if the design is properly oriented with respect to the crystal orientation. The
advantage of integrating V-grooves on the photonic chip is that a fiber array can be
mounted directly on-chip, for a compact package solution. However, V-grooves
integrated on the photonic chip require large functional footprint and the final
alignment is compromised by the optical fiber core eccentricity [13]. The V-grooves
depth, defined with an accuracy on the order of + 1 um, may represent an issue [21]
in terms of vertical alignment. A fiber-chip coupling experiment has been performed
through V-grooves and a coupling loss of 5 dB has been demonstrated [25], with a
fiber positioning accuracy of 1 um.

Solder bumps

Solder bumps have been extensively employed for flip-chip packaging in the
electronics industry [26]. Solder bumps, when sandwiched between two contact pads
and after thermal activation, have the capability of reflowing and aligning the two
pads when cooling down, as shown in Figure 1-2. Solder bumps are typically
fabricated by electro-plating [27] or through ball-wire bonding tools [28].

Wettable pads
(a) (b) ()

Figure 1-2. Principle of alignment for the solder bumps technique [29].

Alignment through solder bumps has been exploited by researches to provide
lateral optical alignment techniques. Lateral alignment through solder bumps
between fiber array units and the photonic die has been demonstrated [29]. Solder
bumps are applied on top of the fiber array carrier while the opposite contact pad is
realized on the photonic die surface. The fiber array is flipped on top of the die to
achieve solder bump-to-pad contact and lateral passive alignment. Vertical
alignment control might be compromised by a poor solder-bump dimension
reproducibility, furthermore, control of the ball height change after thermal
activation is needed. Self-alignment accuracy on the order of £ 0.5 um has been
reported [29].

Integrated mode converters
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Mode conversion is sometimes considered as passive alignment technique,
sometimes as a support to other passive alignment methods. Mode conversion aims
to improve the misalignment tolerance of the optical system. Single mode optical
fields in photonic waveguides have mode sizes on the order of 1 um and assembly
with subsequent optics is critical to optimize the coupling efficiency. Mode
converters enable a magnification of the on chip optical mode in order to achieve
both a tolerant coupling to sub-micron misalignment and mode matching to optical
fibers. Mode converters are usually based on adiabatically tapered optical
waveguides and can exhibit either one or two dimensional mode expansion. An
example of a two dimensional mode converter schematic for InP technology is
shown in Figure 1-3 [30].

Q(L3) e
3umn InP \ O
n*InP

Soot diameter 3 um

Figure 1-3. 3D schematic of spot size converters based on InP technology [30].

On chip mode conversion is attractive for the possibility of processing fiber-
mode matched 1/0 ports at wafer level, however adiabatic tapering requires
significant footprint of the photonic die and a more complex fabrication process is
required. Mode conversion might be compared to passive alignment techniques by
quoting the -1 dB misalignment tolerance, which is the spatial fiber-to-chip
misalignment range for which the misalignment loss is smaller than 1 dB. Spot size
converters with -1 dB misalignment tolerance of + 1.7 um have been demonstrated
[31].

Micro-optics

Expansion of the optical beam radiated from a photonic chip can also be
achieved by inserting optics between the chip and the optical fiber. Micro-lenses can
be designed to project the radiated beam from the chip into the optical fiber and
achieve field magnification for fiber-mode matching. Using a lens as a beam
magnifier, instead of on chip spot size converters, may have multiple advantages
such as saving functional area on the optical die and enabling power coupling
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optimization of the fiber along the focal axis. Figure 1-4 shows a common schematic
of a chip-lens-fiber assembly [12].

i(j) ball lens

Figure 1-4. Schematic of chip-to-fiber mode conversion through a micro-optical lens [12].

Micro-optics is attractive to implement field size conversion functionalities
off-chip, however, it requires extra fabrication, space and assembly effort,
compromising the final packaged die costs. Arrays of micro-lenses have been
demonstrated in order to parallelize the lens assembly process but the accurate
positioning and fixation of individual lenses in the array remains a challenge. A
misalignment tolerances between + 0.8 um and + 1.5 um has been reported for a
misalignment loss of 3 dB in [32].

A summary of the characteristics of the presented passive alignment methods
is shown for comparison in Table 1-1, in terms of accuracy in fiber alignment, fiber-
chip coupling misalignment tolerance and fiber to chip coupling loss.

Method Alignment Misalignment Coupling loss
accuracy [pm] tolerance [pum] [dB]
V-grooves [25] +1 5dB
Solder bumps [29] +0.5 1dB
Mode converters [31] +1.7 (at -1 dB) 0.5dB
Micro-optics [32] +0.8-15at-3 2dB
dB)

Table 1-1. Summary of passive alignment methods performance.

1.1.2 Active alignment techniques

Active alignment is a technique which requires monitoring of the power
transmitted between two optical modules to achieve accurate alignment. Fiber-to-
chip active alignment implies monitoring of the optical power coupling while the
fiber-to-chip alignment and fixation is performed and is an effective technique
especially for photonic chips with active materials. Sub-micron accuracy can be
achieved at cost of a more expensive and slower alignment process [33]. Active
alignment provides better yield in terms of coupling efficiency per port with respect
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to passive techniques. Active alignment techniques often exploit MEMS as on/off
chip thermal [12], electrostatic [34] or piezoelectric actuators [35].

Thermal actuators

Thermal actuators for active alignment are based on the combination of
materials with different coefficients of thermal expansion (CTE). When materials
with different CTE are set in contact and the temperature is tuned, the strain between
the two materials changes and deformation is observed. A thermoelectrically
actuated flexible waveguide used as interface between an InP PIC and an optical
fiber array has been demonstrated [36]. Vertical actuation of up to 18.5 um with an
electrical power consumption of 130 mW has been demonstrated. The concept of the
flexible waveguides array, used as an interposer between the photonic die and
optical fiber array, is schematically shown in Figure 1-5.

v InP PIC

e . TriPleX "
‘l:: 2 = ., chip x Aoy
" o O(vi
. 1,
7 . . 2 S v -
’ - 1 Flexible B! =
; e X \\ waveguide
~ak
\ N \ i
S \
\S\ \\\\:\. ‘%‘\‘\\\
_— — \\.\.\~ 2 -

Fibre array Substrate

Figure 1-5. Schematic of alignment concept based on thermally actuated flexible waveguides [36].

Thermal actuation is attractive for large deflection capability. Furthermore,
the possibility of achieving thermal actuation in silicon and silicon dioxide
technology is an advantage in terms of standardized processing [37]. However, it
requires an additional interface to be fabricated and aligned for the optical transition
from chip-to-fiber.

Electrostatic actuation

Micro fabricated electrostatic actuators are employed in a wide variety of
MEMS for applications ranging from relays and switches to valves and displays.
The mechanical deflection mechanism for electrostatic actuators is based on the
electrostatic force which occurs between two electrodes when excited with a
sufficiently high voltage. Electrostatically actuated gratings have been fabricated to
demonstrate a voltage driven and low power alignment method to align the on chip
beam with the fiber core position [34]. A displacement of 6 um has been achieved
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with a driving voltage of 6 V. A photo of the electrostatic grating and alignment
mechanism is shown in Figure 1-6.

Corrected
-~ Assembly-induced - mode mismatch
mode mismatch

voltage
actuation

Si substrate

Figure 1-6. Photograph of the alignment mechanism based on the electrostatic grating [34].

Electrostatic actuators present many advantages, with respect to other MEMS
technologies, as low power consumption, fast response time [38]. Electrostatic
devices can be realized by using a wide set of materials (e.g. silicon, silicon dioxide,
aluminium, nickel, diamond), which is attractive for the integration with different
fabrication methods. However, the tuning range for electrostatic actuators is limited
by the pull-in effect [39].

Piezoelectric actuators

The piezoelectric effect is the mechanical deformation that certain solid
materials (crystals, ceramics) exhibit when excited with an electrical potential.
Piezoelectric actuators enable low power consumption operation and typically
require lower driving voltage with respect to electrostatic actuators [40]. Simulations
of a cantilever beam with dimensions 100x10x2 um? have shown a piezoelectric
deformation of 1 um for an applied voltage of 50 V, the actuation is 12.5 times
larger with respect to the electrostatic deflection [41]. Several piezoelectric actuators
can be fabricated from PZT ceramics: tube, laminate, stacked and bimorph [42]. An
example of a piezoelectric assembly employing a bimorph PZT based stuck and
used for fiber-to-chip alignment is shown in Figure 1-7 [43].
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Figure 1-7. a) Schematic of the piezoelectric based alignment assembly and b) the actuation mechanism.

The piezoelectric assembly in [43] has shown the possibility of achieving an
optimal fiber chip coupling in a misalignment window of 100 pm?, with a maximum
applied voltage and current of 25 V and 26 nA, respectively. The work in [43] has
been conducted by the author and reported in Appendix 9. PZT piezoelectric
actuators are very often employed for MEMS application and can be processed
though lithographical techniques, at cost of a time consuming process [44].
Micromachining of PZT material is challenging due to the brittle nature of the
ceramics [45].

The features of the presented active aligned methods are summarized in Table
1-2, in terms of total tuning range and power consumption.

Method Tuning range Power Coupling loss
[umj consumption [dB]
Thermal [36] 185 130 mw Not measured
Electrostatic [34] 6 Not significant 2dB
Piezoelectric [46] 10 x 10 Not significant 2.1dB

Table 1-2. Summary of the active alignment methods performance.

1.2 Optical alignment through refractive index modulation: beam

steering techniques

The first part of the introduction has focused on examples of passive and
active alignment methods to manipulate micro-optics. Active alignment techniques
through MEMS are mainly employed where sub-micron accuracy and high yield is
required. However, the alignment speed of methods based on movable parts might
be an issue where relatively short activation times are necessary [47] and alternative
solutions are required.
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This thesis proposes to explore the possibility of achieving optical alignment
by steering the on chip optical beam through refractive index modulation of the
guiding medium, without employing movable parts. In a fiber-chip alignment
scenario, the proposed solution aims to enable concepts for automated and low
power on chip optical alignment, where the on chip optical beam is electro-optically
moved across the chip facet to track the optical fiber core position and relax
alignment tolerances. The proposed research route is interesting for new active
alignment solutions for photonic packaging, and may also enable new concepts for
LIDAR [9], switches [48], in home communication [49] and sensing [2]. A
summary of well-known beam steering techniques based on liquid crystals (LCs),
optical phased arrays (OPAs) and tuned MMIs is here reported to motivate the
direction of our work.

1.2.1 Liquid crystals

A liquid crystal is a non-classic state of the matter for which both features of
liquids and solids coexist. For example, liquid crystals can flow like a liquid while
the molecules can be oriented like in a crystal or a dielectric material. Liquid crystals
molecules are usually electrically asymmetric (dipoles) and can be oriented by
applying an electric field. The orientation of the liquid crystals molecules causes a
material refractive index change which can be employed for light phase modulation
and beam steering. An example of beam steering mechanism actuated through liquid
crystals polarization is shown in Figure 1-8. The region filled with liquid crystal
presents a prism shape and is contacted with a material with different refractive
index. When the molecules polarization of the liquid crystal occurs, the change in
refractive index modifies the angle relationship between the incident and transmitted
rays and beam steering is observed. Deflection through LCs can be achieved using
voltage-controlled phase modulation for both reflective [50] or transmissive [8]
operations.
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Figure 1-8. Beam steering mechanism through the polarization of liquid crystals molecules [51].

LC devices can achieve up to 20° beam deflection with a large number of
precisely controlled beams (10+-10s). LC devices are interesting due to low power
consumption and low activation voltage, however the speed is limited to <10 kHz
[52]. LCs can be controlled in a single electrode or multiple electrodes
configuration. A metal plate is attached to the LC cell for a single electrode
configuration and the refractive index change is uniform in the liquid crystal.
Patterning of multiple electrodes on top of the LC cell enables non-uniform spatial
control of the refractive index change in the liquid crystal cell. By tuning the voltage
applied to each electrode, paths with different phase change can be enabled in the
LC cell to achieve an optical phased array operation [53]. An optical phased array
liquid crystal module has exhibited a total steering range of 80° [54]. Integration of
LC in Si and InP technology has been demonstrated [55], [56], however, the risk of
trapped gas in the liquid crystals may degrade the device performance [57].

1.2.2 Photonic integrated optical phase arrays

OPAs based on integrated waveguide phased array allow independent control
in the array of uncoupled channel waveguides to achieve the wanted steering
characteristics. The working principle of such an OPA is based on the interference
of individual radiating optical waves with their neighbouring waves forming the
desired wavefront in a particular direction. The direction of the wavefront can be
tuned by changing the field phase in each waveguide. Phase modulation can be
achieved either by thermal or electro-optic effects and the scanning range can be
linear or two dimensional according to the geometrical configuration of the emitters.
Emitters can be designed in a linear configuration and combined with surface
emitting gratings to achieve two dimensional steering through wavelength control.
Figure 1-9 shows the schematic of an optical phased array combined with surface
emitting grating [10].
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Figure 1-9. Schematic of an optical phase array realized in InP technology [10].

OPAs with wide beam steering up to 51° with a full width half maximum of
3.3° have been demonstrated [9] and low electrical power consumption can be
achieved by applying reverse bias voltage to p-i-n junction based waveguides. The
beam quality is limited by the number of emitters and if a highly densely integrated
solution has been shown in silicon technology, the integration with lasers remains an
issue. In order to address a solution with reduced circuitry/control complexity and
smaller footprint, beam steering devices based on tuned MMIs are introduced in next
sub-chapter. Tuned MMlIs are important since only on emitter is employed to
achieve beam steering, by electrically controlling few electrodes applied on top of a
multimode waveguide.

1.2.3 Tuned MMI

Multi-mode interference based beam steering devices operated by direct
control of the refractive index profile in a multimode waveguide to achieve
continuous and digital beam steering. Continuous beam steering occurs if the
refractive index at the boundaries of the multimode interference device is controlled
by current injection [58]. A schematic of the tuned MMI device for continuous beam
steering is shown in Figure 1-10. The optical beam injected into the input waveguide
spreads laterally once in the slab waveguide underneath the contacts. The beam can
be confined and shifted by tuning the current injected through the contacts. The first
prototypes relied on current injection and exhibited an operational current of up to
250 mA. The index-profile tuning MMI concept has also been implemented with
multiple quantum wells and selective area doping in order to improve the electro
refractive modulation efficiency and the current confinement. Near field beam
steering of up to 17 um has been demonstrated for this approach with a current of 17
mA [59].
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Figure 1-10. Schematic of a tuned MMI beam steering device [59].

The tuned MMI in [59] enables large beam steering with respect to the beam
size but electrical power has to be constantly provided for the beam confinement,
even though beam steering is not required. Applying electrodes to a laterally
confined MMI coupler represents a solution to achieve beam steering through modal
interference suppression, in an energy efficient manner. Suppressed mode
interference can achieve a digital form of beam steering by injecting currents of up
to 30 mA through an electrode placed only on one side of the MMI coupler [60].

The steering characteristics of the discussed techniques are summarized in
Table 1-3.

Method Beam steering Free space steering
[m] [degrees]
Liquid crystals 80
[54]
OPAs [9] 51
Tuned MMIs [59] 17 Not measured

Table 1-3. Summary of the reported beam steering techniques.

1.3 Conclusions and proposed research

The reported review of the main micro-optical alignment techniques has
shown advantages and disadvantages of different methods. Passive alignment
enables fast operation, however, the lack of control on the alignment degrades the
final accuracy. Active alignment based on MEMS is employed when sub-micrometer
accuracy is necessary. An actuation displacement of the order of tens of micrometers
can be achieved through off chip solutions, but extra space and assembly steps are
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required in the final package. On-chip alignment solutions based on MEMS have
been shown in Si material, however, the integration with laser is still challenging.
InP has promising properties for MEMS integration [61], but the demonstrated
actuation is still limited to a few hundreds of nanometers [62]. Alignment techniques
based on a refractive index modulation represent a solution to achieve a higher level
of integration. Furthermore, this method can enable higher speed operation with
respect to mechanical methods.

Optical alignment through liquid crystals is possible, but challenges remain in
terms of integration and manufacturing reliability. Integrated OPAs enable wide
angle beam steering for optical alignment, however, it requires a large number of
electrodes and controls in order to achieve high beam quality. A low electrical
complexity is provided by tuned MMI couplers, for which beam steering has been
shown with a limited number of electrodes. Tuned MMIs are operated through
current injection which may be an issue in terms of electrical power efficiency.

In this work we investigate an integrated beam steering solution which
addresses aspects such as sub-micrometer accuracy, large tuning range, beam
quality, low complexity of the electrical circuitry and low electrical power
consumption. We study a method to achieve beam steering across the facet of a
multimode optical waveguide, through an advanced interference mechanism.
Activation of the proposed interference mechanism is proposed by reconfiguration
of the refractive index profile of the waveguide. This is studied by using both current
injection and voltage controlled effects. The possibility of activating the proposed
interference mechanism by reverse bias voltage control is interesting to enable
power efficient beam steering. The design space is investigated for both analog and
digital operation to address switching and continuous sensing functionalities. The
capability of moving an optical beam across the chip facet is important for micro-
optical alignment but may also open research routes for free space beam steering
functions. The possibility of engineering the output facet of the beam steering device
in order exploit the beam steering across the facet for far field reconfiguration is also
explored.
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1.3.1 Thesis outline

In chapter 2, a review of the physical mechanisms which can be exploited in
InP technology to achieve refractive index modulation is reported. A model for
refractive index perturbation is built in order to perform accurate simulations of the
proposed beam steering device. An absorption model is also defined to understand
how refractive index perturbation affects optical losses.

The basic beam steering device exploiting the proposed interference
mechanism is introduced in chapter 3. The steering concept is explained through a
simple analytical model, which links a refractive index modulation to the modal
perturbation and beam steering.

The low power consumption implementation of the device is addressed in
chapter 4 through accurate electrical-optical simulations, in which refractive index
modulation is activated through reverse bias voltage. A proof of concept device has
been realized and the experimental results are shown. The possibility of achieving
low power consumption optical switching is numerically studied.

Current injection is experimentally studied in chapter 5 to achieve large
refractive index modulation and explore the tuning range limits of the studied
device. The possibility of tuning the refractive index over a large range through
current based effects is an opportunity to study the beam quality for a wide set of
steering values. The impact that the refractive index perturbation has on the beam
quality is studied through a fiber-to-chip coupling experiment.

The effect that the proposed beam steering mechanism has in the far field
region is studied in chapter 6. The far field of the device is experimentally
characterized for either voltage and current control. A concept to enhance far field
beam steering is proposed and experimentally demonstrated by integrating a curved
facet at the output termination of the device.

The possibility of fabricating curved facets at wafer level is explored in
chapter 7. A strategy to fabricate etched facets through dry plasma etching is
presented. The quality of the realized facets is morphologically and optically
characterized. The requirements on the process accuracy are also studied.
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2 Refractive index modulation
2.1 Introduction

Electro-refraction is the property of a material to exhibit a refractive index
change by means of an electrical control. It is important to know what physical
mechanisms can induce a refractive index change in a material in order to
understand how to electronically control an optical waveguide to achieve beam
steering. In this chapter, a review of the relevant effects suitable to enable electro-
refraction InP/InGaAsP materials is reported, in order to build a model to predict
electronically controlled refractive index perturbation.

A refractive index change in InP/InGaAsP semiconductors can be achieved by
either applying an electric field or by tuning the free-carrier density. The refractive
index modulation due to an applied electric field and a carrier density change is
called electro-optic and free-carrier effect, respectively. The electro-optic
mechanisms studied in this thesis are the Pockels and the Kerr effects, the
considered free-carrier effects are the Band-filling and the plasma effects. A change
in the refractive index causes a variation of the absorption properties of the material.
After reporting the electro-refraction effects, the change in absorption will be also
discussed and modelled by considering two absorption mechanisms: the Franz-
Keldysh effect and the free-carrier absorption.

2.2 Electro-optic effects in InP/InGaAsP materials

A plane wave travelling through a medium can in general exhibit different
phase velocities along different propagation directions. Such a phenomenon is
modelled by defining an anisotropic refractive index for the guiding medium. The
index ellipsoid is a useful mathematical tool to describe the refractive index
experienced by a travelling optical field [63] in an anisotropic medium. The index
ellipsoid is a geometrical surface representing the refractive index observed by an
electric field oscillating along the same direction of a vector pointing to a (x,y,z)
point of the surface. In case the guiding medium is a crystal, the x, y and z
coordinates are related to the Miller indices (h, k, 1) [64] describing the plane
orientations in a crystal. The general expression for the index ellipsoid is

N11X% 4+ 0222 + 3322 + 2yzn,3 + 22xn31 + 2xyn, =1 (1)

Where the tensor n;; is called impermeability tensor, is symmetrical, and depends on

the guiding material. The index ellipsoid can be reconfigured by tuning the
coefficients of the impermeability tensor, in order to achieve refractive index
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modulation. The change of the impermeability tensor by means of an externally
applied electric field is called electro-optic effect.

2.2.1 Pockels effect

The electro-optic effect is modelled as a polynomial function of the absolute
value of the applied static electric field. The electro-optic effect related to the linear
contribution of the polynomial is called Pockels effect, and is modelled by the
following formula

An;; = Zfijk Ey 2)
k

where 7, are the linear electro optic (LEO) coefficients, k is an index identifying
the electric field spatial components and can assume the values {x, y, z}, Ej is the
amplitude of the k-th component of the electric field. The relationship between An;;
and Ej is usually reported by using a simplified version of the 7;; matrix. The
matrix 7;;; can be rewritten as a two dimensional matrix due to the symmetry of the
impermeability tensor, and equation (2) can be expressed such as

[Anll] [7"11 T2 T3

[AM22|  |ra1 722 7”23] E,
Anzs| |31 732 T33 E 3)
Anq, 41 T4 T3 Ey
AN, sy Ts2 Ts3 z
Anz, Te1 Te2z Te3

where the matrix r;; is called electro-optic tensor. The ordinary index ellipsoid in

InP/InGaAsP materials is a sphere, and the Pockels effect occurs according to the
following electro-optic tensor.
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The refractive index modulation related to the InP/InGaAsP electro-optic
tensor is schematically shown in Figure 2-1, when a static electric field is applied
across an InP wafer, perpendicularly to the wafer surface.

—1/2 n3ryEy InP wafer

[011]

[001]

Figure 2-1. Schematic representation of the index ellipsoid perturbation in an InP wafer.

The number in between the brackets are the Miller indices, a crystal plane is
identified by round brackets whereas a direction is defined with square brackets. The
light blue disk with two flat sides represents the top view of an InP wafer complying
(European-Japanese standard [65]) with the top surface parallel to the (100) crystal
plane. The black circle is the intersection between the wafer plane and the
unperturbed index ellipsoid, whereas the red ellipse represents a section of the
perturbed index ellipsoid. The achieved refractive index change is

1 _
An = —§n3r41Ex for [011]

1 —
An=§n3r41Ex for [011] ©)

An=0 for [100]

where n is the unperturbed refractive index. The maximum change of the refractive
index is observed along the directions [011] and [011], for which a TE polarized
field can be excited. The TM polarized optical field is commonly defined along the
[100] direction and is not affected by the Pockels effect. Researches have measured

an r,; LEO coefficient of the order of —1.4% for InP [66], at the optical

wavelength of 1.3 um. The wavelength dependence of the LEO coefficients for InP
and InGaAsP can be derived by an analytical model reported by Adachi [67]. The
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calculated r,; coefficient is shown in Figure 2-2 for InP and for InGaAsP with a
bandgap wavelength of 1.25 pum, experimental data is also shown for comparison.

Pockels effect
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Figure 2-2. LEO coefficient measured in [66] and model [67].

2.2.2 Kerr effect

If the external applied field is strong enough, or the linear electro-optic tensor
is zero, a quadratic change of the refractive index might be observed. This
phenomenon is called Kerr effect. The Kerr effect is modelled by adding a quadratic
term to the polynomial expression of the impermeability coefficient perturbation.
The quadratic term representing the Kerr effect is

An;" = ZZ Rijki ExE; (6)
K 1

!

Where the apices in Ar)ij’ indicate the second order term of the
impermeability perturbation polynomial and R;jy; is the quadratic electro-optic
(QEO) coefficient. The matrix R;j; can be compressed into a two dimensional

matrix due to symmetry considerations. The refractive index modulation due to the
Kerr effect in InP/InGaAsP (see Figure 2-1) for an external static electric field
perpendicular to the wafer surface is

1
Angerr = 5713R12,11Ex2 (7)

where R,, and R,, are the quadratic electro-optic coefficients relative to the
TE and TM polarized optical fields, respectively.
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Figure 2-3. QEO coefficients following the model in [68] compared to experimental data from [69].

The QEO coefficients used to model the Kerr effect in InP and Q(1.25)
InGaAsP are shown in Figure 2-3 as a function of wavelength. The QEO are
represented by the solid lines and follow from the analytical model found in [68]. A
multiplication factor of 1.1 and 2.1, for the TE and TM mode, has been added to the
analytical model in [68] to provide calibration with experimental data that has been
reported in [69].

2.3 Free-carrier effects in InP/InGaAsP materials

Electro-refraction in a semiconductor can also be modulated by tuning the
local free carrier concentration. A change in the carrier concentration affects the
absorption properties of a material. Such a phenomenon is attributed to the
connection between the density of occupied electron/hole states and the probability
of an electron to be excited to a different energy state. A change in the absorption
coefficient of a material is linked to a refractive index modulation through the
Kramers-Kronig formulas [63].

2.3.1 Band filling effect

Electrons in the valence band of an intrinsic semiconductor require an energy
equal to the energy band gap in order to be excited to the conduction band. If
carriers are injected into the conduction band, higher energy is needed for an
electron to jump into a free state in the conduction band and a change of the
effective energy gap is observed (see Figure 2-4), together with an absorption
coefficient variation.

32



Intrinsic case Electrons injection

Conduction

band m m

A

Energy gap Lffective energy gap

= DO Y

Figure 2-4. Schematic of the band filling mechanism.

This process is an interband process since related to energy states belonging
to different energy bands, and the correspondent refractive index modulation by the
Kramers-Kronig formulas is called band-filling effect.

Bennett has reported a numerical model for the band-filling effect by
calculating the absorption change occurring in a material for different free carrier
concentrations, and by integrating the absorption according to the Kramers-Kronig
formula [70]. Vinchant has shown, by means of Bennett results that the refractive
index change due to the Band Filling effect is a linear function of the N (electrons)
carrier concentration change [71]. The Vinchant formula used in this thesis to model
the band-filling effect is

Angand ritiing = —AAN (8)

Where A is a proportionality constant and AN is the electron density change
expressed in cm3. The constant A is 0.5 X 1072°cm3 in InP at an optical
wavelength on the order of 1.5 um. The band-filling effect is much stronger in
InGaAsP, for which A is 1.5 x 1072°cm3 for a quaternary composition
(In;_xGayAs,P,_y) defined by y=0.5. The wavelength dependence of the
calculated A coefficient is shown in Figure 2-5 for InP and InGaAsP.
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Figure 2-5. Wavelength dependence of the calculated A coefficient defining the band-filling effect.

2.3.2 Plasma effect

The plasma effect is the refractive index change due to a carrier density
modulation. However, this is an intraband phenomenon, since involves energy states
related to the same energy band. A change in the carrier density, either in the
conduction or the valence band, affects the probability for an electron/hole to be
excited from a state to another state of the same band, causing a free-carrier
absorption coefficient variation. As for the band filling effect, the free-carrier
absorption coefficient change can be converted into a refractive index change by
using the Kramers-Kronig relations. The intraband process involved in the plasma
effect is schematically represented in Figure 2-6.

Intrinsic Electrons injection

Conduction

band k

Figure 2-6. Intraband processes involved in the plasma effect.

The Plasma effect is modelled by means of the classical dispersion theory and
is defined by the equation [67]:

e?)? AN m’%z + mll,{z
m. +A4P 3/2 3/2
e my, + my,

9)

An - —_ —
Pl
asma 8m2ne,c?

where e is the electron charge, 1 is the vacuum wavelength, g is the vacuum

permittivity, c is the speed of light in vacuum, N is the electrons concentration, P is
the holes concentration, me is the effective electron mass, mmn and my, are the
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effective heavy hole and light hole masses. The effective masses mm, and my, are
calculated through the model reported in [72].

For both the band-filling and the free-carrier effects, a negative change of the
refractive index occurs when injecting carriers in a semiconductor. Furthermore,
both the carrier effects are isotropic. Experimental data for the current injected
refractive index change is commonly reported as the sum of the band-filling and
plasma effect, since the experimental separation of the two effects is challenging.
The total refractive index modulation due to a change of the carrier density has been
reported in [70] for a wavelength between 1 pum and 1.24 um. This experimental
data and the sum of the simulated band-filling and the plasma effects, from
equations (8) and (9) respectively, are shown in Figure 2-7. The simulation results
shown in Figure 2-7 are obtained at the wavelength of 1.1 um. Agreement between
experiments and the model is shown for an n-type concentration of n = 108 /cm3.
The model exhibits an overestimation of the refractive index change with respect to
the experiments for higher carrier concentrations.

Total carrier effect

10°

—InP model
X InP experimental

10'® 10" 108 10'° 10%°
carrier concentration [cm'3]

Figure 2-7. Refractive index modulation due to carrier injection effects. Experimental data from [70] for a
wavelength included between 1 pum and 1.24 pm, and sum of the band-filling and plasma effect models at a
wavelength if 1.1 um.

2.4 Absorption coefficient modulation

Optical losses are modelled to understand the impact that the refractive index
modulation has on the absorption coefficient of the perturbed material. Optical
losses are modelled as the combination of the free-carrier absorption and electro-
absorption effects.
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2.4.1 Free-carrier absorption

Free-carrier absorption is the absorption mechanism related to the free-carrier
electro-refraction. Free-carrier absorption in the p-type InP and n-type InP is
considered. Free carrier absorption in InGaAsP is neglected as InGaAsP is only used
with a low doping concentration in this work. The dominant absorption mechanism
below bandgap for p-type InP is intervalence band transitions. The absorption in p-
type InP is assumed to follow

ap = 4.252 - 10720 exp(=3.657 E)P [m™1] (10)

where E is the photon energy in electron volts and P is the hole density
expressed in m~3. Equation (10) has been found empirically and is considered a good
approximation for compositions of InGaAsP [73], and so it is used as an
approximation for the free-carrier absorption in InP. The modelled absorption
coefficient is shown in Figure 2-8 as a function of the wavelength, together with the
experimental data reported in [74]. The plot is made for a p-carrier concentration of
p = 10'8/cm3. The simulated data appear to overestimate the experimental losses
across the considered wavelength range, however, good agreement is observed at the
wavelength of 1.5 pm used in this thesis.
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Figure 2-8. Free-carrier absorption coefficient for p-doped InP. Experimental data from [74] and model given in
[73].

The free carrier absorption coefficient in the n-type InP is modelled as [75]:

3.5 2.5 2 1.5

ay = aop(N) (j—o) + asc(N) (%0) + amp(N) (/1—0) [m™] (10)

where aop, aac, and avp represent the electron-optical phonons, electro-
acoustical phonons and electron-ionized impurity interactions at the reference
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optical wavelength o of 10 um, N represents the free-electrons density expressed in
m~% The parameters aop, aac, and ame are calculated through fitting of the
measurements reported by Walukiewicz [75], by means of a polynomial function of
order 8.

2.4.2 Franz-Keldysh effect

Electro-absorption is the change in absorption coefficient due to an applied
electric field. An electric field has the effect of bending the conduction and valence
bands of a semiconductor, causing a perturbation of the carrier wave functions. The
perturbed wave functions for the electrons and holes exhibit a decaying behaviour in
the band gap, resulting in an improvement of the overlap between the two wave
functions. The result is a lower effective energy bandgap and an absorption
modulation. The described electro-absorption mechanism is schematically shown in
Figure 2-9.
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Figure 2-9. Schematic of the electro-absorption mechanism.

The explained electro-absorption mechanism is called Franz-Keldysh effect
and the numerical model has been reported by [76]. The absorption coefficient due
to the Franz-Keldysh effect is modelled by the following equations
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where aga is the electro-absorption coefficient, Eq is the energy gap of the
considered material [77], F is the static applied electric field amplitude, o is the
optical angular frequency, is the reduced Planck constant and q is the absolute
electron charge. The constants C and x are 0.2 x 104 and 0.0016 x m, for InP,
2.5 x 10%* and 0.015 X m, for InGaAsP. m, is the electron mass. The constants C
and u are chosen to fit the measured absorption coefficient reported in [69]. The
modelled absorption coefficient change for InP and InGaAsP is shown in Figure
2-10, together with the experimental data from [69]. Experimental results in [69] are
defined for an optical wavelength of 1.53 um. Figure 2-10 shows good agreement
between the model and the experimental data up to an applied electric field of 200
kVvicm.
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Figure 2-10. The modelled absorption coefficient changes for InP and InGaAsP. Experimental data from [69] and
model given in [76].

2.5 Conclusions

A literature review of the effects enabling refractive index modulation in InP
and InGaAsP materials has been performed in terms of analytical models and
experimental data. Field induced refractive index change is modelled by considering
the Pockels and Kerr effects. The electro-optical coefficients used to model the
Pockels and the Kerr effects show agreement with the experimental data from
literature at a wavelength of 1.3 pm and 1.5 pum, respectively. Refractive index
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change from carrier density modulation is modelled by considering band-filling and
plasma effects. The sum of the two models shows agreement with experimental
results for an n-type carrier concentration of n = 10'8/cm3. The electro-absorption
and free-carrier absorption have been modelled to understand how electro-refraction
impacts the absorption coefficient in optical devices. The modelled electro-
absorption agrees with experimental data from literature for InP and InGaAsP up to
an applied electric field of 200 kV/cm. Agreement between experimental data from
the literature and the analytical model for the free-carrier absorption has been shown
at a wavelength of 1.5 um and for a relatively high p-type doping concentration of
p = 10'8/cm3. The presented analytical expressions for the refractive index and
the absorption coefficient change will be used in chapter 4 to model an electronically
actuated beam steering device.
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3 Two-mode electro-optic beam
steering!

The proposed beam steering mechanism is presented in this chapter. After
introducing the schematic and the principle of operation, an analytical model of the
device behaviour is developed to validate the concept, to identify the relevant design
parameters, and to understand what steering range can be achieved.

3.1 Beam steering concept

The proposed beam steering concept is explained by defining the device
structure in terms of geometry and materials first, and by introducing the effect of
the refractive index perturbation later. A schematic 3D view of the proposed beam
steering device is shown in Figure 3-1.

Input waveguide

______________

linear taper

perturbed
waveguide

JnP output facet

d

Figure 3-1. Schematic 3D view of the beam steering device.

The layer stack is composed by an InP top and bottom cladding, and an InGaAsP
guiding layer. The input field is the zero-order mode of the input waveguide. The 2
pm wide input waveguide serves as connection with standard photonic components
operating with a single mode. The input field expands through the adiabatic linear
taper to match the mode size of the perturbed waveguide.

! The analytical model reported in this chapter has been developed by Simone Cardarelli, together with the
support of Daan Lenstra.
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The beam steering mechanism is based on achieving an asymmetric refractive
index change across the perturbed waveguide cross section. This is performed by
modulating the refractive index in half the waveguide, across the perturbed section.
The optical field is expected to travel straight and unperturbed if the refractive index
is not modulated, and 100 % the input power is coupled to the zero-order mode of
the perturbed waveguide. However, a fraction of the input power couples to the first-
higher order mode if refractive index modulation occurs. The modal evolution and
interference of the perturbed zero- and first-higher order modes is the core
mechanism to achieve lateral steering of the field intensity along the perturbed
waveguide. The presented mechanism is here named two-mode beam steering.

3.2 Analytical model

The proposed steering mechanism is validated through an analytical model.
The developed model is based on the calculation of the perturbed beam evolution in
the perturbed waveguide (see Figure 3-1) when the input waveguide is excited with
a fundamental mode. The analytical model is limited to the analysis of the perturbed
waveguide, injected with an input field which is mode size expanded by the
adiabatic taper. The perturbed modes are calculated by solving the Helmholtz
equation for the perturbed waveguide cross section when the refractive index is
tuned in a portion of the waveguide. The Helmholtz equation is solved through
perturbation theory, by expressing the perturbed modes as a linear combination of a
finite number of unperturbed modes. The relationship between the fundamental
unperturbed mode and the perturbed modes represents the butt-coupling condition at
the input of the perturbed waveguide and will be exploited to calculate the perturbed
modal excitation and propagation. The beam steering is quantified by calculating the
maximum intensity peak displacement of the propagated perturbed field.

3.2.1 2D approximation

The proposed beam steering device is studied through the approximated 2D
model shown in Figure 3-2. The effective index in the W wide guiding layer equals
3.17, whereas the effective index in the left and right cladding is assumed to be
sufficiently low to consider the optical modes strongly confined, as in a rectangular
metal waveguide. The refractive index change is modelled as a An local perturbation
of the effective index in half the waveguide and is defined as a rectangular function.
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Figure 3-2. 2D approximation of the perturbed waveguide.

3.2.2 Perturbation model

The unperturbed Helmholtz equation (An = 0) describing the lateral modes in
a slab waveguide is

HY =Y "
Ej = ko°n? — B}
2.
Where H = —'Z—x(z) , Ej is the unperturbed eigenvalue, k, is the vacuum wave

vector, n is the effective index profile and B; is the unperturbed propagation constant
for the j-th mode. ¥; is the j-th unperturbed lateral mode and is expressed as

2 jm .

lp].: WCOS(wX) ]=1,3,5,7...
2  (jm .

‘Pj= Wsm(Wx) j=2,4,6,8..

2
ﬁo/l = ko'n’ - E0/1

)
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The normalization factor \/% is introduced to achieve normalization of the

modes to unity energy. A refractive index change An(x) causes a perturbation in the
Helmholtz equation. The perturbed Helmholtz equation is calculated by substituting
n + An(x) in the refractive index of the eigenvalue expression in (1), and by
selecting the first- order term in the Taylor expansion with respect to An(x) in the
point An = 0. The perturbed Helmholtz equation is

H+P)P=E9 (3)

Where @ is the perturbed mode, E is the eigenvalue related to the perturbed
mode and P(x) is given by

8112nA AH 0< <W

> n= X -

Py =7 * W 2@
0 —7<X<0

The calculation of the perturbed modes is performed according to the
perturbation theory guidelines [78]. The perturbed modes are expressed as linear
combinations of the unperturbed modes, with coefficients that become the new
unknowns. Initially, two unperturbed modes are considered in order to keep a low
level of analytical complexity. The perturbed mode is expressed as

1
7= 5% (5)
=0

The coefficients s; can be derived by substituting ¥ in the perturbed
Helmholtz equation (3)

1

> (B —E+P) ¥ =0 ©)

j=0

Since the modes of an optical waveguide are orthonormal by definition, inner
product with the unperturbed modes can be applied to equation (6) to derive the
following linear system
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[(EO - E) + POO]SO + P1051 =0
} @
P015‘0 + [(E1 - E) + Pn]Sl =0

The matrix elements P;y are given by the following internal product between
the unperturbed modes

w
2

P = AH j Y,y dx (8)
0

Using the mode expressions given in (2), Py is expressed as Py = Py =
% AH, Py; = Pp = —43A—7TH . The linear system in (7) is re-defined in order to simplify
the formalism:

(3" e )= ©)

Where a = % AH+ Egy, c= % AH+ E;and b = —%. The linear system in

(9) is homogenous and admits solution if the determinant of the coefficient matrix is
zero. The determinant of the coefficient matrix is a second order equation with E
unknown:

E2—(@+cE+ac—b?>=0 (10)
The two solutions for the perturbed eigenvalue are
~ a+c +./(a+c)?—4(ac—b2)
E0/1 = 2
z (11)
Eo +E, +AHiJ(E0 —E,)2 +4($)
- 2

E, is the perturbed eigenvalue by taking the minus sign, whereas E, is
identified by the plus sign. Note that in absence of perturbation, that is An = AH =
0, the perturbed eigenvalues coincide with the unperturbed cases. The perturbed
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modes can be calculated by substituting Eq 4 in (9). Since E = Eq and E; = E; for
AH = 0, the perturbed modes related to E, and E; are here defined as perturbed
zero-order mode and perturbed first-order mode, respectively. Two couples of
coefficients {syg, o1} for ¥, and {s,,s;1} for ¥, can be derived for each perturbed
eigenvalue. The i index of s;; is related to the i-th perturbed mode whereas the j
index is related to the j-th unperturbed mode. For E = E,, the relation between s,
and sy, is found (use (9)):

So1 = = Soo

8AH (12)
3
B - aaine
Ey — Eo + \/(EO —E)?+4(5)

Similarly, for E = E,, the relation between s, and s, is found:

b
S10 = = S11
1—a
8AH (13)
- = 4AH\? =
Eo — Ey —J(Eo —E)?+4(50)

The final relation between the two perturbed modes and the unperturbed
modes can be expressed as:

By = 500% + s01Ws (14)
P, =510% + sy

In order to normalize the perturbed modes to unity as well, we multiply the
coefficients in (12) and (13) with a fixed real number such that

ISool® + Is011* =1 (15)

Is10l® + Is1112 =1

46



Notice that after normalization, the matrix s;; becomes real and unitary, that is

sij ! = (si]-*)T. Since s;; is real and unitary, the determinant of s; equals 1.
Furthermore, the relation sy = s;; and sy = —s;o exist among the matrix
coefficients. The unperturbed modes can be expressed in the perturbed modes by
inverting the relation in equation (14):

W =500P) + 501 P4 (16)

Y, =5,P+35, 9

where the matrix §j; is the inverse of s;;. The first equation of (16) represents
the butt-coupling condition at the interface between the taper output section and the
perturbed waveguide and will be used to calculate the perturbed modes excitation in
next section. Because of the unitary matrix properties, the relation between s,,,, and
the inverted matrix $p,,, is:

-1

3 _(500 501) _(511 —501) (17)
mn S10 S11 —S10  Soo

The propagation constant of the two modes is calculated by substituting the
perturbed eigenvalues in (1), and is expressed as

~ 2 ~ 18
,80/1 = koznz_E0/1 (18)

3.2.3 Analytical beam steering formula

The calculated perturbed modes and the related perturbed propagation
constants are here exploited to compute the full beam propagation in the perturbed
waveguide and the final beam steering formula. The fundamental mode ¥, is
injected into the perturbed waveguide, and a waveguide width of 14.5 um is here
assumed to provide comparison with the experimental results reported in next
chapters. It is assumed that no reflections occur at the taper/perturbed waveguide
interface and that all the input optical power is coupled to the perturbed modes.
Neglecting reflections at the taper/perturbed waveguide interface is motivated by the
fact that a small refractive index perturbation generates small reflections between the
unperturbed and perturbed waveguides. The formula for the reflection coefficient
between two mediums with different refractive index is R = (ﬁ)z . which is
negligible when a small perturbation is present between the two refractive indices.
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The input field ¥, enters the perturbed waveguide at z = 0 (see Figure 3-2)
and couples to the zero- and first- order perturbed modes according to the first
equation of (16). The excited perturbed modes propagate with the propagation
constants calculated in (18), and the total field at a generic propagation distance z
from the input of the perturbed waveguide is

qjtotal(z) = §00¢0e'1802 + §01@1e—1812
_ _ (20)
= Sllqjoe_lsoz — 5011’\{31e—1312

Notice that when z is 0, the equation (20) is exactly the first equation of (16).
The impact of the refractive index modulation on the perturbed field propagation is
studied by looking at the intensity distribution of the field P\, (z), shown in Figure
3-3 for a refractive index change of 0.001. Figure 3-3 has been created by

calculating the field intensity |‘T’total(z)|2 and by normalization with respect to the
maximum value of the field intensity at z = 0. The shown intensity distribution is
expressed in dB and limited between -6 dB and 1.5 dB.

z propagation direction [m]
0 500 1000 1500 2000

x direction [pm]
o

Figure 3-3. Colormap of the intensity distribution of the optical field propagating along the perturbed
waveguide(An = 0.001).

The field intensity distribution exhibits a periodic pattern, and the period
relates to the beating between the zero- and the first- higher order modes, for which
optimal lateral beam steering is observed. The beating length between the zero- and
the first- order perturbed modes is defined by the distance for which a m phase
propagation difference between the two modes occurs. The following is the
expression of the perturbed beating length:

Ly =——= (21)
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A beating length of the order of 480 pum is observed in Figure 3-3. The
beating length depends on the refractive index change and decreases when the

refractive index is modulated. The beating length for different refractive index
changes is shown in Figure 3-4.
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Figure 3-4. Beating length for different refractive index changes.

The beating length in Figure 3-4 shows that the final device length depends on
the available refractive index change. A low level of refractive index change, up to
0.001, can be addressed through reverse bias voltage modulation [79], however
current injection may be needed for higher refractive index modulation [80] in order
to achieve larger steering. The possibility of achieving larger steering implies a
reduction of the device length as the beating length decreases for large refractive
index change.

The beam steering is studied by analysing the propagating field at the beating
length, for which maximum beam steering is observed. The total field at the beating
length is expressed by using the equations (20) and (21)

l‘:ij(tb) = Sllqj()e_iﬁotb - 501@16_i(’60ib_n) (22)

The phase term e~1Bolb s a constant phase term and is assumed equal to 1.
The total field at the beating length can be rewritten as a real quantity

P(Lp) = (511Po + 501%1) 23)
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The interference in (23) between ¥, and P, causes a steering of the total
field intensity, which is shown in Figure 3-5 for the perturbation An = 0.001.
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Figure 3-5. Total field intensity for An = 0 (red curved) and An = 0.001 (yellow curve). The output fields are
selected at different beating lengths Ly, (4n).

A lateral displacement of the field intensity is observed, together with a
shrinkage of the intensity profile size. The beam steering is calculated by rewriting
the perturbed modes in terms of unperturbed modes by means of (14):

lPp(]-‘b) = 511(Sgo%Wo + S01W¥1) + So1(510%¥o + 511¥1) = (24)
= (511500 — S10%)Wo + 2511S01¥1

where (s11Sg0 — S102) is named A and (2s;;S0;) is named B. Notice that
both A and B are real quantities since functions of the real s;; matrix coefficients. By
using the analytical form of the unperturbed modes, we can write the following
expression:

B(L,) = %A cos (%x) + \/%B sin (Zan) @)

The equation in (25) represents the sum of a cosine field profile (unperturbed
fundamental mode) and a weighted sine profile (unperturbed first- higher order
mode) oscillating with double spatial frequency. The B coefficient is zero when
An = 0 and slowly increases when the refractive index perturbation is perturbed.
The field P, (L,) results in a slightly perturbed version of the cosine term for a low
enough refractive index change, and the field maximum position coincides with the
maximum position of the intensity profile. To analytically calculate the optical beam
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steering in terms of field intensity peak displacement we look for local maxima
points of the total field. The field local maxima points are obtained by setting to zero
the derivative of equation (25):

d quL)(CLb) _ \/%[_%A sin (%x) + BZWHCOS (Zwﬂxﬂ =0 (26)

LT 2
= Asin (Wx) — 2B cos (Wx) =0

Let’s perform the substitution % X =u

Asin(u) — 2B cos(2u) = 0 (27)

The term cos(2u) can be expressed through trigonometry as cos(2u) = 1 —
2sin?(u) and the previous equation becomes:

4B sin?(u) + Asin(u) — 2B =0 (28)
The solution of the quadratic equation in (28) is:
. (—A++VA? +32 B2

u = arcsin S5 (29)

At L=L,. The real solution is provided by the sign + and the actual beam
steering formula can be expressed by re-substituting %x =u:

(30)

w (—A+\/A2+32B2>

X = —arcsin
T 8B

Figure 3-6 shows the beam peak displacement x for different An
perturbations. The curve in Figure 3-6 is anti-symmetrical for a negative refractive
index change.
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Figure 3-6. Peak displacement of the total field intensity profile for different refractive index perturbations and
hence at different length L=L, (An).

The behaviour of the displacement for low and high An can be studied by
calculating the limits of the beam steering for low and high perturbation. When 4n
goes to zero, the displacement can be written as:

I = w3 nAn 128 31
AT T (M2 9 31)

The displacement is a linear function of the perturbation and depends on the
cubic of the waveguide width. When An goes to infinite, the displacement saturates
up to the following value

lim x = w (32)
An—oo 4
The beam steering formula is calculated by considering the position of the
maximum field intensity at the perturbed beating length, which is varying with the
refractive index perturbation. However, a realistic device has fixed length, and a
study of the beam steering at a fixed cross section is performed.

Beam steering at a fixed cross section

Beam steering is calculated at a distance of 500 um inside the perturbed
waveguide and compared with the beam steering calculated at the perturbed beating
length, to understand the relationship between the practical and the idealized
condition. The 500 pm length of the perturbed waveguide is chosen to provide
comparison also with the experimental work in chapter 4. Beam steering at the
distance of 500 um is obtained numerically by calculating |lTJL(500 um )2| and by
detecting the maximum position. Beam steering at a fixed section and at the
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perturbed beating length are shown in Figure 3-7 for a refractive index perturbation
ofupto3 x 1073,

% E4 =500 um

& = | |—perturbed beating length
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Figure 3-7. Beam steering for a perturbed waveguide length of 500 um (red curve), and the beam steering calculated
at the perturbed beating length (black curve).

The two curves present the same behaviour for a refractive index lower than
1.5%x 1073, The beam steering at fixed length becomes lower for higher An,
whereas the beam steering at the perturbed beating length keeps on increasing
towards the calculated limit in (32). The beam steering at 500 um becomes lower for
high An because the perturbed beating length becomes half the device size, and an
image of the symmetric input field is present at the output section. Even though the
beam steering calculated at the perturbed beating length cannot be practically
implemented, it still gives important inputs since it represents the upper bound of the
beam steering for a real device case.

Comparison between two-mode and n-mode calculation

The developed two-mode model enables the possibility of understanding how
geometrical and physical parameters affect the optical beam steering, with relatively
simple formulas. However, multiple modes might be excited in a realistic perturbed
waveguide, leading an n-mode beam steering study to understand the level of
accuracy of the two-mode approximation. Beam steering by considering multiple
modes in the perturbed waveguide is numerically calculated by adapting equations
(2), (5) and (6) for a larger number of modes. The perturbed eigenvalues and s;;
coefficients are numerically calculated. The beam steering for a realistic device 500
pm long is shown in Figure 3-8 for a number of considered unperturbed/perturbed
modes up to 8.
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Figure 3-8. Beam steering at 500 pm for a larger number of modes.

Beam steering can be modelled by considering two modes for a refractive
index change lower than 0.5 x 1073, but it still represents a qualitative description
of the beam steering for high perturbation. The results start to convergence for a
number of modes larger than three. The power coupled to the perturbed zero- and
first- higher order mode is 70 % and 25 % the total input power for a refractive
index change of 3 x 1073 and eight considered modes.

3.3 Conclusions

A lateral steering of the optical field propagating in a waveguide can be
enabled by tuning the refractive index in half the waveguide. A continuous beam
steering is achieved by exploiting interference between the zero- and the first- higher
order modes and the optimal operation is achieved at the perturbed fundamental
beating length. The maximum beam steering tuning range is proportional to the
waveguide width, whereas the maximum beam steering gradient is a cubic function
of the waveguide width. Comparison with a generalized model based on a larger
number of modes has been performed to show that the two-mode model gives good
qualitative understanding of the proposed beam steering mechanism.

The possibility of achieving beam steering with either positive and negative
refractive index change is interesting to implement devices based on reverse bias
voltage control (towards low power consumption) or current injection (for extended
tuning range), respectively. Reverse bias voltage and current injection enable two
different ranges of refractive index change, and two different designs are needed for
optimal steering since the beating length varies with the refractive index perturbation
(see Figure 3-4).

Refractive index modulation has been employed in this chapter as control
parameter to achieve beam steering, however, it is not clear yet what physical
mechanisms in InP/InGaAsP materials can enable the needed refractive index
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modulation. The physical mechanisms capable of enabling a refractive index
modulation in InP/InGaAsP materials are presented in chapter 3.
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4 Voltage driven electro-optical beam
steering?

4.1 Introduction

The possibility of achieving beam steering by applying reverse bias voltage to
a single p-i-n InP/InGaAsP waveguide is explored in this chapter. An electrical
configuration providing practical control of the refractive index is proposed and
tested through simulations and experiments. Electrical, electro-optical and optical
simulations are performed by combining commercial simulation tools with the
electro-refraction model developed in chapter 2, in order to validate the idealized
steering concept and to achieve a more accurate device understanding. A prototype
beam steering device is designed and tested in terms of near field characterization.

The possibility of achieving digital beam steering is numerically investigated
by proposing the design of an optical switch based on the steering mechanism and
reverse bias voltage control.

4.2 Reverse bias voltage driven steering device

A schematic 3D view of the proposed electronically controlled beam steering
device is shown in Figure 4-1. The perturbed waveguide consists of a multimode
ridge waveguide with on top two symmetrical electrodes. The InGaAsP optical
guiding layer is confined by two InP cladding layers. The p++/p contact layers
ensure efficient electro-optic modulation, but electrical isolation is required between
the close-proximity electrodes. Simulations are performed for both a high-isolation
and a low-isolation condition. The idealized high-electrical-isolation condition
assumes that the two electrodes act as independent phase modulators with the top
claddings separated by an intrinsic semiconductor region. This level of isolation
might be achieved through selective area doping [59], regrowth [81], or ion
implantation [82]. A low-isolation condition is considered where we assume that
only the p++ layer is removed by etching between the electrodes as shown in Figure
4-1, providing a close match to the experimental work presented in section V.

2 The fabrication of the chips employed for writing this chapter has been performed by SMART Photonics
whereas the measurements and simulation have been performed by Simone Cardarelli.

57



Input
waveguide

linear taper

f perturbed waveguide
J

n contact electrode

Figure 4-1. Schematic 3D view of the beam steering device.

4.2.1 Two dimensional reverse bias voltage simulation

The electrical simulation is performed by Device (Lumerical), provided with a
Drift-Diffusion and Poisson solver. Under the assumption of infinitely long
electrodes, the electric field and the charge-carrier densities are calculated for the
cross section of the steering waveguide. The waveguide cross section is defined in
terms of geometry, materials, doping profile and voltage excitation of the electrodes
[79]. The shallow ridge geometry is defined by etched trenches 100 nm deep into the
guiding layer. The InGaAsP guiding layer has a bandgap wavelength of 1.25 pym.
This non-intentionally-doped layer is modelled with an n-doping concentration of
1x10% cm-3, representative of a realistic background n type doping. Asymmetric
excitation of the guiding layer is performed by simulating a voltage sweep, ranging
from 0 V to -10 V with a 1 V step, applied to one of the two p-electrodes. The
second p-electrode and the n contact electrode are set to 0 V. A perfect Ohmic
contact is assumed between the semiconductor and the electrodes. The vertical
component of the electric field and the charge carrier density profile are exported
into the electro-optic model to calculate the induced refractive index change across
the device 2-D cross section. The simulation tool enables the calculation of the
operational leakage current per unit length flowing between the p-electrodes for the
two isolation conditions.

The optical beam propagation is simulated by using FIMMPROP (Photon
Design). The unperturbed device cross-section is combined with the spatially-
resolved refractive index perturbation to model the steering waveguide in Figure 4-1
for different voltage conditions. The output beam of the complete optical structure is
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monitored in terms of beam waist and displacement. The polarization dependence of
the device is studied by launching the TE and TM zero-order modes into the
simulated steering section. In this work we assume that the first ten modes are
sufficient to accurately describe the optical propagation. The top cladding is
sufficiently thick to allow the role of the electrodes to be neglected in the optical
Cross section.

Asymmetric electric field induction

Simulations are compared for high- and low-isolation conditions in Figure
4-2. The electric field is shown for devices with a waveguide width of 15 pm and
electrode gap of 7.5 um, when the right electrode is biased with a voltage of -10 V.
The white solid lines represent the waveguide to air interface and the white dashed
lines indicate the epitaxial interface for the waveguide guiding layer. The white
rectangles at the top left and top right of the waveguide represent the electrical
contacts. The static electric field is laterally confined to the right side of the guiding
layer. The maximum electric field in the middle plane of the guiding InGaAsP layer
is 118 kV/cm for both designs.
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Figure 4-2. Electric field magnitude for a) low-isolation design and b) high-isolation design.

The current per unit length flowing between the two p-electrodes is 1.2
mA/um in the low isolation device but this reduces to 8 fA/um in the high isolation
device.

Asymmetrical refractive index modulation

The local refractive index change is calculated to model how the electrical
isolation affects the spatially resolved refractive index profile. Figure 4-3 shows the
total refractive index variation taken at the center of the optical guiding layer at an
optical wavelength of 1550 nm. The black dashed lines represent the waveguide
edges. The extent of the refractive index perturbation beyond the waveguide edges is
due to the static electric field extending beyond the shallow-etched ridge waveguide.
The maximum refractive index change is 8x10* and 7x10* respectively for the TE
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and TM polarizations and for both the high- and low-isolation designs. The
refractive index modulation in the low-isolation device presents a smooth transition
between the two electrodes whereas a step profile is achieved for the high-isolation
device right underneath the excited electrode.
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Figure 4-3. Total refractive index change for both polarizations for a) low-isolation design and b) high-isolation
design. A bias voltage of -10 V is applied to the right electrode and 0 V is applied to the left electrode.

Pockels, Kerr, Band-filling and Plasma effects are separately analysed to
compare field and carrier based refractive index perturbation. The comparison
between the considered electro-optic effects is performed by locally monitoring the
refractive index change underneath the excited p-electrode. This analysis holds for
both the high and low isolation devices since they exhibit the same static field
amplitude right underneath the excited electrode.
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Figure 4-4. Refractive index change due to Pockels, Kerr, Band-filling and Plasma effects, for the TE case.

Figure 4-4 shows the refractive index change according to the four considered
contributions, for a waveguide width of 15 pm and TE polarization. The Band-
filling and the Plasma effects are dominant at low voltage, saturation occurs for a
bias voltage larger than 2 V since the guiding layer becomes completely depleted.
Carrier effects represent a 24 % of the total refractive index change at 10 V. The
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Kerr effect becomes comparable with the Pockels contribution for high bias voltage
values.

4.2.2 Perturbed optical beam propagation

Beam steering is studied by monitoring the optical energy density distribution
along the steering waveguide. The low isolation design is considered in this
paragraph to qualitatively understand the relation between optical energy
distribution, beam steering and electrode length, while a quantitative comparison
with the high-isolation design will be performed at the end of this sub-section. The
top view energy density distribution of the propagating optical beam in the low-
isolation steering waveguide is shown in Figure 4-5 when -10 V is applied to the
right electrode. The two electrodes are schematically defined by the dashed lines and
the white solid lines represent the ridge waveguide. The optical energy density is
normalized with respect to the peak optical input value.
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Figure 4-5. Top view energy density distribution along the steering waveguide when -10 V is applied to the right
electrode in the low-isolation case.

Figure 4-5 shows a characteristic longitudinal beat length of the order of 600
um corresponding to the beating between the fundamental and the first- higher order
mode. An effective refractive index of 3.2851 and 3.2813 is calculated for the TE
zero- and first- order modes. An output probe allows for mode decomposition to
show that a 3% worst case of the total input power is coupled to the first-higher
order mode. The power content in the remaining higher order modes is predicted to
be less than 0.032 % worst case.

Optical simulations are also performed for waveguide widths of 5, 10, 15 and
20 um, in order to explore the design space in terms of relationship between beam
steering and the geometrical device parameters. The spacing between the electrodes
is half the waveguide width for all the cases. Figure 4-6 shows the beam
displacement at the output facet in terms of peak displacement versus electrode
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length for the low-isolation device. A voltage of -10 V is applied to the steering
electrode and the TE polarized input field is considered. The dashed line, labelled as
operation line, shows the maximum beam steering obtained for each waveguide
width for the range of electrode length at -10 V. The local maximum points of the

steering curves show a tolerant steering operation with respect to the electrode
length.
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Figure 4-6. Optical peak intensity displacements (TE) at -10 V as a function of electrode length for four waveguide
widths in the low isolation case.

The optical beam profile is monitored at the output facet of the device in order
to understand how the output beam is shaped as a result of the local refractive index
perturbation and the modal interference. Figure 4-7 shows the horizontal optical
field profile extracted from the middle of the guiding layer at the output facet of the
steering device for an optimum electrode length of 540 um. The optical near field
distributions are shown for three different voltage configurations in Figure 4-7:

1. Both the p-electrodes are biased with 0 V (red curve),

2. -10Vis applied to the right electrode and 0 V is applied to the left electrode (blue
curve),

3. -10 V is applied to the left electrode and 0 V is applied to right electrode
(green curve).
When no excitation is applied (red curve) the output profile is symmetric. The
biasing of only one of the p-electrodes leads to an asymmetric beam and a steering
toward the excited electrode. The asymmetric profiles present a maximum peak
energy density increase of 22 (14) % and maximum full width half maximum
(FWHM) decrease of 25 (12) % for the TE (TM) polarization.
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Figure 4-7. Energy density output profiles for the low isolation and the high isolation design for a) TE and b) TM
polarization. A bias voltage of 10 V is applied.

Optical and electrical performance of the high- and low- isolation designs
with varied width/length combinations is summarized in Table 4-1.

Width Gap Length isoLIg\tI;Ion is:)-:!cg?on isoLIg\tI;Ion isg:ﬁir:)n
(] [um] - [um] current[A] current[A] steering[um] steering[um]
5 25 62 0.18 2.8x107 0.09 0.12
10 5 262 0.46 4x10%° 0.91 0.99
15 75 540 0.66 0.45x10°% 2.45 2.46
20 10 880 0.82 1x10712 44 49

Table 4-1. Beam steering for one electrode at -10V.

The beam steering is quantified in terms of energy peak displacement of the
output profiles for one electrode. The current is reported for the steering electrode
biased with -10 V. The layouts are identified with the geometrical parameters
defined in Figure 4-1: waveguide width (Width), gap between the electrodes (Gap)
and electrode length (Length).

The low isolation device draws a leakage current of hundreds of mA, flowing
in between the p-electrodes, which scales linearly with the device length and the
electrode gap. The most critical design parameter is the waveguide width of the
steering section since it defines the maximum beam displacement, FWHM, the
electrode length and the electrical power consumption. Higher beam steering is
achieved with wider waveguides at the expense of a longer device and higher current
consumption.

In the high isolation design, the current flowing between the p-electrodes is
six orders of magnitude lower with respect to the low isolation case. This is
attributed to the high resistive path of the intrinsic region in the p-i-p doped top
cladding. The type of electrical isolation does not affect significantly the optical
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beam steering as indicated by the comparable low and high-isolation steering values.
A best case total beam steering of 4.9 um is predicted for an electrical power
consumption of 4.5 pW for the high-isolation case with a 15 um wide waveguide.
The maximum observed optical loss at -10 V, due to carrier and electro-absorption,
is of the order of -0.16 dB, for the TE case and a waveguide width of 20 um.

4.2.3 Impact of the input modal purity

The wide multimode steering section is coupled to a 2 um wide input
waveguide by means of an adiabatic taper. The 2 um wide input waveguide can
guide both the fundamental and first-higher order mode. The impact of the input
multi modal content is studied by launching different combinations of the
fundamental and first-higher order modes into the adiabatic taper. The taper is 800
um long and matches the input mode size to a waveguide width of the order of 15
pm.
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Figure 4-8. a) Beam peak displacement and b) FWHM for different TMSR.

The power ratio of the two launched modes, defined in this work as the
transverse mode suppression ratio (TMSR), is varied between 3 dB and 20 dB while
the phase relationship between the two input modes is fixed at zero. A TMSR equal
to o represents the pure fundamental mode launching condition. The impact of the
first-higher order mode is quantified by monitoring the peak displacement of the
output beam and the beam size, expressed as FWHM, when voltage is applied to the
steering electrodes. The voltage applied to the right and left electrodes is swept from
0V to -4 V to provide a comparison with the experimental results in the next section.
Figure 4-8a shows the simulated peak intensity displacement for a range of TMSR
values. For a TMSR higher than 20 dB (1 % of total input power coupled to the first
order mode) no significant change in the steering performance is detected with
respect to the ideal case (TMSR = o). For a TMSR of 10 dB the total tuning range is
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reduced by 20 %, and for a TMSR value of 6 dB, the steering efficiency reduced by
50 %.

Figure 4-8b shows the FWHM for different TMSR values. Reduction of the
TMSR causes a perturbation of the FWHM, and the electrically unperturbed field
condition (0 V applied) does not exhibit maximum FWHM anymore. Maximum
FWHM can be re-established by applying voltage to the left electrode. The choice of
the left electrode is connected to the input phase relation between the fundamental
and first-higher order mode whereas the beam shrinkage is caused by the
interference between the output fundamental mode and the first-higher order mode.
The FWHM variation with respect to the maximum value is 5 % and 27 % for a
TMSR of o« and 6 dB respectively. The impact of difference phase relationships
between the zero- and the first-higher order mode has been also studied. A phase
difference of 90°, 180° and 270° has been introduced between the two input modes
for a TMSR of 6 dB. When a phase of 180° is introduced between the two input
modes, the total steering and FWHM change are preserved. However, the energy
profile of the output field spreads with a FWHM of up to 9.6 um for the quadrature
input phase difference of 90° and 270°, and two energy lobes become visible. The
lobes of the first order mode are not in phase with the zero-order mode during the
quadrature phase condition and destructive interference in one side of the waveguide
is compromised, resulting in the observed FWHM increase.

The presence of the first-higher order mode in the input field degrades the
steering performances and integration of higher order mode filters [83] may be
required to optimize the input modal content. MMI mode filters with a suppression
ratio of 18 dB [84] have been demonstrated, representing a solution to achieve beam
steering operation in the highest TMSR region.

4.3 Generic foundry enabled voltage driven steering

A proof of concept PIC is designed, produced and analysed. This is
considered to be equivalent to the low isolation design presented in section IV. The
PIC has been designed and fabricated has been performed through the Smart
Photonics MPW foundry service [85].

The beam steering PIC

The circuit was integrated with an on-chip laser. The foundry design kit rules
recommended a minimum electrode separation gap of 7.5 um. Each electrode
overlaps the waveguide by 3.5 um. This is expected to be sufficiently large to
contact the p++ layers and minimizes potential asymmetry from mask overlay
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tolerances. A waveguide width of 14.5 pm and an electrode length of 500 pm is
used.

A microscope photograph of the fabricated PIC is shown in Figure 4-9a. The
right dashed box in the full PIC photograph highlights the steering section with the
two p-electrodes. A close-up of the steering section is shown in the upper
photograph. The left dashed box includes the co-integrated, single-frequency tunable
laser source which uses a previously reported coupled cavity concept [86]. The PIC
schematic is presented in Figure 4-9b. The red and the blue waveguides represent
the laser section and the steering device, respectively. Three MMI couplers are used
in the laser to provide internal feedback and coupling to the output waveguides. The
second output provided by the laser is not used in this work. The grey areas are deep
etched 200 nm below the guiding layer. An s-bend with a minimum radius of
curvature of 147 pm and waveguide width of 2.25 um connects the laser output with
the taper input. The s-bend I/O ports have an x- and y-offset of 115 pm and 15.25
pum. The linear 800 pm long taper with a 0.5 degree half angle matches the laser
output waveguide width to the steering section. The p-electrodes of the steering
section are connected to pad 1 and pad 2 for wire-bonding to a neighbouring printed
circuit board for electrical control.
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Figure 4-9. a) Microscope photograph of the fabricated PIC. Above the PIC picture is a close-up of the steering
device. b) Schematic layout of the PIC.

The near field imaging measurement setup

Beam steering is quantified by means of the measurement setup shown in
Figure 4-10. A current source drives the two gain sections of the laser with a current
of 50 mA and 48 mA to enable laser oscillation at the wavelength of 1568 nm, with
a side mode suppression ratio of 38 dB. The TE zero-order mode is expected to be
generated by the laser. The near field at the chip facet is imaged with a 100 X
objective, with a numerical aperture of 0.9, to a Xenics infra-red camera at a
distance of 140 cm from the chip facet. Magnification calibration has been
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performed by imaging the output of two 2 um wide integrated waveguides placed at
a distance of 50 um. A magnification of 575 is achieved. The effective focal length
(e.f.f. in Figure 4-10) of the imaging objective is 2.4 mm at the operated wavelength.
An effective image distance of 137.6 cm has been estimated, together with an object
distance of 4.2 pm from the front focal point. The camera provides an image of 320
x 256 pixels, with a pixel pitch of 30 pm in the horizontal and the vertical directions.
A calibrated intensity scale is used for the data recorded by the camera. A 20 dB
optical attenuator is placed between the beam splitter cube and the camera to avoid
pixel saturation. A 50:50 beam splitter cube is additionally placed in-line to monitor
beam stability. The 50 % power reflected by the beam splitter cube is collected into
a flat cleaved facet single mode fiber by means of a 40 X objective. The optical
power collected into the optical fiber is then split with a 3 dB splitter to
simultaneously monitor the optical spectrum and integrated power. The imaged
optical beam has been moved across the camera sensor, by tuning the 100 X
objective position with respect to the optical axis, in order to confirm the absence of
significant reflections within the optical path.
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Figure 4-10. Measurement setup.

4.3.1 Sub-micron beam steering

The voltage applied to the right electrode (Figure 4-1) is swept from 0 V to -4
V and back to 0 V with a step of 0.1 V while the voltage applied to left electrode is
initially fixed at O V. The range is limited by the inter-electrode leakage current. The
same procedure is repeated for the left electrode with the right electrode set to 0 V.
The near field, the optical spectrum and the integrated optical power are measured
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for each voltage step. One line of pixels is recorded at the peak intensity point of the
near field profile. The leakage current path between the two p-electrodes leads to a
current of 40 mA at -4 V and can be defined by a resistance value of 100 Q. The
observed resistance path is 7 times higher than expected, this is attributed to the
tolerance in the realized p-doping concentration profile. A dark current of 15.4 pA is
observed at a reverse bias voltage of 1 V.

Figure 4-11a shows the lateral optical beam profile acquired from the camera
for three conditions: 1) the output waveguide in the steering section is not perturbed
(red curve), 2) -4 V is applied to the right electrode and 0 V is applied to the left
electrode (blue curve), and 3) -4 V is applied to the left electrode and 0 V is applied
to the right electrode (green curve). The vertical beam profile, assumed single mode,
is constant and symmetric during the voltage tuning. The lateral intensity curves are
normalized to their peak value for comparison, but the total integrated power varies
by less than 7 % over the measurement range.

a) Experimental

b) Simulation
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Figure 4-11. a) Measured and b) Simulated optical intensity profiles. Red, unperturbed beam; Blue, -4 V is applied
to right electrode; Green, -4 V is applied to the left electrode.

The beam moves to the right (left) side of the waveguide as the negative bias
voltage increases for the right (left) electrode. The FWHM is 6 pm for the
unperturbed optical beam and a maximum reduction of 1.4 pm is observed when
voltage is applied.

In Figure 4-12 a colormap of the beam intensity shows the behaviour of the
optical beam over the complete set of applied voltages. The upper and lower halves
of the graph refer to the excitation of the right electrode and left electrode,
respectively. The black dashed line represents the positions of the maximum
intensity. The beam profile intensity is normalized with respect to the maximum
value and expressed in dB. The colormap shows that the beam moves continuously
as the voltage is tuned. The steering gradient is 0.20 (0.05) um/V for the right (left)
electrode corresponding to predicted levels of TMSR of 6 (3) dB (Figure 4-7a),
assuming that the rate of steering is limited by spatial higher order mode content in
the input field. A maximum beam steering of 0.8 um is achieved when the right
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electrode is biased with -4 V, which is attributed to an estimated refractive index
modulation of 4 x 10™%,

The asymmetric steering, the beam asymmetry for the 0 V condition and the
FWHM reduction, indicate the presence of higher order mode in the input field with
a TMSR of order 3-6 dB. The simulated intensity profile of the steered beam is
shown in Figure 4-11b for comparison, for a maximum applied voltage of -4 V and
TMSR of 6 dB. Higher order mode excitation is attributed to the presence of the s-
bend connecting the output laser and the taper. Optical power coupled to the TE
first-higher order mode, with a TMSR of 12 dB, is observed through the optical
simulation of the s-bend. A further TMSR contribution is attributed to a + 200 nm
tolerance in the fabricated waveguide width which could affect the imaging
properties of the laser output coupler. Not significant optical power is coupled to
TM modes during the propagation through the s-bend. The theoretical analysis
performed in section IV would therefore indicate that symmetric and higher-
efficiency voltage-driven beam steering would be feasible with improved electrical
isolation and an improved input optical mode quality. The possibility of achieving
an extended and symmetric beam steering through an improved input mode quality
is investigated in next section.
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Figure 4-12. Beam profile colormap for different applied voltages.

4.3.2 Enhanced beam steering through a controlled input condition

Beam steering through an improved quality of the input field is studied to
validate the impact of the first-higher order mode on the beam steering efficiency.
The input waveguide of the beam steering device enables propagation of the zero-
and first-higher order mode, however, the power content in the first-higher order
mode can be reduced by designing a photonic circuit with components which
promote the propagation of symmetrical modes. This can be achieved by employing
straight waveguides and MMI mode filters before the beam steering device. A
schematic of the designed PIC is shown in Figure 4-13.
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Figure 4-13, Schematic of the PIC with edge coupled input waveguide for the beam steering device.

Two MMI mode filters 98 um long are inserted along the photonic circuit, the
SOA 150 pm long is employed for alignment purpose, the linear 750 um long taper
and the perturbed waveguide represent the beam steering device. The perturbed
waveguide is 500 um long and 14.5 um to provide comparison with previous
experiments. An input lensed fiber couples the light of an external laser (not shown
in Figure 4-13) into the chip. A polarization controller is inserted between the laser
and the input fiber. It is assumed that the quality of the field at the input of the beam
steering device can be optimized by achieving a symmetrical profile of the output
field intensity. This is motivated by the fact that the taper and the perturbed
waveguide are symmetrical components and are not expected to cause asymmetrical
mode excitation. Symmetry of the output field intensity is obtained by tuning the
position of the input fiber to optimize the chip output optical power. The best
symmetry condition has been achieved for a TM polarization and an optical
wavelength of 1465 nm. The unusual wavelength for the optimal PIC operation is
suspected to be due to an over-etch of the mode filter trenches. Imperfect higher
order mode filtering was observed by other designers on the same MPW run. The
same beam steering measurement explained in previous section is performed. Beam
steering results are shown in Figure 4-14a, in terms of near field intensity profiles.
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Figure 4-14. a) Recorded intensity profiles and b) beam steering curve.
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Figure 4-14a shows the recorded magnified field intensity at the output of the
steering device for three conditions: 0 V is applied to both the electrodes (dotted red
curve), -4 V is applied to the right electrode (solid blue curve), -4 V is applied to the
left electrode (dashed green curve). When negative voltage is applied to the left/right
electrode, 0 V is applied to the right/left electrode. A higher level of symmetry has
been achieved for the unperturbed beam in Figure 4-14a with respect to the device
presented in previous section. This can be translated in a lower excitation of the
asymmetric first-higher order mode at the input of the beam steering device,
according to the study performed in 4.2.3. The steered beam exhibits comparable
degree of displacement for both the right and left electrode case. The benefit that a
symmetrical input condition has on the beam steering is quantified by comparing
steering performance between the device demonstrated in previous section and the
device with improved input modal purity. Beam steering has been calculated for the
tested devices by fitting the recorded intensity profiles with polynomial functions of
order 18, and by detecting the maximum position of the obtained curves. Fitting has
been performed to remove possible errors in the detection of the maximum position
of the intensity profiles, attributed to residual particles on the protection screen of
the image sensor. The obtained beam steering curves are show in Figure 4-14. The
blue curve is related to the beam steering device with asymmetric unperturbed field
(described in 4.3), whereas the black curve is related to the device with improved
symmetry condition and symmetric unperturbed field. The steering curve for the
symmetric unperturbed case shows improved symmetry and steering range with
respect to the device with asymmetric unperturbed field. A total tuning range of the
order of 2 pum, twice the range for the asymmetrical case, is detected for the device
with improved input condition with a maximum applied voltage of -6 V.
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4.4 Design of an energy efficient 1x2 voltage driven switch

Integrated optical space switches routing the signal through the optical
network should provide broadband and polarization insensitive characteristics to
handle high data capacity [87], [88]. Several switching techniques based on
semiconductors have been proposed and demonstrated, and a comprehensive review
is reported in [89]-[91]. Gate arrays enable optical switching through electronic
control on each individual path of a switch network. Path activation/deactivation can
be provided through suppression of the split signal by means of electro-optic
absorption, at the expense of poor power efficiency [92]. Optical routing through
electro-optic phase modulation enables splitting losses reduction. Techniques from
digital optical switches, MMI switches, directional couplers to Mach-Zehnder
interferometers are here reported [93]. Digital optical switches exploit current
injection through a branched optical waveguide to control the mode evolution and to
switch output port. A low branching angle guarantees good cross talk and low
insertion loss, however it leads a challenging device fabrication [94]. Cross talk of
the order of 20 dB with an operational current of 6 mA has been demonstrated [95].
MMI switches can be electronically reconfigured by current injection to digitally
steer the optical image of the input field to different output ports. A compact 1x2
switch based on current induced suppression of modal interference exhibited an
extinction ratio of 16 dB with switching currents of up to 30 mA [60]. Directional
couplers offer switching functionalities by electrically controlling the mode
evolution through two optically coupled waveguides. Lateral directional couplers
enable the electrical separation of the control electrodes at cost of a larger design
footprint and switching voltage [96]. The input light in Mach-Zehnder
interferometers (MZIs) is divided in two electrically and optically separated
waveguides which are phase modulated to achieve constructive or destructive output
recombination. Splitting and combining are implemented by MMI couplers whereas
the phase can be modulated by reverse bias voltage. A voltage driven and
polarization independent MZI switch has been demonstrated with an extinction ratio
of 15 dB and switching voltage of 4.5 V [97]. The width and etch depth deviation of
the fabricated waveguide, and the loss imbalance between the arms may
significantly affect the extinction ratio depth.

The proposed voltage driven beam steering is interesting to achieve optical
switching in MMI couplers, commonly controlled through current injection, while
keeping a low level of electrical power consumption. Furthermore, the proposed
two-mode interference mechanism has potential to achieve switching in a single
waveguide, without an optical power splitting component which might be source of
imbalance-limited extinction ratio.
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In this section we propose the design of a 1x2 InP/InGaAsP electro-optical
switch based on the introduced voltage driven beam steering. Electro-optic
characteristics in InP can be tuned by changing the device orientation with respect to
the crystal axes [98], opening an alternate route to high speed and polarization
insensitive switching. The numerical prediction of the device performance is
reported in terms of extinction ratio and excess losses in the C band and for both the
polarizations. A fabrication tolerance analysis is shown before the conclusions.

4.4.1 Schematic of the voltage driven optical switch

The schematic 3D view of the optical switch device is shown in Figure 4-15.
Same layer stack as for the presented high-isolation beam steering device (section
4.2) is assumed in this work.
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Output section
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Figure 4-15. 3D schematic view of the optical switch.

A 20 um wide perturbed waveguide is chosen to achieve sufficient beam
steering to comply with the output ports gap of 2.6 pum. Such a large perturbed
waveguide also enables significant size reduction of the steered beam, and the
possibility to connect two 8 um wide output ports at the output section, with
sufficient mode size matching. The output waveguides marked as left and right
output are symmetrically connected at the output cross section of the perturbed
waveguide. The fundamental mode of a 20 um wide waveguide is employed to
define the input field condition. It is assumed that adiabatic tapering is possible to
mode match the fundamental modes of the input/output ports with the mode of a
standard 2 um InP waveguide.
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4.4.2 Optical switch performance

Simulations are performed to understand how beam steering can address
different output ports and the impact that an asymmetrical steered beam has on
mode-matching with butt-coupled integrated waveguides. The intensity distribution
of the field propagating through the device is monitored to show the switching
mechanism. Figure 4-16 shows the energy density profile through the device when
the left electrode is biased with -12 V while keeping the right electrode at 0 V. The
solid white lines represent the waveguide edges whereas the dashed lines indicate
the electrode positions. The input field is the TE zero-order mode of the input
waveguide. The energy density profile is normalized with respect to the maximum
value of the input field energy density. The beating in the intensity distribution in the
left output waveguide motivates an analysis of power content in higher order modes.
A 3 % of the input power is coupled to higher order modes of the left output
waveguide. Higher order modes in the output waveguide can be filtered by tapering
down the output waveguide to a single mode operation width. An operational dark
current of the order of 1.5 pA is recorded for the two switch states. A symmetrical
energy distribution behaviour is observed for the right switch state.
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Figure 4-16. Energy density profile for the left state.

Excess losses and extinction ratios are quantified by monitoring the optical
power coupled to the zero-order mode of the output waveguides, while sweeping the
voltage applied to the electrodes. Excess losses and extinction ratio are expressed in
dB in this section in order to provide practical comparison with different techniques
demonstrated in the literature. Figure 4-17a shows the output power normalized to
the total input power at the two output ports when the voltage applied to the
electrodes is swept from 0 V to -12 V. The voltage applied to the left electrode is
swept in the left half of the graph, whereas the right electrode voltage is tuned in the
right half. The TE and TM polarizations of the input field are identified by the solid
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and the dashed curves, respectively. An excess loss of -0.6 dB and -1 dB is predicted
for the TE and TM cases at -12 V whereas the extinction ratio is -29 dB and -17 dB.
The 3 % and 8 % of the total input power couples to higher order modes of the
addressed output waveguide for the TE and TM case. The 1 % and 4 % power
couples to the not selected output port for TE and TM polarization. A 6 % of power
lost due to electro-absorption and carrier absorption for both the polarizations. The
reported polarization dependence of the excess loss and the extinction ratio is mainly
attributed to the choice of the device orientation with respect to the crystal axes. For
the considered crystal orientation the TM polarization is not affected by Pockels
effect, exhibiting a less efficient steering and poorer overlap with the output port.

The wavelength dependence of the electro-optic coefficients and of the modal
propagation leads an analysis of the switch performance for different operational
wavelengths. The wavelength dependence of the extinction ratio and the excess loss
is shown in Figure 4-17b across the C band range. A maximum variation of the
excess loss of 0.08 dB and 0.36 dB is predicted for the TE and TM polarizations, the
extinction ratio over the analysed wavelength range is larger than 21 dB and 13 dB
for the TE and TM cases, respectively.

b) Wavelength dependence
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Figure 4-17. a) Optical output power for the two output ports; b) Wavelength dependence of the excess loss and the
extinction ratio.

4.4.3 Tolerance analysis

MMI splitters/combiners exploited in MZI switches exploit single mode 1/0
ports and MMI sections with a width of the order of 2 um and 10 um, respectively.
Due to the design dimensions, MMI based splitters/combiners are sensitive to sub-
micron fabrication tolerances, and the insertion loss can be critically compromised
[99]. Simulations of MMI combiners/splitters optimized for MZI switches by P.
Maat [98] and W. Yao [100] show how the fabricated linewidth variation impacts
the switch excess loss for a device with layer stack comparable to the one used in
this work. The MMIs used in [98] and [100] exhibit a width of 16 um and 13 pum
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and simulation results show that a waveguide width variation of = 200 nm impacts
the excess loss with a maximum increment of 1.5 dB and 1.7 dB, respectively.

The proposed switching mechanism is based on a 20 pum wide waveguide and
is expected to be more robust with respect to sub-micron fabrication variations. This
is motivated by the fact that the relative change of the beating length with respect to
the waveguide width is inversely proportional to the waveguide width [83]. The
impact on the switch performance due to waveguide width variation, over/under etch
of the waveguide trenches and isolation misalignment is studied.

A simplified version of the proposed optical switch is exploited for the
tolerance fabrication study. The electro-optic effect is modelled by tuning the
refractive index underneath the electrodes in the guiding layer, uniformly across the
vertical dimension. A waveguide width variation of + 200 nm with respect to the
designed width is considered, and the extinction ratio and excess loss are recorded
while scanning the refractive index. The maximum extinction ratio achieved across
the waveguide width variation range and the related excess loss are shown in Figure
4-18.
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Figure 4-18. Maximum extinction ratio and excess loss for a perturbed waveguide width variation of £ 200 nm.

The extinction ratio increases for larger waveguide width. A wider waveguide
implies improved steering and larger FWHM reduction, and better mode matching
with the output port can be achieved. However, a reduction of 6 dB of the extinction
ratio occurs for a waveguide width variation of -200 nm. The excess loss is of the
order of -0.3 dB and is confined in a range of 0.02 dB. The excess loss is attributed
to residual mode mismatch. The etch depth of the waveguide trenches is varied in a
+ 20 nm range for a waveguide width of 20 um. An extinction ratio higher than 37
dB is retained, with a not significant change of the excess loss which is still higher
than -0.4 dB. A lateral misalignment range of + 200 nm is also considered for the
isolation region and while a reduction of 5 dB is observed for the extinction ratio,
the excess loss is higher than -0.4 dB.
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4.5 Conclusions

Voltage-driven optical beam steering in an InP PIC has been demonstrated.
Simulations show that an induced electric field and charge-carrier depletion can
enable beam steering across the output facet of a single optical waveguide. High
electrical isolation is predicted to enable a total beam steering of 4.9 um with
maximum applied voltage of 10 V and with a maximum power consumption of 4.5
pW. A proof of concept experimental device shows a lateral total beam steering of 1
um with a voltage of 4 V. This has been attributed to a maximum refractive index
change of 4 x 10™*. While a beam steering efficiency of 0.34 um/V has been
numerically predicted, experiments show values of up to 0.2 pm/V which is believed
to be limited by higher order mode excitation. A beam steering device with
improved input modal quality has been tested to validate the link between the level
of symmetry in the unperturbed beam and the steering range. A higher level of
symmetry of the unperturbed beam has been achieved together with a wider steering
range of 2 um, with a maximum applied voltage of 6 V.

Digital beam steering has been numerically demonstrated through reverse bias
voltage control to enable new concepts for low-power consumption optical switch

solutions. Electro-optical switching between the two output ports is possible with an excess loss
of the order of 0.6 dB and 1 dB for the TE and TM polarizations, indicating that sufficient beam
quality is retained by the steered field. The use of a large waveguide as a beam steering section
represents potential to achieve robustness with respect to fabrication tolerances, at cost of larger
device footprint.
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5 Current driven electro-optical beam
steering3

5.1 Introduction

Current injection is employed in this chapter to explore the steering range limits
achievable in an optical waveguide through the proposed two-mode interference
mechanism. The possibility of reconfiguring the refractive index profile of an optical
waveguide through current injection is interesting to achieve a large refractive index
modulation with respect to reverse bias voltage control [101]. The impact that a
large refractive index perturbation has on the design of the beam steering device is
studied.

Current injection has been employed in [60] to achieve a digital form of beam
steering. Beam steering has been demonstrated between two output ports in [60],
however the possibility of achieving continuous tuning between the two switch
states has not been explored. Studying the possibility of a wide steering range with
continuous tuning control is interesting to enable novel assembly methods based on
optical control. The study of novel alignment solutions is relevant for the photonic
packaging industry, for which fiber to chip alignment is one of the most critical and
expensive operations [12]. Alignment between an optical fiber and a photonic chip
in a package may be compromised by factors such as thermal expansion [102],
shrinkage of the fixation glue [103], and continuous in plane dynamic control of the
on chip beam position represents a revolutionary alignment solution with potential to
relax assembly tolerances and requirements on the package.

The steering performance of the current injection beam steering device is studied
in terms of near field measurements. A fiber-to-chip coupling experiment is
performed to understand how degradation of coupling efficiency due to
misalignment losses can be electro-optically compensated through beam steering.

5.2 Current injection beam steering device

A schematic 3D view of the proposed current driven beam steering device is
shown in Figure 5-1. The device is based on the same geometrical structure of the
voltage driven device. The input field is laterally expanded through the 1200 um
long adiabatic linear taper to match the mode size of the perturbed waveguide. The

3 The fabrication and measurement employed for the writing of this chapter have been performed by Simone
Cardarelli.
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taper length is 550 um longer than previous designs in order to suppress the risk of
high order mode excitation which may complicate the beam steering investigation
and compromise the total tuning range. The perturbed waveguide is 280 pm, as long
as the electrodes. The electrode length is the main difference between the design for
the current and the voltage driven devices. Voltage driven beam steering has been
demonstrated with an electrode length of 500 um, related to the unperturbed beating
length of the waveguide. However, as predicted by the analytical model in chapter 2,
the beating length exhibits a significant reduction for high refractive index change
and leads an electrode-length re-adjustment to achieve optimal beam steering. For
the current driven electrode design, the injected current is expected to flow through
half the waveguide due to the symmetry of the control electrodes, and the perturbed
beating length is expected to tend to half the unperturbed value. This explains the re-
design of the electrode length.
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Figure 5-1. Schematic 3D view of the beam steering device.

The principle of operation is similar to the voltage driven case. The control
right and left electrode are alternatively biased with positive voltage with respect to
the n electrode in order to inject direct current through one side of the guiding layer.
When positive voltage is applied to one of the two electrodes, the second electrode
can be either set as an open connection or set to 0 V. Since forward biasing of the p-
i-n waveguide enables filling of free carriers in the guiding layer, a negative
refractive index change is expected to occur in the current injected region. As a
consequence, beam steering is achieved towards the opposite direction with respect
to the biased electrode.
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The fabricated PIC

A proof of concept PIC has been internally fabricated (fabrication details
reported in Appendix 10). Active and passive sections have been integrated in the
custom fabrication process flow. A microscope photograph of the fabricated PIC is
shown in Figure 5-2a. The input waveguide of the PIC is angled at 7° to suppress
Fabry-Perot resonances in the PIC. The input waveguide is 3.5 pm wide and is
tapered down to a width of 2 pm through a 150 pm long linear taper. A curved
waveguide with radius of curvature of 800 um connects the angled input to the 4870
pum long straight waveguide. An SOA 150 um long is inserted through the optical
path before the beam steering device. The linear taper is shown in the right side of
the PIC photograph whereas a close-up of the beam steering device is shown in
Figure 5-2b. The electrodes of the PIC are wire-bonded to a neighbouring printed
circuit board for electrical control. Both the input and the chip output facets are
defined through scribe and break procedure.
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Figure 5-2. Microscope photograph of the fabricated PIC and b) close-up of the beam steering device.

The near field measurement setup

The impact that current injection has on the optical beam position, power and
shape is characterized through the measurement setup shown in Figure 5-3. The on
chip SOA (Figure 5-2a) is operated in transparency and driven with a current of 3.17
mA, set by the current source. The tunable commercial laser is operated at a
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wavelength of 1550 nm. An attenuator and a polarization controller are inserted
between the laser and the input fiber. The input fiber is ended with a spherical lens
with radius of 7.5 um to achieve sufficient input mode matching and is aligned with
an angle of 23° with respect to the chip facet normal. An optical power of -3.3 dBm
is guided by the input fiber. The p-electrodes are biased by the power supply. The
intensity profile of the optical electric field at the output facet has been magnified
and recorded through the near field imaging setup shown in Figure 5-3.

Measurement setup top view

Power supply

left electrode right
electrode
current
source collimating focusing lens
T ) lens2mm 755 m Beam
splitter IR camera
angled 50:50
input fiber chip
by
| Image
: sensor
polarization | plane
controller
ATT Photo
I detector
LASER

Figure 5-3. Near field measurement setup.

The near field imaging setup has been modified, with respect to the voltage
driven measurements, to comply also with the far field measurements reported in
chapter 6. Two anti-reflection (AR) coated lenses of focal length 2 mm and 750 mm
magnify the optical near field. The collimating lens has a numerical aperture of 0.5
and a working distance of 0.2 mm. The focusing 750 mm focal lens is 11 cm far
from the collimating lens. The magnified field is recorded at a distance of 75 cm
from the focusing lens, by an infrared camera. A magnification of 375 is achieved. A
50:50 beam splitter cube is additionally placed in-line to monitor the beam optical
power. The 50 % power reflected by the beam splitter cube is collected into a photo
detector. A polarization filter, used to define the optical field polarization, is inserted
at 15 cm from the collimating lens.
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The electrical characterization of the device is performed to link beam steering
and electrical current. The electrical behaviour of the beam steering device is
characterized by measuring the resistance between the p-electrodes and the IV
curves of the left (right) electrode when setting the right (left) electrode as open
circuit. A resistance path of 75 Q) is measured between the p-electrodes. The IV
curves of the independently tested electrodes are characterized by an
activation voltage of 1 V and a gradient of 13 Q and 19 ( for higher voltage
values, for the right and left electrode respectively. The difference in gradient is
attributed to a misalignment of the mask defining the p++ contacts (see Figure
5-1), observed through optical microscope. The observed misalignment is
expected to be limited in a + 0.5 um range. Beam steering is performed through the
following electrical configuration: the voltage applied to the right electrode (Figure
5-1) is swept from 0 V to 3 V and back to 0 V with a step of 0.1 V while the voltage
applied to the left electrode is initially fixed at 0 V. The same procedure is repeated
for the left electrode with the right electrode set to 0 V. A maximum current of 143
mA and 100 mA is injected through the right and left electrode at the maximum
applied voltage of 3 V. The near field intensity profile and the integrated optical
power are measured for each voltage step. One line of pixels is recorded at the peak
intensity point of the near field profile.

5.2.1 Enhanced optical beam steering

Figure 5-4 shows the lateral optical beam profile acquired from the camera for
three conditions: 1) the output waveguide in the perturbed section is not perturbed
(red curve), 2) 100 mA (2.4 V) is applied to the right electrode and (blue curve), and
3) 100 mA (3 V) is applied to the left electrode (green curve). The same current
injection is considered for both the right and left electrodes in order to compare
beam steering results induced by a similar level of carrier injection. The vertical
beam profile, assumed single mode, is constant and symmetric during the current
tuning.
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Figure 5-4. Measured a) TE and b) TM optical intensity profile. Red, unperturbed beam; Blue, 100 mA is injected
through the right electrode; Green, 100 mA is injected through the left electrode.

The beam moves to the right (left) side of the waveguide as the voltage increases
for the left (right) electrode. The field displacement occurs toward the opposite side
with respect to the tuned electrode, due to the negative sign of the refractive index
change induced by carrier injection. A total peak displacement of 8.8 pm and 8.5 um
is recorded for the TE and TM cases. The full width half maximum (FWHM) of the
TE and TM unperturbed fields is of the order of 6.4 um. A reduced FWHM of up to
3.2 um and 3.4 pum is observed for the left and right electrode operation. In Figure
5-5 a colormap of the beam intensity shows the behavior of the optical beam over
the complete set of injected currents. The upper and lower halves of the graph refer
to the excitation of the right electrode and left electrode, respectively. The left and
the right y axis are related to the injected current and applied voltage, respectively.
The beam profiles intensity are normalized with respect to the maximum value of
the unperturbed field and expressed in dB. The colormap shows that the beam
moves continuously as the current is tuned. The beam displacement starts at the
activation voltage, for which significant carrier injection is expected to occur in the
guiding layer. The beam steering exhibits saturation for high current values, and
reaches range on the order of 8.5 um. The beam steering saturation is attributed to
the displacement limitation represented by the confinement waveguide trenches. A
22 % difference in maximum tuning range is detected between the experimental and

84



the analytical results. The difference may be attributed in part to the different lateral
confinement conditions, weakly confined for the fabricated shallow etched
waveguide and perfectly confined in the idealized case, and in part to the two-mode
approximation. The observed peak total displacement has a maximum variation of
the order of 0.4 dB in the wavelength range from 1530 nm to 1560 nm, for both the
polarizations. A maximum excess loss of 1.2 dB and 0.9 dB, attributed to free carrier
absorption, is observed for the TE and TM polarizations in the C band during current
injection.
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Figure 5-5. Beam profile colormap for different injected currents.

5.2.2 Chip-to-fiber misalignment compensation

The potential of the proposed device for micro-optical alignment is studied in
this section. The link between the measured steering range and the capability of
compensating misalignment losses in a butt-coupling condition with subsequent
optical modules is studied through a chip-to-fiber coupling experiment. The fiber-
chip coupling experimental setup is shown in Figure 5-6.
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Figure 5-6. Fiber-chip coupling measurement setup.

The optical excitation and the electrical connection to the chip is not shown
since it is unchanged with respect to the measurement setup in Figure 5-3. The near
field imaging optics is replaced with an optical fiber manipulated through a nano-
controlled piezo axis stage. The optical fiber is single mode at the operated
wavelength, and wedge ended in order to match the elliptical shape of the on chip
optical beam. The far field of the radiated by the optical fiber exhibits a full angle
divergence of 10.3° and 31.7° in the horizontal and vertical direction, measured
where the beam intensity drops by the factor 1/e2. The 3 axis stage is controlled in
the lateral direction with a resolution step of 400 nm. The fiber is connected to the
optical power meter to monitor the coupling efficiency. The optical fiber is aligned
to the chip waveguide to optimize the optical power coupling. The fiber is placed at
a working distance of the order of 16 pm * 2 um from the chip facet.

The optical fiber is shifted in front of the integrated waveguide and for each
fiber-chip misalignment, the coupled optical power is recorded. The coupled power
is recorded in two cases: 1) the on chip beam is steered through current injection to
optimize the coupled optical power and 2) in absence of electro-optical control. The
results of the misalignment losses with and without electro-optical compensation are
shown in Figure 5-7.
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Figure 5-7. Coupling efficiency for passive and compensated alignment.

A maximum coupling efficiency of -1.9 dB is attributed to a mode mismatch
between the InP waveguide and the optical fiber. A -1 dB misalignment tolerance of
4.8 pum is measured for the passive coupling case. The -1 dB misalignment tolerance
is enhanced up to 7.6 um if the beam steering is activated. A power compensation of
1.2 dB and 1.7 dB is achieved at the left and right limits of the -1 dB misalignment
tolerance region. Loss compensation in the improved -1 dB misalignment tolerance
region has been performed with a maximum current of 60 mA, for which a
maximum optical loss of the order 0.7 dB has been measured in previous section.
Optical loss by free-carrier absorption is expected to limit further loss compensation
in the -3.6 um to 4 um misalignment range. A minimum misalignment loss
compensation of 3 dB is achieved for a misalignment of £ 6 um.

5.3 Conclusions

Near field measurements have shown that the current driven optical beam steering
device enables displacement of the intensity field peak in a range of 8.8 um and 8.5
um for the TE and TM polarization, with a maximum current of 100 mA. Steering
saturation is observed at the edges of the tuning range. Optical losses of 1.2 dB and
0.9 dB are observed for the TE and TM polarizations at a current of 100 mA.

A wedge ended optical fiber has been artificially misaligned with the beam
steering waveguide and tracked by the steered beam to show electro-optical
compensation of the misalignment losses. Misalignment loss compensation through
beam steering has shown an improvement of the -1 dB misalignment tolerance of 60
%, from 4.8 pm to 7.6 um. Full misalignment loss compensation in the improved -1
dB misalignment tolerance range is expected to be compromised by the observed

87



free-carrier absorption. Results indicate that electro-optical beam steering has
potential to relax alignment tolerances during micro-optical alignment of 1/O chip-
fiber connections and may also enable new concepts for on chip vertical beam
alignment.

On-chip optical coupling of the proposed device with integrated waveguides has
been studied in chapter 4 through the investigation of a 1 x 2 optical switch, whereas
off-chip edge coupling with an optical fiber has been treated in this chapter. The
possibility of exploiting the proposed beam steering device also in the far-field
region is interesting for free-space functionalities and will be discussed in chapter 6.
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6 Far field beam steering*
6.1 Introduction

The possibility of achieving enhanced free space beam steering functionalities
is considered by combining the beam steering device with a curved integrated facet.
Integrated curved facets have been employed by researches to demonstrate
integrated collimation solutions [104] or to enable high power lasers [105].
However, the possibility of using curved facets as passive methods to redirect beams
steered across the facet of a chip has not been explored. Reconfiguration of the
radiation pattern of an optical emitter is an interesting capability for a number of
applications such as LIDAR [9], free-space communication [49] and localization
[106].

The curved facet beam steering device is studied numerically and compared
with the beam steering device with flat facet. Experimental far field reconfiguration
for a curved and flat facet terminated device is analysed, for both voltage and current
tuned steering. A localization experiment has been performed to understand how the
proposed far field steering method behaves in a real free space indoor
communication scenario.

6.2 Enhanced far field beam steering through a curved output

facet

6.2.1 Curved facet functionality

The proposed concept for far field reconfiguration, by exploiting a curved
geometry as output facet of the beam steering device is here explained. The
proposed device and far field steering mechanism are shown in Figure 6-1a and
Figure 6-1b, respectively. The device presents the same basic structure with respect
to the device presented in chapter 4 and 5, except for the curved output facet.
Different electrode lengths will be considered in section 6.3 of this chapter to study
both voltage and current control. The curved facet is implemented by a cylindrical
lens. The far field reconfiguration mechanism is based on the fact that steered beams
propagating through the cylindrical lens at different distances from the lens optical

4 The fabrication of the voltage driven steering device demonstrated in this chapter has been performed by
SMART Photonics. The fabrication of the current injected beam steering device has been performed by Simone
Cardarelli. The FIB processing for the fabrication of the curved facets has been performed by Simone Cardarelli and
Sebastian Koelling. The reported measurement and simulation results have been performed by Simone Cardarelli.
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axis, experience different semiconductor/air interfaces and are radiated towards
different angles in the free space. Figure 6-1b shows the schematic radiation pattern
for an unperturbed beam and perturbed beam condition, through the top view of the
emitting device. The optical field propagates straight through the device when 0 V is
applied to both the electrodes. The beam position across the waveguide output facet
is represented by the red ellipse. The output beam propagates through the center of
the cylindrical lens and is radiated towards the direction parallel to the device. If the
voltage applied to one of the two electrodes is tuned, beam steering occurs across the
waveguide facet. The perturbed steered beam position is represented by the black
ellipse. In the perturbed condition, the steered beam propagates through a tilted
semiconductor/air interface and the radiation lobe is directed towards a different
angle with respect to the unperturbed case.

b) Top view, unperturbed beam
oV ov

Top view, perturbed beam
Tuned OV

Cylindrical output facet

Figure 6-1. a) Schematic of the proposed far field beam steering device combined with a cylindrical lens and b)
steering mechanism.

6.2.2 Far field beam steering: simulations

Simulations are performed for the curved and flat facet device in order to
numerically validate the concept and to understand how the cylindrical shape affects
the optical beam profile and the radiation angle. A voltage driven beam steering
device is considered in this section, with a waveguide width of 14.5 pm and an
electrode length of 500 um. A cylindrical facet with a radius of 20 um is considered.
The numerical analysis is performed by adding an extra step to the simulation flow
introduced in chapter 4. The output field calculated through FIMMPROP is exported
to OMNISIM, a finite difference time domain solver, to simulate the optical
propagation through the lens. The imported output field is injected through a field
launcher at the final stage of the perturbed waveguide and propagates through the
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cylindrical facet. A two dimensional analysis of the device is performed through the
effective index approximation in the vertical direction. The tuned radiation is shown
through the simulated field intensity pattern of Figure 6-2, when 0 V is applied to
both the electrodes (Figure 6-2a) and when -10 V is applied to the right electrode
(Figure 6-2b).

a) 0 V applied to the electrodes b) -10 V applied to the right electrode
Chip

Waveguide
14.5 ym

Figure 6-2. Real electric field intensity distribution when a) 0 V is applied to both the electrodes and b) -10 V is
applied to one of the two electrodes.

Figure 6-2 represents a top view of the device and the solid white lines define
the waveguide edges and the curved facet interface. The two images are vertically
compressed. The yellow dashed line represents the field launcher. The red dashed
line represents a field monitor and enables recording of the travelling optical field,
and the calculation of the far field radiation pattern by Fourier transform. The optical
beam is symmetrical when 0 V is applied to the electrodes and is cantered at the
angle 0°, that is the direction parallel to the device. A change in the radiation angle
is observed for the perturbed case. The arrows represent the direction of the main
lobe radiation. The radiation patterns are shown in Figure 6-3 in terms of intensity of
the far field.
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Figure 6-3. Far field intensity profiles.

A symmetrical beam steering is qualitatively observed for both the electrodes.
A FWHM of 46° is detected for the unperturbed beam, a factor of 7 larger with
respect to the flat facet case. Beam steering is in this section quantified as the
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position of the mean energy to provide comparison with the results presented in the
experimental section. To calculate the beam steering, the far field intensity profile is
multiplied by the radiation angle domain, integrated over the angle and divided by
the total field energy. The formula used to quantify the beam steering is

M displ ¢ [degrees] = L1010 949
ean energy dlsplacement [degrees| = = 5, Vydo

Where I1(9,V) is the far fiend intensity profile for different bias condition, V
is the applied bias voltage and ¥ is the angular radiation domain and is expressed in
degrees. The simulated beam steering achieved with the curved facet is shown for an
applied voltage ranging from 0 V to -10 V in Figure 6-4, and the simulation results
of a device with flat facet are also reported for comparison.
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Figure 6-4. Average position of the steered far field radiation

A total tuning range of 12° is achieved for the curved facet case, whereas a
steering smaller than 1° is provided by the flat facet. The steering gradient is of the
order of 1.2°/V for the curved facet case. The not significant far field beam steering
observed in Figure 6-4 in the flat facet case indicates that the phase front of the
beam steered across the chip facet is not significantly perturbed. The observed beam
steering in the curved facet case indicates that a passive cylindrical lens can enable
control of the beam output phase front if combined with the two-mode steering
concept.

6.3 Experimental far field beam steering

Both voltage and current driven beam steering have been exploited to validate
the enhanced far field beam steering concept. A voltage based beam steering chip
has been fabricated through an MPW run offered by SMART Photonics whereas the
current injection based chip has been internally fabricated (se Appendix 10 for the

93



details of the fabrication). The cylindrical facets have been fabricated for both the
chips with a post-processing step.

6.3.1 The voltage driven far field reconfiguration

The far field beam steering is here studied for the voltage driven beam
steering device. Two PICs are considered from the same cell, one PIC with curved
facet and one PIC with flat facet as control experiment. An optical microscope
image of the two test PICs containing the steering devices is shown in Figure 6-5a.
The steering section is 500 pm and with a waveguide width of 14.5 um. The linear
taper is 750 um long. Apart from the facets, the two devices are identical. The inputs
are on the left side of the chip. A semiconductor optical amplifier (SOA) is placed
after the input for alignment purposes with external optical sources. An MMI mode
filter is placed before and after the SOA. A 3D view and a top view of the curved
facet are shown respectively in Figure 6-5b and Figure 6-5c. The curved facets have
been etched by post processing by means of focused single pass ion beam (FIB),
with an acceleration voltage of 30 kV, beam current of 2.7 nA and dwell time of 2
ms with 32.4 nm pitch. The curved facet has been etched on top of a cleaved facet.
The etching path is an inside-out circular spiral with outer radius of 20 um.

b) Curved facet 3D view

a) The photonic integrated circuit
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C) Curved facet top view

Figure 6-5, a) microscope photograph of the tested PICs. Scanning electron microscope image for b) 3D view and c)
top view of the curved facet.

The effect of the on-chip cylindrical facet has been studied by the
experimental setup shown in Figure 6-6. First, we compare the two steering devices
by near field characterization to show that the beam at the chip facet has comparable
movement for both the flat and cylindrical facet devices. The near field
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measurement setup is shown in Figure 6-6a. An external laser at 1465 nm and output
power of -6 dBm is fed through a polarization controller (to set the TE polarization)
into the chip by exploiting a lensed single mode fiber. The SOA is operated near
transparency. The optical field at the facet of the chip is collimated by an infrared
aspherical lens with focal length of 2 mm and focused by the lens f1 with focal
length 750 mm. The 2 mm has a NA of 0.5. A magnification of 375 is achieved for
the imaged beam. The image is acquired by a 320 x 256 pixels XENICS IR camera.
The scheme of the far field experimental setup is shown in Figure 6-6b. The lens f1
is replaced with the lenses f2 and f3 having a focal length of 150 mm and 250 mm
respectively. The lens f2 makes a magnified image of the near field which is
collimated by 3. The Fourier plane is created at 250 mm from f3 and acquired from
the camera. The imaged far field window represents a 162° x 130° angle domain,
however, the 0.5 NA of the objective lens limits the effective field of view to a full
angle range of 67°.

(a) NEAR FIELD measurement setup
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(b) FAR FIELD measurement setup
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Figure 6-6. a) Near field measurement setup; b) far field measurement setup.

The voltage applied to the electrode E1 (Figure 6-1) is swept from 0V to -6 V
and back to 0 V with a step of 0.2 V, while the voltage applied to the electrode E2 is
initially fixed at 0 V. Afterwards, the complementary electrical configuration is
applied to E1 and E2 and the voltage sweep is repeated for electrode E2. The
electrical current drawn by the device is monitored during the beam steering
measurement. A maximum leakage current of 40 mA is recorded and attributed to
the top cladding path present in between the p-electrodes. The horizontal section
passing through the centre of the recorded far field profiles is shown in Figure 6-7a
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for the device with flat output facet and in Figure 6-7b for the device with curved
output facet. Profiles are shown for the unperturbed condition (red curve), when -6
V is applied to the right electrode (blue curve) and when -6 V is applied to the left
electrode (green curve).

a) flat facet b) curved facet
h=} 1 =] 1 -0V
2 —0V ;f'__’ —-6 V right electrode
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Figure 6-7. Far field intensity profiles for the beam steering device with a) flat output facet and b) curved output
facet.

The far field for the flat output facet does not exhibit significant steering,
whereas lateral reconfiguration is observed for the curved output facet case. An
increase of the FWHM from 13° to 30° is observed between the flat and curved facet
case. The FWHM magnification is due to the diverging properties of the etched
cylindrical lens. A low level (2.7% of the total energy) of interference pattern is
visible in the intensity profiles of both the graphs, which is expected to be attributed
to substrate optical leakage. For the far field intensity profiles of both the flat and
curved output facet cases, a vertical integration of the recorded beam is applied to
reduce the level of the interference pattern and to quantify beam steering through the
mean energy displacement calculation.

The beam steering in the near and far field for both the flat and curved facet
devices is shown in Figure 6-8. Near field is reported to show that the far field
comparison is performed for two devices with similar steering behaviour at the chip
facet. Figure 6-8a shows a total beam steering displacement of 0.8 um and 1.2 pm,
for the flat and the 20 pm radius curved facet device, respectively. The far field
steering in Figure 6-8b is not significant for the flat facet device whereas it reaches a
total tuning range of 5° for the curved facet case.
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Figure 6-8. Mean energy displacement for the flat and curved facet device in the a) near field and b) mean energy
displacement in the far field.

The total beam steering of 15.4° is predicted for a maximum applied voltage
of 6 V. Experimental symmetric beam steering is observed, and the explanation of
the steering difference with the predicted results cannot rely on the presence of
asymmetric higher order modes at the input of the beam steering device. However,
the MMI mode filter connected to the taper of the beam steering device is suspected
to generate higher order modes due to an imperfect imaging. The mode filter is
directly connected to the taper and higher order modes generated at the taper input
might expand and propagate into the beam steering device. The effects that the
second order mode has on the near field beam steering has been studied and
preliminary results indicate that power content in the second higher order mode can
also degrade the simulated near beam steering results up to the experimentally
observed values. This is expected also to reduce the far field beam steering. Further
investigation is needed to attribute the cause of reduced measured beam steering to
the modal content in the second higher order mode. However, a possible suggestion
to optimize the PIC design and to promote the single mode presence at the beam
steering device input, is to move the MMI at the right of the SOA (see Figure 6-5)
far from the taper input, in order to enable higher mode filtering through a long
enough 2 um straight waveguide.

6.3.2 The current driven far field reconfiguration

The far field beam steering is here studied for the current driven beam
steering device. The curved facet device is compared with the device with flat facet
presented in chapter 5. The flat and curved facet PICs belong to different cells and
have been internally fabricated (see appendix 10 for the fabrication details). An
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optical microscope photo of the PIC with curved facet is shown in Figure 6-9a. The
photo has been vertically extended for visual clarity.

a) The photonic integrated circuit

A_ngled SOA Taper Left
input 150 pm electrode
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b) Curved facet 3D view ¢) Curved facet top view

Electrode Electrode

Waveguide

<>
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terrace \ g0 nm

40 um

Tilt 53°

Figure 6-9. a) Optical microscope photo of the photonic integrated circuit, b) angled and c) top view SEM photo of
the beam steering device output.

The steering waveguide is 14.5 um wide and the electrode length is 280 pm.
The optical input of the PIC is a waveguide angled at 7°. The end section of the
angled waveguide is 2 um wide. An SOA is inserted after the angled waveguide for
alignment purposes. An MMI mode filter connects the SOA and the input
waveguide of the beam steering device in order to provide sufficient mode purity. A
SEM photo of the fabricated device output section is shown in Figure 6-9c. The top
view photo shows the two electrodes, the waveguide underneath and the cylindrical
facet. The curved facet has been fabricated by FIB also in this case, however, the
initial waveguide facet has been defined by etching and not by cleaving (see
appendix 10 for the fabrication details). This explains the terrace, visible in the SEM
photos of Figure 6-9, between the etched facet and the cleaved facet.

As for the voltage driven case analysed in previous section, a near filed
measurement is performed to be sure to compare far field steering for devices that
exhibit comparable steering performance across the chip facet. Near field
characterization has been performed by exploiting an optical setup based on the
same lenses used for the near field measurement in Figure 6-6. The near field
steering curves are shown in Figure 6-10a for the flat and curved facet case. The two
devices exhibit comparable performance in the near field. The far field beam
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steering characterization for the flat facet case has been performed and a not
significant steering has been detected for a maximum applied current of 100 mA. A
far field FWHM of 10° is observed for the flat facet current injected device. The far
field pattern of the curved facet is shown Figure 6-10b. The far field for the curved
facet device presents a FWHM of 35° and beam steering measurements have shown
that the radiation pattern is steered out of the field of view of 67°. An alternative
method is proposed in next section to characterize the far field beam steering of the
current injected device with curved facet.

b) unperturbed far field profile for a
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Figure 6-10. a) mean energy displacement in the near field a b) unperturbed far field for the curved output facet.

6.4 Angle of arrival detection

An alternative measurement exploiting an optical fiber as a probe in the far
field is here proposed to characterize the total steering range of the device with
curved output facet. The proposed measurement is based on the detection of the
angle of arrival (AOA) between the emitting optical chip and a receiving optical
fiber. The measurement setup for the AOA detection is schematically shown in
Figure 6-11a. A laser source provides the optical signal at the optical wavelength of
1.55 um. An attenuator and a polarization controller are inserted straight after the
laser source to control the optical power and to select the TE polarization. A lensed
fiber couples the laser light into the PIC. The PIC is at a fixed position and
electrically connected to a current source and a power supply to drive the SOA
(Isoa) and the electrodes (Vierr and Vwigur) Of the AOA detection device
respectively. The SOA is biased with a current of 3 mA and operated in
transparency. The receiver module consists of a flat facet single mode optical fiber,
mounted with a focusing lens with focal length of 4.51 mm and diameter of 6.2 mm.
An in plane shift along the x axis is applied to the receiver module in order to define
an AOA range. The receiver optical module is rotated towards the chip for each
position along the x axis. The linear shift of the receiver occurs at a distance of 15
cm from the chip facet. An optical power meter is connected to the flat facet optical
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fiber. The measurement procedure is the following. For each angle AOA, the
radiation pattern of the PIC is steered by tuning the current injected through the
control electrodes. The power coupled to the receiver optical fiber is recorded at
each injected current value. An AOA range included between 30° and -30° is
studied. The optical power coupled into the fiber, recorded for each current
condition and for different AOAs, is shown as a colormap in Figure 6-11b. The
optical power has been normalized for each misalignment angle for better visual
understanding. The x axis is divided for the left and the right electrode operation.
The power is expressed in dB and limited between 0 dB and -10 dB.

a) Measurement setup, in plane view
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Figure 6-11. a) Setup for the AOA detection experiment and b) colormap of the optical power coupled to the optical
fiber for a range of AOAs injected currents.

The colormap shows that optimization of the coupled power can be achieved
by tuning the current applied to the control electrodes. The AOA can be
continuously detected in the considered angle range of 60°, since a maximum in the
coupled power can be obtained for each angle. At the angle of 30°, the coupled
optical power is optimal for the maximum current of 100 mA and further angle
ranges are not investigated. The wide detection is implemented at the cost of a
highly divergent beam with a FWHM of the order of 35° in the horizontal direction.
The best absolute coupling efficiency ranges between -48 dB and -61 dB across the
AOA detected range.

Transmission loss analysis

An explanation of the transmission losses observed in the AOA detection
setup can be addressed by considering three contributions: losses due to the vertical
divergence of the optical beam radiated from the chip, to the horizontal divergence
and to mode mismatch with the optical fiber. Vertical and horizontal divergence are
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expected to result in a transmission loss of 14 dB and 11 dB, respectively. Mode
mismatch losses are calculated by estimating the size of the optical beam focused
into the fiber by the lens with 4.51 mm focal length, and by applying the butt-
coupling theory [107] between the focused spot and the fiber optical mode. The
focused beam is expected to be de-magnified and diffraction limited, and is assumed

as a Gaussian beam with a beam width wy = 1.7 um (half beam size at eiz intensity

drop) if the Rayleigh diffraction limit definition is used [108]. A mode size
mismatch loss of 10 dB is estimated. A total transmission loss of 35 dB has been
estimated for the beam steering device with cylindrical facet radius of 20 um. The
gap between the experimental and the estimated data may be attributed to a further
mode profile mismatch loss contribution coming from the poor beam quality
observed in Figure 6-10b, expected to be compromised by the terrace shown in
Figure 6-9. Further investigation would be needed to validate the given hypothesis.
Losses due to the vertical beam divergence might be compensated through vertical
collimation and the mode size mismatch loss might be addressed by applying a lens
to the fiber facet. The loss due to the horizontal beam divergence can be reduced by
using an integrated cylindrical lens with larger radius. A loss reduction of 7 dB has
been predicted with a 100 pm radius lens, at cost of a total beam steering reduction
up to 12°.

6.5 Conclusions

A cylindrical facet has been fabricated through FIB at the output facet of the
beam steering device to enhance far field beam steering, and both voltage and
current driven beam steering devices have been tested. A total tuning range of the
order of 5° has been observed for the voltage driven device. The flat facet version of
the beam steering device has shown not significant steering in the far field region.
Tracking of an optical fiber has been demonstrated for an AOA range of + 30°. A
transmission loss larger than 48 dB has been observed during the AOA detection.
While the loss contribution due to vertical divergence and mode size mismatch can
be ideally compensated, the reduction of the loss due to the horizontal divergence
has to be traded off with a steering range reduction. A further transmission loss of 13
dB may be attributed to a poor beam quality, which we suspect to be affected by the
terrace between the cleaved and the FIB processed facet. The FIB fabrication time
per device is relatively slow, of the order of tens of minutes, and is not practical for
wafer level processing. The possibility of fabricating curved facets at wafer level is
investigated in next chapter, together with a solution to achieve an obstruction free
optical aperture.
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7 Manufacturing method for etched

facets®
7.1 Introduction

The fabrication of optical facets through plasma etching is attractive to realize
functional on-chip terminations with arbitrary shape [105], [109], [110] at wafer
level. Inductively coupled plasma (ICP) reactive ion etching (RIE) is the commonly
used technique to etch waveguide sidewalls [111] and laser mirrors [112] in InP
technology. Etched facets require high quality smoothness and verticality, and
several etching chemistries have been investigated. Etching through Cl. has shown
good smoothness [91] but it may suffer from anisotropy and poor facet verticality
[113]. Anisotropy has been improved by adding Ar to Cl, [114], however, good
verticality has been demonstrated for a chamber pressure < 1 mT [115], which is not
available on all ICP systems. Clo/Ha/Ar provides anisotropic etching at a more
practical pressure, and has shown good smoothness and verticality in the fabrication
of distributed Bragg reflectors [116]. ICP RIE based on Cly/H./Ar has been
exploited in [117] to fabricate angled etched facets.

A problem investigated in [117] is the obstruction of the output optical beam
due to the terrace separation originating between the etched and the cleaved facet.
Common InP based waveguides radiate highly vertically divergent beams and die
singulation has to be performed with an accuracy comparable to the depth of the
etched facet, usually on the order of 1 — 5 pum. InP dies are commonly singulated
through “scribe and break” technique [118]. A diamond tip scribes the
semiconductor to make a scribe mark, which is broken afterwards by applying forces
in three points. Best in class commercial dicing machines can enable sub-
micrometer positioning of the diamond tip. However, the scribed mark is imperfect
and the final cleaved facet is defined with a position accuracy on the order of 10 pm
[119], [120]. Since “scribe and break™ techniques may not be suitable for singulation
of dies with etched facets, alternative solutions have to be explored.

The optical terrace problem has been approached in [117] by Br, based wet
etching of a V-groove running all the way in front of the etched facets. A schematic
of the solution proposed in [117] is shown in Figure 7-1.

% The fabrication and measurements employed for the writing of this chapter have been performed by Simone
Cardarelli. Smart Photonics has performed grinding, polishing and back side metallization of the reported chip.
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Side view of an etched facet with V groove for singulation
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Figure 7-1. Schematic of the solution proposed in [117] to achieve an obstruction free etched facet.

The V-groove tip defines the singulation line, and a distance of 25 um
between the etched and the cleaved facet has been achieved. Even though the
resulting terrace enables an improved degree of clearance due to the V shape, still it
may represent an obstruction for edge coupled micro-optics or fibers. Smaller
cleaved/etched facet distance can be fabricated with a narrower V-groove. However,
a narrower V-groove would result in a shallower V-groove tip and this may
compromise the cleaving yield since the cleaving capability of a wafer depends on
the relationship between the scribe mark depth and the wafer thickness [121].

In this chapter we propose a strategy to realize high quality and obstruction-
free etched facets. The strategy is based on employing wet etched grooves as scribe
marks, to achieve highly controlled separation between etched and cleaved facets.
The scribe mark works as a starting point for the cleaving line, which can be ideally
designed at a sub-micrometer distance from the etched facets. High quality etched
facets are produced through Cl2/Hz2/Ar plasma chemistry, whereas the scribe mark is
fabricated through an HCI/HsPOa based wet etching [11]. The quality of the plasma
etched facets is analysed through comparison with a high quality FIB processed
facet. The benefit of the high precision cleaving is shown by studying the impact
that different terrace widths have on the optical beam quality.

7.2 Etched facets fabrication

The proposed strategy for the fabrication of etched facets is composed by
three macro steps: facet etching, realization of wet etched scribe marks and
singulation. The facet etching and the scribe mark wet etching are performed in a
front end process (wafer level), whereas the die singulation is a back end process
(chip level) and requires handling of wafer bars and chips.
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7.2.1 Facet and scribe mark etching

The front end processing has been performed on a (100) oriented wafer 600
pum thick. The layer stack is composed from top to bottom by an InGaAs contact
layer, an InP top cladding, an InGaAsP guiding layer and the InP substrate. The
process steps for the etched facets and scribe marks realization are described in
Figure 7-2 through the schematic cross sections of the processed wafer.

An 800 nm thick SiN mask has been deposited by PECVD and patterned to
define the etched facet geometry and the scribe mark locations (Figure 7-2a). Such a
thick mask enables deep etch of the optical facets while guaranteeing a negligible
erosion of the waveguide top cladding corners. ICP RIE with CH4/Hz is applied to
expose the InGaAsP layer which is used as mask for the final scribe mark wet
etching. The ICP etching is performed up to 100 nm into the InGaAsP layer (Figure
7-2b). The SiN mask areas defining the optical facets are protected by hard baked
AZ resist during the CH4+/H2 ICP steps, in order to retain a sufficient thickness for the
deep facet etching. A further CH4«/Hz plasma step is performed to access the InP
substrate in the scribe mark trench (Figure 7-2c), using AZ resist as a mask. ICP RIE
with Clo/H2/Ar chemistry at 200° is applied for 6 minutes to realize 4.6 um deep
etched optical facets (Figure 7-2d), using polyimide to protect the rest of the wafer.
The wafer is rinsed in a 10 minutes water bath after the Cl, based dry etching, to
suppress the risk of HCI formation due to a possible reaction between Cl; residues
and air. Wet etching of the scribe marks is applied for 10 minutes through
HCI/HsPO4 with a 5:1 ratio, only at the end of the front end process flow. The
concentration in water for HCI and HsPOusis 36 % and 85 % respectively. The scribe
mark is 180 um long and 20 pm wide. A 7.6 um thick AZ resist protects the wafer
during the wet etching step (Figure 7-2¢). The wafer is finally thinned up to 250 um
in order to ease the cleaving procedure.
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Figure 7-2 Schematic cross sections of the processed wafer during the facet/scribe marks fabrication steps.

Etched facet roughness

The quality of the fabricated etched facets is characterized through
comparison with a reference high quality facet polished through FIB. The FIB has
been applied with single pass ion mode, with an acceleration voltage of 30 kV, beam
current of 2.7 nA and dwell time of 2 ms. A SEM photo of the etched facet and the
reference facet are shown in Figure 7-3 for a first qualitative analysis.

a) Plasma etched facet b) FIB polished facet

Electrode

1 SiN top surface

20 pm ? 20 pm

—— 1]t 54° ———  T1lt 54°

Figure 7-3. SEM photo of a) plasma etched facet and b) FIB polished facet.

The photo is acquired by setting an electron acceleration voltage of 5 kV. The
facet is indicated by the double T solid line. The SiN mask defining the facet
geometry is still present at the end of the batch processing. There are two electrodes
overlapping the central waveguide, but those are not used in this work. The
morphology of the two waveguide trenches is visible underneath the electrodes. By
comparing the two SEM photos, it is visible that the plasma etched facet exhibits a
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higher level of roughness with respect to the FIB polished facet, which appears to be
highly uniform. The observed roughness is attributed to a projection of the SiN mask
roughness into the semiconductor during dry etching. A poor facet roughness may
affect the performance of optical devices [13], leading a quantitative facet
characterization which is performed through atomic force microscopy (AFM).

The AFM measurement has been performed in tapping mode, by a 10 pm
high scanning tip with a full cone angle of 10 °. The facets are scanned horizontally
from bottom to top over a window of size 4.2 um x 10 pm. AFM measurement of the
FIB processed facet is also performed for comparison. Figure 7-4 shows the
measured surface for a plasma etched facet (Figure 7-4a) and the FIB etched facet
(Figure 7-4b).

357.9 nm

a) Plasma etched facet

300.0

5 top cladding 250.0
2
o 200.0
o
& bottom cladding 150.0
)
= 100.0
3

50.0

-
horizontal 10.0 pm __100
. 125.8 nm
b) FIB polished facet

100.0
§ top cladding 80.0
2
-1 R —60.0
& bottom cladding
[N} —40.0
=
3 —-20.0

0.0
-13.1

horizontal 10.0 um

Figure 7-4. AFM surface measurement for a) plasma etched facet and b) FIB polished facet.

The waveguide core is marked for both the facets by the dashed white lines. A
concave curved profile (from blue to green) is observed for the plasma etched facet
whereas a flat facet is obtained by FIB. The plasma etched bottom cladding deviates
of 200 nm with respect to the top cladding. This motivates a study of the side wall
angle of the facet. A vertical line has been extracted from the measured surface and
fitted though a quadratic polynomial. The fitting function has been calculated at the
edges of the guiding layer, and the gradient between the two obtained points has
been used to compute the side wall angle. The 90° reference plane is fixed by the
upper part of the top cladding which is the first part to be etched and is assumed to
be perfectly vertical. A side wall angle of 85.4° is measured for the plasma etched
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facet in the core region. The facet roughness has been quantified in terms of root-
mean-square (RMS). Surface variations due to the SiN mask roughness or material
re-deposition from FIB polishing, can be detected by decoupling the slow surface
variations from the measured AFM data. Slow surface variations have been removed
by background extraction. The background of the measured surfaces has been
extracted and removed through a two dimensional polynomial interpolation, with a
polynomial of the second order in both directions. The plasma etched facet and the
FIB polished facet exhibit a roughness of 7 nm and 1 nm, respectively. Good quality
facet is achieved if compared to the roughness of a cleaved facet, which has been
measured to be of the order of 1 nm.

7.2.2 Singulation

Singulation is defined in two steps: a bar and a die separation step. These are
implemented through a preliminary cleaving and a precision cleaving step. A
schematic top view of a wafer area is shown in Figure 7-5a to help the procedure
explanation.

a) waveguide e Preliminary
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Figure 7-5. a) Schematic top view of a wafer area to explain the cleaving procedure, b) microscope image of the
etched facets and scribe mark.

A bar of chips is initially separated from the wafer through two preliminary
cleaves, perpendicular to the optical facets. The standard “scribe and break”
technique is used for the preliminary cleaving. One of the two preliminary cleaves
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(red dashed arrow labelled with the index 1 in Figure 7-5a) is defined in the middle
of the scribe mark. When access to the scribe mark cross section is provided, the
scribe mark can be exploited as a weakness point to perform the precision cleaving
(red dashed arrow labelled with the index 2 in Figure 7-5a) for the final die
separation. The precision cleaving occurs by applying force to the scribe mark
through the rolling break wheel of an LSD-100 (LOOMIS) dicing machine. The
precision cleaving line is generated from the middle of the scribe mark and is
designed at a distance of 4 um from the etched facet. The scribe mark design is
aligned with the wafer flat. The distance between the designed cleaving line and the
etched facet is employed as a safe margin to allow a 0.02 ° angle tolerance of the
wafer flat orientation with respect to the crystalline structure, defined by the wafer
specifications. The waveguide trenches are designed 10 pm far from the etched
facet. The gap between the trenches and the facet causes the T-shaped waveguide
end. The extension of the waveguide trenches up to the etched facet would generate
critical rounding of the waveguides edges due to diffraction effects occurring during
the SiN mask lithography. This is avoided since might impact the beam quality. The
same T-shape waveguide concept has been used in [110] with a distance of 2 um
between the trenches of a 2 pum wide waveguide and the etched facet. A larger
trench-to-facet distance may affect the field at the etched facet due to the free lateral
propagation in the slab waveguide of the T-structure end. The trench-to-etched facet
distance employed in this work is 5 times larger than the work in [110], however, the
employed waveguide width is 14.5 um and a consistently smaller lateral divergence
is expected to occur in the slab propagation. A T-shape end facet of 50 pm is
employed. A top view microscope photo of a processed wafer is shown Figure 7-5b.
The photo shows the corner of a cell before applying the preliminary cleaving step
to the scribe mark. The black rectangle is the wet etched scribe mark. This is
surrounded by an irregular circular area, which is expected to be due to lateral wet
etching confined between the p++ contact layer and the InGaAsP guiding layer.
Four devices are shown in the photo through the gold electrodes. The etched facet
position of one of the devices is indicated.

Cleaving accuracy

The die containing the etched facets characterized in 7.2.1 has been separated
from the wafer through the explained cleaving procedure. An optical photo of the
die is shown in Figure 7-6 for the design explanation.
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Figure 7-6. Optical microscope photo of the singulated die.

Multiple etched facets are distributed across the die edge indicated as output
etched facet edge. The etched facets of the waveguides belonging to the upper
section of the die are connected to SOAs 150 um long. The electrodes of the SOAs
are indicated by the black ellipses. The SOAs are connected to angled input
waveguides on the left side of the chip. The input chip facet is defined by “scribe
and break” procedure, resulting in cleaved input waveguide facets. The facets
belonging to the lower part of the die are connected to integrated lasers [86]. The
spontaneous emission provided by the laser active region is used in this section. The
laser is shown in the black solid rectangle. The SOAs and the laser active regions are
electrically connected through the wire bonding pads shown in the dashed black
rectangles.

The cleaving accuracy for the output etched facet edge is characterized by
visual inspection of the cleaving line along the etched facets. The SEM top view
photo of an area of the cleaved die is shown in Figure 7-7d. The black small
rectangle in the top-left corner of the chip indicates the wet etched scribe mark. The
scribe mark is placed at the chip corner, 410 um far from the facets to avoid possible
facet damages due to acid lateral erosion occurring during the scribe mark
formation. The brighter shapes, indicated as example by the dashed black rectangles,
are electrodes. The area with angled lines is the chip holder. The waveguide in the
left red rectangle (Figure 7-7d) is the closest to the scribe mark and is named
reference waveguide. The reference waveguide is expected to exhibit best cleaving
accuracy with respect to the rest of the waveguides. This is motivated by the fact
that the cleaving deviation with respect to the designed line (due to a rotation
alignment tolerance of the waveguide mask with respect to the crystal) is limited in
proximity of the scribe mark. A higher magnification photo of the reference
waveguide termination is shown in Figure 7-7a to quantify the cleaving precision,
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and a cleaved-to-etched facet distance smaller than 1 pum is observed, however, a
distance of 4 um is expected by design. This is attributed to a crystal jump occurring
between the scribe mark and the reference waveguide. Multiple crystal jumps or
direction changes may occur during the cleaving line propagation, and a SEM
analysis is performed for a waveguide termination at the opposite side of the die,
with respect to the scribe mark. Figure 7-7c¢ shows that a facet/cleaving line distance
of 17.7 um is observed at 2900 pm from the reference waveguide. A cleaved-to-
etched facet distance analysis is performed all along the die edge to understand
where the cleaving line deviations originate and how this affects the rest of the
etched facets. Figure 7-7b shows the cleaved-to-etched facet distance across the die
for a set of thirteen waveguides. The x axis represents the distance between the
analysed optical waveguide and the reference waveguide. Data points in Figure 7-7b
are aligned with the waveguides in the SEM cell photo (Figure 7-7d) for better
visual understanding. The cleaved facet is aligned with the etched facet over a
distance of 1150 um from the reference waveguide, with a cleaved-to-etched facet
distance shorter than 1 pum. The cleaved line exhibits a deviation of 0.9 um at a
distance of 1400 pum, the deviated cleaving direction propagates across the chip with
an angle of 0.6° with respect to the initial direction.
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Figure 7-7. a) zoom in of the optical facet for the device adjacent to the scribe mark; b) cleaved-to-etched facet
distance across the die edge; c) zoom in of the optical facet for a device on the opposite side of the scribe mark; d)
SEM top view photo of the die.

The scribe mark

The error in the cleaved line direction for the reference waveguide and the
observed sudden deviation of the propagation angle motivate a deeper investigation
of the quality of the scribe mark. The SEM photo of the cross section of the
employed scribe mark is shown in Figure 7-8a. The photo has been acquired after
cleaving and the missing half scribe mark is represented by the dashed black line.
The expected tie-shape scribe mark is observed and the cleaving line started at the
lowest tip of the mark with an offset of 2 um. The scribe mark depth is 63 um. This
offset between the cleaving line origin and the tip of the tie-shape groove has not
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been observed in separated experiments for a 500 um long scribe mark. A longer
scribe mark enables a longer definition of the groove tip, and this is suspected to
enable higher cleaving yield. No significant under-etching with respect to the
InGaAsP wet etch mask was observed, however, a lateral acid erosion of the InP top
cladding confined between the InGaAs and the InGaAsP layers occurred, possibly
due to the poor adhesion between the AZ resist and InGaAsP. The acid propagates
up to the dry deep etched area which is unprotected from the InGaAsP layer, causing
deep InP erosion. A crystal plane jump is observed at the beginning of the InP
eroded area, which is shown in Figure 7-8b. The InP acid erosion can be easily
avoided by placing the scribe mark sufficiently far from the etched facet area.
orner top view

a) Scribe mark cross section b) Chip c
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Figure 7-8. a) SEM photo of the scribe mark cross section and b) SEM photo of the die corner top view.

7.3 Optical beam quality

In this section, the effect that the measured roughness has on the optical beam
profile is characterized in terms of near and far field measurements, for the etched
and the FIB processed facet. Output waveguides with the cleaved facet perfectly
aligned to the etched facet are considered for this experiment.

7.3.1 Near and far field characterization

The optical beam profile emitted by the plasma etched optical facet is
compared with the radiation profile of the FIB polished optical facet, in terms of
near and far field. Plasma and FIB etched facets with perfectly aligned cleaved
facets are considered for this experiment. The optical facets have been excited by an
external laser with a TE polarized electric field at the optical wavelength of 1.55 pm.
The intensity profile of the electric field at the output facets has been magnified and
recorded through a near field imaging setup. Two anti-reflection (AR) coated lenses
of focal length 2 mm and 750 mm magnify the optical near field. The 2 mm focal
lens collimates the output beam, the focusing 750 mm focal lens is 11 cm far from
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the collimating lens. The magnified field is recorded at a distance of 75 cm far from
the focusing lens, by an infrared camera (Xenics) with 320 x 256 pixels. The far
field measurement setup is obtained by substituting the 750 mm lens with two lenses
of focal length of 150 mm and 250 mm, placed at a distance of 19 cm and 71 cm
from the collimating lens. The lateral profile passing through the maximum intensity
point is extracted and normalized.
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Figure 7-9. a) Lateral near field and b) lateral far field for the plasma and FIB etched facets.

The acquired near and far field are shown in Figure 7-9. Both the output
facets exhibit a beam with FWHM of 6 pm and 9° for the near and the far field,
respectively. A near and far field FWHM of 8 um and 6.6° is simulated and the
experimental deviation is expected to be attributed to the presence of higher order
modes. Horizontal beam scattering has not been detected for both the plasma etched
facet and the FIB polished facet. A difference of 7.5° in the vertical radiation angle
has been measured between the plasma and the FIB etched facet, which is attributed
to the difference in verticality between the two optical terminations.

7.3.2 Singulation requirements

Optical etched facets with perfectly aligned cleaved facets have been
fabricated, however, it is interesting to know what minimum level of accuracy is
needed to obtain an optically obstruction free facet. The far field of etched facets has
been measured for a terrace width ranging from 0 pm to 17.7 pum. An output optical
signal with a power of -30 dBm is provided by each facet through the spontaneous
emission of the on-chip integrated SOAs. The optical spectrum of the spontaneous
emission has an emission peak at 1.56 um. The on chip optical waveguides are
single mode in the vertical direction. The vertical far field profiles for an output
facet with terrace width of 0 um and 5.5 pm are shown in Figure 7-10.
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Figure 7-10. Vertical far field intensity profile for a waveguide output facet with 0 pm (blue curve) and 5.5 pm
terrace width (red curve).

An interference pattern is visible for the etched facet with terrace width of 5.5
um. The observed interference is due to reflections occurring from the optical
terrace, indicating that the terrace represents an obstruction for the beam. The
interference pattern exhibits a field intensity drop at an angle of order of -10°, which
is 68 % the initial intensity. Furthermore, a side lobe is visible at an angle of -20°.
Far field measurements have been performed for different terrace widths. Results
indicate that a cleaved-to-etched facet distance of 0.9 pum is sufficiently precise to
obtain a negligible effect of the resulting separation terrace.

7.4 Conclusions

Plasma etched facets have been fabricated and enabled through precision
cleaving based on a wet etched scribe mark. AFM measurements performed on
etched, FIB polished and cleaved facets have shown roughness of 7 nm, 1 nm and 1
nm, respectively. The near field of the etched facet is in agreement with the field
emitted from the high quality FIB polished facet. A scribe mark 63 pum deep, 20 um
wide and 180 pm long has been used to cleave a 250 pum thick sample in proximity
of the etched facets. Waveguide terminations with sub-micrometre cleaved-to-etched
facet separation have been fabricated, and an obstruction free radiation field has
been shown. A cleaving accuracy of the order of 0.9 um is sufficient to fabricate
free obstruction etched waveguides, with a guiding layer which is 2.5 pm far from
the etched bottom surface.
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8 Conclusions

Optical beam steering has been demonstrated across the facet of an optical
chip, by electronically controlling the refractive index profile of a single optical
waveguide. The proposed method based on two-mode interference has enabled sub-
micrometre beam steering with the use of two electrodes only. The low level of
requested electrical connectivity makes this solution interesting for scalable designs
and more complex circuits such as optical switches and LIDAR systems.
Furthermore, the footprint of the proposed device is relatively small if compared to
beam steering solutions based on MEMS or optical phase arrays.

A beam steering of £ 1 um across the chip facet has been experimentally
demonstrated for a reverse bias voltage driven and current injected device with a
maximum electrical power consumption of 240 mW and 35 mW, respectively.
Reverse bias voltage control was expected to enable lower power consumption
operation with respect to the current injection device. However, the employed
technology has shown that the voltage driven device efficiency is compromised by
the leakage current path present between the control electrodes. Reverse bias voltage
is expected to enable sub-microwatt power consumption beam steering with
improved electrical isolation between the p-electrodes. It is suggested that this can
be achieved with a selectively doped top-cladding.

An extended steering range of £ 4 um has been achieved with the current
injected device by employing larger electrical power up to 420 mW. The best beam
steering across the chip facet has been reported in the literature through a tuned
MMI solution with a steering efficiency of 0.57 um/mA, and electrode length of 500
pum. In this work, a current injection steering efficiency of 0.056 um/mA has been
demonstrated with an electrode length of 280 um. This is an order of magnitude
lower with respect to the state of the art. However, the device studied in this work is
based on bulk materials and steering efficiency improvements can be addressed by
introducing multiple quantum wells for enhanced electro-refraction in the guiding
layer.

The proposed beam steering has shown sub-micrometre resolution steps and
in principle enables continuous tuning. This has been used to investigate precision
control of on-chip and off-chip optical coupling. A numerical model of on-chip
coupling has shown that continuous beam steering enables optimal switching
between two ports with sufficient beam quality. This has been demonstrated through
simulations of a 1 x 2 optical switch based on the proposed beam steering device.
Simulation results have shown that the beam quality of the steered beam is sufficient
to achieve switching performance comparable with the state of the art MZI switches.
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The off-chip coupling characteristics of the beam steering device has been
studied through a chip-to-fiber coupling experiment. The experimental results have
shown that the possibility of steering an optical beam can improve the optical
coupling when a misalignment is present between the chip and the fiber, despite the
steered beam asymmetry. Beam steering has enabled an enhancement of the in-plane
-1 dB misalignment tolerance up to 7.6 um, an improvement of 60% if compared to
a conventional mode converter based on passive lateral tapering.

Beam steering in the far field has also been investigated. The combination of
the beam steering device with a curved optical facet has been proposed to achieve
wide beam steering in the far field. A 20 um radius diverging cylindrical facet has
been etched by FIB at the output section of the beam steering device. An
enhancement of the full far field beam steering range up to 5° and 60° has been
measured for the voltage and current driven beam steering device respectively. This
improvement comes at cost of a higher lateral beam divergence on the order of 35°.
Improving beam divergence for the devices described in this thesis is interesting for
future investigation. This might be addressed by using the proposed beam steering
device to excite different parts of an array of waveguides. This would be similar to
optical phased arrays, but the number of electrodes, power consumption and control
complexity would be greatly reduced.

A process flow to enable the fabrication of etched facets at wafer level has
been proposed, in order to replace the time consuming FIB process step used to
shape the beam steering device output facet. High quality straight facets with a
roughness of 7 nm have been produced, and obstruction free radiation is achieved
after singulation thanks to the proposed precision cleaving strategy. We have shown
that a cleaving accuracy of the order of 0.9 um may be necessary to fabricate
obstruction free etched facets. The needed cleaving precision represents a problem
when fabricating diverging (concave) lenses with low radius, since a minimum
cleaved-to-etched facet separation is unavoidable. As future work, exploring the
possibility of integrating Fresnel lenses as output etched curved facets is attractive to
achieve a compact lensing solution while complying with the strict singulation
requirements.
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9 Appendix - Piezoelectric based fiber
aligner in two dimensions®

9.1 Introduction

In parallel with the electro-optical beam steering work, an alignment
technique based on piezoelectric actuation has been developed in collaboration with
VTEC lasers and sensors. We propose a proof of concept alignment system based on
the combination of two bimorph piezoelectric actuators capable of bending when
driven with voltage. Coupling experiments with and without alignment
compensation, are performed between an InP/InGaAsP based laser and a lensed
single mode optical fiber to show the benefits of the piezo benders as manipulators
in a critical optical alignment situation.

9.2 Two dimensional piezoelectric actuator

9.2.1 Design and principle of operation

The 3D schematic and the electrical configuration of the proposed alignment
system are shown in Figure 9-la. The two commercially available bimorph
piezoelectric actuators and the optical fiber are fixed together through epoxy. A
spherical lens with radius of 7.5 um is applied to the fiber output facet to optimize
the optical mode matching. The optical fiber is a single mode fiber with core
diameter of 8.2 um. Each of the piezo actuators is composed by a stack of two PZT
ceramics layers separated by a metal plate electrically connected to ground. A
second metal plate is present on one of the external sides of the piezo actuators.
Control pads are available from the metal plates to operate the actuators by voltage
control. The horizontal actuation piezo is rotated 90° with respect to the vertical
actuation piezo to enable two dimensional fiber displacement.

® The measurements employed for the writing of this appendix have been performed by Simone Cardarelli.
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Figure 9-1. a) Schematic of the alignment assembly and b) the actuation mechanism.

The actuation mechanism is shown in Figure 9-1b. The piezo actuators are
bent by applying voltage to the control pads. Horizontal and vertical displacement of
the fiber can be independently achieved by applying voltage to the horizontal and
vertical piezo, respectively.

9.2.2 Piezo assembly characterization

The proposed alignment system should exhibit sub-micrometric resolution,
long range displacement and low vibration in order to assure reliable optical
coupling. Displacement, creep and vibration have been characterized by injecting
light through the shifted optical fiber while monitoring the beam position at the fiber
output with a near field imaging setup. The schematic of the setup is shown in
Figure 9-2. Optical connections are represented by the solid lines whereas the dotted
thick lines represent electrical connections. The light source at 1550 nm and with an
optical power of -6 dBm is provided by an external laser. The beam at the output
fiber facet is collimated by a 2 mm focal length lens and focused by a lens with focal
length of 200 mm to achieve a magnification of 100. The magnified beam at the
image plane is recorded by a Xenics infrared camera with 320 x 256 pixels. A 20 dB
optical attenuator is placed in the optical path in order to avoid the saturation of the
camera pixels. Two power supplies with maximum output voltage of 25 V provide
the electrical signals to the piezo actuators. The vertical displacement capability of
the piezo system is characterized by applying a voltage sweep to the vertical
actuation pad from 0 V to 25 V and back to 0 V with 1 V step, while keeping the
horizontal pad at 0 V.

120



2 x power
supply

. M f=2mm f=200 mm
-

1
1
1
| IR camera

piezo assembly f
fiber

fiber

optical

L__| external laser attenuator
1550 nm 2048 image plane

Figure 9-2. Near field imaging setup

The same experiment is performed for the horizontal characterization by
sweeping the voltage applied to the horizontal actuator while keeping at 0 V the
vertical actuator. The imaged beam is recorded at every voltage step and fitted by a
Gaussian function. The position of the beam relatively to the camera sensor is
represented by the center values of the Gaussian distribution. The beam position
represents the fiber displacement through the applied voltage range and is shown in
Figure 9-3a for both vertical and horizontal actuation. Comparable displacements of
49 um and 41 pum are achieved for the vertical and horizontal actuation respectively.
The typical piezoelectric hysteresis behavior is observed as well with a difference of
4.8 um between the increasing and decreasing displacement at 12 V. A 2.3 um
difference between the start and the end of the experiment is attributed to the piezo
creep. A two dimensional scanning window is obtained by combining vertical and
horizontal operation. Figure 9-3b shows the two dimensional displacement of the
beam when the two actuators are operated simultaneously. A voltage of 12.5 V is
applied to the actuators for the spot in the middle of the sensor, the left and right
spots are obtained by applying 0 V and 25 V to the horizontal actuator while keeping
at 12.5 V the vertical actuator. The lower and upper spots are achieved by applying 0
V and 25 V to the vertical actuator while keeping at 12.5 V the horizontal actuator.
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Figure 9-3. a) Optical fiber displacement for vertical and horizontal actuation b) near field image of the output
beam of the optical fiber for different fiber positions.

Creep has been characterized for a time length of 30 minutes by applying 25
V to both the actuators while monitoring the beam position at a frame rate of 4.6 Hz.
A total drift of 5.4 um and 3 um with an initial gradient of 0.5 pm/minute and 0.4
pm/minute has been recorded for the vertical and horizontal directions. A vertical
vibration of the order of 0.1 um is detected as difference between the upper and
lower envelope of the recorded beam position, no significant vibration is observed
for the horizontal case. A maximum electrical current of 2.6 nA and 0.9 nA is
measured for the two actuators at 25 V, indicating a sub-microwatt maximum
alignment power if used in-situ.

9.2.3 Photonic integrated circuit

The optical chip exploited for the coupling experiment has been fabricated by
the 1I/V SMART Photonics foundry through the JEPPIX multiple wafer run
(MPW) service [85]. Figure 9-4a shows a photograph of the PIC.
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Figure 9-4. a) Photograph of the photonic integrated circuit b) experimental setup for the characterization of the
optical spectrum and power of the integrated laser.

The light source is provided by an integrated coupled cavity laser [86] which
is composed by two phase sections, two gain sections, two multimode interference
mirrors and two output ports. The phase sections are not electrically connected for
this experiment. The two laser output waveguides are 2 um wide and separated by
25 um at the chip facet. The output facet of the chip is anti-reflection coated. The
gain section electrodes have been ball bonded to the external printed circuit board to
provide the electrical signals. The absolute output optical power of the laser has
been measured by the setup shown in Figure 9-4b. The small yellow rectangle
represents the InP optical chip. An infrared coated objective with numerical aperture
of 0.65 collects the output power of both the laser outputs. The beam coming from
the output port used for the coupling experiment is focused into a photodetector
connected to the optical power meter. The beam from the other laser output is
reflected by a 45° angled mirror and focused into a flat facet optical fiber connected
to the optical spectrum analyzer. The chip temperature is stabilized by a water
cooling system with temperature set at 18° C. The current source drives the gain
sections with currents of 49 mA and 40 mA to operate the laser at the wavelength of
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1561 nm and with a side mode suppression ratio of 36 dB. An optical power of -2.85
dBm is measured by the optical power meter for the laser output used for the
coupling experiment.

9.3 Fiber-chip coupling

Fiber-to-chip coupling experiments are performed with and without alignment
compensation to show the benefit of the bimorph piezo actuators in terms of optical
coupling efficiency. The optical coupling experimental setup is shown in Figure 9-5.
The piezo assembly is mounted on top of a six axes stage which is stabilized by a
nano controller through closed loop control. The lensed optical fiber is on one side
coupled to the chip and on the other side connected to a 99:1 power splitter in order
to monitor optical power and spectrum. The 99 % power is measured by the optical
power meter while 1 % travels to the optical spectrum analyzer. The synchronization
of the measurement tools occurs by MATLAB script through USB and GPIB
interfaces.
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Figure 9-5. Experimental setup for misalignment losses characterization and compensation.

Experimental procedure

Coupling efficiency without piezo assembly compensation is characterized for
different fiber-chip misalignments introduced by the nano-controlled stage.
Coupling efficiency is quantified by subtracting the power measured from the
optical power meter (Figure 9-5) from the laser output power measured in section
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I11. The transmission power is initially optimized by controlling the fiber position,
afterwards the fiber is translated across the plane parallel to the chip facet while
recording the coupled optical power. The distance between the fiber and the chip
facet is initially optimized and fixed during the experiment. The coupling efficiency
is recorded along six fiber paths shown in Figure 9-6. The dashed lines indicate the
movement of the fiber and the arrows indicate the direction of travel. The ridge
orange profile represents the laser output waveguide and the crossing point of the
dashed paths indicates the position of maximum optical power coupling. The optical

fiber is shifted by vertical and horizontal steps of 400 nm.
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Figure 9-6. Movement of the fiber relative to the waveguide.

A second coupling experiment is performed by activating the piezo-assembly
for misalignment compensation. A bias voltage of 12.5 V is applied to the vertical
and horizontal piezo actuators to enable sufficient compensation range for negative
and positive misalignments. After initial power optimization the fiber position is re-
scanned in front of the chip (along the paths shown in Figure 9-6). The coupling
power is optimized for each misalignment position by tuning the voltage applied to
the piezo actuators.

9.3.1 Piezoelectric misalignment compensation

The coupling efficiency along the different paths for both the compensated
and non-compensated cases is shown in Figure 9-7. Results for the vertical and
horizontal shifts are shown in Figure 9-7a whereas Figure 9-7b shows the results for
diagonal fiber movements. The x axis shows the offset from the optimal
transmission power position. The curves with circles and cross markers show the
coupling efficiency when no compensation is present during the scanning, the
hexagon and diamond markers identify the recorded coupling efficiency when the
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piezo compensation is active. A maximum coupling efficiency of -2.1 dB is obtained
for zero misalignment. The 2.1 dB loss are attributed to the InP waveguide-lensed
fiber mode mismatch. When misalignment compensation is applied to the optical
system the coupling efficiency is fixed at -2.1 dB over the full 100 pm?
misalignment window. The voltage is tuned in a maximum range of 5.8 V around
the initial bias point of 12.5 V for both the actuators.

9.3.2 Automatic compensation

A further coupling experiment has been performed to test the piezo assembly
over longer operational time. A preliminary control algorithm has been developed to
automatically optimize the coupling efficiency during the experiment. The recorded
profile of the coupling efficiency (Figure 9-7) exhibits a typical central main lobe,
enabling the possibility of using the hill climbing optimization technique [122].
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Figure 9-7. Coupling efficiency in the a) vertical and horizontal misalignment case and b) diagonal misalignment
case.

This technique can be applied in a misalignment window of 3 x 3 um?, larger
misalignment may cause the alignment system to stop in a local minimum state for
which a random optimal search would be needed. The hill climbing technique
monitors the spatial gradient of the coupling efficiency in order to move the fiber
toward the optimal point. The gradient measurement is achieved by driving the piezo
actuators with small voltage steps to scan the fiber between two close positions
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while measuring the transmitted power. Two voltage steps of 0.2 VV and 0.1 V are
considered to enable both a course and a fine step displacement of the order of 0.12
pm and 0.06 pm respectively. After generating an initial misalignment of 2 pm in
the vertical and horizontal directions the piezo assembly has been activated to
perform misalignment compensation for 1 hour experiment. The behaviour of the
coupling efficiency and actuation voltage is shown in Figure 9-8.
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Figure 9-8. Controlled coupling efficiency and actuation voltage of the piezo actuators in a) transient phase and b)
steady state.

The transient response of the system during the first minute of experiment is
shown in Figure 9-8a. The left y axis shows the coupling efficiency whereas the
right y axis is relative to the voltage applied to the piezo actuators. After 45 seconds
the coupling efficiency reaches the optical value of -2.1 dB from a starting point of -
29 dB while the actuation voltage varies with small steps to constantly monitor the
optical coupling with low alignment perturbation. The coupling efficiency remains
optimal in the steady state phase as shown in Figure 9-8b, the actuation voltage
reduces from 14 V (11.1 V) to 13.5 V (10.5 V) in the x (and y) directions to
compensate for an estimated total misalignment of the order of 0.3 um which is
attributed to the piezoelectric creep.
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9.4 Conclusions

We have demonstrated a two dimensional alignment system, based on
bimorph piezoelectric bending actuators. The piezo system is capable of optimizing
the optical coupling efficiency between a 2 pm wide InP waveguide and a lensed
optical fiber by tuning the voltage applied to the two individual piezo actuators. A
coupling efficiency of -2.1 dB has been achieved across a misalignment window of
100 pm? through piezo compensation. A bias voltage of 12.5 V with a tuning range
of the order of 5.8 V are sufficient to achieve misalignment compensation with sub-
microwatt electrical power consumption. A 1 hour long automatically controlled
compensation experiment has been performed to show the potential of the piezo
assembly in a relatively long time operation. Optimal optical power transmission has
been retained during the experiment by means of an automatic control based on the
hill climbing algorithm.
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10 Appendix-The fabrication process
flow?

10.1 Introduction

Fabrication of the PICs reported in this thesis has been performed either
through the MPW service [85] offered by the foundry SMART Photonics or through
a custom process flow. SMART Photonics provides the possibility of using a
generic integration oriented [123] process flow to obtain a number of fabricated
optical chips for a convenient cost. Generic integration enables the use of pre-
defined building blocks to assemble more complex photonic circuits, however, the
flexibility in design aspects such as I/O facet geometry, etching profiles and cell
footprint is limited by the foundry rules and a custom fabrication might be needed to
develop advanced structures. The integration of etched facets and wet etched scribe
marks (see chapter 7) with the standard optical elements opens possibilities for
realizing complex PICs in combination with on chip collimation, on chip enhanced
beam steering (see chapter 6) and accurate singulation. In this chapter we describe
the custom fabrication process employed in this work, standard process steps are
presented together with the details of the added custom steps.

10.2 Process flow

The process flow employed for this thesis is inspired to the COBRA flow
developed by the Eindhoven University of Technology. This process flow enables
the fabrication of basic optical elements which are schematically shown in Figure
1-1. These basic optical components can be fabricated through a set of standard
fundamental fabrication steps: active/passive integration, waveguides definition,
passivation, metallization and singulation. Two extra steps are added to the standard
COBRA flow to achieve the work in this thesis: deep 1/O facet etching and wet
etching of the scribe marks for accurate singulation.

" The fabrication has been performed by Simone Cardarelli.
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Figure 10-1. Schematic representation of the basic optical elements which can be fabricated through the COBRA
process flow. Figure from [123].

10.2.1 Active/passive integration

The active/passive integration is a step performed to provide commercially
available passive InP wafers with both passive and active guiding layer stacks. A
first growth of lattice matched InGaAsP is performed on the InP wafer to provide
passive guiding properties. The active regions are fabricated by etching areas of
passive guiding layer and by re-growing active material. A final regrowth is
performed to provide the wafer with a top cladding and contact layer. The
active/passive integration has been performed on a three-inch InP wafer and the
schematic steps are shown in Figure 10-2.

INGaAsP  InGaAsP Active ~ 10P cladding and
InP wafer growth etching growth  contact growth

Figure 10-2. Schematic steps for the passive/active integration on an InP wafer.

The final functional layer stack used in this thesis is composed by a 250 nm
thick contact layer, a 1300 nm thick InP top cladding, a 500 nm thick InGaAsP
guiding layer and by the 600 um thick InP substrate.
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10.2.2 Waveguides definition

The definition of the optical waveguides is performed through a sequence of
dry etching steps, by using a thick SiN mask. An 800 nm thick SiN layer is
deposited and patterned in the initial stage of the process flow for the waveguide
mask definition. Optical waveguides with multiple functions have been fabricated:
shallow etched waveguides, deep etched waveguides and electrically isolated
waveguides. Shallow etched waveguides present confinement trenches which are
etched up to 100 nm into the guiding layer. These waveguides present low scattering
losses and are commonly used for phase modulation and SOAs. Deep etched
waveguides present trenches etched up to 200 nm into the bottom cladding,
providing high confinement propagation. Low radius bends can be implemented
with such waveguides. The top cladding of electrically isolated waveguides is etched
up to 400 nm from the guiding layer in order to achieve sufficient electrical isolation
between the optical components connected through the same waveguide.

10.2.3 Passivation

After the definition of the waveguides, the waveguide walls are protected
through polyimide. A second function of the polyimide is to achieve planarization of
the top surface of the processed wafer, in order to promote the correct fabrication of
the metal tracks. A polyimide layer with thickness of the order of 1 um has been
spun on the processed wafer.

10.2.4 Metallization

Electrical excitation of phase modulators and SOAs is possible by contacting
the contact layers thorough electrodes. Electrodes have been fabricated with a two-
step process: lift-off and electro-plating. Lift-off is first performed in order to
achieve good contact quality. Titanium, platinum and gold have been evaporated for
the lift-off process. A thickness of the order of 375 nm is achieved with the first
metallization. The electro-plating step is then performed to increase the thickness of
the electrode up to 2 um. Such a step is important to achieve low resistance
electrical connections and reliable pads for wire bonding.

10.2.5 Etched facets

The fabrication of deep etched facets is the first custom step introduced in the
COBRA flow. Etched facets characterized by an etch step of 5 um are defined with
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one etching step by using Clo/H2/Ar based dry etching chemistry. The deep etched
facets might affect subsequent critical photolithography steps, and for this reason are
fabricated after the waveguides definition and the metallization. A double masking
process is performed for the etching of the etched facets. The mask for the etched
facets is the same used for the waveguide definition in order to achieve perfect
alignment between waveguides and 1/O terminations. The SiN mask related to the
facets is protected during the waveguide definition in order to retain sufficient
thickness of the mask. Two layers of polyimide are spun, exposed and developed as
a protection for the part of the wafer which is not meant to be etched during the facet
etching step. The double masking strategy is shown in Figure 10-3.

Polyimide e
protection Diverging
mask »  facet
Exposed
semiconductor
> Converging
> facet

4 -
Facet SiN mask

Figure 10-3. Optical microscope photo of a portion of a chip before the facet etching step.

The polyimide protection mask is the uninform purple layer inside the dashed
red line. The curved light blue mask is the facet SiN mask. The lightest area is the
exposed semiconductor to be etched. Both diverging and converging etched facets
are present in Figure 10-3.

The wafers have been rinsed 10 minutes in the water after the facet etching, in
order to avoid post processing reactions between chlorine residues and air. Such a
reaction might generate HCI which is an etchant for the InP and facet damaging may
occur. Etched facets are only defined for one side of the designed cells, whereas the
I/0 ports on the remaining side are defined through cleaving. The design for the
etched facets mask is shown in Figure 10-4.
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a) full wafer mask design b) zoom in of four cells// facets

#2 Waveguldes SmeeTui
#13 Scril rks

WH Pl L T
2

>
Cleaved facets 2 mm

Figure 10-4. a) full mask design for the etched facets definition and b) zoom in of a portion of the full mask, contain
four cells.

Figure 10-4a shows the full mask design used for the definition of the etched
facets. A portion of Figure 10-4a is magnified to show how cells are arranged.
Figure 10-4b shows a set of four cells 7 mm x 4 mm. A 2 mm wide separation area
is designed between the etched facets. The purpose of such a wide separation area is
to provide the possibilities for both precision cleaving (see chapter 7) and “scribe
and break” technique. In case accurate cleaving is not necessary “scribe and break”
can be applied to the left and right side of the separation area in order to achieve
singulation.

10.2.6 Wet etched scribe marks

The fabrication of wet etched scribe marks is the final processing stage of our
process flow. Wet etched scribe marks are also fabricated by using a double masking
process. The mask for the scribe mark is defined by the InGaAsP layer whereas the
rest of the wafer is protected through a hard baked 7 pm thick AZ resist. The full
wafer is immerged in a HCI:H3PO. solution for 10 minutes to achieve wet etching of
the scribe marks. The wafer is etched in a vertical position to avoid that the large
quantity of gas generated during the process accumulates beneath the wafer. This
may cause unwanted wafer movements which may damage the sample. The back
side of the wafer is unprotected during this step, however, only a layer thickness of
the order of 60 um is removed from the back. Back side grinding up to 250 um and
polishing have been finally performed by SMART Photonics to thin the wafer and to
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achieve a smooth back side surface. Back side metallization has been also performed
by SMART Photonics.

10.2.7 Singulation

The singulation step is performed as a combination of coarse cleaving steps
and accurate cleaving steps. An example for chip singulation is schematically shown
in Figure 10-5. Black solid arrows represent cleaving lines generated from a scribe
mark made thorough a diamond tip, whereas the dashed arrows represent cleaving
lines originating from the wet etched scribe marks. During the step a), three coarse
cleaving lines are generated through “scribe and break” in order to obtain a quarter
of wafer. A 2 cells wide and 4 cells long horizontal bar is obtained through the step
b) with “scribe and break”. The horizontal bar is cleaved along the etched facets
through the wet etched scribe marks as shown in the step c), in order to obtain 2 x 2
cells sections. Two horizontal bars are separated in step d) with “scribe and break”,
however, the breaking force is for this time applied to the back of the chip. The
single chips of the bars separated with the scribe line number 9 are separated
through the precision cleaving number 10.

d)

Figure 10-5. Schematic steps for the singulation procedure.
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the right way, ready for helping anyone, gull of love ... Jon is an angel. He is the
kind of guy that gives you something even if he does not have so much of it. He
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gave me time when he did not have so much for himself either! Thank you for the
great time we had together, the movies, the ice cream, the concert ... Graspop 2017
was unforgettable. Thanks for sharing the comics adventure ... we are the Oneiros (
a thanks also to our marvelous inker Jonathan!!!) and made our first piece of art.
More is coming!!! A hug goes also to your wife Rongling!

Grazie ai miei amici in ltalia, in particolare i mitici Andrea, Filippo,
Mariateresa, Manuel, Simone, Ettore, Alessandro e Fabio... questi ragazzi hanno
reso la mia vita meravigliosa, L.’Aquila, i Thunder ‘n Fire, il bicio al bacio, le gite, il
mare ¢ tant’altro. Grazie a Gabriele e Lorenzo, i miei coinquilini a L’Aquila ...
birrette a profusione e cose strane.

In fine, I’abbraccio pil stretto va alla mia famiglia, sempre presente,
amorevole. Grazie Nicolino, Coccia Pelata, un padre affettuoso, un amico, tutto. Mi
ha dato tanta liberta nelle scelte e i consigli giusti per raggiungere la mia felicita ...
hanno funzionato. Grazie Milva, Tonnoliscia, per avermi dato tanti tanti baci. Per
essere state sempre comprensiva e vicina. Il mio trainer personale in termini di
esercizi di matematica e memorizzazione di poesie ... e anche la miglior cucina
italiana!!!

Fabietto, detto Testa Calda Mastrolindo. Grazie Fabietto per quello che hai
fatto e farai ... sei un pochino macho ma in fondo sei un cucciolo di pollo. Continua
a coltivare le tue passioni, musica, disegno e il resto ... un grande in bocca al lupo
con la tua nuova avventura! Non vedo 1’ora di mangiare rustell a casa tua.

Zia Mariangela, Zanzibar, un bacione anche te che sei stata sempre attenta ... a
tutto. Ci siamo divertiti tanto insieme, mi hai insegnato tanto. Ci siamo divertiti
tantissimo ad Eindhoven a il futuro é sempre piu roseo. Sei I’avvocato pit dolce del
mondo.

Grazie a tutti per farmi sentire cosi amato e felice.

Simone
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