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General Introduction 

The past decades have brought major changes in the way we communicate. The advent of 

smartphones, social medias, streaming platforms, etc., exponentially increased the 

amount of data we exchange through telecommunication. In 1997, the global internet 

traffic was about 100 GB per hour. Twenty year after, in 2017, it grew up to 47 TB per 

second [1]. A large number of services being now cloud-based, the data traffic within data 

centers (DCs) has no choice but to keep up the same pace. In order to handle the more 

than 20.6 ZB of DC traffic that is forecasted for the year 2021[2], DCs are constantly under 

pressure to improve their capacity, speed and latency. To meet this stringent demand, 

interconnections within DCs moved from copper cables to optical fibers. During this 

transition, many different technologies emerged to perform optical telecommunications. 

Among the most recent ones, silicon photonics (SiPh), an electro-optical technology 

derived from standard CMOS technologies, appears as a promising solution to reduce 

costs, lower power consumption and enhance data rates of optical links. Despite levering 

most of the developments around the CMOS platform, SiPh presents additional packaging 

constraints related to the interfacing of its optical part. These packaging constraints 

increase the cost of silicon photonics based optical transceivers and complicates the 

implementation of technologies such as coarse wavelength division multiplexing 

(CWDM). 

The purpose of this thesis is to investigate the possibility to develop a low-cost electrical 

and optical interposer fabricated on a glass substrate to solve the packaging issues of SiPh. 

This work is divided in 4 chapters:  

The goal of the first chapter is to introduce in details the context of this work. First, the 

basics of modern optical telecommunications in DCs are presented. We subsequently 

review the SiPh technology and its essential components in order to highlight its 

specificities. In a third part, the current implementations of 100Gb/s and 400 Gb/s silicon 

photonics transceivers and the potential solutions to further improve data rates are 

investigated. This points out the packaging issue of this technology and allows us to 

discuss the concept of electrical and optical interposers. Finally, we synthetize the 

previously detailed state-of-the-art and set the objectives of this work.  

The second chapter is dedicated to the design and simulation of the interposer and its 

components. The first part details the theory and simulations of 2D, 3D and Rib dielectric 

waveguides, in order to determine the ideal physical properties of the waveguides in the 

interposer. In the second part of the chapter, we review coplanar waveguide (CPW) 
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transmission lines and optimize Mach-Zehnder modulators (MZMs) electrodes for the 

transmission of high data rate signals in the interposer and in the SiPh IC, respectively. 

Finally, the design strategy and simulations of the vertical coupling between the 

interposer and the SiPh IC are presented. 

In the third chapter, we review the experiments that allowed us to develop a process 

enabling the fabrication of an electrical and optical interposer. First, three different 

fabrication processes for the polymer waveguides are investigated and compared, 

namely, polymer/glass surface waveguides, rectangular waveguides by laser lithography 

and rectangular/rib waveguides by laser ablation. Then, the method used to associate the 

electrical and optical parts is presented. Finally, the PIC25G test chip and its functions are 

detailed as well as the corresponding interposer layout and the alignment strategy used 

for the flip-chip bonding between both chips.   

Chapter IV presents the characterizations carried out during and after the fabrication of 

the interposer. In a first time, we review the optical characterizations of the three polymer 

waveguide technologies studied previously, the RF/mmW characterization of the 

interposer transmission lines and the optical characterizations of the total internal 

reflection mirror. In a second time, we present the characterizations performed on the 

assembled demonstrator including the validation of RF/mmW paths and the 

demonstration of the optical coupling between the interposer and the SiPh IC by both 

characterizing an optical signal passing through the SiPh IC and another one feeding SiPh 

IC-integrated photodetectors.  



 

13 

 

I Towards 400 Gb/s Silicon 

Photonics Based Transceivers and 

Beyond 

The goal of the first chapter is to introduce in details the context of this work. First, the 
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1 Optical Fiber Communications 

1.1 Brief Historical Background 

The idea of using light as a very high frequency carrier to transmit data over an optical 

cable was imagined as early as 1950s [3], however the coherent light source and the low-

loss transmission medium needed were not available at that time. Optical 

communications over fibers really emerged in the 70s thanks to the demonstration of 

coherent light generation using a ruby laser in 1960 by T. H. Maiman [4] and, ten years 

later, GaAs semiconductor lasers operating continuously at room temperature [5]. In the 

meantime, the drastic reduction of optical losses in optical fibers following the work of C. 

K. Kao [6] made them appear as a suitable transmission medium and led to the 

development of the first Optical Fiber Communications (OFCs).  

 

 Figure 1: Exponential growth of the bit rate ∙ distance product [7] 

Over the next 30 years, the 𝑏𝑖𝑡 𝑟𝑎𝑡𝑒 ∙ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 product doubled every year. As shown in  

 Figure 1 [7], four different generations are distinguishable:  

• The first generation, on which is based the first commercial OFC [8], is transmitting 

data at a bit rate of 45 Mb/s over a 10-kilometer long multimode fiber (MMF) using 

a 0.8 µm GaAs laser. 
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• The second generation solves the modal dispersion problem of the first generation 

by using 1.3 µm InGaAsP semiconductor lasers and single mode fibers (SMF). 

• Silica SMFs show minimum losses around 1.55 µm but chromatic dispersion is also 

higher around this wavelength. The third generation of OFCs allows to compensate 

the chromatic dispersion at 1.55 using dispersion-shifted SMFs and InGaAsP lasers 

oscillating in a single longitudinal mode to decrease the spectral width of the 

signal. 

• The latest major improvement of these years of fast OFCs development came from 

the use of erbium-doped fiber amplifiers [9] and Wavelength Division Multiplexing 

(WDM) which consists in  transmitting multiple data stream using different 

wavelengths in a single fiber. 

Since then, data rates have continued to progress, thanks to the improvement on WDM 

systems and the use of more complex modulation formats enabled by the introduction of 

coherent transmissions. 

Aside of data rates and communication distance, there was, and there still is, room for 

improvement in several areas, such as integration, power consumption and cost 

reduction. Indeed, after being used only over very long distances, OFCs gradually 

integrated shorter links as their cost decreased, increasing at the same time their 

competitiveness in comparison with copper cable links. In the recent years, OFCs have 

become a major interconnection technology within data centers, covering distances from 

a few kilometers to a few tens of meters [10].  

1.2 Transmission Scheme 

An optical fiber communication system is made of three parts: 

• The optical transmitter 

• The optical fiber 

• The optical receiver 

Each part and the associated main characteristics are presented in this section.  

A generic representation of an optical link is depicted in Figure 2: 
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Figure 2: Schematic diagram of a generic optical link 

 

In most cases, optical communications are full duplex which is why we generally find both 

the receiver and the transmitter put together in a single assembly at each end of the fiber: 

the optical transceiver.  

1.2.1 Optical Transmitter 

The function of the optical transmitter is to convert an electrical signal into an optical 

signal carrying the same data. In high speed systems, where a laser source is employed, 

two different topologies are employed to fulfill this purpose (Figure 3):  

• Directly Modulated Laser (DML): the electrical signal is encoded and amplified in 

an electronic circuit that directly drives a laser [3]. 

• Externally Modulated Laser (EML): this method uses a laser operating 

continuously and a specific circuit to do the conversion: an electro-optical 

modulator. In Figure 3 (b), even though the encoding and amplification of the 

electrical signal that drives the modulator and the laser driving are dissociated, the 

same circuit can perform both functions [3].  

 

Figure 3: Block Diagram of optical transmitters using (a) a Directly Modulated Laser (DML) and (b) an Externally 

Modulated Laser (EML) [3] 

Optical transmitters are characterized by a lot of different parameters, such as: optical 

output power, modulation format, multiplexing type, number of channels, operating 
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temperatures and power consumption. The aforementioned transmitter topologies are 

more deeply compared in section 1.3.  

Simple modulation formats consist in light intensity modulation. The most used ones are: 

Non-Return to Zero (NRZ) and Pulse Amplitude Modulation, generally on 4 levels (PAM4). 

The first uses 2 intensity levels to transmit one bit per sampling period (Figure 4 (a)) 

whereas the second employs 4 intensity levels to transmit 2 bits per sampling period 

(Figure 4 (b)). 

 

Figure 4: NRZ (a) and PAM4 (b) modulation formats 

Also, WDM generally divides into two categories: Coarse WDM (CWDM) whose carrier 

wavelength spacing is 20 nm [11] and Dense WDM (DWDM) whose carrier wavelength 

spacing is shorter and typically varies from 0.8 to 0.1 nm [12]. 

1.2.2 Optical Fiber 

Optical fibers are the transmission medium of OFCs. 

Their role is to transmit an optical signal from the 

transmitter to the receiver without losing the 

information it carries. Like many other waveguiding 

structures, optical fibers rely on the difference of 

refractive index between dielectric materials in order to 

spatially confine light. In their simplest form, standard 

SMFs are cylindrical parts made of two layers of silica: 

the core layer inside and the cladding layer around it 

(Figure 5). These layers can be doped to increase or 

decrease their respective refractive indices in order to 

confine light inside an inner cylinder of a few 

micrometers. 

Two important optical fiber parameters are, on one hand the attenuation, which is the 

decrease in light intensity due to various phenomena, such as absorption in the material 
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or imperfection of the guiding structure, usually expressed in dB/km; dispersion, on the 

other hand is the variation of light waves velocity as a function of the wavelength, 

expressed in ps/nm.km. Both play a major role in the transmission distance that can be 

achieved. Fibers are categorized following their propagation type and operating 

wavelength. Moreover, when the index transition between the core and the cladding is a 

clearly defined surface, they are called step-index fibers. When the transition is gradual, 

they are referred as graded-index fibers. Table 1 shows a few examples of optical fiber 

and their characteristics. 

 

 

Table 1: Main characteristics of three different optical fibers 

Fiber name Propagation 

type 

Index type Operating 

Wavelengths 

Attenuation Source 

SMF28 Single Mode Step-index 1310 nm 

1550 nm 

0.18 dB/km @ 1550 nm [13] 

HI1060 Single Mode Step-index 980 nm 

1060 nm 

1.5 dB/km @1060 nm [14] 

OM4 Multimode Graded-index 850 nm 2.3 dB/km @ 850 nm [15] 

1.2.3 Optical Receiver 

The receiver is in charge of converting back the optical signal to an electric signal. In most 

simple situations, direct detection is used. This includes a photodetector, which usually is 

a photodiode generating a current proportional to the optical power it receives, and its 

driving circuitry, as well as an electrical demodulator (Figure 6).  

 

Figure 6: Block diagram of an optical receiver [3] 

The use of more complex modulation formats like phase and frequency shift keying, 

changes the architecture of the receiver. In a similar manner to what is done for radio 

frequencies, homodyne and heterodyne detection of an optical signal is possible by adding 

a laser in the receiver who plays the role of a local oscillator. The main difference is that 

the signal and local oscillator being optical, the mixing needs dedicated optical circuitry 
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[3]. Nonetheless, most optical transceivers used in data center are, as we will see in the 

next section, based on intensity modulation and direct detection. 

1.3 Data Center Short-Reach Optical Interconnect 

Data center optical interconnects are OFCs covering a wide range of distances and data 

rates. Several standards are used in the industry depending on the application. The 

IEEE 802.3 working groups define the ethernet standards in terms of physical layer 

specifications for optical transceivers such as transmission reach, data rate, electrical 

interface, type and number of fibers, multiplexing methods, etc [16]. 

Table 2: 100Gb/s Ethernet Standards [16] 

Standard name Number 

of fibers 

Fiber 

type 

Multiplexing 

type 

Wavelength Reach No of channels 

Modulation format 

100GBASE-SR10 10 MMF SDM 850 nm 150 m 10x10Gb/s NRZ 

100GBASE-SR4 4 MMF SDM 850 nm 100 m 4x25Gb/s NRZ 

100GBASE-SR2 2 MMF SDM 850 nm 100 m 2x50Gb/s PAM4 

100GBASE-DR 1 SMF n.a. 1310 nm 500 m 1x100Gb/s PAM4 

100GBASE-LR4 1 SMF CWDM, 4λ 1310 nm 10 km 4x25Gb/s NRZ 

100GBASE-ER4 1 SMF CWDM, 4λ 1310 nm 40 km 4x25Gb/s NRZ 

Table 2, above, and Table 3, below, present the active ethernet standards for 100 Gb/s 

and 400 Gb/s. One can observe that data rates and reach are conditioning the technologies 

used for the link. For very short distances (100m), MMFs are used and data rates are 

increased by multiplying the number of fibers, this a technique belonging to the Space 

Division Multiplexing (SDM) methods. As the reach goes farther, MMFs are replaced by 

SMFs. However, the longer the distance, the bigger is the part of fibers in the total cost of 

the link. This is why this type of SDM is being abandoned in favor of WDM over very long 

distances. In a word, this is a tradeoff between the cost of fibers and transceivers. 

Table 3: 400 Gb/s Ethernet Standards 

Standard name No of 

fibers 

Fiber 

type 

Multiplexing 

type 

Wavelength Reach No of channels 

Modulation format 

400GBASE-SR16 16 MMF SDM 850 nm 100 m 10x10Gb/s NRZ 

400GBASE-DR4 4 SMF SDM 1310 nm 500 m 4x100Gb/s PAM4 

400GBASE-FR8 1 SMF WDM, 8λ 1310 nm 2 km 8x50Gb/s PAM4 

400GBASE-LR8 1 SMF WDM, 8λ 1310 nm 10 km 8x50Gb/s PAM4 

Yet, Ethernet standards leave a part of freedom regarding the physical implementation of 

optical transceivers. To avoid incompatibilities between data center devices due to the 

number of players in the industry, Multi-source Agreements (MSA) have been set up by 

several groups of companies to provide interoperable transceivers. Table 4 provides the 

names of the four 100G MSAs and some of their specifications [17]. It is worth noting that 

almost all standards for 100G and 400G make use of 2 to 16 channels (either via SDM or 
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WDM), the modulation bandwidth per channel of industrially available technologies being 

limited to 50 Gb/s NRZ – 100 Gb/s PAM4. 

Table 4: 100 Gb/s Multi-Source Agreement standards for short-reach interconnects 

MSA name No of fibers Multiplexing type Wavelength Reach Link Budget 

PSM4 4 SDM 1310 nm 500 m 3.26 – 14.66 dB 

CWDM4 1 CWDM, 4λ 1310 nm 2km 5.0 – 14.0 dB  

CLR4 1 CWDM, 4λ 1310 nm 1-2km 3.5 – 12.5 dB 

OpenOptics 1 DWDM 1550 nm 2km+ > 5 dB 

Several transceiver technologies support the different standards. 

Figure 7 provides an overview of the different optical transceiver technologies for data 

centers by reach and loss budget. This takes into account lower data rates (10 and 40 

Gb/s) links. For communications over MMF, the transceiver is based on a directly 

modulated multimode Vertical Cavity Surface Emitting Laser (VCSEL). For 

communications over SMF, DMLs are competing with EMLs. Both use Indium Phosphide 

(InP) Distributed Feedback (DFB) lasers as a light source and provide the same data rate 

per channel. While it is obviously simpler and cheaper to use DMLs for single channel 

transceivers, it is a different story for multi-channel transceivers, which, are very often 

the solution of choice for 100G and 400G links [18].  

 

Figure 7: Application space in current data centers based on (a) transmission reach and fiber type, (b) loss budget, or (c) 

technology [18] 

In an SDM scheme, a single laser can be used for all channels, greatly reducing the cost 

and making EMLs an economically viable solution.  

In a WDM scheme, one laser per wavelength is required. Nevertheless, if the technology 

of the chip performing the multiplexing is also capable of performing the modulation, it 

will facilitate the packaging of EMLs over DML and consequently reduce costs. 
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Both approaches can benefit from the predictability, reliability and high yields of a CMOS-

based manufacturing process. This is the promise of silicon photonics. In the next section, 

assets and drawbacks of silicon photonic technology’s main functions are presented.   

2 Silicon Photonic Technology 

2.1 Silicon Photonic Integrated Circuits 

Silicon photonics (SiPh) is a technology derived from 

a standard CMOS process optimized to integrate 

optical components at telecom wavelengths (1300 – 

1500 nm). STMicroelectronics has developed a 

silicon photonic technology known as PIC25G. We 

will take PIC25G as the main example to show the 

specificities of SiPh technologies. 

First of all, the development of a photonic integrated 

circuit (PIC), started by the manufacturing of an 

optical waveguide (WG). WGs confine light inside a 

structure in the same way as optical fibers. This is 

possible on silicon-on-insulator (SOI) wafers thanks 

to the excellent optical transmission coefficient of 

silicon (Si) and silicon dioxide (SiO2) in the near 

infrared, as well as the strong index difference 

between these materials: 𝑛𝑆𝑖 = 3.503 and 𝑛𝑆𝑖𝑂2 = 1.447 at a wavelength of 1310 nm 

[19][20].  

To this purpose, the manufacturing process depicted in Figure 8 is followed [21]: the top 

Si layer of a SOI wafer is partially removed in some areas by a first Hard Mask (HM) 

deposition, lithography and etching step. Immediately after, a second lithography and 

etching remove other areas. Then, etched areas are filled with SiO2 and the wafer is 

planarized. This allows creating the waveguiding structure that is known as rib 

waveguide, whose cross-section is represented in Figure 9. The rib topology helps the 

reduction of waveguide losses by lowering the impact of sidewalls roughness thanks to 

the partial silicon etch. 

Figure 8: Manufacturing process of SOI rib 
waveguides [Boeuf et al. 2016] 
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Single Mode Waveguides (SMWGs) are available for 1310 

nm, 1490 nm and 1550 nm with propagation losses of 

1.6 dB/cm, 1.38 dB/cm and 1.2 dB/cm respectively [22]. Due 

to the important refractive index difference between their 

core and cladding, SOI WGs can be birefringent. In PIC25G, 

WGs have been optimized for transverse electric (TE) 

propagation and consequently exhibit comparatively high 

losses for the transverse magnetic (TM) mode. Besides 

guiding light in a straight line, the waveguides created by this 

process are capable of routing light via bent waveguides, 

power splitting and combining via 2 passive components 

shown in Figure 10. The directional coupler performs power splitting and combining with 

a variable ratio depending on the coupling length between the 2 waveguides that compose 

the device. Symmetric Y junctions can only perform power splitting via a tapered 

waveguide connected to two SMWGs. 

 

Figure 10: Schematic of (a) a directional coupler and (b) a Y junction 

However, the main functions of silicon photonics in optical transceivers are electro-

optical modulation and photodetection, as we will see in the next section. 

(a) (b) 

Figure 9: TEM cross section of a SOI 
rib waveguide 
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2.2 Electro-optical Modulation and Detection 

2.2.1 Mach-Zehnder Modulator 

The modulation of light can be done by a component 

based on the Mach-Zehnder interferometer principle 

[23]. A coherent light source is divided to follow two 

different optical paths inducing a phase shift between 

them. Both paths are then recombined and this 

generates constructive or destructive interference 

depending on the phase shift. In silicon photonics, the 

phase shift is obtained using the carrier depletion 

phenomenon occurring at the PN junction of a diode. 

Indeed, applying a reverse bias to a diode enlarges the 

depletion layer and changes Si refractive index which 

is, as shown in [24], sensitive to free-carrier 

concentration. These diodes are fabricated following 

the process depicted Figure 11: after the fabrication of 

a waveguide with unetched silicon at each end of the 

slab region, P and N regions of the diode junction are 

defined, as shown in Figure 12. The waveguide is then covered by a protective layer 

against silicidation that may happen 

during the self-aligned silicide process 

coming next and which allows making the 

diode contacts. Mach-Zehnder modulators 

use several of these diodes called high-

speed phase modulators (HSPM) in series 

to form a modulator branch. One is present 

on each optical path of the interferometer. 

Their figures of merit are optical losses 

(dB/cm) and Vπ (V.cm), the voltage needed to obtain a phase shift of 180° using a 1 cm-

long branch. PIC25G HSPMs exhibit 6 dB/cm of optical losses and a Vπ of 2.6 V.cm [21]. 

Using drivers in a BiCMOS 55 nm [25] technology and traveling wave electrodes, PIC25G 

Figure 11: Fabrication process of high-speed 
phase modulators [Boeuf et al. 2016] 

Figure 12: TEM cross section of a HSPM [21] 
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Mach-Zehnder modulators demonstrated a NRZ amplitude modulation of light at a 56 

Gb/s bit rate, with an extinction ratio of 2.3 dB [26]. 

2.2.2 Photodetectors 

In silicon photonics, light detection is relying on the 

photogeneration effect: the absorption of a photon 

in the depletion layer of a diode junction generates 

a current directly proportional to the incident 

optical power because of the creation of 

electron/hole pairs. At a wavelength of 1.31 µm, the 

photon energy is about 0.95 eV, which is lower than 

silicon bandgap (1.12 eV) [27]. Therefore, another 

material is needed to form electron/holes pairs. 

This material is germanium and its bandgap is 0.6 

eV [27]. After waveguides planarization, a cavity is 

etched in a large waveguide. Ge is grown by epitaxy 

inside the cavity and protected by a silicon nitride 

layer. Then, P and N regions are defined as well as 

contacts above them (process Figure 13). This 

makes a waveguide Ge PIN photodiode also called high-speed photodiode (HSPD) (Figure 

14). 

Photodiodes are characterized by their dark current (the remaining current without 

exposure to light) in A, their responsivity in A/W and their bandwidth in GHz. In PIC25G, 

HSPDs have demonstrated a dark current of 10 nA, a responsivity of 0.98 A/W and 

bandwidth larger than 20 GHz under a 1V reverse bias and at a wavelength of 1310 nm 

[21]. Such performance allows the 

detection of modulated signals up to 

28 Gb/s. Waveguide Ge-photodiodes 

have been reported with a bandwidth 

higher than 50 GHz using a similar 

technology, enabling 40 Gb/s signal 

detection at the cost of a lower 

responsivity [28]. 

Figure 13: Fabrication process of an integrated 
waveguides Ge photodiode [Boeuf et al. 2016] 

Figure 14: TEM cross section and top view of a Ge HSPD 
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2.3 Coupling devices.   

2.3.1 The challenge of coupling into silicon photonics devices 

As already discussed, SiPh ICs are capable to 

guide, modulate and detect light at the 

wavelengths used for optical communications 

over SMFs in data centers. At this point, we need 

a way to couple light in and out of the PIC. 

Unfortunately, here lies the main drawback of 

the high index contrast SMWGs: the complexity 

to couple light to low index contrast 

waveguiding structures without excessive 

optical loss. A high refractive index contrast 

between the core and cladding of a waveguide 

results in smaller dimensions for the latter to 

ensure a single mode propagation. The mode field diameter (MFD) of an SOI SMWG is 

approximately 300 nm while the MFD of SMF is approximately 10 µm. Figure 15 depicts 

a SOI rib waveguide in front of a SMF core with dimensions proportional to reality. The 

coupling efficiency between both components is directly linked to the overlapping area of 

their respective modal field distribution (this point will be detailed in chapter II). 

Consequently, directly coupling a SMF to a SOI waveguide by the edge (called in-plane, 

end-fire or butt-coupling) results in optical loss over 20 dB [29].  To cope with this 

drawback, two main paths have been followed: the vertical coupling by means of a grating 

coupler (GC) and butt-coupling using spot size converters. Both are detailed thereafter. 

2.3.2 Grating coupler 

GCs are diffraction gratings specifically 

designed to enable a high coupling efficiency 

between a vertically placed fiber and a SOI 

waveguide. GCs are based on a periodic and 

subwavelength variation of the refractive 

index inside a guiding structure. A GC whose 

index variation is along a single dimension 

(1D) follows Bragg’s condition, which links 

the incident wave to the diffracted waves 

[30]: 

𝑘𝑚,𝑧 = 𝛽 −𝑚
2𝜋

Λ
 

Figure 15: Schematic of a SOI rib waveguide in front of 
an SMF core 

Figure 16: Grating coupler – SMF coupling scheme [122] 

8.2 µm 300 nm

z 
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where 𝑘𝑚,𝑧 is the wavevector component of the 𝑚𝑡ℎ diffraction order along the 

propagation direction of the incident wave in the waveguide. 𝛽 is the propagation 

constant of the latter while Λ is the period of the refractive index variation. In practice, the 

refractive index variation is introduced through an etching of shallow trenches in a 

widened waveguide, as depicted by Figure 16. Because of their working principle, GCs are 

strongly dependent on wavelength and polarization. While output GC have to handle only 

TE polarization coming from the SOI waveguide, input grating couplers have to manage 

the unknown polarization state of the light coming from the fiber. As a consequence, two 

types of grating couplers are used in PIC25G. Single polarization grating couplers (SPGC) 

are 1D GCs for coupling light out of the PIC with coupling losses as low as 2.2 dB at 1310 

nm only for the TE polarization. Polarization splitting grating couplers (PSGC) are 2D GCs 

that perform the coupling with the TE and TM components of the fiber output light and 

convert the TM component in TE to be coupled to PIC25G WGs, achieving total losses of 

3.2 dB at 1310 nm [21]. Both of them are represented in Figure 17. 

 

Figure 17: SEM top views of (a) an SPGC and (b) a PSGC [22] 

As mentioned above, the GCs coupling efficiency (CE) is very sensitive to wavelength and 

the result is a 1-dB bandwidth of less than 20 nm. This makes GCs unsuitable for carrying 

CWDM signals. However, it has been demonstrated that using layout variations, GCs peak 

wavelength can be adjusted to handle a particular wavelength in the 1270-1330 nm range 

with a peak loss difference between the GCs below 1 dB  [31]. Last but not least, GCs offer 

an excellent on-wafer probing capability, which is a strong asset for a large-scale 

industrialization.  

2.3.3 Lateral spot size converters 

On the other hand, multiple solutions have been investigated to fabricate wideband, 

polarization insensitive and efficient edge couplers (EC). Most of them rely on the 

progressive widening of the MFD at the end of an SOI waveguide by a spot size converter 

(SSC). The first straightforward method is to use an inverted taper in an SOI waveguide to 

(a) 

(b) 
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decrease the confinement of light in the horizontal direction while expanding the mode 

vertically using a lower index contrast waveguiding structure (Figure 18). Polymers [32] 

[33] [34], silicon oxynitrides (SiOxNy) [35] and silicon-rich oxides (SiOx) [36] have been 

used to create SSCs. They 

manage to increase the MFD to 

4.3, 2.5, 4.2, 4.3 and 3 µm, 

respectively. This is enough to 

achieve very low loss when 

coupling with expensive ultra-

high numerical aperture 

(UHNA) and lensed fibers. 

However, the CE with standard 

SMFs remains low. Small MFD fibers also bring a higher sensitivity to misalignment. 

Typical tolerances are around -1 dB for a 1 µm shift  

The replacement of solid silicon 

tapers by metamaterials allows 

increasing more the MFD, hence 

the CE with standard SMFs. The principle is to decrease the effective index by periodically 

alternating the core and cladding materials along the waveguide propagation axis (Figure 

19). The period must be even lower than those used for GCs to avoid any diffraction. This 

method shows a CE with a SMF28 fiber of -1.3 dB at 1310 nm with a 1-dB bandwidth 

greater than 100 nm and polarization dependent losses down to 0.6 dB [37]. 

 

Figure 19: Optical design of the metamaterial fiber interface. (a) Schematic top view of the three sections of the mode size 

convertor. (b) Cross-sectional diagram of the metamaterial waveguide. PECVD stands for plasma-enhanced chemical vapor 

deposition. The refractive index of the fluid or adhesive must be under 1.445 at 1310 nm. (c) Detailed top view of the 

metamaterial fiber coupler. (d) Detailed top view of the transition from a metamaterial to a hybrid waveguide.[37] 

Figure 18: Schematic of a standard SOI EC for coupling light between an SOI 
waveguide and a tapered single-mode fiber. The waveguide is tapered down 
to a small tip to allow mode expansion in the horizontal direction, whereas 
an overlay of polymer, Si3N4, SiON, or 
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Nevertheless, this solution brings a few drawbacks. An opening is etched through the 

entire SiPh Integrated Circuit (IC) back-end layers that can cause thermo-mechanical 

reliability issues [38]. The on-wafer probing is more difficult and a polarization splitting-

rotator [39] is needed in technologies where only one polarization is supported. For all 

these reasons, none of these components have been implemented in PIC25G. Table 5 sums 

up the main different optical fiber/SOI waveguide coupling strategies.  

Table 5: Summary of the main SiPh IC coupling strategies 

 Coupling loss MFD Tolerance 

(-1 dB) 

On-wafer probing 

Grating coupler 2.2/3.2 dB ≈10 µm ±4 µm  

Polymer SSCs <1 dB ≤ 4.3 µm ≈ 1 µm X 

Metamaterial 1.3 dB ≈10 µm Not Available X 

3 Silicon Photonic based Electro-optic 

Transceivers 

3.1 100G implementations and beyond 

3.1.1 100 Gb/s Parallel Single Mode 4 (PSM4) 

Capabilities of silicon photonics that have been detailed in the previous section have been 

used in several kinds of optical transceivers and especially in 100G PSM4 transceivers. 

Figure 20 depicts the assembly strategy of such a transceiver with PIC25G technology. 

 

Figure 20: Assembly strategy of a 100G PSM4 silicon photonic transceiver [22] 

In this approach, the SiPh IC is used as an interposer. It performs electro-optical 

modulation, light detection as well as optical and high frequency routing.  

On the transmitter side, the light source is a micro-packaged InP laser glued and wire-

bonded on top. Light is coupled via a GC. An Electronic IC (EIC) in a BiCMOS or CMOS 

technology is assembled by flip-chip on the interposer to drive the MZM efficiently. Light 

is then coupled to a glued fiber by another GC. On the receiver side, light is directly 
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detected by the photodiode after the fiber/GC coupling. The electric signal is then 

processed by the electronic IC.  

Since a few years now, such silicon photonic transceivers are commercially available. 

With photodiodes and modulators able to detect and modulate at 50 Gb/s bit rate and 

Pulse Amplitude Modulation over 4 levels (PAM4), this assembly scheme can be used for 

the next generation 400G optical links. Yet, the drawbacks present today will not be 

overcome easily. Those include, first, a high packaging cost due to the unconventional 

assembly of the fiber that requires an active alignment. Indeed, GCs have a 1-dB tolerance 

of 4 µm to lateral misalignment and a 3-dB tolerance for an angle shifted from 1° [40]. 

This cannot be done by high throughput placing machines. Second, this scheme uses 

multiple fibers. The longer the link is, the more important the part of fibers in the total 

cost is. As a consequence, this approach cannot compete for long optical reach (> 2 km) 

with transceivers requiring only one fiber. A possible solution for cost reduction and for 

reaching longer distances would be to use CWDM but the GC 1-dB bandwidth of 20 nm 

impedes this solution, the CWDM 4λ wavelengths range being 60 nm wide.  

Changing the assembly strategy may allow to solve both problems by the use of an 

external multiplexing/demultiplexing device in a low-cost package.  

3.1.2 100 Gb/s CWDM4 

In order to enable CWDM, one proposed solution has been to consider the addition of an 

external multiplexer to the assembly scheme above [41]. Kaiam developed a silica planar 

lightwave circuit (PLC) with an integrated CWDM multiplexer and facet polished with an 

angle allowing the coupling with GCs. The PIC25G chip is still an interposer with the 

electronic IC on top but the PLC comes between the SiPh IC and the fibers/lasers (Figure 

21). 

 

Figure 21: CWDM Transceiver in housing without lid (a). Enlargement of the optical engine (b) [41] 

The 2 fibers in ferrules are aligned and glued at the other end of the PLC and the 4 lasers 

are aligned in front of the same facet using Microelectromechanical systems (MEMS) 

levers. This approach is able to deliver an optical signal compliant with CLR4 MSA 

(a) (b) 
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specifications and achieve a CWDM4 MSA compliant bit error ratio for an optical 

modulation amplitude greater than -7 dBm. Unfortunately, this is done at the cost of the 

addition of a silica PLC, a MEMS chip and a more complex package, all resulting in a direct 

increase of the transceiver cost. 

At this point, the added value of a single low-cost interposer platform to manage all the 

interconnections (electrical and optical), containing optical multiplexer/demultiplexer 

and using conventional assembly techniques is revealed. 

3.2 Electrical and Optical Interposers 

3.2.1 Electrical interposers 

The sharp increase in the operating frequency and I/O density of the processors and 

memories has created a bottleneck at the level of the electrical interconnections between 

these two types of integrated circuits that constrains the performance of the system. This 

led to the development of high-density interconnect (HDI) interposers. From an electrical 

point of view, an interposer is a chip capable to interconnect multiple ICs between them 

with a shorter interconnection distance and higher I/O density than the printed circuit 

board (PCB) underneath allows. To fulfill that condition, it contains several redistribution 

layers (RDLs) and solder balls on both sides as well as through package vias (TPVs) in its 

core material to connect the ICs to the PCB. It is even possible to vertically connect an IC 

placed between the interposer and the PCB, as shown in Figure 22. A few technologies 

have been deployed at large scale for high performance applications. An important 

criterion regarding the electrical and optical interposer is its cost which is defined by its 

materials, process and assembly costs as well as the scale of its deployment. 

Consequently, leveraging interposer technologies for high performance applications to 

develop an electrical and optical interposer is a good way to keep costs low. Three main 

interposer types, depending on the substrate material, are distinguishable: organic, glass 

and silicon. We will now review each material regarding our application. 

 

Figure 22: Generic schematic of an electrical interposer 
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3.2.1.1 Silicon interposer 

Silicon interposers are fabricated following the same process as ICs’ back-end-of-line 

(BEOL) and are already in use in several high-end and high-volume electronic products 

such as some AMD GPUs and Xilinx FPGAs [42][43]. The BEOL dual damascene (Figure 

23) process makes them able to show very aggressive design rules: typical line width and 

spacing (L/S) is below 1 µm/1 µm [44]. Also, sharing the same material between the IC 

and the interposer has the benefit to make reliable assemblies thanks to the perfectly 

matched coefficients of thermal expansion (CTE) and the high thermal conductivity of 

silicon compared to glass and organic materials.  

 

Figure 23: Dual Damascene process [45] 

However, the intrinsic electrical performance of silicon interposers are far from ideal 

especially that of the through silicon via (TSV) [46] [47] due to the low resistivity of 

silicon. In addition, the cost of silicon interposers remains high because they require wafer 

manufacturing infrastructure and a costly TSV fabrication scheme (Figure 24) [48]. 

Regarding our application, the mechanical and thermal reliability is an asset but the cost 

structure of silicon interposers confines them to very high-end products which is not the 

case of the targeted optical transceivers market. 
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Figure 24: TSV fabrication process [49] 

3.2.1.2 Organic interposer 

Organic interposers seem to be a valuable alternative to silicon. Indeed, the widely used 

semi-additive process (SAP) allows a panel manufacturing of L/S up to 2 µm/2 µm RDLs 

ensuring low-cost production [50] and excellent RF performance on low-dissipation 

factor substrates [51]. A typical fabrication process of high-density interposers is 

described in Figure 25.  

 

Figure 25: Semi-additive process on organic substrate [50] 

However, such aggressive design rules necessitate a specific substrate with a high glass 

transition temperature (Tg) to minimize misalignment between RDLs during fabrication 

and a very low CTE to minimize mechanical mismatch with the IC during temperature 

variations. This can result in the debonding of the silicon IC. Ultimately, these constraints 
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increase the fabrication cost of the core material to obtain the same performance of glass, 

as we will see thereafter. 

3.2.1.3 Glass interposer 

In order to overcome the high fabrication cost of silicon interposer and low reliability of 

organic substrates, electrical interposers using a glass substrate have been developed in 

recent years. The electrical performance of glass interposers is superior to those of silicon 

interposers, as shown in [52] and on par with organic interposers, notably thanks to the 

low dielectric constant and dissipation factor of glass. In addition, the flatness and 

mechanical rigidity of the glass allow to obtain a higher integration density than 

conventional organic substrates by using the same panel manufacturing SAP, as 

demonstrated in [53]. Last but not least, large glass panels are available in high volumes 

at a very low cost from the display industry and their CTE can be matched to Si CTE at 

fabrication. Still, semiconductors foundries and Outsourced Semiconductor Assembly and 

Test (OSATs) do not provide glass interposers in high volumes for the time being. 

3.2.1.4 Synthesis on electrical interposer technologies 

Silicon, organic and glass interposers have been presented. The two first technologies 

benefit from an already deployed supply chain but suffer from a few drawbacks. Silicon 

interposer fabrication cost is high and its electrical performance is limited. Organic 

substrates suffer from mechanical assembly issues when using aggressive design rules, 

unless an expensive substrate is used.  

Therefore, from the electrical and packaging point of view, glass seems to be a promising 

candidate for the core material of the electrical and optical interposer thanks to its 

mechanical and RF properties. The only issue is the industrial availability. However, as it 

is foreseen to be the next technology for high performance applications in high volumes, 

some OSATs already propose prototyping over glass substrates [54]. In the next section, 

we will move to the optics side and review the different optical technologies available on 

a glass substrate. 

3.2.2 Optical technologies on a glass substrate 

A large number of optical technologies have been developed over time for an equally large 

number of applications. For the purpose of SiPh ICs packaging using a glass substrate, the 

required optical technology has to provide SMWGs at the telecom wavelengths used in 

CWDM (1270-1330 nm), a multiplexer, a device allowing the vertical coupling with the 

SiPh IC and a lateral coupling with a fiber using V-grooves for example. Two approaches 

can be considered: the integration of the optical technology inside the glass substrate or 

on top of it. In the first category, ion-exchanged waveguides and direct femtosecond laser 

writing in glass are potential technologies. 
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3.2.2.1 Ion-exchange 

SMWG with losses down to 0.1 dB/cm at 1.3 µm [55] [56] [40], 

multiplexers/demultiplexers [57]jm, [58] and mirrors for vertical coupling [59] have 

been demonstrated using ion-exchange in glass. The fabrication process (Figure 26) 

consists in exposing a glass substrate to a mix of melted silver nitrate and sodium nitrate 

salts through an aluminum or alumina hard mask. Ag+ ions replace Na+ ions at the glass 

surface. Then, the aluminum mask is removed and Ag+ ions are moved deeper inside the 

substrate using an electrical field. This migration allows to locally increase the refractive 

index of glass. 

 

Figure 26: Ion-exchanged waveguides process 

This technology has been demonstrated at PCB level for board-to-board optical 

interconnections alongside electrical interconnections [123]. 

3.2.2.2 Direct Femtosecond Laser Writing 

Direct laser writing of waveguides relies on the non-linear absorption phenomenon 

occurring in glass exposed to ultra-short & high-energy laser pulses [60]. At energies 

below the glass ablation threshold, this absorption results in a local increase of glass 

density and refractive index due to structural modifications [61]. Using this method, 

SMWGs at 1.55 µm with losses of 0.5 dB/cm have been reported [62]. More recently, 

arrayed waveguide grating have been fabricated in the visible [63]. The same technique 

as in [59] [64][40] can be used to implement the mirror. 

3.2.2.3 Silica-based PLCs 

In the second category, namely the optical technologies deposited on a glass substrate, we 

find PLCs based on silica and polymer waveguides either created by photolithography or 

by laser ablation. 

Silica-based PLCs are created following the fabrication process of Figure 27: layers of pure 

silica and SiO2-GeO2 are deposited on the substrate by flame hydrolysis deposition (FHD). 
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Both layers being porous, a high temperature annealing follows. Waveguides are then 

defined by reactive ion etching (RIE) of the SiO2-GeO2 layer through a photomask. 

Waveguides cores are finally encapsulated in a second layer of pure SiO2. The core 

refractive index depends on the GeO2 concentration. 

 

Figure 27: Silica PLC fabrication process [65] 

Silica PLCs have been a material of choice for passive integrated optics for years, 

especially in the domain of telecommunications. Therefore, numerous circuits have been 

developed, including of course multiplexers such as the one described in [41]. SMWGs 

have shown very low loss in this technology: down to 1.7 dB/m at 1.5 µm [66]. 

3.2.2.4 Polymer waveguides 

Widely used in electronics fabrication, from ICs (photomask) to PCB (both photomask and 

dielectric layers), polymer materials are versatile materials in terms of physical 

properties and patterning techniques. Some polymers showing a low optical absorption 

in the telecom range, the idea came to fabricate waveguides with these materials. Their 

availability in the form of dry films make them suitable for panel manufacturing [67]. Two 

fabrication processes have been commonly used: photolithography (Figure 28) and laser 

ablation (Figure 29).  
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Figure 28: Fabrication of polymer waveguides by photolithography 

In the first case, negative photosensitive resins are used. A first cladding layer is laminated 

on the glass substrate, exposed to UV light and baked. Then, the core layer is laminated, 

exposed to UV, developed and cured just as it would have been the case for the fabrication 

of a photomask, the difference lying in the fact that the resin is not removed afterward as 

it serves as the core of the waveguide. Finally, the core is encapsulated by the lamination 

of a second cladding layer. The fabrication of single mode waveguides with propagation 

losses below 1 dB/cm at 1.3 µm using dedicated and commercially available epoxy-based 

and siloxane-based polymers has been demonstrated [68] [69]. These materials also 

allow the fabrication of integrated passive devices such as Mach-Zehnder interferometers 

and consequently multiplexers. Unfortunately, similar materials in the form of dry films 

are not, to our knowledge, commercially available.   

 

Figure 29: Fabrication process of polymer waveguides by laser ablation 

In the second case, the fabrication process is very similar but the waveguide core is 

formed by the laser ablation of trenches inside the core layer. Laser-ablated polymer 

waveguides have been fabricated using different laser types such as CO2, Nd-YAG and 

excimer [70]. 
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Several of these technologies have been used, inter alia, as an interposer in order to solve 

the two problems of grating couplers mentioned in section 3.1.1 [71] [72]. Vertical 

coupling solutions, such as integrated micromirrors [73] or the angled polishing of the 

interposer slice [72] have been demonstrated for coupling to the PIC. Passive alignment 

structures in U or V shape for the coupling between the fiber and the interposer 

waveguide have also been fabricated [74]. 

3.2.2.5 Synthesis on optical technologies on a glass substrate 

Among the technologies listed above, ion-exchange and silica-based PLCs waveguide 

fabrication processes are very different from those of electric glass interposers. Indeed, 

the first requires a mask followed by a contact at high temperature with silver salts, in 

order to proceed to ion exchange and the second uses unconventional material deposition 

and etching methods for packaging substrates: FHD and RIE. Despite, their apparent 

viability, the large-scale deployment of these technologies is not guaranteed since tooling 

and processes are not used among the main substrate manufacturers. 

The manufacturing of polymer waveguides by photolithography uses materials similar to 

those used as dielectrics between the electrical RDLs of glass interposers, such as epoxy. 

However, dry films exploited in the literature to fabricate the core and the cladding of 

waveguides in [67] were not commercially available at the beginning of this work, to the 

best of our knowledge. These resins are available in a liquid form for spin-coating but this 

involves the use of glass wafers and therefore a more expensive manufacturing than that 

of electrical interposers which uses glass panels, on which the polymer is deposited by 

lamination. Granted the availability of optical epoxy dry films for the manufacturing of 

SMWG, polymer waveguides by photolithography or laser ablation would make a perfect 

candidate for the electrical and optical interposer since the material can be structured at 

a low-cost and since the tooling is already in use in the industry. As we will see in the next 

sections, we mainly considered two approaches: the laser ablation of traditional polymer 

dry films and the laser lithography of dedicated spin-coated epoxy resins.  

Finally, the waveguides defined by exposure to the femtosecond laser seem a viable 

alternative, even if, in the long term, the electric RDLs will separate them from the 

photonic chip which will complicate the coupling with the latter. 
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4 State-of-the-art synthesis and definition of 

the objectives 

In the previous sections, we showed that silicon photonics is potentially interesting for 

data centers high-speed optical links which are using several channels and over distances 

that cannot be achieved using multimode fibers. Yet, PIC25G SiPh transceivers are held 

back by the complexity and constraints of the vertical coupling scheme between SMFs and 

SiPh ICs. Indeed, the grating coupler bandwidth and assembly cost makes SiPh unable to 

compete with solutions that are using CWDM. Several edge-couplers have been developed 

to enable a broadband edge-coupling at the cost of the loss of on-wafer probing and a 

more complex fabrication process generating thermo-mechanical stress. To keep grating 

couplers in the same SiPh technology, we then highlighted that exploiting an interposer, 

integrating both passive optics and RF RDLs, would help to solve the problem of the GC 

bandwidth using frequency specific GCs and a multiplexer integrated in the interposer 

while reducing the assembly cost by the use of traditional flip-chip bonding. 

We reviewed three electrical interposer technologies, namely silicon glass and organic 

interposers and determined that, despite a non-existing supply chain, glass interposer 

offers most of the requirements needed for this application, i.e. a low cost, a good RF 

performance, a decent wiring density and reliable assembly (Table 6). Besides, the lack of 

supply chain may be mitigated in the coming years since this interposer type has been 

extensively studied as a replacement for its silicon counterpart. An optical technology 

compatible with these recent developments should be easier to deploy at a large scale. 

Table 6: Comparison of interposer core materials 

 Density CTE mismatch RF performance Cost Supply 

Chain 

Total 

Score 

Silicon ++ ++ - - + 4 

Glass + + ++ ++ - 6 

Organic - - ++ + + 5 

The interposer core material being set, we reviewed several optical technologies that 

allow the fabrication of SMWGs on a glass interposer. Here, polymer-based solutions 

stand out because the materials are already in use in the back-end of electrical 

interposers. This would allow to get the interposer waveguide to be as close as possible 

to the SiPh, thus facilitating the coupling between both chips. Table 7 sums-up the 

comparison between optical technologies on a glass substrate.  
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Table 7: Comparison of optical technologies on a glass substrate 

 Integration SMWG Loss Vertical 

coupling 

Multip

lexer 

Refs 

Ion-Exchange Inside 

substrate 

1.3/1.5 µm 0.1 dB/cm   [55] [56] [40] 

[57][58][59] 

Femtosecond 

Laser Writing 

Inside 

substrate 

1.5 µm 0.5 dB/cm ()  [62] [63] [59] 

[64][40] 

Silica PLC On substrate 1.3/1.5 µm 1.7 dB/m   [66] [41] 

Polymer Litho In back-end 1.3/1.5 µm <1 dB/cm   [68] [69] 

Polymer Laser In back-end X ?  ? [70] 

The objective of this thesis is to investigate the feasibility of a new approach making of 

using an electrical and optical interposer to connect the photonic silicon chip to a single-

mode optical fiber (see Figure 30 and Figure 31).  

  

Figure 30: Electrical and Optical Interposer Approach for silicon photonic transceivers 

In this approach, the electrical 

and optical interposer would 

integrate: 

- An organic back-end with 

copper RDLs with a high density 

to interconnect the silicon 

photonic chip, the CMOS/BiCMOS 

chip and board and transmit 50 

Gb/s signals 

- An optical technology integrated in the back-end using compatible polymer materials to 

enable SMWG and de/multiplexers for CWDM 

- Broadband optical interfaces coupled on the side to ensure low-loss connections with 

passively aligned fibers using the principle of v-grooves, as it is done in fiber arrays. 

- A solution for optically connecting the SiPh IC (containing grating couplers) and the 

lasers to the interposer. 

Silicon PIC
Optical Fiber

Laser

Electronic IC

Multiplexer

Thin Glass Substrate

Polymer Back-End

Integrated Mirror

Polymer Waveguide

Figure 31: 3D view of the electrical and optical interposer proposed 
approach 
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With such an interposer, the SiPh and CMOS/BiCMOS ICs can be assembled using a 

conventional flip-chip technique. This, together with the passively aligned fibers, could 

enable 4x100 Gb/s CWDM 4λ optical transceivers using the same SiPh technology and 

PAM4 modulation at very low cost. Moreover, several of the constituting blocks of this 

interposer have already been demonstrated separately. 

The objective of this work is to develop an optical coupling between an electrical/optical 

interposer and an existing SiPh IC in PIC25G technology and demonstrate light detection 

and modulation through this system. This includes three steps: 

• The design of the interposer and its components: 

o Single mode polymer waveguides with low coupling losses to butt-coupled 

SMFs and low propagation losses (1 dB/cm). The development of the 

multiplexer will not be tackled in this work. 

o A slanted mirror optimized for interposer/SiPh IC coupling. The coupling 

efficiency has to be equivalent to a fiber/grating coupling. 

o RF transmission lines able to transmit 50 Gb/s signals over a few 

millimeters. We target insertion losses below 3-dB/mm at 75 GHz. 

• The fabrication of an interposer using standard equipment with regards to the 

fabrication of electrical interposers. It shall allow to perform the characterization 

of test structures embedded in the PIC25G IC bonded by flip-chip on the interposer.  

• The characterization of the assembly, including: insertion loss measurement of 

waveguides and transmission lines, coupling efficiency and modulation 

bandwidth. 

All three points are the subject of the next chapters. 

5 Conclusion 

In a nutshell, we presented OFCs to show that 400G is the next step of data centers optical 

interconnections using WDM and PAM4 modulation for communication longer than 500 

meters over SMFs. Then, the SiPh technology developed by STMicroelectronics was 

presented. It is capable of light modulation and detection near 50 Gb/s, but the coupling 

with SMFs suffers from high assembly costs and a narrow bandwidth regarding CWDM 

requirements. We compared subsequently different electrical interposers and optical 

technologies to highlight that a passive, low-cost, electrical/optical glass interposer has 

the potential to provide 4x100 Gb/s CWDM 4λ transceivers based on SiPh. Finally, the 

objectives of this work have been presented. 
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II Interposer Design & Simulations 

The second chapter is dedicated to the design and simulation of the interposer and its 

components. The first part details the theory and simulations of 2D, 3D and Rib dielectric 

waveguides, in order to determine the ideal physical properties of the waveguides 

embedded in the interposer. In the second part of the chapter, we review coplanar 

transmission lines and optimize MZM electrodes for the transmission of high data rate 

signals in the interposer and in the SiPh IC, respectively. Finally, the design and 

simulations of the vertical coupling between the interposer and the SiPh IC are presented.  
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1 Optical Waveguides 

In this section, we describe the working principles of a slab waveguide from ray optics 

and electromagnetic point of views, respectively, as this structure is used to approximate 

the operation of two other structures we consider for the optical waveguide of the 

interposer. Then, we study the impact of the waveguide physical properties regarding the 

coupling efficiency with a single mode optical fiber. 

1.1 2D Slab Waveguide 

When dealing with optical waveguides, light trapping can be explained by ray optics using 

the concept of total internal reflection. Though ray optics is a huge simplification of the 

electromagnetism that is only valid for structures that are much larger than the 

wavelength, it helps understanding some basic characteristics of the slab waveguide [75]. 

The assumption is made that a ray of light that moves in a straight line in a material of 

index  𝑛1  is split in 2 rays when arriving at the interface between 2 materials of refractive 

indices 𝑛1 and 𝑛2, respectively. One is reflected whereas the other is refracted (Figure 32). 

The refractive index of a given material is defined as 𝑛 =
𝑐

𝑣
, where 𝑐 is the speed of light in 

vacuum and 𝑣 the phase velocity of light in the material. According to the Snell-Descartes 

law, the relation between the angle of the incident ray 𝜃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 and the angle of the 

refracted ray 𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑒𝑑 is: 

𝑛1.sin(𝜃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡)  =  𝑛2.sin  (𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑒𝑑) (1) 

 

Figure 32: Schematic of the refraction principle 
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However, the maximum angle for which the refracted ray crosses the interface is 90° . We 

can deduce a maximum angle of the incident ray for which the refracted ray exists. This 

one, called critical angle, is: 𝜃𝑐  =  arcsin (
𝑛2

𝑛1
) 

For larger angles, the incident ray is not divided in two and is, as a consequence, totally 

reflected. This phenomenon is called the total internal reflection and is used to guide the 

light into waveguides. 

The principle of waveguides is to guide the light waves in a material of high refractive 

index 𝑛𝑐𝑜𝑟𝑒 surrounded by a material of lower refractive index 𝑛𝑐𝑙𝑎𝑑  (as in Figure 33) so 

that the rays contained in the inner material are incident at the interfaces with an angle 

higher than the critical angle and consequently, keep being reflected inside the structure. 

However, this picture does not allow 

to obtain a complete description of the 

electromagnetic fields in the structure. 

Indeed, as light waves are 

electromagnetic (EM) waves, 

Maxwell's equations should be used to 

describe thoroughly the propagation 

of light in a two-dimensional step-

index slab waveguide that is infinite 

along the 𝑦 dimension, as shown in 

Figure 33. 

As we are searching for waves travelling in the z direction, we will study the field solutions 

of Maxwell equations in the three regions and impose continuity at the interfaces to 

determine if a wave can be guided within the structure and its propagation constant. 

Maxwell equations inside a homogeneous non-magnetic dielectric material of refractive 

index 𝑛 can be written: 

{
 
 
 

 
 
 ∇⃗⃗ ∧ 𝐸⃗ = −𝜇0

𝜕𝐻⃗⃗ 

𝜕𝑡

∇⃗⃗ ∧ 𝐻⃗⃗ = 𝑛2𝜀0
𝜕𝐸⃗ 

𝜕𝑡

∇⃗⃗ ∙ 𝐸⃗ =
𝜎

𝜀0

∇⃗⃗ ∙ 𝐻⃗⃗ = 0

 

(2) 

(3) 

(4) 

(5) 

Where 𝐸⃗  is the electric field vector, 𝐻⃗⃗  the magnetic field vector, µ0 the vacuum 

permeability, ε0 the vacuum permittivity and 𝜎 the electric charge density. 

ncore
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nclad
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Figure 33: Schematic of a 2D slab WG cross-section 
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Let us consider the general form of the complex electric and magnetic fields of a 

monochromatic traveling wave with a pulsation 𝜔 and a propagation constant 𝛽 

propagating in 𝑧  direction: 

{
𝐸⃗ = (𝐸𝑥𝑥  + 𝐸𝑦𝑦  + 𝐸𝑧𝑧 ) = 𝐸⃗ (𝑥, 𝑦)𝑒𝑖(𝜔𝑡−𝛽𝑧)

𝐻⃗⃗ = (𝐻𝑥𝑥  + 𝐻𝑦𝑦  + 𝐻𝑧𝑧 ) = 𝐻⃗⃗ (𝑥, 𝑦)𝑒𝑖(𝜔𝑡−𝛽𝑧)
 (6) 

Since we are considering an identical and infinite structure along the 𝑦 axis, there no y-

dependency of 𝐸⃗  and 𝐻⃗⃗  fields. Hence, 
𝜕𝐸⃗ 

𝜕𝑦
=

𝜕𝐻⃗⃗ 

𝜕𝑦
= 0 and after substituting (6) in (2) and (3), 

we obtain a system with two independent group of 3 equations. With variables 

substitution within the respective groups of equations, two identical equations, called 

wave equations, are obtained (one as a function of 𝐸𝑦 and the other as a function of 𝐻𝑦). 

Waves satisfying these equations are called propagation modes. The wave equation, 

presented below, is a second order partial differential equation, where Ψ may be either 

𝐸𝑦 or 𝐻𝑦: 

𝜕2Ψ

𝜕𝑥2
+ 𝑘0

2(𝑛2 − 𝑛0
2)Ψ = 0 (7) 

With, 𝑛0 =
𝛽

𝑘0
 the effective index of the propagation mode and 𝑘0 =

𝜔

𝑐
 

Therefore, 2 cases have to be considered: the TE mode and TM mode, depending on the 

variable that is chosen (𝐸𝑦 or 𝐻𝑦). In the TE case, we have 𝐸𝑧 = 𝐸𝑥 = 𝐻𝑦 = 0. In the case 

TM, we have 𝐻𝑥 = 𝐻𝑧 = 𝐸𝑦 = 0. From now on, we will only consider TE but the solving is 

similar for TM. Equation (7) admits different general solutions following the value of the 

discriminant Δ of its characteristic equation: Δ = −4 ∙ 𝑘0
2(𝑛2 − 𝑛0

2) 

Regarding our problem, 3 cases are distinguishable: 

- 0 < 𝑛0 < 𝑛𝑐𝑙𝑎𝑑  

- 𝑛𝑐𝑙𝑎𝑑 < 𝑛0 < 𝑛𝑐𝑜𝑟𝑒 

- 𝑛0 > 𝑛𝑐𝑜𝑟𝑒 

The solutions of interest are: 𝑛𝑐𝑙𝑎𝑑  <  𝑛0 < 𝑛𝑐𝑜𝑟𝑒. These solutions are called guided 

modes and correspond to modes whose fields oscillate in the core region and 

exponentially decrease in the cladding region, as we will see thereafter.  

Given the 𝑛0 range, the general solutions of equation (7) are: 

- For 𝑥 ≥ 0, 𝑛 = 𝑛𝑐𝑙𝑎𝑑 , Δ > 0: 

𝐸𝑦(𝑥) = 𝑎1𝑒
𝑘0√𝑛0

2 − 𝑛𝑐𝑙𝑎𝑑
2  𝑥

+ 𝑎2𝑒
−𝑘0√𝑛0

2 − 𝑛𝑐𝑙𝑎𝑑
2  𝑥

 (8) 
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The boundary conditions dictate lim
𝑥 → +∞

𝐸𝑦 =0 and so 𝑎1 = 0 

- For −𝑑 ≤ 𝑥 ≤ 0, 𝑛 = 𝑛𝑐𝑜𝑟𝑒 , Δ < 0: 

𝐸𝑦(𝑥) = 𝑏1 cos (𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0
2 𝑥) + 𝑏2 sin (𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0

2 𝑥) (9) 

- For 𝑥 ≤ −𝑑, 𝑛 = 𝑛𝑐𝑙𝑎𝑑 , Δ > 0: 

𝐸𝑦(𝑥) = 𝑐1𝑒
𝑘0√𝑛0

2 − 𝑛𝑐𝑙𝑎𝑑
2  𝑥

+ 𝑐2𝑒
−𝑘0√𝑛0

2 − 𝑛𝑐𝑙𝑎𝑑
2  𝑥

 (10) 

The boundary conditions dictate lim
𝑥 → −∞

𝐸𝑦 =0 and so 𝑐2 = 0 

We assumed at the beginning that the waveguide core is separated from the cladding by 

2 interfaces. At these interfaces, it is demonstrated in that, in a dielectric material, 

tangential components of the EM fields are continuous. Regarding the 2D waveguide 

problem, this results in the following conditions at each interface: 

{

𝐸𝑦𝑐𝑜𝑟𝑒 = 𝐸𝑦𝑐𝑙𝑎𝑑
∂Eycore
𝜕𝑥

=
∂Eyclad
𝜕𝑥

 (11) 

Using these conditions applied in 𝑥 = 0 and 𝑥 = −𝑑, we obtain a system that can be 

reduced to 2 equations with 2 unknows which admits non-trivial solutions for a 

determinant equal to 0: 

tan (𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0
2 𝑑) + 2 ∙

(𝑘0
2√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0

2√𝑛0
2 − 𝑛𝑐𝑙𝑎𝑑

2 )

𝑘0
2(𝑛𝑐𝑙𝑎𝑑

2 − 𝑛𝑐𝑜𝑟𝑒2 )
= 0  (12) 

This can be rewritten as: 

2 ∙ arctan (
𝑘0√𝑛0

2 − 𝑛𝑐𝑙𝑎𝑑
2

𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0
2
) − 𝑘0𝑑√𝑛𝑐𝑜𝑟𝑒2 − 𝑛0

2 +𝑚𝜋 = 0 (13) 

This equation is the dispersion equation of a symmetrical slab waveguide and implies that 

there are only discrete values 𝑛0 for given waveguide thickness 𝑑 refractive indices 𝑛𝑐𝑜𝑟𝑒 

and 𝑛𝑐𝑙𝑎𝑑 . Using this equation and the following method, we can determine the number of 

propagation modes inside the structure and their effective indices: 

- For 𝑚 = 0, if a solution is found, there is a fundamental mode, otherwise, nothing 

is propagated inside the waveguide and it is useless to go further. 

- For 𝑚 = 1, if a solution is found, the waveguide has 2 guided modes: the 

fundamental mode and a secondary guided mode. Otherwise, there is only the 

fundamental mode and no more guided wave. 
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- For 𝑚 = 2, if a solution is found, the waveguide has 3 guided modes: the 

fundamental mode and two other guided modes. Otherwise, there are only the 2 

previous modes and there are no more solutions. 

- And so on … 

This method enables to determine whether a waveguide is multimode or single mode in 

2 dimensions. For a single mode waveguide, the fields distribution, as well as the 

propagation constant is known and unique, which is not the case for multimode 

waveguides. This has the advantage to prevent modal dispersion that occurs in multimode 

waveguides due to multiple propagation constants.  

1.2 3D Waveguides 

1.2.1 Effective Index Method 

For a 3-dimensions rectangular waveguide, 

whose cross-section is depicted in Figure 34, 

the problem becomes more complex to solve, 

since the fields derivative along the third 

dimension cannot be considered equal to 0 

anymore. Therefore, different methods have 

been used by Marcatili [76], Kumar [77] and 

Knox and Toulious [78] to approximate the 3D 

problem using a superposition of 2D problems. 

In weakly guiding condition, i.e. when 𝑛𝑐𝑜𝑟𝑒 ≅

𝑛𝑐𝑙𝑎𝑑 , the approximation can be made that the longitudinal components 𝐸𝑧 and 𝐻𝑧 of the 

EM fields are small compared to the transverse components. It is then possible to consider 

two groups of solutions by neglecting one transverse component with respect to the 

other. By analogy with the slab waveguides, the groups of solution are named quasi-TE 

and quasi-TM modes. Expressed using the H field formulation, we have, on one hand, 𝐻𝑥 =

0 and the wave equation is: 

𝜕2𝐻𝑦

𝜕𝑥2
+
𝜕2𝐻𝑦

𝜕𝑦2
+ 𝑘0

2(𝑛2(𝑥, 𝑦) − 𝑛0
2)𝐻𝑦 = 0 (14) 

On the other hand, 𝐻𝑦 = 0, and the wave equation is: 

𝜕2𝐻𝑥

𝜕𝑥2
+
𝜕2𝐻𝑥

𝜕𝑦2
+ 𝑘0

2(𝑛2(𝑥, 𝑦) − 𝑛0
2)𝐻𝑥 = 0 (15) 

In the effective index method developed by Knox and Toulious, the assumption is made 

that 𝐻(𝑥, 𝑦) = 𝑋(𝑥)𝑌(𝑦). As a consequence, (14) and (15) can be rewritten as: 

ncore

nclad

d

a

Figure 34: 3D Rectangular waveguide cross section 
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1

𝑋

𝜕2𝑋

𝜕𝑥2
+
1

𝑌

𝜕2𝑌

𝜕𝑦2
+ 𝑘0

2(𝑛2(𝑥, 𝑦) − 𝑛0
2) = 0 (16) 

Furthermore, (16) can be split into two independent equations by adding and subtracting 

the y-independent value 𝑘0
2𝑛𝑒𝑓𝑓

2 (𝑥), 𝑛𝑒𝑓𝑓
2 (𝑥) is an intermediate effective index that reflects 

the effective index of horizontal waveguides describing the vertical confinement in each 

horizontally homogeneous part of the waveguide: 

{
 
 

 
 1

𝑋

𝜕2𝑋

𝜕𝑥2
+ 𝑘0

2(𝑛𝑒𝑓𝑓
2 (𝑥) − 𝑛0

2) = 0

1

𝑌

𝜕2𝑌

𝜕𝑦2
+ 𝑘0

2(𝑛2(𝑥, 𝑦) − 𝑛𝑒𝑓𝑓
2 (𝑥)) = 0

 (17) 

As a result, an approximation of the guided modes propagating in a rectangular 

waveguide is obtained by solving the horizontal slab waveguide problems that determine 

the different values of the intermediate effective index 𝑛𝑒𝑓𝑓(𝑥) used in place of refractive 

indices in a vertical slab waveguide problem. In the case of the rectangular waveguide 

described in Figure 34, this is equivalent to the two independent slab waveguides 

depicted in Figure 35: 

 

Figure 35: Effective index method for a rectangular waveguide with a unique cladding material 

With this method, we can get a first glimpse of the single mode condition of the interposer 

waveguide. As a starting point, we will assume that the best fiber/waveguide coupling 

efficiency is obtained for waveguide dimensions (𝑎 and 𝑑) and refractive index difference 

(Δ𝑛) between core and cladding close the fiber: 𝛥𝑛 =  0.0052 and 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  8.2 𝜇𝑚 

[79]. This will be verified in section 1.3.2. 

Using a MATLAB script (Annex A), we implemented the effective index method to 

determine indices of the guided modes inside an 8 µm x 8 µm square waveguide in 

function of Δ𝑛 for a wavelength of 1.31 µm. We set 𝑛𝑐𝑙𝑎𝑑 = 1.56 since epoxy-based 

polymers refractive index is close to this value so that 𝑛𝑐𝑜𝑟𝑒 = 𝑛𝑐𝑙𝑎𝑑 + Δ𝑛. Figure 36 

displays the results of this analysis. 
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Figure 36: Computation of modes index 𝑛0 vs refractive index difference 𝛥𝑛 in an 8 µm x 8 µm waveguide using the effective 

index method 

As a first approximation, we can consider that such a waveguide is single mode for 

5 ∙ 10−4 < Δ𝑛 < 3 ∙ 10−3. In section 1.2.3, we will see that the real maximum index limit is 

slightly higher.  

1.2.2 Rib Waveguide 

In addition to rectangular waveguides, 

other structures are viable to guide 

light waves. An interesting one is the 

rib waveguide, which consists in a core 

in two parts, a slab part and a rib, 

between two cladding layers (Figure 

37). As briefly outlined in the previous 

chapter and demonstrated in [80], this 

topology reduces losses by decreasing 

sensitivity to side walls roughness. 

a
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Figure 37: Rib waveguide cross-section 
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Figure 38: Effective index method applied to a rib waveguide topology 

Another very interesting feature has been demonstrated in the work of [81] and [82]. For 

the same Δ𝑛, rib waveguides allow single mode operation with wider dimension than 

their rectangular counterparts. Effective index method can be used to determine guided 

modes inside a rib waveguide. First, the 1D horizontal slab waveguide problem number 

two, shown in Figure 38 and representing the areas close to the rib, is solved. Parallelly, a 

second horizontal slab waveguide associated to the rib part is also solved. Assuming that 

both admit guided modes, at least one effective index 𝑛𝑒𝑓𝑓1 and one 𝑛𝑒𝑓𝑓2 is found for each 

geometry. It is therefore possible to define a third vertical slab waveguide with 𝑛𝑒𝑓𝑓1 and 

𝑛𝑒𝑓𝑓2 as the core and cladding refractive indices, respectively. S. P. Pogossian [82] showed, 

using experimental data from [83], that the single mode condition resulting from the 

effective index method is accurate enough for design purpose. In our case, this condition 

takes the form of two equations: 

𝑟 > 0.5 (18) 

𝑡 −
𝑟

√1 − 𝑟2
− 𝑐 < 0 (19) 

With: 

𝑟 =

ℎ +
2

𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑
2

𝐻 +
2

𝑘0√𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2

 (20) 

𝑡 =

𝑎 +
2

𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑
2

𝐻 +
2

𝑘0√𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑
2

 (21) 

ncore

nclad

nclad

h neff2neff1neff2

a

ncore

nclad

nclad

H

1 2



 

52 

 

 

Figure 39: r and t parameters in function of WG slab part h. Single mode conditions are verified for 𝑟 > 0.5 equation (18) 

and eq (19) whose lower limit is represented by the green line. 

When applying conditions (15) and (16), with 𝑐 = 0, on a rib waveguide with 𝑎 = 8 µ𝑚, 

𝐻 = 8 µ𝑚, Δ𝑛 = 6 ∙ 10−3, and ℎ varying from 0 to 8 µ𝑚, we can see that single mode 

operation is still possible if the slab part thickness ℎ > 5.44 µ𝑚. Indeed, (15) is verified 

for ℎ > 3.5 µ𝑚 and (16) for ℎ > 5.44 µ𝑚. On Figure 39, the theoretical single mode cut-

off is represented by the vertical green line. Left to this line lies the multimode space and 

right to it is the single mode space. 

1.2.3 FDE Simulations 

We performed numerical simulations using the Finite-

Difference Eigenmode solver (FDE) from Lumerical in 

order to assess theoretical calculations. This solver is 

based on the full-vectorial finite-difference analysis 

developed by [84] that uses a 2D mesh structure [85] and 

a refractive index averaging technique to determine 

modes for a given structure. Waveguides are modelled by 

dielectric materials with constant refractive indices with 

respect to wavelength. The simulation area is a 40×40 µm² 

surface with Perfectly Matched Layers (PMLs) as 

boundary conditions (Figure 40). With several iterations 

of the dichotomy method while varying the refractive 

index difference, we determined that the higher order modes TE01 and TE10 appear for 

Δ𝑛 > 4 ∙ 10−3 for an 8 µm x 8 µm rectangular waveguide. Figure 41 shows the E field 

Figure 40: Cross section of the simulated 
rectangular waveguide in the simulation 
plane with PML boundaries 

PML
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distribution of TE00, TE01 and TE10 mode across the waveguide cross section for Δ𝑛 of 4 ∙

10−3, 4.1 ∙ 10−3 and 4.1 ∙ 10−3, respectively, at a wavelength of 1310 nm. 

 

Figure 41: (a) TE00, (b) TE01, (c) TE10 modes E field distribution across the waveguide cross section 

At Δ𝑛 = 3 ∙ 10−3, the TE00 mode index given by the effective index method is 𝑛0𝐸𝐼𝑀 =

 1.561373 whereas the index given by simulation is 𝑛0𝐹𝐷𝐸 =  1.561311. 

Regarding the rib waveguide described in section 1.2.2, i.e. 

𝑎 = 𝐻 = 8 µ𝑚 and Δ𝑛 = 6 ∙ 10−3 (Figure 42), our FDE 

simulation results differ from calculations following the 

effective index method. Using the same iterative method 

but ℎ as a variable, we obtained upper and lower single 

mode limits for slab thickness. We determined that this rib 

waveguide is single mode for 2.9 µ𝑚 < ℎ < 6.4 µ𝑚. Below 

3 µ𝑚, the lateral TE01 mode is guided. Above 7 µm, it is the 

vertical TE10 mode that is starting to be guided. Figure 43 

presents the E field distribution of TE00 (ℎ = 4 µ𝑚), TE01 
Figure 42: Cross section of the 
simulated rib waveguide in the 
simulation plane with PML boundaries 

(a) (b) (c) 

 

 

     

      



 

54 

 

(ℎ = 2.9 µ𝑚) and TE10 (ℎ = 6.4 µ𝑚) mode across the waveguide cross section. 

 

Figure 43: (a) TE00, (b) TE01, (c) TE10 modes E field distribution across rib waveguides cross section with a height 𝐻 of 8 

µm, a width 𝑎 of 8 µm and respective slab thicknesses ℎ of 4, 2.9 and 6.4 µm  

At this point, we have theoretically studied and simulated the single mode condition for 

rectangular and rib waveguides of 8 µm x 8 µm in terms of refractive index difference and 

slab thickness respectively. We supposed that the best optical coupling with SMF would 

be obtained with such dimensions. We will now verify this assumption. 

1.3 Lateral Coupling Efficiency with Optical Fiber 

1.3.1 Coupling Efficiency 

An important feature is to provide the ability to couple light between the fiber and the 

interposer. For that purpose, we have to determine the coupling efficiency between the 

fiber and the waveguide fundamental mode. First, we define the coupling efficiency as the 

ratio between the power transmitted to the waveguide fundamental mode 𝑃𝑊𝐺0 , for a 

given input power 𝑃𝑖𝑛, and the latter: 

𝐶𝐸 =
𝑃𝑊𝐺0

𝑃𝑖𝑛
 (22) 

The amount of power carried by an electro-magnetic field is given by the Poynting vector 

which can be written as follows for the power passing through a surface:  

𝑃𝑖𝑛  =
1

2
𝑅𝑒 {∫𝐸𝑖𝑛⃗⃗ ⃗⃗  ⃗ ∧ 𝐻𝑖𝑛

∗⃗⃗ ⃗⃗ ⃗⃗ ⋅ 𝑑𝑆 } (23) 

Knowing that tangential components of EM fields are continuous, we neglect the 

reflections at the interface, and obtain: 

𝐸𝑖𝑛⃗⃗ ⃗⃗  ⃗ = 𝐸𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝐻𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗ = 𝐻𝑜𝑢𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   
(24) 

(b) (a) (c) 
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Moreover, it has been demonstrated in that any field can be expressed using a basis of 

orthogonal modes. In the output guiding structure, the fields decomposition is as follows: 

𝐸𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = ∑𝑎𝑖𝑒𝑖⃗⃗   

𝐻𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = ∑𝑏𝑖ℎ𝑖⃗⃗  ⃗ 

(25) 

Here, 𝑒𝑖⃗⃗   and ℎ𝑖⃗⃗  ⃗ are the E and H fields of the 𝑖𝑡ℎ mode of the output guiding structure and 

𝑎𝑖 and 𝑏𝑖 are the coordinates of 𝐸𝑜𝑢𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  and 𝐻𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   associated to the 𝑖𝑡ℎ mode, respectively. 

Finally, we can express the coupling ratio in the form: 

𝑃𝑊𝐺𝑖

𝑃𝑖𝑛
 = 𝑅𝑒 {

∫ 𝑒𝑖⃗⃗  ∧ 𝐻𝑖𝑛
∗⃗⃗ ⃗⃗ ⃗⃗ ⋅ 𝑑𝑆 ∫𝐸𝑖𝑛⃗⃗ ⃗⃗  ⃗ ∧ ℎ𝑖

∗⃗⃗  ⃗ ⋅ 𝑑𝑆 

∫ 𝑒𝑖⃗⃗  ∧ ℎ𝑖∗⃗⃗  ⃗ ⋅ 𝑑𝑆 
}

1

𝑅𝑒{∫𝐸𝑖𝑛⃗⃗ ⃗⃗  ⃗ ∧ 𝐻𝑖𝑛
∗⃗⃗ ⃗⃗ ⃗⃗ ⋅ 𝑑𝑆 }

  (26) 

  

Which can also be written: 

𝐶𝐸 =  
[∬Ψ𝑖𝑛Ψ𝑜𝑢𝑡

∗ 𝑑𝑥𝑑𝑦 ]2

[∬Ψ𝑖𝑛Ψ𝑖𝑛
∗ 𝑑𝑥𝑑𝑦][∬Ψ𝑜𝑢𝑡Ψ𝑜𝑢𝑡

∗ 𝑑𝑥𝑑𝑦]
  (27) 

Where Ψ𝑖𝑛 and Ψ𝑜𝑢𝑡 represent the fiber input and waveguides output electrical fields, 

respectively.  

This equation allows the computation of the CE between the 𝑖𝑡ℎ mode of a waveguide and 

any input field. However, this is an approximation based on the assumption that there is 

no reflection at the interface which is the case when refractive indices of both guiding 

structures are almost identical.  

1.3.2 Coupling Efficiency Simulations 

The simulations presented in this paragraph were made using the overlap analysis of the 

Lumerical MODE simulation software. This tool provides a computation of the CE and a 

more accurate power coupling ratio that takes into account the reflected wave. For a 

better readability, it will be represented in dB. This coefficient gives a good idea of the 

power ratio transmitted to the waveguide when illuminated by a SMF. 

We modeled a Corning SMF-28e (Figure 44) fiber to determine its fundamental mode 

using FDE and used it as the input field. 

(b) 
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Figure 44: Fundamental mode E field distribution (a) of the simulated SMF28 fiber (b) 

Then, we simulated a wide range of rectangular and rib waveguides to verify the 

assumption made in section 1.2.1 on the waveguide dimensions regarding the coupling 

efficiency.  

The height and width of the rectangular waveguide was varied from 6 µm to 10 µm by 

steps of 1 µm while keeping an aspect ratio of 1:1. This was performed for four different 

values of Δ𝑛, ranging from 2 ∙ 10−3 to 5 ∙ 10−3 with a 1 ∙ 10−3 step. 

Regarding the rib waveguide, we kept a Δ𝑛 of 6 ∙ 10−3 and dimensions of 8 µm for both 𝑎 

and 𝐻 and we varied the slab part thickness in the single mode range, from 3 µm to 6 µm, 

to study its impact on the CE. In the following, the results in terms of power coupling for 

each configuration are shown (Figure 45 ). 

 

Figure 45: Power coupling ratio vs (a) WG width and height for a rectangular waveguide and (b) slab thickness for a rib 

waveguide. Values represented by a cross indicate a multimode behavior 

The main point that we can draw from these results is that an optimum power coupling 

with SMFs of -0.05 dB is obtained for dimensions of the core of a rectangular guide of the 

(a) 

(a) (b) 
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order of 7×7μm² and for an index difference of about 0.005. These are values close to 

those of the fiber (𝛥𝑛 =  0.0052 and diameter of 8.2 μm). However, such a waveguide is 

close to being multimode and a decrease of 𝛥𝑛 by 1 ∙ 10−3 still gives CEs higher than -0.1 

dB. 

Another interesting phenomenon is that single mode rib waveguides with a higher 𝛥𝑛 and 

CEs above -0.5 dB with fibers are possible if the slab part remain thinner than 4 µm. These 

results give us an overview of possible dimensional specifications for the polymer 

waveguides of the interposer. In the next section, we will study the RF performance of the 

assembly and focus on 2 particular levers: interposer transmission lines and PIC25G 

electro-optical modulator electrodes. 

2 RF Optimizations 

2.1 Interposer Transmission Lines 

2.1.1 Coplanar Waveguides 

Transmission line are waveguiding structures used for the transmission of high frequency 

signals. Generally, they are composed of metallic conductors separated by a dielectric 

material. Several topologies have been used in the domain of ICs, the most well-known 

being: striplines, microstrips and CPWs. Each of them admits one or more variants. The 

stripline is a metallic line in a dielectric material sandwiched between two ground planes. 

Microstrip are transmission lines placed on top of a dielectric placed above a ground 

plane. In the third case, namely CPW, the ground plane and line are on the same level 

above the dielectric. 

 

Figure 46: 3D schematic of (a) a stripline, (b) a microstrip and (c) a CPW 

As set in the first chapter of this work, the demonstrator must include transmission lines 

able to transmit 50 Gb/s signals over a few millimeters. Considering that only one 

redistribution layer was required for routing, we decided to stick with CPW. This 

simplifies the fabrication process described in chapter III.  

(a) (b) (c) 
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Electrically speaking, transmission lines are generally modeled using an equivalent RLCG 

model that employs per unit length constants of resistance R (Ω/m), inductance L (H/m), 

capacitance C (F/m) and conductance G (S/m) [86]. The equivalent circuit for an 

infinitesimal Δ𝑧-long transmission is drawn in Figure 47 below: 

 

Figure 47: Voltage and current definitions and equivalent circuit for an incremental length of transmission line. (a) Voltage 

and current definitions. (b) Lumped-element equivalent circuit. [86] 

Applying Kirchhoff’s laws to this equivalent circuit, in the frequency domain and with Δ𝑧

→ 0, gives a set of 2 differential equations depending on 𝑉(𝑧) and 𝐼(𝑧), the phasors 

corresponding to 𝑣(𝑧, 𝑡) and 𝑖(𝑧, 𝑡), respectively: 

𝑑𝑉(𝑧)

𝑑𝑧
= −(𝑅 + 𝑗𝐿𝜔)𝐼(𝑧) (28) 

𝑑𝐼(𝑧)

𝑑𝑧
= −(𝐺 + 𝑗𝐶𝜔)𝑉(𝑧) (29) 

Replacing (25) in (24) and conversely, we obtain: 

𝑑2𝑉(𝑧)

𝑑𝑧2
− 𝛾2𝑉(𝑧) = 0 (30) 

𝑑2𝐼(𝑧)

𝑑𝑧2
− 𝛾2𝐼(𝑧) = 0 (31) 

With 𝛾, the propagation constant of the transmission line defined as: 

𝛾 = 𝛼 + 𝑖𝛽 = √(𝑅 + 𝑗𝐿𝜔)(𝐺 + 𝑗𝐶𝜔) (32) 
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Indeed, (26) and (27) admits general solutions in the form of the sum of forward and 

backward traveling waves: 

𝑉(𝑧) = 𝑉0
+𝑒−𝛾𝑧 + 𝑉0

−𝑒𝛾𝑧 (33) 

𝐼(𝑧) = 𝐼0
+𝑒−𝛾𝑧 + 𝐼0

−𝑒𝛾𝑧 (34) 

Back in the time domain, 𝑣(𝑧, 𝑡) can be written: 

𝑣(𝑧, 𝑡) = |𝑉0
+| cos(𝜔𝑡 − 𝛽𝑧 + 𝜙+)𝑒𝛼𝑧 + |𝑉0

−| cos(𝜔𝑡 + 𝛽𝑧 + 𝜙−) 𝑒−𝛼𝑧 (35) 

We can observe that 𝛼 is responsible for the attenuation of both waves and is thus called 

the attenuation coefficient. For transmission lines to be efficient, this coefficient has to be 

as small as possible. It can be split in two contributions: 𝛼𝑐 the conductor losses and 𝛼𝑑  

the dielectric losses. 

In addition to the attenuation coefficient, the minimization of the backward propagating 

wave is also a key point in RF transmissions. To evaluate this criterion, it is necessary to 

study a transmission line loaded by a load 𝑍𝐿 , as in Figure 48. First, we define 𝑍0 the 

characteristic impedance of the transmission line, as: 

𝑍0 =
𝛾

𝐺 + 𝑗𝐶𝜔
 (36) 

 

Figure 48: A transmission line terminated in a load impedance 𝑍𝐿 [86] 

Then, at 𝑧 = 0, we have: 

𝑍𝐿 =
𝑉(0)

𝐼(0)
= 𝑍0

𝑉0
+ + 𝑉0

−

𝑉0
+ − 𝑉0

−  (37) 

This can be written: 

𝑉0
− =

𝑍𝐿 − 𝑍0
𝑍𝐿 + 𝑍0

𝑉0
+ = Γ0𝑉0

+ (38) 

Where Γ0 is called the voltage reflection coefficient at the load. At a distance z from the 

load, we have: 
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𝑉0
−𝑒𝛾𝑧

𝑉0
+𝑒−𝛾𝑧

= Γ0𝑒
2𝛾𝑧 = Γ(𝑧) (39) 

As a consequence, the backward propagating wave is zero for 𝑍𝐿 = 𝑍0 and the load is said 

to be matched to the line. It is common to design transmission lines with a characteristic 

impedance of 50 Ω in order to be compatible with a vast majority of RF systems. 

Like their optical counterparts, transmission lines behavior can be described by solving 

the Maxwell equations presented in section 1.1. These equations establish a relationship 

between 𝛾, 𝑍0 and the physical properties of the line. In the same way as the optical 

waveguide, it is possible to define 𝜖𝑟, the dielectric constant of dielectric material as √𝜀𝑟 =

𝑛, and 𝜀𝑒𝑓𝑓, the effective dielectric constant for a propagation mode: 𝜀𝑒𝑓𝑓 =
𝛽2

𝑘0
2 .  

2.1.2 ADS simulations 

In this section, we coarsely dimension the transmission lines using a simulation software. 

Reference [87] proposed a model for CPWs with finite dimensions using a conformal 

mapping technique. Further enhanced to take into account the thickness of the conductors 

[88], conductor losses 𝛼𝑐 [89] and dielectric losses 𝛼𝑑 , this model gives computation 

formulae for 𝑍0, 𝜀𝑒𝑓𝑓 and 𝛼 of a CPW such as the one described by Figure 49. 𝜌 is the 

resistivity of the metallic conductor and tan 𝛿 is the dielectric-loss tangent. Both are 

material properties required for the calculation of 𝛼𝑐 and 𝛼𝑑  respectively. 

 

Figure 49: Cross-section schematic of a CPW with ADS CPW model parameters 

This model is integrated in the LineCal tool from Keysight’s Advanced Design System 

(ADS) simulator which can calculate 𝑍0 for given physical parameters and synthetize 

physical properties from given electrical constants. 

The materials considered for the interposer are copper with a resistivity of 𝜌𝑐𝑜𝑝𝑝𝑒𝑟 =

1.68 ∙ 10−8 Ω ∙ 𝑚 [90] for the conductors and a 500 µm-thick AF-32 glass wafer from 

Schott with a relative dielectric permittivity 𝜀𝑟 = 5.1 at 24 GHz and a loss tangent tan 𝛿 =

9 ∙ 10−3 at the same frequency [91]. Due to process constraints that will be explained in 

t

w
G

H

εr , tan δ

ρ
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the next chapter, we also set G to 15 µm and t to 3 µm. With these parameters, the 

synthetized 50 Ω CPW has a width 𝑤50Ω of 71.76 µm. This gives a first idea of the 

interposer CPW dimensions. 

To push the study a little bit further, we performed a S-parameter simulation of a 1 cm-

long CPWs with different widths, namely 80 µm, 71.76 µm, 60 µm and 10 µm, using this 

CPW model and ports terminated with a 50 Ω load at both ends. S-parameters are defined 

as [86]: 

𝑆𝑖𝑗 =
𝑉𝑖
−

𝑉𝑗
+|

𝑉𝑘
+=0 𝑓𝑜𝑟 𝑘≠𝑗

 (40) 

Where 𝑉𝑖
− is the backward propagating voltage wave at the 𝑖𝑡ℎ port of the device in 

response to a forward propagating voltage at the 𝑗𝑡ℎ port with all other forward voltage 

wave set to 0. However, the link with the transmission line parameters is simpler using 

the transfer matrix ABCD, which is defined, for a two-port device as: 

[
𝑉1
𝐼1
] = [

𝐴 𝐵
𝐶 𝐷

] [
𝑉2
−𝐼2

] (41) 

Indeed, it can be demonstrated that [86]: 

 

𝛾 =
1

𝑙
acosh (𝐴) (42) 

𝑍0 =
𝐵

sinh (𝛾𝑙)
 (43) 

Therefore, after the S-parameters to ABCD-parameters transformation, we compared the 

attenuation coefficient 𝛼, expressed in dB/cm, and the real part of the characteristic 

impedance of each CPW. 

 

Figure 50: Attenuation coefficient in dB/cm (a) and real part of the characteristic impedance (b) of 4 CPWs simulated using 

ADS model with widths varying from 15 µm to 85 µm 

(a) 

(b) 
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The results shown in figure (Figure 50) confirm that, given the constraints on materials 

and dimensions mentioned earlier, 50 Ω CPWs with loss below 3 dB/cm at 90 GHz are 

theoretically achievable. In addition, a ± 10 µ𝑚 variation of the width does not 

dramatically change the line properties. Nonetheless, this model assumed that the CPW is 

placed on the substrate without any topping material. This will not be the case in reality. 

2.1.3 Interposer Stack Modeling 

The cointegration of polymer optical waveguides with CPW transmission lines 

necessitates to take into account the impact of the polymer topping layers. To facilitate 

the optical coupling, we decided to place the polymer layers on top of the transmission 

lines as depicted in Figure 51.  

 

Figure 51: Cross section of the CPW with polymer layers. 

The ADS integrated model does not account for a top layer. As a consequence, we 

performed EM simulations using the software ANSYS HFSS, which is based on a finite 

element method. Unfortunately, we do not have the dielectric constant and loss tangent 

for the photosensitive resins that will be used to fabricate the waveguides so we used the 

parameters of an epoxy-based polymer dry film that is used in organic back-end 

fabrication: Ajinomoto’s ABF GY11. Its 𝜖𝑟 = 3.2 and tan 𝛿 = 0.0042 at 5.8 𝐺𝐻𝑧. We 

simulated a CPW with the same dimensional parameters as the previous 50 Ω CPW and 

compared it to the latter in FIG. 

Polymer WG Layer

Glass Substrate
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Figure 52: Attenuation coefficient and real part of the characteristic impedance of the ADS model (blue line) and HFSS 

simulated (red line) CPWs 

We can observe that the addition of a top polymer layer lowers the characteristic 

impedance of the line. As a consequence, we fabricated CPW with different widths in order 

to approximate the dielectric constant of the polymer resins used for the waveguide’s 

fabrication. 

2.2 PIC25G Modulator electrodes optimization 

Prior to this work, we have been involved in the RF optimization of the Mach-Zehnder 

modulators that were embedded in the PIC25G IC assembled onto the glass interposer. 

The MZM topology used in a former design was based on travelling wave electrodes such 

as the one depicted in Figure 53: 

 

Figure 53: MZM differential travelling wave electrodes (TWE) and differential drive [26] 

While optimizing the system for the highest possible bite rate, high frequency design rules 

must be taken into account in the electrode design. Typically, parasite effects determine 

the maximum working frequency and hence the maximum achievable modulation speed. 

It is therefore necessary to adapt the transmission line feeding the electrodes of the HSPM 

in a wide band manner in order to minimize the associated losses and maximize the phase 

shift of the optical signal sufficiently in order to have the largest possible difference in 

light intensity between the state 1 and the state 0 at the exit of the modulator: the 

Extinction Ratio (ER). 

𝐸𝑅 = 10 ∙ log
𝑃𝑠𝑡𝑎𝑡𝑒0
𝑃𝑠𝑡𝑎𝑡𝑒1

 (44) 
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The electrodes are divided into 100 µm long elementary cells and each cell is connected 

to a diode. Electrodes are modeled by a RLCG transmission line from ST PIC25G design kit 

with the RF model of the diode coming from the same design kit in parallel: 

 

Figure 54: Modeling a line section of the form modulator electrode 

Part of the problem is that the diode behaves like a large capacitor and acts as a low pass 

filter. The best trade-off that we found for the adaptation of the line was to add an inductor 

to each line section and to terminate it by an impedance of 35 Ω. The inductor was first 

assimilated to a perfect inductor to find the optimal inductance value. Then, we used an 

inductor model from the design kit of a similar technology since no scalable model of 

inductors was available in PIC25G design kit at that time. Finally, we simulated the 

inductor with PIC25G back-end using HFSS. We obtain the following modeling of a line 

section: 

 

Figure 55: Modeling of a line section of the modulator with an inductor 

With this new modeling approach, the return and insertion losses presented in Figure 56 

are obtained for 3 mm long modulators with and without inductors. We can observe that 

the adaptation was greatly improved, from 0 to 60 GHz, despite generating higher 

insertion loss using inductors.  
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Figure 56: Return loss (a) and insertion loss (b) of MZM electrodes terminated by a 35 𝛺 load with and without discrete 

inductors 

However, this step is not enough to determine the extinction ratio. Simulating both 

electrical and optical aspects becomes necessary. After adding elements to simulate the 

optical part (optical models of diodes, optical source and photodetector), we applied a 

PRBS signal (Pseudo Random Binary Sequence) to the transmission lines.  

 

Figure 57: Simulation of an optical eye diagram at the output of a 2.8 mm long modulator with inductors in response to a 

25 𝐺𝑏 ∙ 𝑠−1 PRBS with 2.5 V between the 1 and 0 state.  

By superimposing the signal received at the output of the photodetector on itself with the 

same period as that of a bit of the sequence, it is possible to draw a diagram called the 

“eye-diagram” from which the extinction ratio is determined. The extinction ratio is the 

ratio in optical powers between the top and bottom of the eye in the center of it. 
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On one hand, the longer the modulator, the higher the electrode losses (electrical and 

optical). On the other hand, the shorter the modulator, the smaller the phase shift. In order 

to find the best trade-off between the losses and the associated maximum phase shift, 4 

modulators of different lengths were designed: 2.1, 2.8, 3.5 and 4.2 mm. 

They all share the same basic cell corresponding to the model with inductance below: 

 

Figure 58: Elementary cell of the MZM with inductors 

 

Figure 59: 2.1mm MZM with inductors 

These MZM have been embedded in the PIC25G IC used in this work and the 3.5mm long 

modulator can be tested through the interposer. 

3 PIC to Interposer Coupling 

In this section, we propose an optical coupling between a polymer waveguide and a SOI 

waveguide relying on a total internal reflection mirror in the polymer layers and a grating 

coupler on the silicon chip. After a first approximation, consisting in ray optics 

calculations, we perform EM simulations to determine optimal angle and position for the 

mirror. 

Inductor

Microstrip Line

Ground Plane

HSPM

100 µm
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3.1 Proposed coupling scheme and 1st order 

approximation 

The approach taken in this work assumes that the coupling between the interposer and 

the silicon PIC is performed with a mirror and a grating coupler as described in Figure 60, 

whereas, in the existing silicon PIC technology, grating couplers have been optimized for 

coupling with an optical fiber [92] making an angle (𝜃𝐺𝐶  in Figure 60) of 8° with the 

normal of the chip surface where it is glued. Therefore, light also propagates through the 

air and the polymer cladding. Assuming that the PIC BEOL is a homogenous material 

whose refractive index is the same as SiO2 and using Snell-Descartes’s law, we can 

determine the angle 𝜃𝑚 of the mirror for which the light illuminates the grating coupler 

with the same incidence angle 𝜃𝐺𝐶  as in the fiber/grating coupling scheme. In section 1.2, 

we set the cladding polymer refractive to 1.56. We keep the same value here. This angle 

is: 

θm =
1

2
(90° −

asin(𝑛𝑆𝑖𝑂2 sin 𝜃𝐺𝐶)

𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟
) ≈ 41.3° (45) 

 

Figure 60: Coupling scheme between a polymer waveguide and a silicon-on-insulator waveguide 

Moreover, at the interface between the core material and the air, the critical angle above 

which refraction does not exist is: 

θ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = asin (
sin(90°)

𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟
) ≈ 39.9° (46) 

The incidence angle on the mirror surface resulting from 𝜃𝑚 is 90° − 𝜃𝑚 = 48.7° > 39.9° 

Thus, the mirror is relying on TIR. To get more insights on the mirror placement and the 

theoretically achievable coupling efficiency, it is necessary to perform EM simulations. 
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3.2 FDTD Simulation & Modeling Methodology 

EM simulations of the PIC/interposer coupling are performed using Lumerical Finite 

Difference Time Domain (FDTD) solver. This is a 2D/3D solver that solves Maxwell 

equations (3) exploiting rectangular mesh cells [85] at a moment t for a given field source. 

The mesh size is an extremely impactful parameter regarding the simulation time and 

accuracy. It mainly depends on the wavelength (1.3 µm in our case) and the minimum 

dimensions of the modeled structure. The GC being a subwavelength component with 

minimum dimension of the order 50 nm, its simulation requires a very fine mesh and is 

consequently very time consuming, especially since PIC25G GCs does not allow to reduce 

the optimization of the coupling to a 2D problem. Indeed, the tapered form of SPGC and 

PSGC induces a variation of the effective index of the propagating mode and this is not 

easily taken into account in a 2D simulation. The 3D simulation from the SOI waveguide 

to the polymer taking too much time to perform detailed sweeps of the dimensional 

parameters of the structure, we decided to divide the simulation following the method 

shown in Figure 61. 

 

Figure 61: PIC/Interposer coupling modelling methodology 

The idea is to perform the 3D simulation of a GC in a reduced simulation volume to get the 

fields propagating towards the interposer in both a plane and along a line. Then, the fields 

extracted along the line are used as a source in a 2D simulation of the PIC/Interposer 

coupling. This allows to optimize the mirror placement and angle while evaluating the 

sensitivity of the coupling efficiency to variations of these parameters. Finally, we 

performed a PIC/Interposer 3D simulation using the GC output fields extracted in a plane 

with a few selected parameters to validate the 2D approach for the rest of the structure 

(apart from the GC) and estimate the overall coupling efficiency.  

Grating Coupler
Layout

Grating Coupler
3D FDTD

Reduced Volume

PIC25G/Interposer
2D FDTD

PIC25G/Interposer
3D FDTD
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3.3 PIC25G Grating Coupler Simulation 

We started the simulation of the coupling efficiency from the SOI waveguide to the 

polymer waveguide by directly importing the layout of an SPGC, optimized for a 

wavelength of 1.31 µm, inside a volume surrounded by perfectly matched layers in 

Lumerical FDTD.  

 

Figure 62: Schematic of the simulation setup showing (a) the top and (b) cross-section views of the modeled SPGC, the input 

mode source, the linear and areal output fields monitors  

As depicted in Figure 62, the source is the fundamental mode of the SOI waveguide with 

an intensity normalized to 1. The plane and linear monitors of EM fields are placed 1 µm 

above the GC. Figure 63 shows the distribution of the E field intensity above the simulated 

SPGC. The transmission from the source is 0.813, which correspond to a loss of 0.899 dB. 

2D fields monitor 
for 3D simulation 

1D monitor for 2D 
simulation 

Guided mode source 
(fundamental mode)
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Si bulk
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Figure 63: Distribution of the E field intensity on top of the simulated SPGC obtained using the 2D monitor of Figure 62 

3.4 PIC to Interposer Coupling 

3.4.1 2D Simulations 

Using the linear output from the GC 

simulation as a source in an area 

delimited by PMLs, we set up a 2D 

FDTD simulation as described in 

Figure 64. The interposer is placed 

upside down 10 µm above the SiPh 

IC back-end layers. The TIR mirror is 

modeled by a 20 µm wide slanted air 

trench trough the polymer layers 

with an angle 𝜃𝑚. The interposer 

back-end layers are composed of 

four polymer layers on top of the 

glass substrate with the refractive 

indices 𝑛 and thickness 𝑡ℎ 

summarized in Table 8. 

 

 

 

Figure 64: SiPh IC/Interposer simulation setup 
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Table 8: Modeled layers and their respective refractive index and thickness 

Layer Refractive index Thickness (µm) 

Glass substrate 1.4982 500 

Polymer dry film 1.55 10 

Cladding 1.56 10 

Core 1.564 10 

Cladding 1.56 20 

 

The position 𝑋𝑚 of the mirror was defined as the distance between the left end of the 

source (this corresponds to the left end of the grating coupler) and the leftmost point of 

the mirror. The output of this simulation is given by the association of 2 monitors: a field 

monitor and a mode expansion monitor. The first gives E and H fields on a specified line. 

The second is capable of simulating the fundamental propagation mode of the structure 

given in a plane (a rectangular waveguide) and calculating the coupling efficiency 

between the fields given by the first monitor and this fundamental (in the line) mode to 

give the total transmission. We performed sweeps on 𝑋𝑚 value for 4 different values of 

𝜃𝑚: 39°, 40°, 41° and 42°.  

 

Figure 65: (a) Coupling ratio between the GC and the polymer waveguide of the glass interposer (2D simulation) and (b) E 

field intensity in the simulation plane 

The results are given in Figure 65 (a). We can observe that the angle that gives the 

maximum coupling efficiency is 𝜃𝑚 = 40° for a position 𝑋𝑚 = −2 µ𝑚. Also, at this optimal 

angle, the sensitivity regarding the mirror position is 3 𝑑𝐵 for ± 5 µ𝑚. Similarly, the 

sensitivity to the angle variation is 3 𝑑𝐵 for ± 1.5°.   

(a) 

(b) 
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3.4.2 3D Simulations 

A 3D simulation has been set up to validate the previous 2D results. The same model was 

employed, the differences lying in the 3D simulation space and 2D source and field 

monitor. Three simulations were carried-out with 𝜃𝑚 = [39°;  40°;  41°]. For each angle, 

the mirror position with the best coupling efficiency was selected, respectively, 𝑋𝑚 =

[−3µ𝑚; −2µ𝑚; −0.5µ𝑚]. The results are presented in Figure 66. We observe the same 

variation compared to 2D simulation with an additional offset on the coupling efficiency. 

This validates our 2D approach and ultimately allows us to estimate the theoretically 

achievable overall coupling efficiency from the SOI to the polymer waveguide: −2.1 𝑑𝐵 

 

Figure 66: Coupling efficiency versus mirror angle at optimum position, 2D vs 3D 

4 Conclusion 

In this chapter, we first studied rectangular and rib waveguides topologies, both 

analytically with approximations and via FDE simulations. We determined their optimal 

dimensions and refractive indices to ensure single mode operation (8 µ𝑚 ∙ 8 µ𝑚 for the 

rectangular waveguide with Δ𝑛 = 0.004) and a coupling ratio to SMFs superior to 

−0.5 𝑑𝐵. Then, we chose the CPW topology for the transmission lines of the interposer 

and simulated several dimensional configurations to obtain a 50 Ω and determine the 

sensitivity to variations due to the technology. Later, we optimized the transmission lines 

that are driving the PIC25G MZM by the addition of discrete inductors along the line. 

Finally, we studied by FDTD simulations the SiPh IC/Interposer coupling by means of a 

grating coupler and a TIR mirror. We determined optimal angle and position for the 

mirror and estimated the coupling losses to be 2.1 𝑑𝐵. These simulations, allowed to size 

the main components of the interposer and set objectives for their fabrication, which is 

detailed in the next chapter, while giving insights on their sensitivity. 
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III Interposer Fabrication 

In the third chapter, we review the experimentations that led us to choose a particular 

fabrication process for the electrical and optical interposer. Firstly, three different 

fabrication processes for the polymer waveguides are investigated and compared, namely 

polymer/glass surface waveguides, rectangular waveguides by laser lithography and 

rectangular/rib waveguides by laser ablation. The method used to assemble the electrical 

and optical parts is subsequently presented. Finally, the PIC25G test chip and its functions 

are detailed as well as the corresponding interposer layout and the alignment strategy 

used for the flip-chip assembly of both chips. 
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1 Polymer optical waveguides 

1.1 Polymer/Glass surface waveguides 

The fabrication sequence of this first waveguide type involves four elementary steps 

comprising (a) a femtosecond (fs) laser modification of the glass that locally enhances the 

etching rate in hydrofluoric (HF) acid, (b) a smooth U-shape micro-grooving of glass in HF 

to delineate the optical waveguide core, (c) a dry film polymer lamination to fill the groove 

with a high index material and (d) a chemical-mechanical polishing (CMP) to remove the 

excess of core material. The different steps of the waveguide fabrication process are 

summarized in Figure 67. 

 

Figure 67: Fabrication sequence of surface U-shaped optical guide in a thin glass substrate: (a) localized laser-induced 

modification of glass microstructure, (b) U-groove etching based on locally enhanced HF etching rate, (c) dry film polymer 

lamination to fill the groove and (d) planarization of the core material using CMP. 

1.1.1 Femtosecond Laser Direct Writing 

Over the past decade, fs laser direct writing has emerged as a promising micromachining 

technique to locally ablate materials or to structurally change their properties [60]. 

Furthermore, laser direct writing holds the distinctive advantage of being a maskless 

technology suitable for fast prototyping loops and does not require operation in clean 

room conditions, thus reducing complexity and cost. When ultrashort laser pulses 

propagate in a transparent medium, the extremely high peak power produces spatial self-

focusing resulting from the intensity dependence of the refractive index. Above a critical 

power, a singular wave collapse to a focal point is predicted if self-focusing overcomes 

Bare glass 

substrate

(a)

(c)

(b)

Fs Laser

(d)
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diffraction [93] thus leading to the formation of a filament [94][95]. However, as the pulse 

grows in intensity, an electron plasma is generated due to non-linear multi-photon and 

avalanche ionization. This electron gas entails a decrease of the refractive index that acts 

as a diverging lens. The laser pulse propagation is therefore governed by a fine balance 

between the Kerr focusing, diffraction and defocusing upon coupling with the electron 

plasma. Depending on the femtosecond laser pulse energy and duration, different types 

of structural modifications can take place ranging from gentle refractive index variations 

to material ablation resulting from optical breakdown. The material ablation occurs when 

the fluence (𝐽/𝑐𝑚²) of the laser beam exceeds the fluence threshold 𝐹𝑡ℎ(𝑁) of this 

material, which can vary depending on the number 𝑁 of consecutive pulses. For a gaussian 

beam, the diameter of the ablated area can be related to the fluence threshold by [96]: 

𝐷2 = 2𝑤0
2 ln (

𝐹

𝐹𝑡ℎ(𝑁)
) (1) 

where 𝑤0 is the beam waist at 1/𝑒² of the peak intensity and 𝐹 the peak fluence, defined 

as: 

𝐹 =
2𝐸𝑝

𝜋𝑤0
2 (2) 

𝐸𝑝 =
𝑃𝑎𝑣

𝑓𝑟𝑒𝑝
 is the energy per laser pulse calculated from the average optical power 𝑃𝑎𝑣   and 

the laser shot repetition rate 𝑓𝑟𝑒𝑝. The study carried out in [97] shows soda-lime, 

borosilicate, fused silica and sapphire glasses present fluence thresholds of 2.90, 2.98 , 

3.60  and 4.18  J.cm-2, respectively, for a 500 fs laser pulse at a wavelength of 1030 nm. 

Consistently with the above discussion, exposure of glass to a femtosecond laser beam is 

known to produce a modulation of the refractive index and a dramatic increase of the 

etching rate in HF acid [61]. In the present work, this last property is used to delineate the 

U-shaped micro-groove.  

The laser setup used to inscribe micro-grooves in glass implements a Tangerine laser 

source (Amplitude-Systèmes) that provides ≈ 300 fs pulses at a wavelength of 343 nm 

after frequency tripling. The laser beam trajectory is controlled by a galvanometric 

scanning head equipped with a telecentric lens featuring a focal distance of 100 mm. The 

focused spot diameter is estimated around 10 µm at the considered wavelength. An 

optical attenuator comprising a half-wave plate and a polarizer allows fine tuning of the 

beam power independently from the laser source parameters. After running through the 

entire optical path, the maximum available average power amounts to 2 W at a repetition 

rate of 200 kHz. Glass inscription was performed under varying operating conditions for 

the sake of optimization: i) the laser optical attenuation was swept from 10 to 100 %, ii) 

the scanning speed was adjusted from 2 to 15 mm/s and iii) the repetition rate was 
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scanned from 10 to 200 kHz. Straight and bent waveguides as well as Y junctions were 

processed in 500 µm-thick AF32 Eco Thin Glass (3 inches) substrates provided by 

SCHOTT. As explained in chapter II section 4, the ideal waveguide core cross-section is 

targeted to be an 8 × 8 µ𝑚2 square with a difference between refractive indices around 

4 ∙ 10−3 to obtain single mode waveguides and an efficient coupling with optical fibers. 

1.1.2 Etching in Hydrofluoric Acid  

As outlined previously, several types of modifications can occur in glass exposed to 

femtosecond laser irradiation. The commonly observed structural changes can be 

classified into three families depending on the pulse energy:  

i. isotropic increase in refractive index,  

ii. birefringent modifications and  

iii. ablation resulting from micro explosions [60].  

It is well established that fundamental glass properties like density and refractive index 

can be associated to the Si-O-Si bond angle [98]. In vitreous silica structures, the short-

range order is dominated by 6- and 5-membered rings, an n-membered ring being 

associated to n Si-O segments contained in a closed path. From a minimum-energy 

standpoint, the formation of 3- and 4-membered rings is not favored because it involves 

a higher strain energy when compared to their higher order counterparts. A high 

concentration of 3- and 4-membered rings is however possible and is the signature of an 

out-of-equilibrium state [99] that can typically happen in a quench scenario after laser 

exposure. This analysis was experimentally consolidated by micro-Raman analysis of 

glass exposed to femtosecond laser pulses that reveals enhanced Raman peaks at 490 and 

605 cm-1 that can be assigned to breathing modes of 3- and 4-membered rings [61]. 

Consistently with the previous analysis, an increased concentration of these rings leads 

to a global decrease of the average bond angle and, in turn, can be associated to a densified 

material with higher refractive index. As reported in [93], this structural modification can 

be accompanied with an accelerated etching rate in HF up to 1:100 with respect to the 

unexposed material.  
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In the present study, most laser 

exposure experiments lead to micro-

explosions and local sputtering that 

initiated the formation of narrow 

channels. At high pulse energy, a 

channel width around 1 µ𝑚, much 

lesser than the spot diameter (≈

 10 µ𝑚) suggests that filamentation 

occurred [100]. Immediately after 

laser exposure, the depth-elongated 

form factor resulting from 

filamentation and remaining glass 

fragments inside the micro-groove 

make this structure unsuitable for wave guiding structures. Nevertheless, glass 

surrounding the micro-grooves in the so-called laser-affected-zone (LAZ) also features an 

increased refractive index and a marked modification of its microstructure. To reveal 

well-formed micro-grooves, the laser-exposed glass samples were dipped in a diluted 

solution of HF acid (10% HF/H2O v/v) for relatively short etching times of 2.5 𝑚𝑖𝑛 and 

5 𝑚𝑖𝑛. After rinsing in deionized water, samples have been cleaned in acetone and 

isopropanol for 5 min each, under ultrasonic agitation. Samples were subsequently diced 

along a line perpendicular to the laser scan direction to observe their cross-section using 

scanning electron microscopy (SEM), yielding the typical picture shown in Figure 68, 

obtained with the following laser writing conditions: repetition frequency of 30 kHz, 

average power of 0.12 W, scanning speed of 8 𝑚𝑚/𝑠 and HF etching time of 2.5 𝑚𝑖𝑛. 

1.1.3 Dry film lamination 

To fill the micro-groove with a core material, the adopted strategy consists in roll 

laminating a thin-film polymer 

available under a dry film form. 

Several constraints apply to the 

choice of the polymer base material. 

First, the polymer must exhibit good 

gap filling properties to conformally 

shape the geometry of the micro-

grooves while remaining stable under 

varying ambient conditions. 

Thermosetting resins holds this 

remarkable property to be initially 

Figure 68: SEM cross-section of a micro-groove obtained by laser 
inscription performed with following parameters: repetition rate 30 
kHz, average power of 0.12W, scanning speed of 8 mm/s and HF 
etching for 2.5 min. 

10 µm
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viscous or soft and to further soften just above its glass transition temperature in such a 

way that the roll pressure efficiently fills topological inhomogeneities. Providing that the 

hot lamination temperature reaches glass transition, thermosetting films evolve 

irreversibly to a cross-linked network characterized by a high level of dimensional 

stability. The second selection criterion is related to the refractive index of the 

thermosetting dry film that must be slightly above its AF32 counterpart (n=1.4982 at 

λ=1310nm), ideally 𝑛 = 4 ∙ 10−3 as stated previously to ensure single mode propagation. 

Our choice focused on the ORDYL SY317 from ELGA [101] that comes in the form of a 17 

µm thick dry film. Although its exact composition is not disclosed by the manufacturer, it 

is identified as a mix of acrylic polymer and acrylic ester containing the chemically 

resistant and stable epoxy group [102].  

From a practical standpoint, the ORDYL SY317 dry film was laminated with a roll 

temperature of 110°C. Five passes of 

lamination were applied at a pressure 

corresponding to a static load of 12 kg. 

To improve the bond quality to the 

glass substrate, an adhesion promoter was applied prior to hot roll lamination. It consists 

in a very thin layer of Hexamethyldisilazane (HMDS) deposited by gaseous streaming on 

the glass substrate heated to 100°C. The final result is presented in Figure 69 showing the 

excellent filling of the micro-grooves as well as complete planarization of the dry film top 

surface. 

The refractive index was determined by 

spectroscopic ellipsometry after lamination 

onto a non-transparent silicon to facilitate 

the experimental procedure. Measurements 

over the 350-2200 nm wavelength interval 

were fitted on a simple Lorentz dispersion 

model [103] with an excellent accuracy. Two 

application flavors of the dry film were 

tested: a simple lamination without any 

post-treatment and a UV post-exposure at 

365nm, 10mW during 60 seconds to 

evaluate the capability to modulate the 

Figure 69: SEM cross-section of a micro-groove after lamination of 
an ORDYL SY317 dry film with a roll temperature of 110°C. Five 
passes of lamination were applied at a pressure corresponding to a 
static load of 12 kg. A HMDS adhesion promoter was vapor-stream-
deposited prior to the dry film application. 
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refractive index by enhanced cross-linking 

after hot roll lamination. At a working 

wavelength of 1310nm, the dry film core 

material exhibits a refractive index of 1.503 

and 1.510 without and with UV post-

exposure, respectively (Figure 70). This 

results in a core-cladding difference of 

4.8 × 10−3 without UV and 1.18 × 10−2 with 

UV cross-linking that does not guarantee the 

waveguides to be single mode. However, the 

immediate availability of the material and its 

ease of application led us to fabricate the 

first waveguides. Figure 5 shows a typical 

example of AF32 Eco glass substrate after 

laser inscription, HF etching and ORDYL SY317 lamination. Designed structures 

comprising straight, bent and Y junction waveguides can be clearly identified. 

1.1.4 Chemical Mechanical Polishing 

As shown in Figure 69, the dry film thickness largely exceeds the depth of the processed 

micro-grooves which prevents proper confinement for light guiding. In order to remove 

the excess of polymer to delineate a surface waveguide, chemical mechanical polishing 

(CMP) has been used. CMP is well established in the semiconductor industry to achieve 

global surface planarization in complex stack of interconnection layers [104]. One major 

challenge of this technique is to avoid layer delamination due to the high-torque nature of 

the polishing mechanism [105]. This remark is all the more true as polymers have 

typically a lower elastic modulus and hardness when compared to metals and other 

inorganic dielectrics like silicon oxide or nitride. As a result, polymers are more prone to 

delamination, tearing and a source of scrap residues. To overcome this difficulty, ORDYL 

SY317 was systematically exposed to UV to produce a highly cross-linked layer that is 

more robust to withstand high pressures and frictions during the CMP process. 

As most polymers are generally resistant to acidic and basic solutions, it can be expected 

that the removal rate of polymer is dominated by the mechanical action rather than the 

chemical one. Our choice of polishing slurry and pad was therefore guided to keep a high 

degree of compatibility with glass to guarantee a high removal rate contrast between the 

polymer and the supporting glass substrate. For that sake, a colloidal silica-based slurry 

with basic pH and particle size of 70 nm was used for its proven affinity with silicon 

dioxide that we assume to be the same with glass. A soft polyurethane impregnated 

polyester felt was used as polishing pad to ensure a high precision surface finishing. 

Figure 71: Picture showing a 3 inches 500µm thick AF32 
Eco glass substrate after laser inscription, HF etching and 
lamination of an ORDYL SY317 dry film. The layout 
contains straight and bent waveguides as well as Y 
junctions. 
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Among other parameters, the pressure and 

rotation speed of the polishing head as well 

as the spinning speed of the pad plate are 

critical parameters that strongly conditions 

the quality of planarization. Figure 72 

shows a typical result obtained with a 

carrier pressure of 1200 𝑚𝑑𝑎𝑁 ∙ 𝑐𝑚−2, a 

substrate blowing back pressure of 

600 𝑚𝑑𝑎𝑁 ∙ 𝑐𝑚−2 and the same rotation 

speed of 60 rpm for the carrier and the pad 

plate. Based on this approach, we 

successfully managed to planarize the 

excess of polymer without noticeable dishing, hence creating surface waveguides. 

This technique has the advantage of fabricating a waveguide with a reduced number of 

process steps using a polymer dry film and the glass substrate. However, it involves CMP 

and consequently requires wafer manufacturing. This deprives the dry film from its main 

asset, i.e., rectangular panel manufacturing with the constraint to use a circular substrate 

required by the CMP step. Moreover, in this implementation, the electrical redistribution 

layers have to be placed above the waveguides, which complicates the vertical coupling. 

Last but not least, the performance of the waveguides fabricated this way is poor, as it will 

be discussed in chapter IV section 1.1.2.2. Hence, we decided to investigate two other 

waveguide fabrication processes. 

1.2 Waveguides by laser lithography 

In a second approach, we have fabricated waveguides in photosensitive spin-coated 

resins following the fabrication process presented in chapter I section 3.2.2.4 and 

depicted in Figure 73 below. First (a), trenches are ablated on the back side of the glass 

wafer using the fs laser setup described in section 1.1.1 to ensure a good cleaving of the 

sample prior to measurements. After acetone and isopropanol alcohol cleaning in 

ultrasonic baths, a first cladding layer is spun on the wafer (b). This layer undergoes a 

prebake, a flood UV exposure and a post exposure bake (PEB). As recommended by the 

manufacturer, the sample surface is treated by a PVA TEPLA plasma system. The plasma 

is formed in an 8.75 standard cubic centimeters per minute (sccm) oxygen flow by an 

electric field generated by a 100 W generator for 1 min. The core layer is subsequently 

spun and prebaked (c). Continuous wave (CW) UV laser lithography is used to cross link 

the core of the waveguide (d) that is delineated during the development of the resins and 

cured (e). Another oxygen plasma surface treatment is done with the same parameters as 

10 µm

Figure 72: SEM picture showing a cross-section of a surface 
waveguide after the CMP step. The core hemicylinder is 
composed of ORDYL SY317, the bottom cladding is a glass 
substrate AF32 Eco. 
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the previous one. The last step is the waveguide encapsulation in a second cladding layer 

processed identical to the first one: spin-coating, prebake, flood exposure and PEB (f).   

 

Figure 73: Fabrication steps of the waveguides: (a) trenches ablation on the back side of the wafer using the fs laser. First 

cladding layer pin-coating, prebake, flood exposure and PEB (b). Core layer spin-coating and prebake (c). CW UV laser 

lithography (d).  Development and PEB of the core layer (e). Spin-coating, prebake, flood exposure and PEB of the second 

cladding (f).   

The liquid polymer resists used in this process are from the Epocore and Epoclad series 

manufactured by Micro Resist Technology [106]. These resists are epoxy-based and 

present a high optical transmission at telecom wavelength which is essential for our 

application. Standard versions of these resists have refractive indices of 1.564 ± 0.002 for 

the cladding material Epoclad and 1.577 ± 0.002 for the core material Epocore. These 

values are given at a wavelength of 1310 nm. The refractive index can be tuned at 

fabrication so we have been supplied with specific Epocore XP with a refractive index of 

1.568 ± 0.002. 

1.2.1 Liquid resins spin-coating 

The resists deposition is performed 

by spin coating. This method consists 

in placing the substrate on a rotating 

sample holder. A small quantity of 

resin is deposited directly on the 

wafer that is rotated to spread out 

the resist. The deposited thickness is 

related to the rotation time and 

speed as well as the substrate 

material and the resist viscosity. 

These two last parameters being 

(a) (b) (c)

(f) (e) (d)

CW Laser

Fs Laser

Figure 74: SEM picture of the Epocore 5 XP layer spun with a rotation 
speed of 1500 rpm 



 

82 

 

fixed, we performed tests to compare the deposited thickness versus rotation speed curve 

(also called spin curve) given in the datasheet with the one given by our setup for Epocore 

5 XP in the viscosity 5. This viscosity level theoretically allows the deposition of a 5 µm 

thick film for a rotation speed of 3000 rpm during 30 seconds.  

Two Schott AF32eco glass wafers are successively rinsed in acetone and IPA ultrasonic 

baths for 5 minutes each prior to spin-coating. A rotation time of 30 seconds is used for 

both wafers and rotation speeds of 1500 and 3000 rpm. The process sequence is 

completed with a prebake (3 min at 80°C), UV exposure (25 s at a fluence of 10 mW/cm²) 

and a PEB (3 min at 80°C). The samples are then cleaved and the polymer thickness is 

measured using scanning electron microscope (SEM) cross-sectional imaging as shown in 

Figure 74. The measured thicknesses are compared to those given in the product 

datasheet and both curves are interpolated with an 𝑦 = 𝑎𝑥𝑏 law as plotted in Figure 75. 

 

Figure 75: Measured and Datasheet spin curves of Epocore 5 XP 

1.2.2 Laser lithography 

Laser lithography is another maskless exposition technique that provides high flexibility 

at a low cost. In addition to these valuable assets for R&D, the exposure step is easily 

adaptable to traditional exposure through photomask for high volume production. The 

laser setup is a Dilase 650 (Kloé) which uses a continuous laser source at 375 nm with an 

average power of 63 mW and two optical paths yielding different laser spot diameters, 1 
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and 10 µm, respectively. The waveguide’s dimensions strongly depend on the exposition 

parameters. We performed variations on laser power and scanning speed to determine 

the optimum waveguide width and height using the layout described in Figure 76 and the 

1 µm spot size. The height of the laser focal point was also scanned over 60 µm from the 

bottom to the top of the polymer layer. Waveguides being sensitive to roughness at the 

core/cladding interface, writing waveguide in one laser pass greatly limits thickness 

variations of the core resulting from sweep filling. With this goal in mind, we parametrized 

the structures with only one laser pass except for the Y-shapes structures, which are 

defined by overlapping S-shaped structures. 

 

Figure 76: Schematic of the lithography calibration layout 

This experiment being dedicated to dimensional characterizations, it follows the 

fabrication process described in Figure 73 with an additional step. Between steps (e) and 

(f) a 50 nm layer of titanium is deposited by sputtering for subsequent observations.  

1.2.3 Dimensional Characterizations 

The dimensions of the structured waveguides are characterized by optical microscopy 

and interferometric profilometry after step (e). The profilometer used is a Bruker 

ContourGT-X [107]. This tool provides topographic profiles such as the one depicted in 

Figure 77 using white light or green light interferometry. 
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Figure 77: Elevation profile of a typical waveguide core made by laser lithography 

These profiles give access to the measured width and height of the fabricated structures 

as a function of the laser lithography parameters. Table 9 gives the width of the 

measurable structures after development and also reports the presence of defects, such 

as uninscribed or delaminated waveguides. 

Table 9: Width of the fabricated structures versus laser lithography parameters 

 

We can observe that using a laser power above 50 % (32 mW) and a scanning speed of 

1 mm/s, structures with widths of 2 µm to 9 µm are achievable by a variation of the 

position of the focal point relative to the polymer layer.   
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At the end of the process, the samples are cleaved to observe the cross-section with a SEM. 

Figure 78 (a) shows such a cross-section picture where the interface is clearly visible 

between the core and the top cladding thanks to the titanium layer whereas it is not the 

case for the interface between the core and the bottom cladding layer. Figure 78 (b) and 

(c) show optical microscope pictures of the structures (straight line and Y-shaped) in top 

view.   

 

Figure 78: (a) SEM picture of a waveguide cross section, (b) optical microscope picture of the edge of a waveguide structure 

and (c) optical microscope picture of the Y-junction. 

1.2.4 Optimization for single mode operation 

After this first coarse experiment on laser lithography parameters, we progressively 

refined the process parameters by going back and forth from fabrication to optical 

characterizations to correlate dimensions to optical properties.  

 

Figure 79: Superimposition of the backside cleaving trenches layout (blue lines) and laser lithography layout (green lines) 
for waveguides optimization. The green layout contains laser paths to fabricate straight and bent waveguides, Y junctions, 
directional couplers and Mach-Zehnder interferometer 

The layout used to fabricate the waveguide test structures is depicted in Figure 79. Green 

lines represent the laser path for lithography and blue lines show the laser paths for the 
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ablation of the back-side cleaving trenches. The elementary cell contains: five straight 

waveguides, three bent waveguides formed by two connected S-shaped waveguides 

enabling a 500 µm vertical displacement 𝐿𝑜𝑓𝑓, two Y junctions, three directional couplers, 

with respective coupling sections 𝐿𝑐 of 2, 3 and 4 mm where the waveguides paths are 

separated by a spacing 𝑆𝑐 of 20 µm, and a Mach-Zehnder interferometer involving three 

directional couplers with coupling sections of 2 mm and a vertical offset 𝐿𝑚𝑧𝑖 of 500 µm 

on one branch. These components are depicted in Figure 80. We used parametric cells 

from STMicroelectronics PIC25G design kit to generate the S-bent parts with a known 

minimum radius of curvature. We implemented the S-bent waveguides with minimum 

radii of 100 µm, 1 mm and 10 mm. The Y-junctions, directional couplers and Mach-

Zehnder interferometer are designed with a minimum radius of 10 mm. This cell is 

repeated 8 times on the 3-inch glass wafer.  

 

Figure 80: Schematic of the optical test structures, namely (a) bent waveguides, (b) directional couplers, (c) Y junctions 
and (d) Mach-Zehnder Interferometers, along with their respective characteristic dimensions 

Each wafer follows a detailed process sheet, such as the one presented in annex B, and 

allows the testing of four different set of laser parameters. The waveguide dimensions of 

each set are measured by the profilometer after step (e) and at the end of the process, the 

wafer is cleaved along the blue lines and the optical components characterized. From a 

physical point of view, the dimensions are compatible with the fabrication of single mode 

waveguide, which we achieved. However, we encountered reproducibility and thermal 

stability problems using this fabrication method. This point will be addressed in the next 

chapter in section 1.1.1.3. 

1.3 Waveguides by laser ablation 

The third waveguide fabrication process involves the steps summarized in Figure 81 and 

detailed hereinafter. First, the glass substrate is cleaned by acetone and isopropanol 

ultrasonic baths and a polymer dry film resist is laminated on it to form the lower optical 

cladding. This is followed by the lamination of a second dry film resist which is the core 

𝐿𝑐
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(d)
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layer. Two grooves are subsequently structured by laser ablation to delineate the 

waveguide core while removing the core material from both sides of this structure. 

Finally, the waveguide core is encapsulated using lamination of the same polymer as the 

one used for the optical substrate.  

 

Figure 81: Fabrication process of laser ablated polymer waveguides 

Similar processes have been previously described in literature. In [108], three different 

lasers have been compared for the purpose of waveguides manufacturing: continuous 

wave CO2, pulsed UV Nd:YAG and excimer. In [109], optical waveguides have been 

manufactured using a nanosecond pulsed Nd:YAG laser and characterized. Propagation 

losses were evaluated to be 1.4 dB/cm. This confirms that waveguides made of polymer 

materials and fabricated using laser ablation are a viable process for the manufacturing 

of low-cost optical waveguides on interposers. However, in the above-cited article, only 

multimode waveguides at a wavelength of 850 nm were fabricated and the core and 

cladding materials were spin-coated.  

The laser ablation of polymers is a combination of dissociation of the molecular bonds 

(photo-chemical ablation) and optical absorption resulting in material heating (photo-

thermal ablation). It has been demonstrated in [110] that the laser pulse duration has a 

direct impact on the ratio between photo-thermal and photochemical ablation. Shorter 

pulse duration results in a reduced heat affected zone in the polymer. This heat-affected 

zone must be minimized in order to obtain the accuracy required for the manufacturing 

of single mode waveguides. As a consequence, the femtosecond laser described in section 

1.1.1 seems appropriate to perform the ablation step of this process. 
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1.3.1 Dry films for organic stack 

As discussed in chapter I section 3.2.1.3, the closer the process and materials are to 

conventional electrical interposers, the easier is the deployment of the technology at an 

industrial large-scale and low-cost. With this in mind, we initiated a collaboration with a 

major dry film manufacturer, Ajinomoto Fine-Techno (AFT), to evaluate the Ajinomoto 

Build-up Films (ABF) for the fabrication of optical polymer waveguides. This evaluation 

can be divided in 3 parts: physical structuration, refractive index and optical transmission 

evaluation. Among the line-up proposed by the supplier, the lowest dry film thickness 

available was 10 µm. The two selected materials, GX-T31 and GY11, are 10 µm and 35 µm 

thick, respectively. They feature a refractive index difference of about Δ𝑛 = 1 ∙ 10−2 at 

800 nm and are fully compatible with electrical interposer manufacturing. Given 

refractive indices and thicknesses, GX-T31 can be the core and GY11 the cladding material 

of the polymer waveguide.  

1.3.2 Refractive index measurements 

In the same way as for the Ordyl dry film (section 1.1.3), we measured the refractive index 

of GX-T31 and GY11 by spectroscopic ellipsometry. The results given in Figure 82 show a 

refractive index difference of 7 ∙ 10−3 near 𝜆 = 1300 𝑛𝑚. Nonetheless, the obtained 

refractive indices need to be confirmed as the measurements have been performed on 

uncured materials laminated on silicon substrates at 120°C under a pressure equivalent 

to a static load of 12 kg, whereas the process requires the materials to be cured after 

lamination. 
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Figure 82: Refractive indexes versus wavelength of the core and cladding materials, measured by spectroscopic 
ellipsometry 

 At first glance, this refractive index difference seems too high to allow for the fabrication 

of single mode waveguides having an 8 x 8 µm² core and consequently low coupling losses 

with SMFs. However, this may be modified by fine tuning of the materials composition 

and, as it stands, does not prevent the fabrication of multimode waveguides. AFT provided 

four additional experimental materials but we did not measure their refractive indices. 

1.3.3 Optical Transmission 

The optical transmission of GX-T31 and GY11 was measured along with other 

experimental materials provided by AFT using a PerkinElmer Lambda 950 spectrometer 

covering wavelengths from 175 nm to 3300 nm. All materials were laminated onto a 500 

µm thick AF32 glass panels at 120°C under a 12 kg static load and cured at 200°C for 90 

minutes. The goal is to measure the transmission spectrum of each layer and determine 

whether the losses are compatible with waveguides fabrication. The spectrometer 

comprises two light sources followed by a monochromator to sweep the entire 

wavelength range with a resolution of 0.20 nm in the near infrared. The light is divided 

into two collimated beams. One is passing through the sample and travels to an 

integrating sphere [111] whereas the other is directly measured by a photodetector. After 

a calibration without samples, two methods, shown in Figure 83, were employed to obtain 

the transmission spectra. The equipment allows placing the sample in contact with the 
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integration sphere (b) or approximately 10 cm away from it (a). For simplicity, we refer 

to method (a) by direct transmission and (b) by total transmission. 

 

Figure 83: Transmission spectrum measurement methods: (a) direct transmission and (b) total transmission. 

Performing measurements using both methods gives clues about the materials propensity 

to scatter light. In Figure 84, direct transmission of GX-T31 and GY11 materials laminated 

on 500 µm thick AF32 glass panels are reported along with four other materials deposited 

by the same method and a clean glass panel for reference.  

 

Figure 84: Direct transmission spectrum of a 10 µm thick GX-T31 film (turquoise curve), a 35 µm thick GY11 film (orange 

curve), the four experimental materials provided by Ajinomoto (purple, green, red and blue curves) with respective 

thickness of 10 µm, 15 µm, 10 µm and 10 µm, and the 500 µm thick AF32 substrate only (dark blue curve) 
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The analysis of these measurements indicates that the transmission of GX-T31 and GY11 

around 1300 nm, 40 % and 75 % respectively, are relatively low when compared to the 

94 % transmission of a glass panel alone, especially for GX-T31. It denotes, either some 

light absorption or light scattering due to inhomogeneities or a combination of both. To 

pursue the analysis deeper, we measured the direct and total transmissions of GX-T31 

and GY11 for two different dry film thicknesses: 10 µm and 20 µm for GX-T31, and 35 µm 

and 70 µm for GY11. These additional results, presented in Figure 86, show a distinctive 

difference between total and direct transmission for both GX-T31 (40 % and 50 % for 10 

µm and 20 µm respectively) and GY11 (10 % and 50 % for 35 µm and 70 µm respectively). 

We can observe that these materials suffer from strong light scattering, presumably due 

to their composition, which include silica nanoparticles. 

 

Figure 85: GX-T31 direct and total transmission spectra of 10 µm (blue curve direct transmission, red curve total 
transmission) and 20 µm (green curve direct transmission, purple curve total transmission) thick films 
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Figure 86: GY11 direct and total transmission spectra of 35 µm (blue curve direct transmission, red curve total 

transmission) and 70 µm (green curve direct transmission, purple curve total transmission) thick films 

Moreover, there is a noticeable difference between the transmission of two different 

thicknesses of a same material. Thus, we expect the waveguides fabricated with these 

materials to have excessive propagation losses due to material composition, even for the 

sake of a feasibility demonstration. Nevertheless, other materials provided by AFT, such 

as material 1, exhibit far better total and direct transmissions (over 90 % at 1300 nm) and 

no noticeable difference between two thicknesses above 1400 nm, as it can be observed 

in Figure 87. 

 

Figure 87: Material n°1 direct and total transmission spectra of 10 µm (blue curve direct transmission, red curve total 
transmission) and 20 µm (green curve direct transmission, purple curve total transmission) thick films 
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1.3.4 Laser trenches 

In this section, we deal with the structuration of the waveguide core by femtosecond laser 

ablation using these materials. The objective was to obtain a 30 µm wide trench through 

the dry film layers with a high precision, a low roughness and no deformation due to 

heating effects. A first layer of GY11 was laminated on a 500 µm thick glass panel at 120°C 

and under a 12 kg static load. Then a layer of GX-T31 was laminated on top of the GY11 

layer using the same parameters. Trenches were inscribed in one pass using the 343 nm 

wavelength, a pulse repetition frequency of 100 kHz and optical power lowering using 

several attenuators comprising a half waveplate and a polarizer. This yielded average 

optical powers of 156, 191, 226 and 261 mW at a frequency of 200 kHz. The sample was 

subsequently cleaved and the cross-section observed using SEM imaging. Figure 88 shows 

the pictures of the cross-section for each optical power. All conditions of optical power 

resulted in the ablation the dry films. The trenches show fine and deep cut in the layers 

but also deformations of the sides at the top. This effect amplifies with the increase of 

optical power.  

 

Figure 88: Cross-section of one pass laser trenches at 78, 96, 113 and 131 mW of average optical powers, at a pulse 

repetition frequency of 100 kHz and a scanning speed of 20 mm/s  

In a second experiment, the layout of the trenches was modified and now consisted in 5 

parallel laser paths separated by a pitch of 7.5 µm. We also tested a new set of laser 

parameters, not only based on the power modulation by attenuation, but also relying on 

a varying scanning speed and on the distance between two consecutive laser shots 

referred to as shot step defined the ratio between the scanning speed and pulse repetition 

rate. Table 10 summarizes all the parameters used in this design of experiment. The rest 

of the process was identical.  

156 mW 191 mW 226 mW 261 mW
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Table 10: Second set of laser parameters 

 

Among these operating conditions, the best result was obtained for 5 passes, a 300 nm 

shot step and a scanning speed of 4 mm/s, which corresponds to the lowest test frequency 

(13 kHz), regardless of the optical attenuation. The trenches cross-section, shown in 

Figure 89, feature a width of 30 µm at the top, well-defined sidewalls with a roughness 

comparable to that of the pristine material and no noticeable heating effect. Due to the 

gaussian shape of the laser beam, the trenches are slightly slanted. We measured 

sidewalls angles θ𝑠𝑤 of 80° and 70° relative to the glass surface for powers of 100 mW and 

70 mW, respectively. 

 

Figure 89: SEM cross-section of two 30 µm ∙ 45 µm laser ablated trenches with optical powers of (a) 70 and (b) 100 mW at 

200 kHz and respective sidewalls angle of 70° and 80° 

Trench n° Average power at 200 kHz (mW) Number of pass Shot step (nm) Scanning speed (mm/s)

1 70 1 100 4

2 70 1 100 20

3 70 1 300 4

4 70 1 300 20

5 70 5 100 4

6 70 5 100 20

7 70 5 300 4

8 70 5 300 20

9 100 1 100 4

10 100 1 100 20

11 100 1 300 4

12 100 1 300 20

13 100 5 100 4

14 100 5 100 20

15 100 5 300 4

16 100 5 300 20

30 µm

45 µm

30 µm

45 µm

5 passes
Shot Step: 300 nm
Scanning Speed: 4 mm/s
Average Power (200 kHz): 70 mW

5 passes
Shot Step: 300 nm
Scanning Speed: 4 mm/s
Average Power (200 kHz): 100 mW

𝜃𝑠𝑤

(a) (b)
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Figure 90: Width at the top and at the bottom of the core structure versus layout spacing between trenches 

Keeping these parameters, we made a last iteration of this process with two trenches close 

to each other with a varying distance between them. The layout spacing is the distance 

between the two closest laser paths in the layout. For this experiment, we used two of the 

new experimental materials provided by AFT, both being 10 µm thick. The layout spacing 

was varied from 15 µm to 18.5 µm by steps of 0.5 µm. The width at the top and the bottom 

of the fabricated core structure were measured on SEM pictures. The results are reported 

in Figure 91. The core structure has a trapezoidal shape that is 10 µm thick with a width 

ranging from 2.9 µm to 7.5 µm at the top and from 8.3 µm to 12.2 µm at the bottom as 

shown in Figure 91 (c). 

 

Figure 91: SEM picture of (a) the top view, (b) the angled view and (c) the cross-section of the fabricated structure 
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Top, perspective angled and cross-section views are given in Figure 91. We can observe 

that, despite the trapezoidal shape, lateral dimensions compatible with a single mode 

operation of waveguides are achievable with a good reproducibility. The vertical 

dimension is set by the thickness of the dry film provided by AFT. Since we did not 

measure the refractive indices of the experimental materials, we did not pursue the 

process to the end with these materials. 

1.3.5 Rib waveguides with photosensitive resins 

The last method we investigated for the fabrication of the waveguides of the interposer 

relied on the femtosecond laser of Micro Resist photosensitive resins used in section 1.2. 

The fabrication process is a modified combination using resists previously used in laser 

lithography and the laser ablation strategy tested on AFB dry films.  

Firstly, the waveguide bottom cladding is spin-coated on a clean wafer, prebaked, exposed 

over the entire area and cured. Before applying the same set of steps to the core layer, the 

wafer surface is cleaned by O2 plasma. Trenches are subsequently ablated with different 

laser parameters, starting with those defined in section 1.3.4, with the objective of 

reducing the time needed for structuring waveguides over an entire wafer and obtain 

single mode waveguides. The tested configurations are reported in Table 11 below. An 

isopropanol ultrasonic bath, as well as O2 plasma were used to clear the sample from 

debris resulting from laser ablation. Finally, the top cladding deposited, exposed and 

cured. 

Table 11: Summary of the materials and laser parameters tested for the fabrication of laser ablated rib waveguides 

 

Wafer W1 W2 W3 W4 W5

Core material Epocore 5 Epocore 5 XP Epocore 5 Epocore 5 XP Epocore 5 XP

Repetition rate (kHz) 40 40-8-4-2 8 8 8

Scanning speed (mm/s) 20 20-4-2-1 4 4 4

Power @200 kHz (mW) 110 110 110 110 120

Spacing (µm) 17-18-19 20-21-22-23-24 17-18-19 18 18

Number of passes 1-2-4-6 2 2-3-4-5 2 2
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Figure 92: Ablation profile for 1 mm/s, 2 mm/s, 4 mm/s 
and 20 mm/s at a constant pitch of impact (Wafer n°2). 

 

Figure 93: Ablation profile for a scanning speed of 4 mm/s, 

an 8 kHz pulse repetition frequency and an average power 

of 110 mW at 200 kHz. The core/bottom cladding 

interface is represented by the horizontal orange line 

 

To reduce the ablation time, we tried to increase the scanning speed without changing the 

pitch of impact. This resulted, as depicted in Figure 92, in a deeper ablation depth but a 

higher roughness and material modification due to heating effects. We also reduced the 

number of laser passes and this had the effect of reducing the ablation depth while 

keeping the same ablation quality. As shown in Figure 92 and Figure 93, with only two 

laser passes, we manage to repeatedly remove between 6 µm and 7 µm of the core 

material. This gives a structure comparable to the rib waveguides discussed in chapter II 

section 1.2.2. Therefore, we validated this method to reduce ablation time and quest for 

obtaining single mode waveguides. To approach single mode operation, we varied the 

spacing between both trenches and changed the core material. The optical 

characterizations after the last cladding deposition are presented in chapter IV sections 

1.1.1.4 and 1.1.2.4. 

1.4 Waveguide technologies comparison 

In the previous sections of this chapter we presented the experiments carried-out to 

fabricate polymer waveguides following four different fabrication methods. Each of them 

has advantages and drawbacks. We will summarize them in this paragraph and in Table 

12 in order to choose one for the fabrication of the demonstrator. 

The polymer/glass surface waveguides demonstrated light guidance at 1310 nm (Chapter 

IV section 1.1.1.2) but exhibited high optical losses (chapter IV section 1.1.2.2) and involve 

CMP, which prevents panel manufacturing. Moreover, we have not demonstrated the 

electrical hybridization using this technology. 
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Polymer waveguides defined by laser lithography presented acceptable optical 

properties, with respect to our objectives, but presented repeatability and thermal 

problems (chapter IV sections 1.1.1.3 and 1.1.2.3). In addition to that, this technology is 

also limited to wafer manufacturing as long as spin-coating is involved. 

On the side of dry film waveguides, the processed materials have not permitted to 

demonstrate light guidance at 1310 nm (section 1.3.3 and chapter IV section 1.1.1.4). 

However, we were able to process the materials on glass panels. 

The last fabrication method, namely femtosecond laser structuration combined with the 

dedicated optical resins from Micro Resist proved to be the most reliable way to fabricate 

thermally stable polymer waveguides when compared to laser lithography defined 

waveguides and polymer/glass surface waveguides. They present acceptable optical 

properties for the demonstration (chapter IV sections 1.1.1.4 and 1.1.2.4). For these 

reasons, we retained this last structure and combined it with an electrical redistribution 

layer (RDL). This hybridization is the subject of the next section. One drawback remains: 

the necessity to use wafers due to spin-coating. 

Table 12: Polymer waveguide technologies comparison 

Waveguide technology Light guidance Panel manufacturing Electrical hybridization 

Polymer/glass surface 

waveguides 

Yes, 

High losses 

Not possible 

CMP 

Not demonstrated 

Laser lithography of 

photosensitive resists 

Yes, 

Losses ok 

Not possible, 

Spin-coating 

Yes, demonstrated 

Thermal stability issues 

Fs laser structuration of 

polymer dry films 

Not demonstrated Yes Not demonstrated 

Fs laser structuration of 

photosensitive resists 

Yes 

Losses ok 

Not possible, 

Spin-coating 

Yes, demonstrated 

2 Electrical-Optical Hybridization 

In this section, we detail the fabrication process that we developed in order to combine 

polymer waveguides on a glass substrate with an electrical RDL, as well as specific 

structures enabling electrical and optical coupling with a silicon photonic IC.  
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2.1 Electrical and optical glass interposer fabrication 

process 

 

Figure 94: Complete fabrication process of the optical and electrical glass interposer involving the following steps: (1) back-

side cleaving trenches ablation, (2) copper sputtering, (3) RDL structuration, (4) first waveguide cladding deposition, (5) 

waveguide core deposition, (6) rib waveguide structuring by fs laser ablation, (7) second waveguide cladding deposition, 

(8) contact holes and mirrors ablation, (9) flip-chip bonding 

(2)

(3)

(4)

Copper

Polymer Cladding

Glass Wafer(1)

UV fs

UV fs

(5)

Polymer Core

(6)

(7)

(8)

Polymer cladding

UV fs

UV fs

Photonic IC

(9)



 

100 

 

This process involves 9 steps that are represented in Figure 94 and described thereafter: 

- Step (1): The ablation of trenches on the back-side of the glass wafer to facilitate 

the cutting of each chip by cleaving 

- Step (2): The deposition of the copper layer. This is achieved by sputtering and is 

further developed in section 2.2 

- Step (3): The copper layer is structured by femtosecond laser ablation to create 

electrical routing and RF and mmW transmission lines 

- Step (4) to (7): the polymer waveguide is fabricated following the process 

described in section 1.3.5. 

- Step (8): The femtosecond laser is used once more to perform a selective ablation 

of the polymer layer over the copper layer in specific areas and to ablate slanted 

trenches to shape integrated mirrors. These steps are addressed by section 2.5 and 

2.6, respectively. 

- Step (9): The PIC25G silicon photonic IC is assembled by flip-chip over the glass 

substrate. This is the subject of section 3.3. 

2.2 Copper deposition 

2.2.1 Copper plating of glass substrates 

Copper plating of glass wafers and panels is a big challenge to face for the industrialization 

of glass interposers. Indeed, the CTE mismatch and low adhesion strength between 

copper and glass can induce delamination. Several methods have been used in the 

literature to solve this problem. Two of them stand out: sputtering and electroless plating. 

Both rely on the deposition of a copper seed layer followed by electroplating but the 

deposition method of the seed layer differs. The first method uses sputtering to cover the 

glass substrate with decananometric layer of titanium followed by a thicker copper seed 

layer [112]. The titanium layer acts as a buffer layer to mitigate the CTE mismatch and to 

improve adhesion. The second method relies on electroless copper plating, also referred 

as autocatalytic plating, to deposit the seed layer. This is largely preferred to sputtering 

from an economical point of view. However, seed layers with strong adhesion are more 

difficult to obtain. Once again, a buffer layer is needed. Such a layer can be coated using a 

liquid solution deposited by dip-coating, as discussed in [113]. 

In our case, only the sputtering method was available. Thus, we implemented the seed 

layer using the first method. Furthermore, we observed, as detailed in the next section, 

that several micrometers of copper can be sputtered within reasonable processing times 

(less than one hour). Together with the fact that the resolution of copper wet etching 

depends on copper thickness and the performance of CPW simulated in chapter II section 
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2.1.2, we decided to deposit about 3 µm of copper by sputtering only, i.e. without 

electrolytic plating. 

2.2.2 Sputtered thickness calibration 

Sputtering consists in removing atoms from a solid source material by exposing it to 

highly energetic ionized particles [114]. Usually, this is achieved by the ionization of an 

inert gas, e.g. argon, through the application of a strong electric field, either DC or RF, in 

an ultra-vacuum chamber under cryogenic pumping (typical pressures of the order of 

1 × 10−2 𝑃𝑎). Sputtering can be used to deposit different materials. In the case of metals, 

the source material is the cathode material used to apply the electric field. The deposition 

rate, in nm/min, varies following the electric field intensity, the gas flow and chamber 

pressure. The thickness of sputter-deposited Cu layers associated to three different 

sputtering times was performed to determine the deposition rate for both titanium and 

copper. For the sake of commodity, silicon samples were used for coating with metals and 

cleaved to measure the metal thickness by SEM cross-sectional analysis.  

2.2.2.1 Titanium buffer layer 

For the titanium layer, we applied the 

electric field using a RF generator 

delivering 250 W and an argon flow of 

70 sccm. Samples were coated during 

100, 200 and 300 s. The measured 

thicknesses are presented in Figure 95. 

We determined an average deposition 

rate of 11 nm/min and kept 200 s of 

deposition as a standard parameter for 

the rest of the process, which results in 

a 38 nm titanium layer. 

2.2.2.2 Copper layer 

For copper, we used a DC generator 

delivering 400 W of average power and an 

argon flow of 70 sccm. Samples were 

coated during 100, 200 and 300 s. The SEM 

pictures of the cross-sections are 

presented in Figure 96. We can observe 

that the deposited layers have a columnar 

structure and identical deposition rates for 

100 s and 200 s deposition times, whereas, 
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Figure 95: SEM measured thicknesses of Ti coated silicon samples 
for 100, 200 and 300 s. 
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Figure 96: SEM cross-section of the copper coated silicon 
samples for (a) 100 s, (b) 200 s and (c) 300 s. 
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for 300 s, the layer shows an agglomerated morphology with cracks that denote high 

residual stresses [115]. The deposition rate is also higher.  

 

Figure 97: (a) SEM cross-section of the 3.3 µm copper layer obtained performing 5 cycles of deposition during 200s with a 

300s pause to avoid sample heating. (b) Thickness versus deposition time for 100 s, 200 s, 300 s and 5 ∙ 200 s durations 

To cope with this heating effect, the process is split in five deposition steps of 200 s 

separated by 300 s cooling steps. This resulted in a 3.3 µm thick copper layer with the 

same columnar shape and deposition rate as 100 s and 200 s layers. The cross section of 

the 3.3 µm layer is shown in Figure 97 (a) and the thickness versus deposition time is 

presented in Figure 97 (b).  

The adopted sputtering method consisted in associating a 38 nm thick layer titanium to 

promote the adhesion of the 3.3 µm thick copper layer.  

2.3 Copper structuration 

Two methods for structuring the copper RDL of the interposer were investigated: the 

chemical etching of copper through a mask and the femtosecond laser ablation. 

2.3.1 Chemical etching 

The structuration of copper traces using photolithography and wet etching, also known 

as the subtractive method, has been used for a very long time in the industry of printed 

circuit boards. Given that the electrical and optical interposer demonstrator did not need, 

a priori, the wiring density enabled by the semi-additive process presented in chapter I 

section 3.2.1.2, we applied the subtractive method to the copper layer sputtered by 

following the steps described in Table 13. 
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Table 13: Tested subtractive process for the glass interposer 

 

With this process, the fabrication of CPW transmission lines was easily achieved as well 

as the complete interconnection routing required to connect the PIC25G IC using flip-chip 

bonding pads. However, the fabricated structures suffered from a strong over-etching 

below the photomask, as it can be seen in Figure 98. In the case of flip-chip bonding pads, 

the structure is 20 µm wider at the bottom than at the top. Moreover, the compensation 

of the width difference at layout level results in thin openings in the resin and to an 

inhomogeneous etching of copper. 

 

Figure 98: Optical microscope pictures of the fabricated structures: (a) on-wafer RF characterization pads and (b) flip-chip 

bonding pads  

In parallel, we developed a process to selectively ablate copper on the glass substrate 

which yields better results. It is described in the next section. 

Step n° Step name Substep n° Substep name Substep content

1
Positive tone photoresin deposition

Megaposit SPR220

1.1 Spin-coating
Spinning Speed: 2500 rps
Acceleration: 1000 rps²
Time: 20 s

1.2 Prebake
Temperature: 110°C
Time: 1min30s

2 Laser Lithography

2.1 UV laser exposure
Power: 20 %
Scanning speed: 20mm/s

2.2 PEB
Temperature: 110°C
Time: 1min30s

2.3 Development
Developer: Microposit MF319
Time: 20s
Deionized water rinse

3 Wet chemical etching of copper

3.1 Copper etching

Technietch CR-01 (Chromium etchant)
Time: 9 min
Agitation
Deionized water rinse

3.2 Titanium etching
Titanium etchant (HNO3 + HF + Deionized water)
Time: ~5s
Deionised water rinse

4 Resin removal

4.1 Flood exposure
Fluence: 10mW/cm²
Time: 30s

4.2 Development
Developer: Microposit MF319
Time: until wafer optically clean with mild agitation
Deionised water rinse

50 µm 15 µm

(a) (b)
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2.3.2 Selective femtosecond laser ablation 

According to the experiment carried out in [96], the ablation fluence threshold of copper 

for one 550 fs laser pulse at a wavelength of 800 nm is 0.95 J.cm-2. This is at least 3 times 

lower than the fluence threshold of all the glasses tested in [97]. This contrast in the 

threshold fluence of both materials offers a large window to perform a selective ablation. 

The determination of the laser parameters needed to ablate the 3 µm thick copper was 

carried-out by Kathia Harrouche in her master traineeship and is succinctly presented 

thereafter. The objective was to find the laser parameters enabling the highest resolution 

possible at high speed. 

 

Figure 99: Optical microscope pictures of the grid test structures for laser powers of 20, 30 and 60 % and pulse repetition 

frequencies of 20, 110, 140 and 200 kHz giving ablation widths ranging from 10 to 20 µm. 

Firstly, laser attenuation and pulse repetition frequency were swept across the 20-60 % 

and 20-200 kHz ranges, respectively, at a scanning speed of 15 mm/s. Test structures 

were fabricated for each parameter and measured by both optical microscope pictures 

and optical profilometry. The results are presented in Figure 99. The best results were 

obtained for the operating condition (110 kHz, 20%) which corresponds to an energy per 

pulse 𝐸𝑝  =  0.0045 𝑚𝐽. The ablation is homogeneous, the sidewalls are tapered resulting 

in a trapezoidal profile, 12 µm wide at the top and 8 µm wide at the bottom for an ablation 

depth of 3 µm. 
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Secondly, we designed the electrical redistribution layer of the interposer and its 

components, namely CPW, DC routing, flip-chip bonding pads, alignment crosses, RF and 

DC on-wafer characterization pads. 

 

Figure 100: Optical microscope pictures of (a) a flip-chip bonding pad, (b) 2 parallel CPWs and their characterization pads 

on the right, (c) 100 µm wide alignment cross and (d) 5 µm wide inverted alignment cross. (e) Schematic of the fabricated 

CPW cross section. (f) macroscopic picture the interposer RDL. 

CPWs are fabricated in a single laser pass that delineates them from the ground plane 

which basically corresponds the rest of the chip. Three different line widths were drawn 

at the layout level: 100 µm, 75 µm and 30 µm. The fabricated lines exhibit a trapezoidal 

shape such as the one depicted by Figure 100 (e) with 85, 60 and 10 µm of respective 

widths at half height. At the place where the PIC25G will be bonded, the DC routing is 

shaped while the rest of the copper is removed by milling. The flip-chip bonding pads 

(Figure 100 (a)) are 60 × 60 µ𝑚2 octagons connected either at the ground plane, at a CPW 

for RF functions or at DC traces for the functions of the same type. The purpose of each 

path is detailed in section 3.2. Finally, two types of alignment crosses are structured, 100 

µm wide crosses of 1 × 1 𝑚𝑚2 for automatic flip-chip bonding (Figure 100 (c)) and 5 µm 

wide inverted crosses of 0.5 × 0.5 𝑚𝑚2 for manual alignment (Figure 100 (d)). The 

resolution of femtosecond laser ablation allows a minimum spacing of 12 µm. It is 

compatible with the fabrication of high frequency CPW, such as those simulated in chapter 

II section 2.1.2, and also allows enough wiring density to interconnect every functionality 

of the demonstrator. The next step consists in fabricating the polymer waveguides. 

2.4 Laser ablated rib waveguides 

The fabrication of the polymer waveguides on top of the metallic layer follows exactly the 

process described in section 1.3.5. The rib waveguides have been characterized by optical 

10 µm 100 µm 100 µm(a)

(b)

(c)

88 µm

93 µm

12 µm

8 µm
(e)

(f)

(d)10 µm
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microscopy (Figure 101) and profilometry before encapsulation. Thanks to the 

planarization effect of spin coating and the low copper thickness, we did not observe a 

step in the waveguide height at the interface between copper ground plane areas and 

copper-free areas. After this step, we have both the electrical and optical functions 

integrated on the same substrate. 

 

Figure 101: Optical microscope pictures of the polymer rib waveguide on top of the copper layer 

2.5 Laser ablation of polymer layers for flip-chip bonding 

and probing 

The next step (step (8)) has a twofold objective. It first consists in selectively ablating the 

polymer layer over specific areas to accommodate electrical connections as well as 

ablating slanted trench to enable optical coupling with the photonic IC by redirecting 

upwards the optical signal carried by the optical waveguides. The first point is detailed in 

this section while the second will be discussed in section 2.6. 

The electrical connections, and thus openings in the 

polymer layer, are required for both on-wafer tests 

and flip-chip bonding.  The on-wafer tests using DC and 

RF probes necessitate the removal of large areas 

whereas connections for flip-chip bonding only 

require opening of the order of the size of the bonding 

pads. It is important to notice, as shown in Figure 101, 

that waveguides travel between the pads and, 

consequently, that the ablation of the opening may 

cause damage to the waveguides if it is not carried out 

carefully. Flip-chip bonding pads openings were 

obtained by milling 120 µm wide circularly shaped 

30 µm 8 µm

Figure 102: Layout of the laser path for the 
ablation of flip-chip bonding pads openings 
(red lines) 
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surfaces (Figure 102) with the following laser parameters: scanning speed 5 mm/s, laser 

power 110 mW at 200 kHz, pulse repetition frequency 10 kHz and 8 passes. This produces 

97 µm wide openings at the copper level. As it can be observed in Figure 103 (a) and (b), 

the polymer above and around the pad is removed while the pad itself remains intact. 

Removing the polymer over large areas of up to 1 × 5 𝑚𝑚2 is more time consuming but 

necessitates less laser passes at higher speed and higher removal rate. In this case, the 

used parameters are: scanning speed 20 mm/s, laser power 110 mW at 200 kHz, pulse 

repetition frequency 40 kHz and 7 passes.  

 

Figure 103: (a) Optical microscope picture of the flip-chip bonding pads openings. (b) Profile of a flip-chip bonding pad 

opening. (c) Macroscopic picture of a cleaved interposer with openings. 

After these two laser ablation steps, the sample is cleaned from debris by an isopropanol 

ultrasonic bath to ensure a good electrical contact. 

2.6 Total Internal Reflection (TIR) mirror 

The mirror used to redirect the signal 

vertically toward the grating coupler of 

the PIC is based on the total internal 

reflection (TIR) of the beam. The ablation 

of this mirror is based on ablation 

parameters similar to those used 

previously, but on a sample placed on a 

slanted holder by an angle 𝜃ℎ , as depicted 

in Figure 104. In chapter II section 3.4.1, 

we determined by simulations that the 

mirror angle offering the maximum 

coupling is 40°. We evaluated six sample 

holders with the following angles: 49°, 

51°, 53°, 59°, 60° and 61°.  

The layout determining the laser trajectory is composed of a multipass step involving 5 

parallel lines separated by 7 µm. Then the layout is scaled by cos(𝜃ℎ) to account for the 

126 µm

97 µm

(a)
(b)

(c)

60 µm

Femtosecond UV 
laser

θh

Figure 104: Schematic of the TIR mirror laser ablation setup 
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sample tilt. The laser parameters are: scanning speed 4 mm/s, pulse repetition frequency 

8 kHz, 8 laser passes and a laser power of 200 mW at 200 kHz. The power was raised 

compared to openings made in the previous section since the required ablation depth is 

larger as well as the laser beam reflection coefficient.  

 Once the laser process is 

complete, the sample is cleaned 

by an isopropanol ultrasonic 

bath, cleaved and the mirror 

angle 𝜃𝑚 is measured on SEM 

pictures of the cleaved edge, as 

depicted in Figure 105. The 

measured mirror angles as a 

function of sample holder tilt are 

shown in Figure 106 and 

compared to the theoretical angles 𝜃𝑟 and 𝜃𝑠, which are respectively the refracted and 

straight rays displayed in Figure 104. 

 

Figure 106: TIR mirror angle versus holder angle compared to a theoretical refracted ray in the polymer layer and a 

theoretical straight ray 

We can observe that the measured mirror angle sits between the refracted and straight 

angles and that we obtain a 40° mirror angle for a holder angle of 59°. At this point, the 

last remaining step towards the fabrication of the electrical and optical glass interposer 

demonstrator is the flip-chip bonding of the PIC25G IC.  
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Figure 105: SEM picture of the cleaved edge of a sample in which the TIR 
mirror is structured. The ABF layer was implemented in the first tests but 
subsequently removed to reduce the stack height. 
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3 PIC/Interposer Flip-Chip Assembly and 

Demonstrator 

In this section, details are given on the silicon photonic IC used for the demonstration, its 

functions and the interposer layout developed to allow the testing of its functionality. 

Finally, the flip-chip step is presented. 

3.1 PIC25G test IC 

The PIC25G chip presented in this section 

has essentially been designed during the 

PhD work of Folly-Eli Ayi-Yovo [40]. 

Figure 108 depicts its layout. It is 

composed of: (1) photodiodes test 

structures, (2) single mode waveguides 

connecting one side of the chip (a) to the 

other (b), (3) more photodiodes test 

structures, two Mach-Zehnder 

modulators (6) and (7) and their optical 

I/O (4), as well as two RF/mmW 

transmission lines (5). 

Each of the photodiode test structures involves, an input grating coupler, a Y junction, one 

branch goes to the photodiode while the other is routed to an output grating coupler, as 

depicted in Figure 107. Four of them are present on each side of the chip. All of them make 

use of SPGCs but the peak wavelength of each test structure is different: 1270 nm, 

1290 nm, 1310 nm and 1330 nm. 

Figure 107: Layout of a single photodiode test structure.  
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Figure 108: Layout of the PIC25G test chip. It includes: (1) photodiodes test structures, (2) single mode waveguides 

connecting one side of the chip (a) to the other (b), (3) more photodiodes, two Mach-Zehnder modulators, (6) and (7), and 

their optical I/O grating couplers (4) as well as  two RF/mmW transmission lines (5). 

The same single polarization grating coupler (SPGC) peak wavelength specificity applies 

to the 4 single mode waveguides crossing the chip. The modulators are 3.5 mm long 

devices such as the one described in chapter II section 2.2. 

The transmission lines are 50 Ω, 5.7 µm wide and 5.3 mm long aluminum microstrip lines 

with a ground plane and sidewalls. The electrical connections of the previously described 

electrical and electro-optical functions are terminated by 60×60 µm2 flip-chip bonding 

pads identical to those of the interposer. A pad ring is also present. This chip was 

fabricated by STMicroelectronics on a 300 mm multi-project wafer. For the requirements 

of flip-chip bonding, the dedicated pads received, at foundry level, 30 µm thick copper 

pillars covered by SnAg soldering balls. 

3.2 Interposer layout & alignment strategy 

The layout of the interposer directly results from the PIC layout described in the previous 

section. As mentioned earlier in this chapter, the base substrate of the interposer is a 500 

µm thick 3 inches glass wafer. We divided the wafer into 16 interposers delineated by the 

back-side cleaving grooves. Figure 109 represents macroscopic pictures of the wafers at 

different fabrication steps, namely, after the RDL structuration (a), after the ablation of 

1

2 (a) 2 (b)

3

4

5

6
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the rib waveguides (b) and after the ablation of the probing and bonding areas in the 

polymer layer (c). 

 

Figure 109: Macroscopic pictures of the wafers at different fabrication steps: after the RDL structuration (a), after the 

ablation of the rib waveguides (b) and after the ablation of the probing and bonding areas in the polymer layer (c) 

(a)

(b)

(c)
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We can distinguish 5 different laser masks for the interposer, namely, i) back-side 

trenches, ii) copper RDL, iii) rib waveguides, iv) surface opening in resist and v) mirror 

trenches. For the last four, the masks of a single interposer are presented in Figure 110 

(the copper RDL, rib waveguides and mirror trenches) and Figure 111 (copper RDL and 

openings). 

 

Figure 110: Superimposed layouts of the copper RDL mask (green lines), the rib waveguides (grey lines) and mirror 

trenches (blue lines) 

All electrical functions can be measured using probes placed at the north and south of the 

chip. The following functions are measurable:  

(1) 6 CPWs with 3 different widths 

(2) open and short deembedding structures  

(3) (a) and (b) the RF paths to HSPMs of the MZMs,  

(4) PIC25G deembedding structures 

(5) DC pads for the PIN phase modulators of both MZM,  

(6) RF paths passing through the SiPh IC  

(7) (a) and (b) DC paths to the anodes and cathodes of the PIC25G photodiodes. 
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From the optical point of view, we have:  

(8) (a) and (b) 10 straight polymer rib waveguides passing through the interposer,  

(9) optical I/Os of the MZMs,  

(10) Optical I/Os of the photodiodes test structures and  

(11) 4 optical paths through the PIC25G IC. 

Each mask has to be precisely aligned with respect to the others. The first one is the back-

side trenches mask. It does not implement any specific alignment fiducials because it is 

the less alignment-sensitive, in terms of impact on the performance of the assembly. Then, 

the RDL mask is aligned relatively to the back-side trenches using a laser mounted 

camera. Since the sample is placed manually in the laser equipment at each step, the 

reference point of the wafer changes as well as the angular position of the wafer. The laser 

coordinate system is compensated by measuring the angle between a horizontal back-

side trench relative to the aforementioned coordinate system horizontal axis. This can be 

done thanks to a marking on the copper layer on the front side due to the ablation back-

side trenches despite the copper layer being sputtered afterward. As discussed in section 

2.3.2, this mask embeds crosses dedicated to alignment. All subsequent masks, except the 

mirrors, are aligned using these crosses as a reference owing to the transparency of the 

polymer. 

 

Figure 111: Superimposed layouts of the Copper RDL (purple lines), probing areas and wholes for flip-chip bonding (blue 

areas) 
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The mirrors require specific alignment structures placed at the same abscissa. They are 

formed by two close trenches at each corner of the pad ring, as illustrated in Figure 112.  

 

Figure 112: Superimposed layouts of the mirror alignment fiducial and mirrors ablation paths in the top right corner. 

Thanks to the femtosecond laser high depth of focus 

and these fiducials, we can structure the mirrors using 

the same focus elevation as the one found for the 

fiducial. This is represented by the schematic in 

Figure 113. A compensation of rotation is also 

performed using the right and left alignment 

structures of each mirror.  

Despite this convenience, the alignment of the mirrors 

remains a tricky operation since each mirror of each 

interposer involves the manual placement of the chip 

on the holder. This lack of mechanical stop often 

results in a height difference between both 

extremities of the mirror and affects the laser 

ablation. This ends the fabrication of the interposer 

that is now ready for assembly. 

3.3 Flip-chip bonding 

The flip-chip bonding of silicon ICs onto interposer and organic substrates is a quite 

common procedure in the semiconductor industry. This consists in depositing melted 

soldering balls on the I/O contacts of a silicon IC. The IC is cooled down and flipped on the 

receiving substrate.  The solders balls are melted once again to perform soldering. As 

explained in section 3.1, the soldering structure deposited on the PIC25G chip is 

composed of a copper pillar and a SnAg ball. SnAg solder balls exhibit a melting 

Mirror alignment 
fiducial

Mirror ablation 
layout

Femtosecond UV 
laser

Mirror alignment 
fiducial

Figure 113: Schematic of the alignment 
method for the ablation of mirrors 
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temperature of 221°C [116]. From this knowledge, we developed the eutectic cycle 

presented in Figure 114 (a), which involves both temperature rise and compression 

cycles. However, and unlike a typical process, we placed the upside of the PIC25G chip 

standing on the hotplate while the interposer is flipped, picked and placed over the SiPh 

IC, as depicted in Figure 114 (b). This, together with the transparency of glass, allows to 

directly align both chips using the same top camera. Once the interposer is placed, the 

vacuum suction of the handling tool is switched off but the tool itself is left in place. The 

assembly is first heated to 50°C before a pressure corresponding to a static load of 500 g 

is applied and the assembly is heated to 250°C. Once this temperature is reached, it is 

maintained for 1 minute before the pressure and placing tool are removed.  Finally, the 

assembly is cooled down to room temperature. The machine used to perform the 

assembly is the semi-automatic pick-and-place equipment PP7 from JFP Microtechnic.  

 

Figure 114: Eutectic cycle of the flip-chip assembly (a) and side camera picture of the interposer and PIC25G IC during 

assembly (b) 

After the bonding, the assembly is 

observed by optical microscopy 

through the glass interposer to 

obtain the pictures of Figure 116. 

In (a), the focus is adjusted at the 

surface of the PIC25G chip 

whereas in (b), it is set at the 

copper RDL level. From these 

pictures, we evaluate the 

misalignment between the pads 

of both chips to be about 5 µm.  
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Figure 115: Macroscopic picture of the PIC25G assembled with the 
electrical and optical glass interposer 
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Figure 116: Optical microscope pictures of the back-side of the assembly, focus being done at the SiPh IC surface (a) and 

the interposer RDL level (b) 

4 Conclusion 

In this chapter, we have first presented the process development work associated with 

three different fabrication methods to integrate polymer optical waveguides on a glass 

interposer: polymer/glass surface waveguides, then laser lithography of photosensitive 

resists and finally femtosecond laser ablation of both dry films used in the organic 

substrate industry and photosensitive resists. We have retained the solution based on 

laser ablation of photosensitive resists for the fabrication of the electrical and optical glass 

interposer. In a second time, we have developed a fabrication process to combine the 

aforementioned optical waveguide technology with a RF/mmW copper RDL. This process 

also involves the fabrication of optical and electrical coupling interfaces. It is worth noting 

that all structuration steps use the femtosecond laser. In a third and final time, we 

designed the interposer layout to be assembled with a previously fabricated SiPh test chip 

from STMicroelectronics PIC25G technology and performed the flip-chip bonding of the 

latter with the electrical and optical glass interposer.  

(a) (b)
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IV Characterizations 

Chapter IV presents the characterizations carried out during and after the fabrication of 

the interposer. In the first part, we review the optical characterizations of the three 

polymer waveguide technologies studied in sections 1.1 1.2 1.3 of chapter III, the 

RF/mmW characterization of the interposer transmission lines (Chapter III section 2.3.2) 

and the optical characterizations of the total internal reflection mirror (Chapter III section 

2.6). The second part is dedicated to the characterizations performed on the assembled 

demonstrator, namely, the validation of RF/mmW paths and the demonstration of the 

optical coupling by a characterization involving both the optical path and integrated 

photodetectors, thanks to the test structures presented in chapter III sections 3.1 and 3.2.  
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1 Interposer 

1.1 Polymer waveguides characterization 

In this section, we present the mode profile, wavelength spectrum and loss 

characterizations performed on the polymer waveguides that we fabricated (chapter III 

sections 1.1, 1.2, 1.3) with the objective to determine if the waveguides are single mode 

and their optical loss. 

1.1.1 Mode profile 

1.1.1.1 Principle 

Characterization of the mode profile is one of the first steps to determine if a structure is 

guiding light and determine the characteristics of the guided modes. As emphasized in 

chapter II sections 1.2.1 and 1.3.2, we set the goal to obtain a single mode waveguide and 

showed that its dimension and shape have a direct impact on the coupling efficiency with 

SMFs. The measurement bench involves (Figure 117): a laser source, a single mode fiber 

SMF-28 placed in front of a waveguide at the sample edge using a 3-axis micro-positioner. 

At the output of the waveguide, a microscope objective (typically with a ×20 or ×50 

magnification) is placed in front of a camera. Another camera is placed above the sample 

to ease the alignment of the fiber and the inspection of the sample. 

 

Figure 117: Schematic of the mode profile measurement bench 

The in-line camera provides an image of the infrared light at the output facet of the 

sample, focused by means of the microscope objective. For a multimode waveguide, the 

image is given by the sum of the light carried by the guided modes at the waveguide 

output. The waveguide in this situation supports several guided modes, whose excitation 

depends on the position of the optical fiber with respect to the sample. Indeed, as we 

change the position of the fiber, the coupling efficiencies between the fiber mode and the 

waveguides modes vary. As a consequence, the optical power coupled to each mode 

changes and so is the distribution of light intensity at the waveguide output. In the case of 

Laser Source

Optical fiber

Micro-positioners

Sample

Microscope 
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Infrared camera
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a single mode waveguide, the light intensity varies but its overall distribution remains 

insensitive to the fiber position, since it is set by the fundamental mode and the fiber 

mode/waveguide mode coupling efficiency. This major difference helps determining 

whether the waveguide is multimode or single mode. In the following paragraphs, we 

discuss results obtained with surface waveguides made with the polymer/glass process 

discussed in chapter III section 1.1, waveguides obtained by means of laser lithography, 

as discussed in paragraph 1.2 of chapter III and laser-ablated waveguides, as discussed in 

paragraph 1.3 of the same chapter. 

1.1.1.2 Polymer/glass surface waveguides 

The polymer/glass surface waveguides (chapter III section 1.1) were characterized first. 

In order to facilitate the alignment and determine the location of defects in the waveguide, 

the first acquisitions were made using a visible source, operating at a wavelength of 630 

nm. 

Figure 118, shows the top view of the 

sample during the mode profile 

characterization of a waveguide in the 

visible spectrum. The injection fiber is 

placed on the left side of the picture. We 

can observe two bright spots. The 

leftmost, at the edge of the sample, is 

characteristic of a reflection at the 

waveguide input due to the scattering 

associated to the facet. The second one, 

just to the right, denotes a second 

discontinuity. We observed it on several 

waveguides at similar locations. Possible causes maybe related to the cleaving of the 

sample. The ablation of cleaving trenches with the femtosecond laser on the back-side of 

the sample, as described in chapter III section 1.2 or the cleaving itself may have 

deteriorated the waveguide. After these bright spots, we can see that scattered light 

decreases in intensity as long as the signal propagates in the waveguide. This is 

characteristic of the waveguide roughness, affecting the visible light propagation much 

more than in the infrared range. 

Then, the mode profiles were characterized at 1550 nm and 1310 nm, using the in-line 

infrared camera. The pictures of Figure 119 were obtained. 

Figure 118: Picture taken from the top camera during the mode 
profile measurement of a waveguide at 630 nm 
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Figure 119: Mode profiles of a polymer/glass waveguide at (a) 1310 nm and (b) 1550 nm 

On these pictures, it can be observed that light is guided through the waveguide. When 

moving the injection fiber, the shape of the output profile changes, demonstrating that the 

waveguides are multimode at both wavelengths. As explained in chapter III section 1.1.3, 

we expected that the refractive index difference between the polymer and the glass 

together with the core dimension would lead to multimode waveguides.   

1.1.1.3 Waveguides by laser lithography 

Following waveguide theory and simulations discussed in the paragraph 1 of chapter II, 

we set the objective to obtain a waveguide with cross-section dimensions of 7 µ𝑚 × 7 µ𝑚 

and a refractive index Δ𝑛 = 4 ∙ 10−3.  
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Table 14: Relevant waveguides configurations and mode profiles 

 

Therefore, we tried to fabricate waveguides of these dimension using MicroResist 

photosensitive resins. The most relevant waveguide configurations measured are 

compiled in Table 14. We achieved the fabrication of 8.9 × 8.9 µ𝑚2 waveguides using 

Epocore 5 XP via the process described in chapter III section 1.2. However, we did not 

observe any mode profile at 1310 nm. The characterization of the waveguide at 650 nm 

showed a mode profile (Configuration n°1). Having measured the waveguides dimensions 

beforehand, we supposed that the refractive index difference was lower than expected. 

We therefore changed the core resin for a higher refractive index Epocore 5 and 

progressively refined the laser parameters to obtain a single mode waveguide. As shown 

in Table 14, configuration n°3, waveguides with a thickness of 4.8 µm do not guide light 

Core material
Focus Height 
(mm)
Laser Power (%)

Width ∙
Height
(µm²)

Mode Profile 
(650 nm)

Mode Profile 
(1310nm)

N°

Epocore 5 XP
Δ𝑛 = 4 ∙ 10−3

10 mm
100 %

8.9 × 8.9 No observable mode profile 1

0 mm
50 %

5.3 × 8.1
No observable 
mode profile

No observable mode profile 2

Epocore 5
Δ𝑛 = 1 ∙ 10−2

15 mm
100 %

6.7 × 4.8 No observable mode profile 3

10 mm
100 %

8.7 × 10.0 4

10 mm
75 %

7.9 × 7.0 Not measured 5
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at 1310 nm. Thicker waveguides of 10 

µm clearly show a multimode behavior 

when the injection fiber is moved 

vertically. In configuration n°4, two 

pictures of the same waveguide were 

shot at 1310 nm and two different 

output profiles are observable. In 

between, we characterized a 7 µm thick 

and 7.9 µm wide waveguide 

(configuration n°5) that did not show 

modifications of the mode profile 

following a displacement of the 

injection fiber. Yet, the mode profile is 

neither circular nor elliptical, which 

differs from eigenmode simulations performed in chapter II section 1.2.3. It is possible 

that this modal shape results from the trapezoidal shape of the waveguide but also from 

an unanticipated distribution if the refractive index that does not match the physical 

shape of the core. 

Aside straight waveguides, we characterized 

the other optical components, described in 

section 1.2.4 of chapter III, embedded in the 

test sample of configuration n°5, namely the 

directional couplers and Y junctions 

described in chapter III section 1.2.4. Figure 

120, shows the mode profiles of the 

directional couplers at 1310 nm with light 

injected to the right input (right picture) and the left input (left picture) for (a), (b) and 

(c). We can observe the profiles of both waveguides of each coupler but also light between 

them. A similar phenomenon appears for the Y-junction. The mode profile presented in 

Figure 121 shows the two output waveguides profiles as well as stray light in the bottom 

central area. 

(a)

(b)

(c)

Figure 120: Mode profiles of directional couplers with coupling 
lengths of (a) 2 mm, (b) 3 mm and (c) 4 mm. White arrows point 
the waveguides where light is injected. 

Figure 121: Mode profile of a Y junction 
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Figure 122: Examples of typical laser lithography waveguides defects. Epocore 5 waveguide mode profiles at 658 nm (a) 

after 120°C 10 min final post exposure bake (PEB), (b) after 140°C 30 min hard bake and (c) after 250°C 5 min flip-chip 

simulation. Waveguides presenting defects with the following process specificities: (d) uncovered core exposed to a 140°C 

60 min hard bake and 250°C 5 min final hard bake, 120°C 5 min final PEB (e) before and (f) after 250 °C min flip- chip 

simulation. 

Despite the first encouraging results, we faced reproducibility and thermal stability 

issues. As depicted in Figure 122, we observed several defects using the 658 nm laser 

source. In the case of the mode profiles (a), (b) and (c) from the same waveguide after 

different consecutive baking steps at the end of the process, we observe a dark area in the 

central part of the waveguide in the first measurement. It persists until the last baking 

step at 250°C where we notice a displacement of the guided light to the upper part of the 

resin layers. (d), (e) and (f) are three different waveguides mode profiles at 658 nm 

associated to different baking steps. We observe the same dark area and light is guided in 

the lower part of the resin for waveguides (d) and (e), whereas only stray light is 

observable for waveguide (f). 

Two possible causes, among others, for these defects and thermal instability may be 

related to the photolithographic exposure by means of a continuous UV laser. Epocore 

resists are effective for broadband and i-line exposure, i.e. a 365 nm wavelength, while 

the UV laser wavelength that we used is 375 nm. The spectral purity of the laser associated 

to the low absorption of the resin, in addition to the need to obtain large waveguides 

compared to the laser spot diameter (≈ 1 µm), result in the use of high optical energies 

compared to the recommended values. On one hand, the waveguide may not be 

sufficiently cross-linked, yielding a lower than expected refractive index contrast despite 

good results from a dimensional point of view. On the other hand, the high laser power 

may heat the material and modify its chemical, mechanical and optical properties, namely 

thermal stability and refractive index. These assumptions may be validated or 

(a) (b) (c)

(d) (e) (f)
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unvalidated by the use of a conventional lithographic mask and i-line light source, 

however we could not carry out these in the time allotted. 

1.1.1.4 Waveguides by laser ablation 

As detailed in chapter III section 1.3, we studied the fabrication of waveguides by 

femtosecond laser ablation of both dry films from Ajinomoto and photosensitive resins 

from MicroResist. Despite not bringing the process to its end with the first materials 

because of their transmission issue (q.v. chapter III section 1.3.4), we performed mode 

profile characterizations of the fabricated core structure, with air being used as top and 

side cladding material. In Figure 123 (a), the 1550 nm laser source allowed to see a 

confinement of light in the 

core structure as well as in 

the rest of the core material. 

However, we could not 

confine light inside the core 

layer using the 1310 nm 

laser source, as observed in 

Figure 123 (b) 

Laser ablated waveguides based on Epocore and Epoclad resins, on their side, 

demonstrated mode profiles at 1310 nm. Figure 124 illustrates three mode profiles 

recorded for the configurations tested during the development of these waveguide. The 

acquired profiles were shot using a 1310 nm laser with a relatively high optical power 

first (left picture), then reducing the optical power (right picture), to avoid camera 

saturation. These waveguides were structured with a laser power attenuation equivalent 

to an optical power of 110 mW at 200 kHz. The other fabrication parameters are recalled 

in the right part of the figure.  

(a) (b)

Figure 123: Mode profiles of the core structure fabricated by the laser ablation 
of two trenches inside Ajinomoto dry films at (a)1550 nm and (b) 1310 nm 
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Figure 124: Mode profiles (left column) at high optical power and (right column) at low optical power of three waveguides 
at 1310 nm, representative of the tested configurations (a), (b) and (c) whose parameters are shown on the right part of 
the figure. 

At high optical powers, we can observe the 

mode (that saturates the camera), as well as 

each resin layer thanks to the presence of 

stray light. This confirms that the mode is 

guided inside the rib waveguide. At low 

optical powers, we can see the progressive 

reduction of the mode profile size using 

smaller waveguide width thanks to a lower 

spacing. We also used the lower index 

contrast offered by Epocore 5 XP try to 

obtain a SMWG. These tests were not 

performed on electrically functionalized 

interposers.  

Other test waveguides were then fabricated using the complete process described in 

section 2.1 of chapter III and the laser parameters of configuration (c) of Figure 124. They 

also underwent mode profile characterizations before and after flip-chip. The results are 

presented in Figure 125. No major mode profile differences were observed between the 

waveguides before, Figure 125 (b), and after, Figure 125 (a), flip-chip bonding. However, 

and despite the decrease of the spacing trenches, Figure 125 (c) and (d) reveal that the 

waveguide is multimode. 

(a)

(c)

(b)

Epocore 5
Spacing: 19 µm
Pulse repetition frequency: 40 kHz
Scanning speed: 20 mm/s
Laser passes: 1

Epocore 5 XP
Spacing: 20 µm
Pulse repetition frequency: 8 kHz
Scanning speed: 4 mm/s
Laser passes: 2

Epocore 5 XP
Spacing: 18 µm
Pulse repetition frequency: 8 kHz
Scanning speed: 4 mm/s
Laser passes: 2

(a)

(d)(c)

(b)

Figure 125: Mode profile at 1310 nm of waveguides 
integrated with the electrical RDL (a) before and (b) after 
flip-chip bonding of the PIC25G. Colorized mode profiles of a 
waveguide before flip-chip with a slight displacement of the 
injection fiber to the left (c) and to the right (d) 
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1.1.2 Propagation & coupling losses 

1.1.2.1 Principle 

After determining the mode profile and spectral response of the polymer waveguides, it 

is necessary to determine the waveguide losses. They can be divided into two parts: 

coupling losses, resulting mainly from mode mismatch and Fresnel reflections at both 

ends of the waveguide, as well as propagation losses, which are mainly attributed to three 

physical mechanisms: radiation, scattering and absorption [117]. Reliably measuring the 

sum of these contributions and determining the proportion of each is not trivial. Several 

methods can be employed to achieve a first separation between coupling and propagation 

losses. 

 

Figure 126: Schematics of the measurement setups for measuring (a) the reference power using spliced fibers, a laser 
source, a power meter, as well as micro positioners, and (b) the waveguide losses using the same equipment with the fibers 
cleaved.  

One commonly used technique consists in feeding a waveguide with a known optical 

power and measuring the output power [117]. First of all, a reference optical power is 

obtained by the setup depicted by the schematic (a) of Figure 126, which makes use of a 

fiber splicer to connect the cleaved edges of both fibers. Then, as described in the 

schematic (b) of Figure 126, a laser source at the wavelength of interest is connected to a 

single mode fiber that is cleaved at the other end. The fiber is aligned in front of the 

waveguide using a v-grooved holder mounted onto a micro-positioner. A similar setup is 

used at the output of the waveguide to collect light and measure the optical power using 

a power meter. In our case, the setup involves 0 dBm optical sources at 1310 and 1550 

nm and a power meter capable of detecting optical signal down to -80 dBm. Then, the 

waveguide is cut to a different length and the same measurement is repeated. This 

destructive method relies on the length dependence of propagation losses and assumes 

that the coupling losses at the input and output of both the full-length and cut waveguide 

are equal. For two waveguides of respective length 𝑙𝑔1 and 𝑙𝑔2 , and respective optical 

powers 𝑃𝑔1 and 𝑃𝑔2  measured using the setup of Figure 126 (b) and expressed in dBm, as 

Laser 
Source

Laser 
Source

αpropagationαcoupling αcoupling

Spliced fibers

Power meter
(a)

(b)
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well as a reference power 𝑃𝑟𝑒𝑓 obtained by the setup of Figure 126 (a), we have the 

propagation losses (𝑑𝐵 ∙ 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ−1) equal to: 

𝛼𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 =
𝑃𝑔2 − 𝑃𝑔1
𝑙𝑔2 − 𝑙𝑔1

, 𝑙𝑔2 < 𝑙𝑔1 (1) 

However, this method involves the cutting of the sample after a first series of 

measurements and the cleaving of our samples was not reliable enough to obtain 

reproducible facet planarity. This is why we decided not to cut the samples twice. 

Therefore, we could only evaluate the sum of the propagation and coupling loss. The 

measured power 𝑃𝑔 deembedded from the reference power 𝑃𝑟𝑒𝑓 can be expressed as: 

𝑃𝑔 − 𝑃𝑟𝑒𝑓 = 2𝛼𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 + 𝛼𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 ∙ 𝑙𝑔 (2) 

From there, a pessimistic approach consists in considering that the waveguide is long and 

lossy enough to completely neglect the coupling losses. This gives an estimation of the 

maximum propagation losses for the waveguide. To push the analysis a little bit further, 

we simulated a theoretical waveguide with the dimensions measured by the profilometer 

using the same method as in chapter II section 1.2.3 and used the theoretical power 

coupling ratio between the fundamental mode of the waveguide and the fiber plus 

Fresnel’s power transmission coefficient 𝑇 of an air/polymer diopter to approximately 

evaluate the coupling loss. This coefficient, for a normal incidence, is given by the 

following formula: 𝑇 =
4𝑛1𝑛2

(𝑛1+𝑛2)2
, where 𝑛1 is the refractive index of the material in which 

light is incident (presently air) and 𝑛2 the index of the material in which light is 

transmitted (presently the polymer material) [75]. This method is used in upcoming 

sections 1.1.2.2 and 1.1.2.3.  

1.1.2.2 Polymer/glass surface waveguides 

We measured the total loss of 2 cm long polymer/glass surface waveguides. The best 

result we obtained was 𝑃𝑟𝑒𝑓 − 𝑃𝑔 = − 26 𝑑𝐵 ± 1 𝑑𝐵 at 1550 nm. Given the large amount 

of loss, we did not push the measurement further. If we were to improve the performance 

of these waveguides, two main points are to be studied: 

- The trench shape has to be refined or the polymer refractive index lowered in order to 

obtain single-mode waveguides reliably. In fact, the waveguide dimensions obtained 

coupled to the measured index difference do not make it possible to obtain a single mode 

waveguide at 1310 nm as discussed in chapter III section 1.1.3. 

- The roughness of the bottom of the trench, which is currently 1 ± 0.5 µ𝑚, must be 

improved to reduce the propagation losses of the waveguide, in order to lower the 

propagation losses to 1 𝑑𝐵 ∙ 𝑐𝑚−1 
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1.1.2.3 Waveguides by laser lithography 

Among the polymer waveguides fabricated by laser lithography, the best results were 

obtained on the waveguides of configuration n°5 (Table 14 section 1.1.1.3). The 24.7 mm 

long waveguides were measured using the losses measurement benches described 

previously. We obtained: 

𝑃𝑟𝑒𝑓 = −2.7 𝑑𝐵𝑚 ± 0.2 𝑑𝐵 

𝑃𝑔 = −8.2 𝑑𝐵𝑚 ± 0.2 𝑑𝐵 

The 7.9×7.0 µm² waveguides exhibit down to 5.5 𝑑𝐵 ± 0.4 𝑑𝐵 of total losses. As 

discussed in section 1.1.2.1, a retro-simulation using the measured waveguide dimensions 

allows to compute the power coupling ratio between the waveguide and fiber 

fundamentals modes. This ratio is 0.2 dB for each interface. Moreover, a first 

approximation of the Fresnel reflections coefficient can be derived from an air/polymer 

diopter loss at normal incidence. The approximated coefficient is 0.36 dB. Assuming that 

the waveguide facets are flat and the fibers perfectly aligned, we determine theoretical 

propagation loss of 1.92 𝑑𝐵 ∙ 𝑐𝑚−1 ± 0.4 𝑑𝐵 ∙ 𝑐𝑚−1 .   

1.1.2.4 Waveguides by laser ablation 

For the loss characterization 

of laser ablated waveguides in 

photosensitive resins, we had 

a tunable laser source in the 

range 1260 nm to 1340 nm. 

As shown in chapter 3 section 

3.2, four 1.23 cm long straight 

waveguides have been 

fabricated on both sides of the 

interposer for this purpose. 

We measured the total losses 

of eight waveguides on an interposer where the flip-chip bonding was performed and 

eight others on an interposer without the PIC25G chip at 1310 nm. The results are 

summed up by Figure 127. We can observe an average total optical loss of 10.7 dB before 

and 10.9 dB after flip-chip bonding. However, the standard deviation is almost two times 

higher for the waveguides of the first category compared to the second (3.1 vs 1.7). This 

may be due to the temperature elevation occurring during flip-chip. 

The waveguide with the lowest losses before flip-chip bonding was measured in the full 

range of the laser source. The results are shown in Figure 128. A minimum loss of 7.2 𝑑𝐵 ±

Figure 127: Average and standard deviation of the total optical loss of eight 
laser ablated polymer waveguides before and after flip-chip bonding at 1310 
nm 

7

8

9

10

11

12

13

Before After

T
o

ta
l o

p
ti

ca
l l

o
ss

 (
d

B
)



 

129 

 

0.4 𝑑𝐵 is obtained at 1310 nm while, the loss variation between 1260 nm and 1340 nm 

stays below 1 𝑑𝐵.  

 

Figure 128: Total optical loss of the best laser ablated waveguide between 1260 nm and 1340 nm 

Similarly to what we did with laser lithography defined waveguides, we backwardly 

simulated the waveguide with the measured dimensions and computed the power 

coupling ratio between the waveguide and fiber fundamental modes. This ratio is -0.7 dB 

for each interface. Together with the approximation of Fresnel reflections loss calculated 

in the previous section, we obtain theoretical propagation loss of 4.42 ± 0.25 𝑑𝐵 ∙ 𝑐𝑚−1. 

Despite being higher than those of waveguides by laser lithography, these propagation 

losses are low enough to measure a communication between the interposer and the 

PIC25G chip, given our measurement methods. 

1.2 RF/mmW characterizations 

1.2.1 Characterization setup 

The characterization of the interposer CPWs was carried-out using the measurement 

bench depicted by Figure 129. The two ports of the Power Network Analyzer (PNA) 

E8361A from Agilent are connected to ground – signal – ground (GSG) Infinity Probe 

probes. This PNA also implements polarization tees connected to a two-channel Source 

Monitor Unit (SMU) E5263A, from the same manufacturer, as well as a GPIB interface 

connected to a PC. This bench allows the measurement of S parameters of a two-port 

device between 0.1 GHz and 67 GHz. The whole is calibrated via the Line-Reflect-Reflect-
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Match (LRRM) method to bring the measurement plane from the PNA to the RF probes by 

taking into account an eight-term error model for the cables and probes [118]. 

 

Figure 129: Schematic of the 0.1 - 67 GHz S parameters measurement bench 

1.2.2 CPW measurements and deembedding structures 

In this section, we present the 

characterization results of the CPWs 

and deembedding structures described 

in chapter 3 section 2.3.2 and section 

3.2.  

The deembedding structures are 1-port 

components formed by open and short 

circuits created from the probing pads 

and accesses to CPW. Figure 130 

presents the measured S-parameters of 

these devices. As standard RF/mmW 

probes feature tips separated by 100 

µm, a short transition is used to pass 

from 60 µm wide probing pads to 85 µm 

wide CPW. These transitions can impact 

the measurement of the line. As for calibration of the PNA, the deembedding of these 

accesses brings the measurement plane to the device under test itself. A simple 2-term 

error model can be taken into account using open and short circuit structures. In our case, 

GSG probes

PNASMU

Open 
Short

Figure 130: Open and Short deembedding structures fabricated on 
the interposer. 
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we found that the impact of the transitions is minor, since the short circuit resistance and 

open circuit capacitance are relatively low with respect to the line resistance and 

capacitance. If the short-circuit and open-circuit structures are considered as perfect 

resistance 𝑅𝑠ℎ𝑜𝑟𝑡 and capacitance 𝐶𝑜𝑝𝑒𝑛 with respective impedances 𝑍𝑠ℎ𝑜𝑟𝑡 and 𝑍𝑜𝑝𝑒𝑛, 

their values are given by, respectively, 𝑅𝑠ℎ𝑜𝑟𝑡 = ℜ(𝑍𝑠ℎ𝑜𝑟𝑡) and 𝐶𝑜𝑝𝑒𝑛 = −
1

ℑ(𝑍𝑜𝑝𝑒𝑛)𝜔
. Both 

impedances are obtained from their measured S parameter by: 𝑍 =
1+𝑆

1−𝑆
. These equations 

give an 𝑅𝑠ℎ𝑜𝑟𝑡 of 0.04 Ω at 100 MHz and 36 𝑓𝐹 < 𝐶𝑜𝑝𝑒𝑛 < 43 𝑓𝐹. As we will show 

thereafter, the corresponding values resistance and capacitance for the transmission lines 

are one or two orders of magnitude higher. Thus, we did not deembedded the accesses.  

The PNA gave the S parameters matrix of each CPW. Then, we determined the attenuation 

coefficient and characteristic impedance of each line following the calculation described 

in chapter 2 section 2.1.2. The results are depicted by Figure 131. The lowest attenuation 

coefficient is obtained for 85 µm wide CPWs that reach 3 𝑑𝐵 ∙ 𝑐𝑚−1 at 58 GHz for a real 

part of the characteristic impedance of 46 Ω. 

 

Figure 131: Attenuation coefficient (a) and real part of the characteristic impedance of the 938 mm long interposer CPWs 
with widths of (red line) 85 µm, (blue line) 60 µm, (purple line) 15 µm. 

The 60 µm wide CPW exhibits a slightly higher impedance of 47 Ω (real part) that results 

in a better adaptation but at the expense of the attenuation coefficient, which is 

0.4 𝑑𝐵 ∙  𝑐𝑚−1 higher at the same frequency. The 15 µm wide line shows an impedance of 

74 Ω and an attenuation coefficient of 4.5 𝑑𝐵 ∙ 𝑐𝑚−1 at 58 GHz. The goal of these 

transmission lines being to carry 25 𝐺𝑏 ∙ 𝑠−1 digital signals driving the PIC25G Mach-

Zehnder modulators, the performance of 60 µm and 85 µm CPWs is sufficient to perform 

this task. Furthermore, and since the PIC25G design has been optimized at 50 Ω, we seek 

a transmission line presenting an identical characteristic impedance to minimize 

reflected waves. We can observe that the attenuation coefficient drops at each multiple of 

8 GHz. This is due to standing wave appearing at these specific frequencies, making the 

85 µm 

60 µm 

15 µm 
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measurement of the attenuation coefficient more difficult. Measuring shorter line reduces 

this phenomenon. 

We modeled the 85 µm CPW using the RLCG model presented in chapter II section 2.1.1. 

Consistently with the definition of the propagation constant 𝛾 and the characteristic 

impedance 𝑍0 given in the aforementioned section, we computed each per unit length 

parameter of the measured line: 

𝑅𝑚𝑒𝑎𝑠 = ℜ(𝛾𝑚𝑒𝑎𝑠 ∙ 𝑍0𝑚𝑒𝑎𝑠
) (2) 

𝐿𝑚𝑒𝑎𝑠 = ℑ(𝛾𝑚𝑒𝑎𝑠 ∙ 𝑍0𝑚𝑒𝑎𝑠
) (3) 

𝐶𝑚𝑒𝑎𝑠 = ℑ(
𝛾𝑚𝑒𝑎𝑠

𝑍0𝑚𝑒𝑎𝑠

) (4) 

𝐺𝑚𝑒𝑎𝑠 = ℜ(
𝛾𝑚𝑒𝑎𝑠

𝑍0𝑚𝑒𝑎𝑠

) (5) 

The modeled component is instantiated in the form a 2-port component taking into 

parameter the line length 𝑙 and determined by its ABCD matrix parameters, namely: 

𝐴 = cosh(𝛾𝑚𝑜𝑑 ∙ 𝑙) (6) 

𝐵 = 𝑍0𝑚𝑜𝑑
∙ sinh(𝛾𝑚𝑜𝑑 ∙ 𝑙) (7) 

𝐶𝑝𝑎𝑟𝑎𝑚 =
1

𝑍0𝑚𝑜𝑑

sinh(𝛾𝑚𝑜𝑑 ∙ 𝑙) (8) 

𝐷 = cosh (𝛾𝑚𝑜𝑑 ∙ 𝑙) (9) 

𝛾𝑚𝑜𝑑 and 𝑍0𝑚𝑜𝑑
 are defined by the linear capacitance 𝐶𝑚𝑜𝑑, inductance 𝐿𝑚𝑜𝑑  and 

conductance 𝐺𝑚𝑜𝑑  of the model, which are approximated by constant values and the 

resistance 𝑅𝑚𝑜𝑑 , which is modeled by the following equation: 𝑅𝑚𝑜𝑑 = 𝑅𝑑𝑐 + 𝑘1 ∙

(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∙ 10−9)𝑘2 , where 𝑅𝑑𝑐 is the extracted resistance 𝑅𝑚𝑒𝑎𝑠 value at 100 MHz and 

𝑘1 and 𝑘2 arbitrary determined by fitting the curves of the extracted resistances of the 

measured line and the simulated component with the same length as the measured line. 

The modeled conductance 𝐺𝑚𝑜𝑑  is also determined by the value of the conductance value 

at 100 MHz extracted from the measurement. The model capacitance 𝐶𝑚𝑜𝑑 and inductance 

𝐿𝑚𝑜𝑑  are obtained by a fit of the extracted curves. Table 15 summarizes the model 

parameters, their value and extraction method. Figure 132 presents the RLCG curves of 

both the measured CPW and the simulated two-port component. 
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Table 15: Value and extraction method of CPW model component parameters 

Parameter Value Extraction method 

𝑹   166 Ω ∙ 𝑚𝑚−1 Measured value 100 MHz 

𝑳𝒎   301 𝑝𝐻 ∙ 𝑚𝑚−1 Curve fit 

𝑪𝒎   144 𝑓𝐹 ∙ 𝑚𝑚−1 Curve fit 

𝑮𝒎   0.004 𝑆 ∙ 𝑚𝑚−1 Measured value 100 MHz 

𝒌𝟏 125 Ω ∙ 𝑚𝑚−1 ∙ 𝐻𝑧−1 Curve fit 

𝒌𝟐 0.8 Curve fit 

  

 

 

Figure 132: RLCG parameters extracted from the measured S parameters of the 85 µm (red curves) and from the simulated 
S parameters of the 2-port component parametrized with the same length (blue curves) 

This component can naturally be used to model CPWs of a length that differs from the 

9.38 mm long measured line. Therefore, it is helpful in the analysis of other test structures 

involving the 85 µm CPW or in the design of future chips using this technology.  

1.3 Total internal reflection mirror 

1.3.1 Measurement bench 

The characterization of the mirror angle is an important step, since we expect its value to 

strongly impact light coupling performance, as detailed in chapter II section 3.4. To this 

R
es

is
ta

n
ce

 (
Ω

.m
m

-1
)

C
o

n
d

u
ct

an
ce

 (
S.

m
m

-1
)

C
ap

ac
it

an
ce

 (
fF

.m
m

-1
)

In
d

u
ct

an
ce

 (
p

H
.m

m
-1

)

Frequency (GHz) Frequency (GHz)

Frequency (GHz) Frequency (GHz)

Measurement extracted parameter
Component extracted parameter



 

134 

 

purpose, we developed a measurement bench by modifying the loss measurement bench 

described previously in section 1.1.2.1. 

 

Figure 133: Schematic of the mirror angle measurement bench 

On the left part of the schematic presented in Figure 133, the bench is similar in every 

point to the loss measurement bench: a laser source is connected to a SMF cleaved at the 

other end and aligned in front of the waveguide thanks to a micro-positioner. On the right 

side, on the contrary, the SMF is aligned above the mirror using a V-groove holder 

mounted on a custom-made rotating arm whose detailed schematic is presented in Figure 

134. The rotation is performed by a graduated rotation stage that we adjusted vertically 

using a spirit level. The same adjustment was done for the sample holder. 

 

Figure 134: SolidWorks schematic of the rotating arm, (a) front view and (b) isometric view 

1.3.2 Angle measurement 

Following the schematic presented in Figure 135, we varied the fiber angle 𝜃𝑓𝑖𝑏𝑒𝑟 from 

10° to 16° by steps of 1° and re-aligned the fiber using the translations of the micro-

positioner to obtain the maximum power. This optical power recorded for each angle was 

normalized using a reference power measured using the measurement bench Figure 126 

(a). The results are summarized in Figure 136. We observe a minimum loss for an angle 

of 14°, however we do not observe a strong angular selectivity, in agreement to the 

simulation performed in chapter II section 3.4.2. 

Laser 
Source

Optical fiber

Micro-positioners

Rotating arm
Power meter

Graduated rotation stage
Translation stage

Fiber V-groove
Custom made arm

(a) (b)
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Figure 135: Schematic of the mirror angle measurement principle 

Supposing that the maximum power coupling ratio is obtained when the output beam is 

aligned with the fiber, the fiber angle can be related to the mirror angle using ray optics. 

For 0° < 𝜃𝑚𝑖𝑟𝑟𝑜𝑟 < 90°, the reflected ray angle to the vertical in the dielectric is 

𝜃𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 90 − 2𝜃𝑚𝑖𝑟𝑟𝑜𝑟 and is also directly linked to the refracted ray angle to the 

vertical in the air by Snell-Descartes’s law. Following this method, the 14° angle of the 

fiber corresponds to a mirror angle of 40.5°.  

 

Figure 136: Total loss measured versus fiber angle 

In chapter II section 3.4.2, we determined by simulations that the optimum angle is 40°. A 

mirror angle of 40.5° theoretically leads to less than 1 dB additional loss. Parallelly, this 

angle correlates to the SEM measurement of the mirror angle on the sample cross-section.  
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2 Assembly 

In this section, we present the characterization results of the test structures enabled by 

the assembly of the SiPh IC and the glass interposer described in chapter III section 3. 

2.1 RF/mmW characterizations 

2.1.1 RF/mmW path 

The first test structure of the assembly is dedicated to the performance evaluation of 

transmission of high frequency signals. The structure involves, as depicted in Figure 137, 

a 5.3 mm microstrip transmission line in the SiPh IC connected at both ends to two 2.1 

mm long and 85 µm wide CPWs in the interposer through 30 µm thick copper pillars. Two 

structures of this type are present in the demonstrator. 

 

Figure 137: Schematic of the RF/mmW test structure 

We used the same measurement bench as for the interposer CPWs measurements. Figure 

138, shows the return loss and insertion loss of both test structures. We can observe that 

the frequency response of the two structures are almost identical. They show return loss 

below 13 dB over the entire frequency range (0 – 67 GHz), as well as insertion loss of 7.1 

dB at 50 GHz. These results are consistent with the implementation of a 25 𝐺𝑏 ∙ 𝑠−1 

transceiver but also with higher data rate applications. 

9.4 mm

5.3 mm
PIC25G IC

Glass interposer

RF probe

Copper Pillar

Microstrip line

CPW
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Figure 138: Return loss and insertion loss of the RF/mmW path through the assembly 

In section 1.2.2, we measured the attenuation coefficient of the interposer CPWs. 

Parallelly, the PIC25G microstrip attenuation coefficient was measured by 

STMicroelectronics. At 50 GHz, the 85 µm wide CPWs exhibits an attenuation coefficient 

of 0.27 𝑑𝐵 ∙ 𝑚𝑚−1 while the 5.7 µm wide PIC25G microstrip lines show an attenuation 

coefficient of 1.2 𝑑𝐵 ∙ 𝑚𝑚−1. Accounting for the respective CPW and microstrip length, we 

can easily calculate 1.1 dB of loss for the CPWs and 6.4 dB of loss for the PIC25G, at 50 GHz. 

The sum of these contribution being higher than the measured insertion loss, we expect 

process variations from both the interposer and the PIC25G chip to account for the 0.4 dB 

difference. Another option to explain this incoherence comes from the measurement. 

Indeed, on-wafer measurements generates an additional contact resistance that varies 

each time the probes are placed. When the measured devices exhibit a low resistance, the 

impact of this contact resistance becomes significant. For instance, the extracted 

resistance of the current device, following the method used in section 1.2.2, is 20.44 Ω 

while the sum of the theoretical resistances of the different metallic rods is 19.54 Ω. The 

latter is calculated using the formula 𝑅 =
𝜌𝐿

𝑊∙𝑇ℎ
, where 𝜌 is the resistivity of the metal, 𝐿 

the length of the line, 𝑊 its width and 𝑇ℎ its thickness. This results in a 4% difference. In 

the case of the 85 µm standalone CPW of section 1.2.2, the extracted resistance is 1.56 Ω  

and the theoretical resistance is 0.63 Ω, which leads to a 60% difference. 

2.1.2 Modulators reflection coefficient 

The two MZM designed in chapter II section 2.2 have been implemented as test structures 

in their 3.5 mm long variant as one port components. Therefore, we could measure their 

respective reflection coefficients, still using the same test bench. Figure 139 and Figure 

140 present the return loss and reflection coefficient of respectively, the 3.5 mm long 

MZM without inductors and its counterpart with inductors. 

Transmission line 1

Transmission line 2
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Figure 139: Return loss and reflection coefficient of the 3.5 mm long MZM without inductors 

Without inductors, the return loss of the modulator is below -10 dB from 2.5 GHz to 

67 GHz with a portion of the spectrum below -20 dB between 15 GHz and 35GHz.  

 

Figure 140: Return loss and reflection coefficient of the 3.5 mm long MZM with inductors 

In the case of the modulator with inductors, the return loss reaches the same acceptable 

level over 8.5 GHz and until 67 GHz while the most adapted part of the spectrum, below -

17 dB, is shifted between 45 GHz and 67 GHz. 

We expected both test structure to show less return loss, especially at lower frequencies, 

when compared to the simulations of chapter II. To understand this major difference, we 

have deembedded the interposer CPW using the model created in section 1.2.2. 

Considering that the test structure is equivalent to the schematic of Figure 141, a 2.1 mm 

long CPW is simulated using the model and the inverse of its ABCD matrix is computed 
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Figure 141: Simplified schematic of the HSPM test structure 

Multiplying the inverse of the ABCD matrix of the CPW with the ABCD matrix of the HSPM 

is equivalent to removing the CPW component in the schematic of Figure 141. The result 

of this operation is compared in Figure 142 with the simulations performed previously. 

Additionally, we performed a new simulation of the HSPM without inductors with the 

35 Ω terminating load removed. 

 

Figure 142: Return loss of the original HSPM simulation without inductors using spice models (blue curve), the 
measurement deembedded from the interposer CPW (pink curve) and the HSPM retro-simulation using spice models with 
an open circuit in the place of the 35 𝛺 load at the end of the circuit. (red curve).  

We can observe a similar behavior between the deembedded measurement and the retro-

simulation using an open circuit at the end of the circuit. Both exhibit lower return loss 

over the entire frequency range than the loaded circuit simulation except below 2 GHz. 

They also show a minimum loss peak at 4 GHz and 12 GHz respectively. This analysis 

allowed us to identify a mistake in the HSPM design at layout level. 

2.2 Optical path characterization 

2.2.1 Mode Profile 

The second test structure is a full optical path passing through both the PIC25G and the 

interposer. It is composed of two 3.5 mm long polymer waveguides in the interposer and 

𝑉1
CPW

2.1 mm
HSPM

Original HSPM simulation

Deembedded Measurement

HSPM retro-simulation
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a 5.2 mm SOI rib waveguide connected together by two TIR mirror/GC coupling 

structures, as depicted in Figure 143. 

 

Figure 143: Schematic of the optical path test structure 

We characterized the mode profile at the output of the second polymer waveguide. 

Thanks to a tunable laser source, we observed a strong variability in the mode profile and 

output power depending on the wavelength. Figure 144 shows the mode profiles of the 

structure at wavelengths ranging from 1277 nm (a) to 1282 nm (f), spaced by 1 nm. This 

characterization confirms that we achieved light coupling from the interposer to the 

PIC25G chip and conversely. The multimode behavior of the polymer waveguides is also 

confirmed. 

 

Figure 144: Mode profiles of the optical path test structure at (a) 1277 nm, (b) 1278 nm, (c) 1279 nm, (d) 1280 nm, (e) 
1281 nm and (f) 1282 nm 

2.2.2 Losses 

We also measured the total losses of this structure from 1260 nm to 1340 nm every 

10 nm. As it can be observed in Figure 145, we could measure a minimum loss of 63 dB at 

Polymer WG

Single mode fibers

Grating couplers

Mirrors

SOI WG

(a)

(f)(e)(d)

(c)(b)
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1320 nm, which is 17 dB higher than the -80 dBm noise threshold of our measurement 

setup. 

 

Figure 145: Total loss of the optical path test structure versus wavelength associated to the optical path described in Figure 
143 

Several sources may be the cause of such high losses. Among them, we expect the 

misalignment between the TIR mirrors and the GCs to play an important role. Moreover, 

GCs are sensitive to the presented mode profile and wavelength, the latter being directly 

related to diffraction angle by Bragg’s law. The combination of these three factors with 

the multimode behavior of polymer waveguides may result in such a high loss and 

wavelength sensitivity. After demonstrating and evaluating the optical coupling between 

both chips, we wanted to demonstrate the association of electrical and optical coupling. 

This also allows to consider only one optical coupling structure at a time whereas the all 

optical test structure involve two of them. This opto-electrical characterization is 

described in the next section.  

2.3 Optical coupling measurement through embedded 

photodetector  

2.3.1 Principle 

The last characterization we performed makes use of the photodiode test structures 

described in chapter III section 3.1. As depicted in Figure 146, it consists in illuminating 

the photodiode through the polymer waveguides of the interposer, the TIR mirror/GC 

coupling structure and the SOI waveguide of the PIC25G IC. At the input, the polymer 

waveguide is illuminated by a SMF aligned to the edge by butt-coupling. The photodiode 
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is also probed through the interposer electrical RDL. Figure 147 shows a macroscopic 

picture of the demonstrator during this characterization where both the electrical probes 

and the SMF can be seen.  

 

Figure 146: Schematic of the principle of the optical coupling measurement through embedded photodiodes. 

Then, the photodiode I-V characteristic is measured by a semiconductor parameters 

analyzer with the tunable laser source turned on and off. PIC25G photodiodes are well 

known components showing a typical responsivity of 0.98 𝐴 ∙ 𝑊−1 at =1310 nm and 

under a 1 V reverse bias. Therefore, we can determine the static optical power at the 

photodiode level by probing their output current. 

 

Figure 147: Macroscopic picture of a demonstrator during the optical coupling measurement through embedded 
photodiodes 

We measured the I-V characteristic of four photodiodes with a 1 mW laser source between 

a wavelength of 1260 nm and 1340 nm every 10 nm. Reference curves were obtained in 

obscurity, with the input laser switched off. When appropriate, the wavelength interval 

has been reduced. Each photodiode test structure involves a GC with a specific optimal 

frequency: 1270 nm, 1290 nm, 1310 nm and 1330 nm.  

Keysight Tunable Laser Source

HP Semiconductor Parameter Analyser

Keysight Tunable Laser Source

HP Semiconductor Parameter Analyzer

Photodiode

Direct current probeCopper pillar
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2.3.2 Results 

Figure 148 shows the I(V) characteristic of the 1290 nm test structure with the laser 

source turned on at 1265 nm and turned off. We can clearly observe the photocurrent 

generated by light exposure. However, the light on measurement is noisy. As we did not 

remark strong power variation of the source (thanks to a built-in power meter), we expect 

the noise to come from vibrations of the injection fiber, which is sensitive because of the 

length between the V-groove and the sample edge. To attenuate this phenomenon, we 

computed an average photocurrent 𝐼𝑜𝑛 using all the values between -1.25 V and -0.75 V, 

for each structure and at each wavelength point.  

 

Figure 148: I(V) characteristic of the 1290 nm test structure illuminated with a 1 mW laser source at 1265 nm (red) and 
without light (blue) 

The optical loss 𝑂𝑝𝑡𝐿𝑜𝑠𝑠 of these test structures, from the laser source to the photodiode, 

is calculated using the following formula: 

𝑂𝑝𝑡𝐿𝑜𝑠𝑠 = 10 log (
𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 × 1 𝑚𝑊
) + 3 𝑑𝐵 (3) 

𝐼𝑜𝑓𝑓 is the current measured without light exposure at -1 V. The currents are expressed in 

mA and the laser source is 1 mW. It is noteworthy that equation (3) compensates by 3 dB 

for the presence of a Y junction in the optical path 
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Figure 149: Loss of the optical path from the laser source to the photodiode of photodiode test structures 1270 nm, 1290 
nm, 1310 nm, 1330 nm 

Based on our estimate of the polymer waveguides propagation and coupling losses, we 

evaluate their contribution to 2.24 dB. On the silicon side, the SOI optical waveguides 

length is approximately 340 µm. Thus, we can simply neglect their contribution. Finally, a 

first estimation of the TIR mirror/GC coupling structure loss in the best case is 18.7 dB. 

This is high compared to the simulated structure and cannot compete with other solution 

for the time being. Nonetheless, we expect to reduce this loss with a better alignment of 

the layers and ICs.    

3 Conclusion 

In this chapter, we have presented the different types of optical and electrical 

characterizations performed on the interposer, the assembled demonstrator and their 

individual components.  Firstly, we have determined that the laser ablation of 

photosensitive resins for the polymer waveguides fabrication was the best trade-off for 

our demonstrator since this technology handles the flip-chip bonding and offers 

reasonable waveguide losses for the demonstrator, i.e. 4.42 𝑑𝐵 ∙ 𝑐𝑚−1. We have also 

showed that the glass interposer CPW lines are of no concern regarding the transmission 

of high-speed signals, exhibiting 3 𝑑𝐵 ∙ 𝑐𝑚−1 at 58 GHz. We have validated the electrical, 

RF and mmW connection between the PIC25G chip and the interposer. Last but not least, 

we have demonstrated the optical coupling between the aforementioned photonic circuits 

and evaluated the coupling loss to be 18.7 dB. 
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V General Conclusion & Perspectives 

This work proposed to assess the feasibility of a new approach to the packaging of optical 

transceivers based on silicon photonic technologies. In the first chapter, we have placed 

silicon photonic technologies in the context of data centers optical communications, firstly 

from a general perspective and secondly from the standpoint of STMicroelectronics’ 

PIC25G technology. We showed that this technology is capable of light modulation and 

detection in the 50 Gb/s range, but the coupling with SMFs suffers from high assembly 

costs and a bandwidth narrower than the bandwidth required in CWDM systems. We 

subsequently compared different electrical interposers technologies and optical 

technologies to highlight that a passive, low-cost, electrical/optical glass interposer has 

the potential to provide 4×100 Gb/s CWDM 4λ transceivers based on SiPh. Finally, we 

defined objectives to achieve during this work in terms of design, fabrication and 

characterization of an assembly capable of demonstrating the interfacing between a fiber, 

an interposer and a SiPh IC. 

1 Achievements versus Objectives 

As stated in the first chapter, our objectives can be boiled down to: 

i. Develop a polymer-based optical technology allowing the fabrication of single 

mode waveguides with low coupling losses to butt-coupled SMFs and low 

insertion losses at 1310 nm (1 dB/cm each) on a glass substrate. 

ii. Design and fabricate a slanted mirror solution for interposer/SiPh IC coupling 

with an efficiency equivalent to a fiber/grating coupler coupling scheme. 

iii. Integrate, along with the optical technology, a copper RDL involving RF/mmW 

transmission lines able to transmit 50 Gb/s signals over a few millimeters. We 

targeted insertion losses below 3-dB/mm at 75 GHz. 

iv. Assemble an existing PIC25G IC with this electrical and optical interposer by 

flip-chip bonding and demonstrate both optical coupling and electrical 

continuity between the interposer and the SiPh IC. 

Along chapter II, III and IV, we presented the corresponding results that are described 

thereafter: 

i. We investigated three different fabrication methods of polymer waveguides. 

One of them could be used in the final process. It consists in laser-ablated rib 

waveguides in photosensitive polymer resists. The fabricated waveguides are 

functional but they turned out to be multimode and exhibit 4.42 𝑑𝐵 ∙ 𝑐𝑚−1 of 
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propagation losses at 1310 nm. We suspect this level of losses to come from 

both the sidewalls roughness and the laser impact on the core material. Despite 

being far from our objective, such propagation losses do not compromise our 

objectives on the other topics. Also, simulations allow to expect coupling losses 

with fiber equivalent to 0.7 dB 

ii. Thanks to FDTD simulations, we determined that a slanted mirror with an 

angle of 40° and relying on TIR could theoretically allow a 2.1 dB coupling 

efficiency at 1310 nm between an SOI waveguide and a polymer waveguide. In 

practice, the mirror was fabricated by a femtosecond laser ablation on a tilted 

sample. This component was characterized in standalone by SEM 

characterizations and optical measurements. The angle obtained was 

determined to be 40.5°, which theoretically accounts for less than 1 dB of 

additional losses. 

iii. The copper RDL was implemented below the optical layer by titanium-copper 

sputtering and by selective laser ablation structuring while electrical contacts 

were ensured thanks to the local removal of the optical layer, once again by 

selective femtosecond laser micromachining. This RDL involves CPW 

transmission lines characterized between 0.1 and 67 GHz. They exhibit a 

characteristic impedance of 46 Ω throughout the measured range and an 

attenuation constant of 3 𝑑𝐵 ∙ 𝑐𝑚−1 at 58 GHz, which is already better than 

PIC25G transmission lines and therefore suitable for the application as long as 

comparable lengths are involved. The layer also involves the routing required 

by the PIC25G IC for of its embedded test structures. 

iv. The PIC25G chip was flip-chip bonded to the interposer using a semi-automatic 

pick-and-place equipment allowing a ± 5 µ𝑚 alignment tolerance. 

Subsequently, we characterized the electrical connection by measuring a 

transmission line passing through both the interposer and the SiPh IC and 

demonstrated the optical coupling thanks to the characterization of an all-

optical path, also passing through both circuits. We measured 7.1 𝑑𝐵 of 

insertion losses at 50 GHz and return losses below 10 dB over the entire 

frequency range for the electrical path. The mode profile of the output polymer 

WG is observable at 1310 nm and we measured total optical losses of 63 dB at 

1320 nm. Finally, we demonstrated that this assembly is capable of light 

detection, since we measured up to 4 µA of photocurrent while illuminating a 

polymer WG and probing a PIC25G photodiode through the interposer. This 

last measurement allows us to estimate the coupling efficiency of the 

mirror/GC coupling structure to 18.7 dB 
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As a conclusion, it can be said that the objectives of this work have been achieved, at least 

partially, but enough to carry out the main demonstration of an optical coupling between 

an electrical and optical interposer and a silicon photonic integrated circuit through flip-

chip assembly. This leaves plentiful of perspectives that are discussed in the next section. 

2 Perspectives 

2.1 Short-term perspectives 

From short-term perspective, performance improvements of the components can be 

foreseen. 

i. The polymer WG have to be made single mode in order to be fully compatible 

with silicon photonic technologies. If the same fabrication method is kept, the 

influence of the laser exposure on the refractive index the waveguide core has 

to be taken into account. As demonstrated in [119], femtosecond laser 

exposure can induce a positive refractive index change in polymers. This 

change may occur in our case near the ablated areas and may be the cause of 

the multimode behavior that we observed. Parallelly, the waveguides 

propagation losses have to be reduced and this goes by the reduction of 

sidewalls roughness. Both issues may be addressed by a nanometric 

etching/smoothing of the waveguide core using one or several techniques, 

such as, descum, plasma ashing or surface polishing by vapor phase solvent 

[120]. Once low-loss single mode waveguides are obtained and the effective 

index of the propagation mode tightly controlled, the design of the integrated 

multiplexer can be feasible. 

ii. Despite showing potential low losses in FDTD simulations, the estimated 

coupling efficiency through measurements is more than 16 dB higher than 

fiber/GC coupling efficiency. The causes of this difference have to be 

investigated in order to determine whether the glass interposer approach is 

competitive with respect to lateral coupling solutions through spot size 

converters. Three axes of development are to be considered. The first one is the 

optimal mirror placement. Being critical regarding coupling efficiency, the 

position, in every dimension, of the flip-chip bonded IC relative to the 

interposer has to be determined with a precision of one micrometer. The 

second axis is the improvement the placement precision of the mirror at 

fabrication level through, for example, 3D alignment and the compensation of 

focus variations. This goes hand in hand with a better flip-chip bonding 

precision, also of the order of one micrometer, that may be achievable with a 
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more advanced alignment methodology and optionally a more accurate 

machine. Last but not least, the reflective surface also plays a critical role. The 

impact of roughness and of a potential curvature have to be studied. This 

surface can undergo treatments similar to those of the waveguide core to 

improve its reflectivity. 

iii. The interposer CPWs are probably the most mature component of this work. 

However, there is still room for further improvements given the intrinsic 

properties of the glass substrate, especially using a thicker metal layer. A 

multilayer back-end would also be beneficial to enhance the redistribution 

capabilities. 

iv. Regarding characterizations, a few points should be taken into account. We 

characterized RF/mmW interconnects, all-optical coupling and light detection; 

the latter being done only using a constant optical input. As we were not able 

to validate the modulation of light by high-speed digital signals through the 

interposer, this point is still to be demonstrated. Also, optical characterizations 

still require the active alignment of the fiber. Passive alignment structures 

etched in the interposer could solve this drawback. 

 

2.2 Long-term perspectives 

Given the performance improvement of the interposer, this work paves the path towards 

lower-cost packaging of silicon photonic-based transceivers. The demonstration of a fully 

assembled transceiver in a small form factor pluggable is yet to be achieved. Given the 

multiplexing capability, this interposer technology could offer an additional candidate for 

the next generation of 400 𝐺𝑏 ∙ 𝑠−1 transceivers. On an even longer term, the glass 

interposer technology is also valuable to go from the small form factor pluggable 

approach, which involves the separate packaging of the transceiver and the networking 

equipment, to the transceiver integrated on the same board as the networking equipment, 

as it envisioned by the Consortium for On-Board Optics (COBO) [121]. 
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Annex A: Matlab Script for 

Rectangular Waveguide Modes 

Computation 

clear all; 

close all; 

clc; 

format long 

% Single Mode Propagation Conditions 

 

% Parameters 

Dn = 0.008; 

 

d = 8e-6; 

Ncl = 1.56; 

 

lambda = 1310e-9; 

n0_all = []; 

cmptr = 0; 

 

for Dn = 0.0001:0.0001:0.008 

    Dn 

    Nco = Ncl + Dn; 

    peff = 0; 

    dneff = 1e-7; 

    neff = Nco; 

    r_1 = 1; 

    r = 1e-13; 

    neffs = []; 

    peffs = []; 

     

    % Planar waveguide modes 

    imag(r); 

    neff; 

    abs(r); 

     

    while imag(r) == 0 && neff > Ncl && abs(r) < 1e-11 

 

         

        while abs(dneff) > 1e-16 
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            r = 2*atan(sqrt(neff*neff-Ncl*Ncl)/sqrt(Nco*Nco - neff*neff)) - 

2*pi*d/lambda*sqrt(Nco*Nco - neff*neff) + peff*pi; 

            if r*r_1 < 0 

                dneff = -dneff/2; 

                neff = neff-dneff; 

            else 

                neff = neff-dneff; 

            end 

 

            r_1 = r; 

            dneff; 

            neff; 

            r; 

            %cmptr = cmptr+1; 

        end 

        dneff; 

        peff; 

        neff; 

        r; 

        if imag(r) == 0 && neff > Ncl && abs(r) < 1e-11 

            neffs = [neffs, neff]; 

            peffs = [peffs, peff]; 

            peff = peff+1; 

            dneff = 1e-7; 

            neff = neff-dneff; 

        end 

        neff; 

        r; 

    end 

 

    r; 

    % neff 

    % cmptr 

 

    % 2D waveguide modes with effective index method 

 

    q = 0; 

    n0 = Nco; 

    dn0 = 1e-7; 

 

    n0s = []; 

    qs = []; 

    rs = []; 

    numel(neffs); 

    neffs; 

 

    for i = 1:numel(neffs) 
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        i; 

        neffs; 

        neffs(i); 

        q = 0; 

        n0 = neffs(i); 

        n0s_neff_i = []; 

        r_1 = 1; 

        r = 1e-13; 

        dn0 = 1e-7; 

 

        while imag(r) == 0 && n0 > Ncl && abs(r) < 1e-11 

 

            %cmptr = 0; 

            while abs(dn0) > 1e-16 

 

                r = 2*atan(sqrt(n0*n0-Ncl*Ncl)/sqrt(neffs(i)*neffs(i) - 

n0*n0)) - 2*pi*d/lambda*sqrt(neffs(i)*neffs(i) - n0*n0) + q*pi; 

                if r*r_1 < 0 

                    dn0 = -dn0/2; 

                    n0 = n0-dn0; 

                else 

                    n0 = n0-dn0; 

                end 

 

                r_1 = r; 

                %cmptr = cmptr+1; 

            end 

             

             

            n0; 

            numel(n0s_neff_i); 

            if imag(r) == 0 && n0 > Ncl && abs(r) < 1e-11 

                n0s = [n0s, n0]; 

                n0s_neff_i = [n0s_neff_i, n0]; 

                qs = [qs, q, i]; 

                rs = [rs, r]; 

                q = q+1; 

                dn0 = 1e-7; 

                n0 = n0-dn0; 

            end 

             

        end    

        n0s; 

    end 

     

    numel(n0s); 

    n0s; 
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    qs; 

     

    if numel(n0s)<size(n0_all,1) 

        n0s = [n0s, 0]; 

    end 

     

    if numel(n0s) == 0 

        n0_all = [n0_all, 0]; 

    else 

        n0s = sort(n0s, 'descend'); 

        Matrix_temp = zeros(numel(n0s), length(n0_all)); % The new matrix 

(with zeros) 

        Matrix_temp(1:size(n0_all,1), 1:length(n0_all)) = n0_all; % Overlap 

the original matrix in the new matrix 

        n0_all = [Matrix_temp, transpose(n0s)]; 

        cmptr = cmptr+1; 

    end 

 

end 

 

%n0_all = [zeros(size(n0_all,1), 3) n0_all]; 

Delta_n = 0.0001:0.0001:0.008; 

n0_all(n0_all==0) = nan; 

 

plot (Delta_n, n0_all, 'LineWidth', 1.5) 

axis([0 0.008 1.56 1.562]) 

%xticks(0:0.005:0.02) 

%yticks(1.5:0.005:1.52) 

xlabel('\Deltan') % x-axis label 

ylabel('n_0') % y-axis label 

legend('TE00','TE10','TE01','TE11','Location','northwest') 

set(gca, 'FontSize', 16, 'fontName','Times', 'LineWidth', 1.5); 

grid on 

    %r 

    %n0 

    %cmptr 
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Annex B: Example of a Detailed 

Process Sheet 

Wafer name : 2017-10-17-Essai-litho-

laser-Try8 
Process steps  Steps Recipe 

1 Cleaning 

1.1 Acetone rinse Acetone 3 min ultrasonic bath 

1.2 IPA rinse IPA 3 min ultrasonic bath 

1.3 N2 drying N2 drying 

2 
Back Side 

Ablation 
2.1 Fs laser back side ablation 

Back side ablation for cleaving lines 

and alignment marks 

See alphacam file: 2017-10-30-Basic-

devices-V3-cutting.ald 

3 
Spin Coating 

Epoclad 10  

3.1 Substrate preparation 

Oven 

30 min 

200°C 

3.2 Resist spin 1 

Cover: open  

Speed: 0 rpm  

Acceleration: 1000 rpm/s  

Time: resist deposition 

3.3 Resist spin 2 

Cover: Closed 

Speed: 2000 rpm  

Acceleration: 1000 rpm/s  

Time: 30s 

3.4 Prebake 

Hotplate 

Temperature: 120°C 

Time: 5 mn 

3.5 UV Exposure 

Full Wafer 

Fluence: 10 mW/cm² 

Time: 35s 

3.6 PEB 

Hotplate 

Temperature: 120°C 

Time: 5 min 

4 
Spin Coating 

Epocore 5 

4.1 Substrate preparation 

Oxygen Plasma 

2 min 

525 mL/h 

100W 

4.2 Resist spin 1 

Cover: open  

Speed: 0 rpm  

Acceleration: 1000 rpm/s  

Time: resist deposition 
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4.3 Resist spin 2 

Cover: Closed 

Speed: 1750 rpm  

Acceleration: 1000 rpm/s  

Time: 30s 

4.4 Prebake 

Hotplate 

Temperature: 70°C => 90°C 

over 4 min 

5 
Lithography & 

development 

5.1 Litho laser Kloé 
DXF file: 2017-10-30-Basic-Devices-

V8-Litho.dxf 

5.2 resin development 
Time: 60s 

Developer: mrDev-600 (PGMEA)  

5.3 IPA rinse IPA rinse 

5.4 Post Exposure Bake 
Temperature: 70°C => 85°C 

Time: 4 min 

6 
Spin Coating 

Epoclad 20 

6.1 Substrate preparation 

Oxygen Plasma 

2 min 

525 mL/h 

100W 

6.2 Resist spin 1 

Cover: open  

Speed: 0 rpm  

Acceleration: 1000 rpm/s  

Time: resist deposition 

6.3 Resist spin 2 

Cover: Closed 

Speed: 2000 rpm  

Acceleration: 1000 rpm/s  

Time: 30s 

6.4 Prebake 

Hotplate 

Temperature: 120°C 

Time: 5 mn 

6.5 UV Exposure 

Full Wafer 

Fluence: 10 mW/cm² 

Time: 60s 

6.6 PEB 

Hotplate 

Temperature: 120°C 

Time: 5 min 
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Résumé 

Le trafic de données interne aux datacenters a connu une croissance exponentielle ces 

dernières années avec une mise sous pression permanente de la capacité de stockage, du 

débit et du temps de latence. Une conséquence directe de cette course à la performance 

est l’amélioration inexorable des technologies d'interconnexion pour répondre à cette 

demande. Dans la recherche de communications à fibre optique à faible coût pour les 

datacenters, la photonique sur silicium, une technologie électro-optique dérivée des 

technologies CMOS standard, apparaît comme une solution prometteuse pour réduire la 

consommation d'énergie, améliorer les débits de données des liaisons optiques tout en 

restant économiquement rentable. Bien que les procédés technologiques associés aux 

plateformes CMOS puissent être judicieusement exploités pour l’intégration 

monolithique de fonctions optiques extrêmement denses et performantes, la photonique 

sur silicium présente néanmoins des contraintes de packaging supplémentaires liées à 

l’interfaçage avec les fibres optiques d’entrée/sortie. Ces contraintes d’assemblage 

entrainent un accroissement substantiel du coût des émetteurs-récepteurs optiques à 

base de puces photoniques silicium et compliquent la mise en œuvre de technologies 

telles que le multiplexage en longueur d’onde à bas coût (CWDM). 

L’objectif premier de cette thèse est d’étudier et développer une version bas coût 

d’interposeur embarquant des fonctions électriques et optiques intégrés à un substrat de 

verre. L’ambition consiste à réaliser l’assemblage passif complet d’un émetteur-récepteur 

CWDM basé sur la technologie photonique sur silicium PIC25G de STMicroelectronics. 

En premier lieu, ce travail propose la conception des principales fonctions élémentaires 

intégrée à l’interposeur, à savoir, des guides d’ondes monomodes, des structures de 

couplage vertical et des lignes de transmission hautes fréquences. Dans un second temps, 

un procédé de fabrication, principalement basé sur l’ablation laser femtoseconde, a été 

développé afin d’intégrer ces fonctions sur un substrat de verre sur lequel une puce 

PIC25G peut être interfacées. Enfin, la fonctionnalité de l’interposeur et de l’assemblage 

complet a été démontrée au travers d’un travail détaillé de caractérisations électriques, 

optiques et mixtes. 

Nous avons fabriqué un interposeur intégrant des guides d’ondes multimodes avec des 

pertes de propagation <6 dB / cm à 1310 nm, des lignes de transmission coplanaires avec 

des pertes d’insertion de 3 dB / cm à 60 GHz, des miroirs de redirection du signal optique 

et l’ensemble du routage électrique et optique permettant de tester la détection et la 

modulation de la lumière par la puce PIC25G. Nous avons réalisé l'assemblage de la puce 
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PIC25G sur l'interposeur en utilisant une technique classique de flip-chip et avons validé 

le couplage optique entre les guides d'ondes en polymère de l'interposeur et les guides 

d'ondes sur substrat silicium-sur-isolant (SOI) de la puce PIC25G grâce à la mesure du 

photo-courant d'une photodiode SiGe intégrée dans la puce photonique. 
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Abstract 

Data traffic inside data centers has grown exponentially in recent years, with a constant 

pressure storage capacity, data rate and latency. A direct consequence of this race for 

performance is the persistent improvement in interconnect technologies to meet this 

demand. In the search for higher data rate and lower cost optical fiber communications 

for data centers, silicon photonics, an electro-optical technology derived from standard 

CMOS technologies, appears as a promising solution to reduce power consumption and 

enhance data rates of optical links while remaining economically viable. Despite 

leveraging most of the developments around the CMOS platform, Silicon photonics 

presents additional packaging constraints related to the interfacing of input/output 

optical fiber. These packaging constraints induce a substantial increase of silicon 

photonics based optical transceivers cost and complicates the implementation of 

technologies such as coarse wavelength division multiplexing (CWDM).  

The purpose of this thesis is to study and develop a low-cost interposer made on a glass 

substrate implementing both electrical and optical functions with the ambition to perform 

a complete passive assembly of a CWDM transceiver based on STMicroelectronics PIC25G 

silicon photonic technology. 

Firstly, this work proposes to design the interposer main components, namely, single 

mode waveguides, vertical coupling structures and high frequency transmission lines. 

Then, a fabrication process mainly relying on femtosecond laser ablation that allow to 

implement these components on a glass substrate as well as the assembly with an existing 

PIC25G chip is developed. Finally, the interposer and the complete assembly functions are 

demonstrated through detailed electrical, optical and hybrid characterizations. 

We fabricated an interposer implementing multimode waveguides with propagation 

losses < 6dB/cm at 1310 nm, coplanar transmission lines with insertion losses of 3 dB/cm 

at 60 GHz, slanted TIR mirrors and all the electrical and optical routing allowing to test 

the detection and modulation of light by the PIC25G chip. We achieved the assembly of 

the PIC25G chip over the interposer using the conventional flip-chip technique and 

demonstrated an optical coupling between the polymer waveguide interposer and the 

silicon-on-insulator waveguide of the PIC25G chip through the measurement of the 

photo-current of an SiGe photodiode embedded in the silicon photonic chip.  

 

 


