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ABSTRACT 

 

The need for silicon photonics is more apparent today than ever before. Its 

ability to support the growing needs of the interconnect industry is indisputable, and 

the many options this technology opens for the development of optical sensors is 

unprecedented. Although silicon is well known for its ability to transport light at 

telecommunication wavelengths, its indirect bandgap and lack of electro-optic or 

magneto-optic effects are limiting factors in the fabrication of highly integrated, 

active silicon photonic devices. Hybrid-silicon devices, which integrate silicon-based 

wafers alongside active electro-optic materials bonded on top, represent a promising 

approach for providing the photonics industry with an active device toolbox. A major 

challenge in the fabrication of such heterogeneously integrated devices is the bonding 

of different materials with nanometric separation, at low temperatures. Such bonding 

is already possible, with certain limitations, using direct bonding or polymer 

adhesive-based bonding. Each of the methods has its own advantages and drawbacks, 

as described in the introduction chapter of this work.  

This thesis reports on a new method for the bonding of dissimilar materials at 

low temperatures, and the feasibility of using this method in the fabrication of active 

photonic devices in a hybrid silicon/Indium-Phosphide platform. The method is based 

on the application of chemically active, self-assembled-monolayers (SAM) on one or 

both surfaces to be bonded. First, this work describes in detail our fabrication of 

passive optical elements such as waveguides, Mach Zehnder interferometers and 

fiber-to-waveguide coupling gratings, in silicon-on-insulator (SOI) wafers. 

Subsequent chapters describe the oxygen plasma-activated, direct bonding that is 

routinely used in the fabrication of hybrid devices. Last, a detailed description of the 
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new SAM-mediated bonding method, its application procedures and the 

characterization methods used are presented. First steps towards an integrated device 

are demonstrated. 

At the time of completion of this research thesis, we are under the impression 

that the SAM-mediated bonding as we currently employ it provides an interface that 

is weaker than the previously proposed plasma activated direct bonding at low 

temperatures. Nevertheless, the potential of SAM wafer bonding are shown, and the 

feasibly of using it for hybrid silicon photonic devices is established for further 

research.
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1. INTRODUCTION TO SILICON PHOTONICS 

1.1 INTRODUCTION  

For more than 45 years, "Moore's law" was a main driving force for the 

electronics industry. This prediction of Gordon Moore stated that the number of 

transistors on a single mainstream chip would double itself every 12 months [1]. The 

number of transistors for mainstream processors, (and therefore computation power), 

has grown exponentially from 30 per chip to more than 1.4 billion in 2012 (Intel's 

"Ivy bridge" architecture). While computation power grows, new applications are 

rapidly emerging that make use of the new technology and offer sophisticated ways to 

transfer the massive amounts of data between computers. Cloud computing, for 

example, seems like a promising technology that will push the communication 

bandwidth and servers computation power even further. 

While the desired computation bandwidth inside the processor and the 

necessary communication bandwidth to the outside world grow, engineers are 

struggling to transfer these outstanding amounts of electronic data over copper wires. 

Although certain solutions have emerged in the electronics industry, escalating costs 

demand a more robust and scalable infrastructure that would offer a longer life span.  

 Since the invention of optical fiber communication in the 70's, optical fibers 

has become the world standard for delivering vast amounts of information over long 

distances. Optical communication engineers are now facing the challenge of 

communication among server modules, processors and cores. As silicon has always 

been the favorite material platform of the electronics industry, integration of optical 

components in silicon, along-side electronics, is extremely appealing.  
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Luckily, the silicon-on-insulator (SOI) layers structure, which is used 

extensively in the electronics industry, is also fitting for the guiding of light with low 

attenuation. Many passive devices, such as waveguides, channel multiplexers and 

filters are routinely fabricated in SOI [2]. Unfortunately, on the other hand, the 

application of silicon to active photonic devices is fundamentally restricted by 

numerous material deficiencies such as an indirect semiconductor bandgap, absence 

of the electro-optic (Pockels) effect and relatively long lifetimes of injected carriers 

[2,3]. Therefore, active devices such as lasers, modulators and detectors are almost 

exclusively fabricated in other materials, predominantly Indium Phosphide (InP), 

Galium Arsenide (GaAs) and Lithium Niobate (LiNbO3). Moreover, materials with 

strong magneto-optic effect are being employed in isolators, which are important 

photonic devices as well. 

Through the years, numerous approaches were proposed for the realization of 

all-silicon lasers [4,5,6,7], modulators [8,9] and detectors [10]. Perhaps the most 

successful realizations up-to-date are hybrid silicon-photonic devices, which rely on 

the vertical integration of active electro-optic media on top of an SOI waveguide in 

support of a joint propagating optical mode. The first to show a working hybrid laser 

device were the group of Prof. John Bowers from the University of California at Santa 

Barbara (UCSB), at 2005 [11], using multiple quantum wells (MQWs) layers based 

on InP that were bonded on top of SOI. The group had advanced to demonstrate a 

variety of laser sources [11,12,13,14], high speed phase and amplitude modulators 

[15,16,17,18], detectors and preamplifiers [10]. Other efforts had followed, most 

notably at the groups of Prof. Roel Baets and Prof. Dries Van Thourhout from the 

University of Gent, Belgium [19,20,21]. 
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While hybrid devices seem promising, they still face considerable challenges. 

One major obstacle is the bonding of two dissimilar materials. Since the devices are 

based on the evanescent coupling of light from silicon to other materials, the distance 

between the two media must not exceed a few tens of nanometers. The most widely 

used technique in hybrid photonic devices is that of "direct bonding". It is based on 

the idea that if one brings two materials very close to each other and apply heat, the 

two could form covalent bonds and stick together. Direct bonding of metals is known 

since antiquity [22]; however the semiconductor equivalent had only emerged in the 

last 30 years in the fabrication of SOI wafers. Direct bonding of non-silicon material 

to silicon is challenging due to the relatively high temperatures involved and the 

mismatch in thermal expansion coefficients. Bonding strength can be enhanced using 

plasma treatments [23], however the process yield remains low, in particular in a 

university environment. In addition, the process is sensitive to surface roughness, 

contamination and non-uniformity, and it often involves troublesome outgassing of 

hydrogen which could damage the bonded layers [24]. An alternative technique is 

based on the application of polymer "glue", made from BenzoCycloButene (BCB), 

between the two surfaces. While some optical devices were realized using this 

technique [21], the BCB layer is still often too thick (~ 50 nm), and disrupts the 

transfer of light and heat.  

In this research, I will present a new method to bond silicon and InP that was 

developed in Bar-Ilan University, in a joint work of two laboratories: that of Prof. 

Chaim sukenik at the Department of Chemistry, and that of Dr. Avi Zadok in the 

Faculty of Engineering. The bonding technique is based on self-assembled-

monolayers (SAMs) that are deposited on the silicon surface and attach to InP 

following specific functionalization. The monolayer assisted bonding is conducted at 
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relatively low temperatures; it can be adjusted to bond different materials 

combinations and is expected to give higher yield. The design and fabrication process 

of a hybrid InP-on-SOI modulator will be fully presented here, and its feasibility will 

be demonstrated using both SAM bonding and the more traditional alternative of 

oxygen-plasma direct bonding. 

The outline of the thesis is as follows: The introduction in Chapter 1 will 

discuss the current state of silicon photonics, by giving a brief overview of the 

available technology and explaining the context in which hybrid integration takes 

place. Chapter 2 will be considered an extension of the introduction for a specific 

device, the hybrid InP-on-SOI, carrier depletion-based electro-optic modulator. 

Chapter 3 will discuss the design considerations of the hybrid InP-on-SOI modulator 

and chapters 4-5 will cover the fabrication process in detail, including all stages from 

passive SOI waveguides to active hybrid device.  
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1.2 OVERVIEW OF PASSIVE SILICON-PHOTONIC DEVICES 

As can be seen in Figure 1.1, intrinsic silicon is almost transparent for 

wavelengths between 1.1 – 7 m. The optical communication industry is using this 

property to fabricate optical devices with low propagation loss for many years.  

 

Figure 1.1 - Absorption spectrum of intrinsic silicon [25] 

The most basic component of integrated silicon photonic devices is the 

dielectric waveguide. Waveguides in the RF domain are used for many years for radar 

applications and cellular communication and share similar properties to the dielectric 

optical waveguides; therefore the physics of optical waveguides is well understood. 

The fabrication of dielectric optical waveguides however is different than fabrication 

of RF waveguides and requires the use of advanced methods originated from the 

semiconductor industry. 

A cross-section of a dielectric optical waveguide is seen in Figure 1.2. The 

structure of the waveguide is based on the SOI wafer that is commonly used in the 

electronics industry. The layers structure consists of a few hundreds of nanometers-
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thick silicon 'device layer', on top of a silicon dioxide insulator. The higher index of 

the silicon allows the light to be confined to the device layer, in a similar manner to 

the guiding of light in cores of optical fibers.  

 

 

Figure 1.2 – Cross-section of an SOI waveguide 

Light can be transferred from one waveguide to another using an optical 

coupler (Figure 1.3). Optical couplers can be realized in several different manners, 

such as directional couplers where the light is coupled from one waveguide to another 

[26] (Figure 1.3a), multi-mode interference (MMI) couplers that uses self-imaging to 

project inputs to outputs [27], or as in a Y junction in which the light is distributed 

using a simple fork geometry.  
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Figure 1.3 – Examples for optical couplers. (a) Directional coupler. (b) Multi-mode interference 

(MMI) coupler. (c) Y Junction 

Couplers are used not only to distribute light, but also as a basic element of a 

very important passive photonic device, the Mach-Zehnder-Interferometer (MZI, 

Figure 1.4). In a MZI it is possible to make one of the arms longer than the other, 

allowing for an output interference of signals that is frequency dependent. MZIs are 

used in fixed filters, but also as an infrastructure for the making of amplitude 

modulators. Here one of the arms is combined with a phase shifter for control of the 

output interference. As will be discussed later, MZI modulators offer several 

advantages over absorption-based modulators.  

 

 

Figure 1.4 – An unbalanced Mach-Zehnder-Interferometer (MZI) 

 

A particular passive device, which became very popular in advanced optical 

communication networks, is the arrayed waveguide grating, or AWG. The device 
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splits the incoming in light into numerous paths, and introduces phase shifts in each 

arm using standard waveguides with different lengths. Interference among phase-

shifted replicas leads to reconstruction of the original signal in one of several output 

ports. AWGs are often used as bidirectional multiplexers (MUX) and de-multuplexers 

(DEMUX) of wavelength-divided channels. AWGs are an excellent example of a 

passive silicon photonic device that successfully reduces the size and costs of standard 

free-space optical methods, while not compromising their performance.  An 

illustration of the device is shown in Figure 1.5. An example for performance of a 

commercial device made by JDSU is given in Figure 1.6. 

 

 

Figure 1.5 – An arrayed waveguide grating, used as a wavelength-division de-multiplexer. 
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Figure 1.6 – Transfer function of the various output ports of a “100GHz, Wideband AWG” made 

by JDSU.  The device effectively de-muleiplexes 40 channels. [28] 

 

Resonators are routinely used in photonic circuits as filters. Common 

configurations include ring resonators (Figure 1.7) and Bragg reflectors (Figure 1.8). 

In analogy with Fabry-Perot resonators, a ring resonator is fabricated with a very 

specific circumference, such that light of only a set of equally spaced frequencies 

builds up inside the ring and is blocked from the output. Bragg reflectors consist of 

many periodic refractive index perturbations which cause small reflections. These 

local reflections add up constructively only when the grating period is an integer 

multiple of half the wavelength in the medium (the Bragg condition). Two Bragg 

reflectors facing one another can be used to introduce an effective Fabry-Perot 

resonator. 
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Figure 1.7 – An optical ring resonator.  

 

 

Figure 1.8 – A Bragg reflector. Small reflections from each period interfere 

constructively for certain wavelengths only.  

The basic elements shown above, as well as additional passive devices, are 

used in the industry within passive photonic integrated circuits (PICs). The photonic 

integrated circuit may replace many free-space or fiber coupled devices that were 

used in the past or are still being used today, while reducing costs and size and 

improving performance.  

1.3 OVERVIEW OF ACTIVE PHOTONIC DEVICES 

Active devices are needed for the generation, amplification, modulation, 

control and detection of light, and many PICs could benefit from the incorporation of 

such devices. Since our main topic is devices for optical communication, we will limit 

our discussion to modern semiconductor devices. 

The first element required for any optical purpose is a light source. The nearly-

exclusive light source for optical communication is the semiconductor laser diode. 

Since the invention of the GaAs laser diode in 1962 [29], many advances in the field 

improved the performance of laser diodes dramatically. The lasing wavelength 

depends on the bandgap of the semiconductor material, and today it is possible to 

obtain laser diodes for the wavelengths of 375nm-3300nm, with outstanding quality 

and narrow line-widths, for many purposes. Modern optical communication 
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wavelengths are concentrated at the low-loss windows of silica optical fibers, in the 

range of 1310nm to 1650nm. The suitable semiconductor alloys for the generation of 

light in this wavelength range are AlGaInAs or InGaAsP. 

The principle of operation of semiconductor laser diodes is illustrated in 

Figure 1.9, and can be explained as follows: (a) For a certain limited time, electrons 

and holes in semiconductors can co-exist without recombining. This time is termed 

“recombination time” and it is in the order of nanoseconds for typical semiconductor 

lasers. (b) Random noise, usually due to black-body radiation is generating photons 

over a wide range of frequencies. (c) A nearby photon with energy equal to the 

recombination energy can then cause recombination by stimulated emission. (d) The 

recombination generates another photon in the same direction, energy and 

polarization as those of the first photon.   

 

Figure 1.9 - Stimulated emission in a semiconductor laser 

In many materials, however, there is a momentum mismatch between the 

electrons, holes and photons before and after recombination; the extra momentum is 

compensated by other processes, such as phonon generation, and the more complex 

reaction becomes largely inefficient. This kind of materials (i.e. silicon) are said to 

have an “indirect bandgap”, and will be discussed later in this chapter. 

Direct modulation of the output power of laser diodes, through changes to the 

driving current, suffers from nonlinear dynamics, and it is limited to rates of several 
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GHz or lower by relaxation oscillations [30]. Therefore, in order to work at higher 

data rates, external modulation is needed. Depending on the requirements, modulators 

are divided into two main groups: absorptive modulators and refractive modulators. In 

absorptive modulators the “absorption coefficient” of the material is changed while in 

refractive modulators the “refractive index” of the material is changed. A variety of 

optical communication modulators are employed, where the most common type is the 

LiNbO3 (Lithium-Niobate) based modulator [31]. LiNbO3 is a uniaxial crystal with a 

strong electro-optic effect, by which its refractive index changes subject to an external 

electric field.  Electro-optic variations to the refractive index of a LiNbO3 introduce 

phase modulation. The phase modulators are then incorporated within a MZI 

configuration that transforms the phase modulation to amplitude modulation by 

destructive and constructive interference. InP based modulators have also reached 

outstanding performance in the recent years, especially due to the advances in 

multiple quantum well (MQW) design and fabrication techniques. Chapter 2 will 

explore the relevant modulation technique and discuss some general aspects of phase 

modulators.  

Optical isolators [26] are based on the Faraday effect and a set of polarizers. 

Under the influence of magnetic field, the polarization is rotating in a non-reciprocal 

manner, and always in the same relative direction. When light is entering the device in 

the forward direction, the rotation is positive 45°. In the reverse direction, the rotation 

is −45°. This is due to the change in the relative magnetic field direction, positive on 

one way, and negative on the other. This then adds to a total of 90° difference 

between the states of polarization of light travelling in the two directions. A polarizer 

may then transmit light in one direction and block it in the opposite direction 

(Figure 1.10). 
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Figure 1.10 - Optical isolator principle of operation. 

The most common optical communication photo-detectors are PIN based 

diodes. A PIN diode is made of a P and N doped materials with a large intrinsic 

region in between. The structure is subject to a large reverse bias voltage, where most 

of the voltage falls on the high-resistivity intrinsic region. When photons whose 

energies fit the material bandgap are absorbed, electron-hole pairs are generated. The 

electric field in the junction pulls the electrons and holes, introducing current. Both 

Germanium (Ge) and InGaAs are suitable materials for detection of light at 

telecommunication wavelengths, and they are widely used in the industry for this 

purpose. 

All the devices discussed in this sub-chapter were subjected to hybrid-silicon 

integration in recent years. The heterogeneously integrated devices technology shows 

great promise in incorporating all of the above materials and functionalities directly 

onto silicon platform. The next sub-chapter will expand the discussion regarding 

silicon photonics and heterogeneous integration. 

1.4 SILICON PHOTONICS AND HETEROGENEOUSLY INTEGRATED 

DEVICES 

 

Silicon is the exclusive material of choice for the electronics industry. Silicon 

is the second most abundant element in earth's crust after oxygen [32], and even 



14 

 

though only very small amount of it has the purity needed for the semiconductor 

industry – it’s still cheap enough for mass production. Moreover, silicon has the 

highest resistance to chain reaction that can cause severe fluctuations in high electric 

current due to high temperature, a process called “avalanche breakdown”; this 

reaction is highly undesirable phenomenon in electronic transistors.   

In the photonics industry, while silicon can be easily used to produce high 

quality passive PICs, it is a very problematic material for the making of active 

devices. As discussed in the last sub-chapter, active 

devices are needed for the generation, modulation and 

detection of light and no optical communication 

integrated chip can be complete without the 

incorporation of such devices. For example, presently 

laser light is coupled in and out of silicon-based 

photonic circuits using different techniques; all 

introduce losses, high packaging costs and complicated 

integration processes. 

The drawbacks of silicon for the fabrication of 

active devices are related to the band-structure of the 

material - illustrated in Fig. 1.11 to the left. The 

minimum energy point in the conduction band is not aligned with the maximum 

energy in the valance band, leading to a momentum mismatch for the absorption or 

emission of photons. This problem can be easily understood by considering a short 

example. Let us suppose that an electron is found at the top of the valance band, with 

the specific associated energy and momentum. Suppose then that a photon is absorbed 

with enough energy to raise the electron to the bottom of the conduction band. If we 

Figure 1.11 - Silicon band-

structure 
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define 0  as the k-value for the valance band maxima, the conduction band minima k-
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. Therefore the momentum of a photon is 

almost 4 orders of magnitude smaller than that needed for the transition to occur. If a 

transition does happen - the extra momentum can be associated with phonons, but 

then the process is very inefficient due to the relatively long life-time of a phonon.  

Another quality that certain materials have, and silicon does not, is the electro-

optic (Pockels) effect, which manifests in a change in refractive index subject to the 

application of an external radio-frequency electric field. The effect is only present in 

crystals whose unit cell is non-centro-symmetric, such as LiNbO3. The “indirect 

bandgap” and lack of the electro-optic effect in silicon have held back the full 

integration of photonics and electronics for many years. Some solutions for the 

problem were proposed through the years, and one of the earliest appearances of an 

active silicon switch was already presented in the late 80's by Richard Soref et al. 

[33,34]. Ever since, many mechanisms were proposed for the realization of active 

functionalities in silicon, most notably carrier injection-based methods, with varying 

degrees of success. The issue of modulation in silicon and other semiconductor 

materials will be discussed more thoroughly in chapter 2. 

1.4.1 SILICON PHOTONICS LASERS 

Several mechanisms for the emission of light from the silicon material 

platform had been attempted. These include quantum confinement, light emitting 
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impurities and heterogeneous integration of different materials. Also, Raman 

amplification with optical pumping was introduced with great success. Here too, the 

approaches can be divided into two conceptually distinct paradigms: all-silicon vs. 

hybrid-silicon approaches. As our current discussion is related to the hybrid 

heterogeneous integration approach, I will discuss the all-silicon approaches only 

briefly. 

Quantum confinement: After examining the band-structure of silicon, we 

could propose two ways to increase the chances for amplification of light in silicon. 

One would be to suppress the non-radiative recombination (as commonly done today 

in quantum well lasers), and the other could be to increase the radiative recombination 

rate. In order to fulfill these requirements, quantum dots (QDs) were proposed and 

examined by several researchers. QDs consist of very small silicon structures (usually 

pillars, nano-patterned SOI or Si-rich oxides). Due to the Heisenberg uncertainty 

principle, their small size is associated with a large uncertainty in momentum. The 

extra momentum spread may lead to more efficient radiative recombination. 

Moreover, the small size of the QD decreases the chances for dislocations and point 

defects to occur, reducing the probability of non-radiative recombinations. The 

development of practical Si QD light emitting diodes is limited due to several reasons: 

differentiation in dots size leads to a large spectral bandwidth and the need for surface 

passivation reduces the size of the entire device, allowing for only limited 

electroluminescence power. A review by P. Fauchet of the Univ. of Rochester about 

light emission from QDs can be found in [35]. 

Erbium doping: Due to the enormous success of erbium doped fiber 

amplifiers for telecommunication, erbium doping has also found its way to silicon 

waveguides. Unfortunately, only a small gain is obtained using doping alone, so the 
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Er-doping is combined with silicon-rich oxides, as in quantum confinement devices. 

An example of electroluminescence from such a device is shown in Figure 1.12 

 

 

Figure 1.12 - Electroluminescence of Er-Doped nanocluster [36]   

Raman amplification of light: The most successful approach to-date for 

lasing using optical pumping in silicon is based on the Raman amplification process. 

The first demonstration of a Raman amplification process was provided by the group 

of B. Jalali in UCLA [37], but only pulsed operation was possible due to two-photon 

absorption and free-carrier absorption limitations. Researchers at Intel had solved this 

issue a few years later, using a new design incorporating electrodes that drift out the 

carriers and reduce their life time. Their device had reached CW lasing operation [38]. 

An illustration of the device is shown in Figure 1.13. 
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Figure 1.13 - Demonstration of the first CW Raman Laser in silicon [38] 

Heterogeneously integrated laser: The methods shown before, based on the 

"all-silicon" approach, are all conceptually interesting. However, no laser with 

electrical pumping was shown using these methods. Hence the heterogeneous 

integration of silicon with other materials was proposed. Two different processes have 

been shown so far, based on the placement of direct-bandgap III-V semiconductor 

materials on an SOI platform. The first method, shown by Ghent university [39], 

brings an InP/InGaAsP MQW laser in proximity to a tapered waveguide on the SOI 

surface (Figure 1.14). The scope of this thesis is too brief to encompass all technical 

challenges involved in the fabrication of such novel devices – and indeed initial 

results were not followed. The device performance, in terms of output power and 

lasing threshold current efficiency, was rather modest.  

 

 

Figure 1.14 - Coupling scheme of a tapered SOI waveguide directly into InP/InGaAsP waveguide 

[39] 
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Another, more promising approach has quickly emerged, first by the Bowers 

group in UCSB [40] (following an early work of Wada and Kamijoh [41]), and later 

by several other research groups: Ghent university [42] and the A. Yariv group in 

Caltech [43]. The approach also gained much interest from industry leaders such as 

Intel, IBM, HP and Fujitsu. It is based on evanescent mode coupling between SOI and 

InP-based structures. The general scheme is illustrated in Figure 1.15. Following the 

demonstration of hybrid Fabry-Perot lasers, some other cavities were also used to 

improve performance of the devices, in the shape of different Bragg reflectors or 

racetrack ring resonators [44,45].  

For optical interconnects, low power consumption and small footprint are 

essential; the shape of the active layer could be modified by subsequent lithography 

and etching steps in order to improve the efficiency of the device and reduce its size. 

A nice demonstration is shown in [19], where the whispering gallery mode in a micro-

disc structure was used in order to improve performance (Figure 1.16). By reducing 

the device size and improving the finesse, lower threshold operation is possible. The 

state-of-the-art micro-ring hybrid laser gives a threshold current of less than 5 mA 

[46]. 

 

 

Figure 1.15 - General scheme for evanescent device 
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Figure 1.16 - Electrically pumped microdisk hybrid InP MQW laser [19] 

1.4.2 SILICON PHOTONICS MODULATORS 

Modulation in silicon waveguides can be achieved by different means and 

physical phenomena. All-silicon (using the “free-carrier-effect” as will be discussed 

in chapter 2) and hybrid-silicon methods have both received much attention in recent 

years. 

All-silicon modulators: Two competing technologies in the field of all-silicon 

modulators are currently being seriously considered. The first one is the micro-ring 

resonator structure. Modulators employing micro-ring resonators offer the advantages 

of a small size and a potentially low driving voltage. The basics of their operation rely 

on the fact that resonators transmit certain frequencies only, which can be modified by 

even a slight change in the refractive index of the ring medium. Michal Lipson’s 

group from Cornell University was the first to show a working device [9] based on 

carrier injection using PN junction over ring structure (Figure 1.17. The physics of 

modulation mechanisms will be explained thoroughly in chapter 2). Since that first 

demonstration, many ring resonator-based modulators were fabricated [47]. The 

typical radius for such a ring is only few microns and the voltage required for an 

extinction ratio of 17 dB is less than 2V. Other types of resonators are also possible 

[48], but presently the micro-rings outperform other resonator-based modulators. 
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While the low voltage and small size of micro-rings are appealing, ring-based 

modulators do suffer from several drawbacks. First, the higher the finesse of a 

resonator, the smaller the bandwidth of the modulator; by careful design, 25Gbp/s 

modulation was recently achieved at the expanse of a modest extinction ratio of only 

7dB [49]. Also, micro-rings tend to be extremely sensitive to environmental 

conditions and require closed-loop temperature compensation which complicates the 

fabrication even further. Lastly, the operation of a ring-based modulator is restricted 

to a particular set of discrete optical carrier frequencies; this issue can be solved by a 

complicated design of cascaded rings [50] but then some of the advantages, such as 

small size and low operating power, are severely compromised.   

Another promising approach for all-silicon modulators is based on the Mach-

Zender-Modulator (MZM) arrangement. The basic structure of a MZM is the same as 

that of the MZI mentioned before. Light is split to two paths. Light that passes on one 

of the arms is phase shifted due to applied voltage, and interferes at the output with 

the light from the other arm in an instructive or destructive manner. This method was 

demonstrated in all-silicon devices [51], with high frequency of 50Gbp/s but with an 

extinction ratio of only 3.1 dB. 
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Figure 1.17 - Schematic layout of ring resonator modulator [] 

 

Hybrid material on Silicon modulator: This category is the most directly 

relevant to the scope of this thesis. Here too, one could also find sub-divisions based 

on different implementation strategies. One approach is that of hybrid-silicon electro-

absorption based modulators (EAM). The principle of operation of the EAM is the 

ability of certain semiconductor materials to change their bandgap, and hence their 

absorption at a certain range of wavelengths, when subjected to an external voltage. 

The most dominant phenomena used in this type of modulators are the Franz-Keldysh 

effect and the Quantum-confined Stark effect [52]. Most recently, a hybrid EAM 

employing multiple quantum-well III-V semiconductor layers bonded on SOI, was 

presented by Prof. John Bowers group from UCSB group with a record modulation 

rate of 67GHz [53]. 

Alternatively, hybrid-silicon MZM that rely on refractive index modulation in 

InP-based layers are being followed as well. A successful hybrid device that 

incorporates the MZM design was also recently fabricated by Prof. Bowers group [15] 

where a 40Gb/s modulation rate was achieved. The design aforementioned in this 
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thesis is based on the work of Prof. Bowers and will be discussed in detail on later 

chapters. The optical bandwidth of MZM could reach 100 nm [18], while ring 

structures only support few nanometers and EAM could reach several tens of 

nanometers [47]. This difference could be significant in the context of tunable 

integrated transmitters.  

1.4.3 SILICON PHOTONICS ISOLATORS 

The optical isolator principle of operation was explained in section 1.3. In 

recent years, some on-chip silicon devices were proposed, all of them integrating 

magneto-optical materials on top of the silicon platform. Although free-space 

isolators and circulators are plentiful, the semiconductor equivalent is mostly limited 

due to the problems of integrating the magneto-optical materials with silicon. This 

fact makes these devices potentially interesting in the context of the proposed bonding 

method. Despite difficulties, on-chip optical isolators were presented with limited 

performance in two forms, using MZI [54] and ring structures [55].  
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2. THEORY OF HETEROGENEOUSLY INTEGRATED 

MODULATORS BASED ON CARRIER DEPLETION 

 

2.1  MODULATION IN A PN JUNCTION 

In order to create an electro-optic semiconductor modulator it is essential to 

control the refractive index, absorption or polarization of light passing through the 

device using voltage or current. As was mentioned in chapter 1, the most commonly 

used modulation mechanism in semiconductor is a change to the real or imaginary 

parts of the refractive index, induced by variations in the density of carriers in the 

semiconductor region in which the light passes. 

The most basic semiconductor device we could imagine will be the PN 

junction, also referred to as a "diode". The device in this thesis will be derived from 

this basic structure and therefore, understanding of its relevant physics will be helpful 

for our needs. Of course this is not the place to explain all the solid-state physics 

involved, and I will assume some general knowledge, but I will also try to remind the 

reader of some relevant basic concepts of diode and MQW operation. More 

knowledge can be acquired from various open sources and also from book chapters 

such as [56] 

A diode is formed by putting together two doped semiconductor materials. 

One of the materials is essentially doped with atoms that have fewer electrons in the 

valance band than intrinsic, un-doped, material. This result in dangling covalent bonds 

that can absorb electrons, therefore this material is said to be a p-type semiconductor 

and it provides holes as majority carriers. The other semiconductor material is doped 

with atoms containing more electrons in the valance band, providing electrons as 

majority carriers and therefore referred to as n-type semiconductor. By applying 
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voltage between the p side ("anode") and the n side ("cathode"), the carrier 

concentration and velocity can be modified. We can divide the operation regimes of a 

diode to three categories: those of equilibrium, forward bias and reverse bias.  

Equilibrium (no voltage applied across the junction): As can be understood 

from Figure 2.1, even when applying no voltage to the junction, interesting dynamics 

take place due to the carrier concentration gradient. The diffusion of electrons and 

holes between the two materials introduces an electric field, since every electron that 

moves away from the n-type material leaves a positive charge behind, and holes leave 

negative charges in the p-type material. The electric field is inducing a current exactly 

in the opposite direction from the diffusion current. These changes continue until the 

electric field induced current (drift) exactly cancels the diffusion current. When the 

currents exactly cancel each-other, the junction is said to be in "equilibrium". 

 

Figure 2 .1  – PN-junction under equilibrium conditions 

An interesting property of the equilibrium state is the formation of a special 

region around the junction area which is void of free carriers, known as the "depletion 

region". The lack of free-carriers means that the minority carriers are dominant in the 

depletion region and some potential difference keeps this region in equilibrium. This 

potential difference, also termed "built-in potential", is a basic property of the diode 

and can be calculated using the following formula [56]: 
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Where 
191.6 10 Cq    is the electric charge of an electron and pp , np are the 

concentrations of holes in the p-side and n-side respectively. The positive side of the 

potential is in the n-side, since the electric field is directed from the exposed positive 

ions (n-side) to the exposed negative ions (p-side). 

Forward Bias: By raising the voltage in the p-side (with respect to the n-side) 

the electric field is decreasing, the depletion region is becoming smaller, and the 

diffusion current is becoming dominant. Put into a different perspective, the holes and 

electrons are being “pushed” by the forward bias towards the junction – causing a 

decrease in the depletion region width. Using this pushing force, the majority carriers 

pass the junction more easily, therefore the resistance of the junction drops and the 

current increases. The current in the p-n junction is limited by the generation and 

recombination which is typically a slow process. Nevertheless, the concentration of 

electrons and holes is changing significantly.  

The key to electro-optic modulation in many semiconductors is the 

dependence of refractive index on the free-carrier concentration. This dependence was 

first quantified for silicon by Soref in [34] using the Kramers-Kronig relations, and 

can be estimated as: 

∆𝑛 = −8.8𝑥10−22Δ𝑁𝑒 − 8.5𝑥10−18Δ𝑁ℎ
0.8

 

Where Δ𝑁𝑒and Δ𝑁ℎ are the differences in the electrons and holes 

concentrations in the semiconductor region of interest. The main difference between 

the power laws and coefficients in this equation and the ones used for InP or GaAs 

substrates stem from the effective mass of electrons and holes. Higher modulation 
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efficiency can be achieved using a PIN junction instead of the PN junction, in which 

the depletion region is much larger so that carrier density changes take place over 

larger volumes. This allows for a better overlap between the optical mode and the 

region in which the index modulation occurs. Several modulators that use carrier 

injection have been fabricated so far; nearly 20 years ago in normal silicon 

waveguides [57], and more recently using silicon rings [47] and in hybrid silicon/III-

V structure [58]. 

Reverse Bias: By raising the voltage in the n-side with respect to the p-side, 

the built-in potential is increased and the depletion region is broadened. After 

reaching a new equilibrium, no current will flow. However since the depletion region 

has grown, fewer free carriers are found in the entire device. This phenomenon is 

called "free-carrier depletion". The reaction time of the depletion phenomenon 

depends on the dynamics of the majority carriers, and not on the generation and 

recombination time as in forward bias, and depletion is therefore considered to be a 

much quicker process [59]. The depletion time scale is generally governed by the RC 

parameters of the device.  Optical modulators based on this phenomenon have already 

been fabricated in silicon [59,60,61] as well as in hybrid silicon devices [18]. This 

mechanism is also at the basis of the device discussed in this thesis. The downside of 

carrier depletion modulation is that the difference in carrier concentration due to a 

voltage change is small, and the modulation depth is therefore weaker in low voltages. 

One way to solve this issue is to create a small structure that has a bandgap shape that 

can trap electrons. In such structures, even a small applied voltage (and hence current) 

may change the electron density much more effectively. These kinds of structure will 

be introduced next. 
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2.2 EFFICIENT MODULATION USING MQW STRUCTURE   

2.2.1 SINGLE QUANTUM WELL (SQW) 

By taking two materials with two different bandgaps and joining them 

together, the structure illustrated in Figure 2.2(a) can be constructed. If Electrons and 

holes reach this potential-well when their energy is lower than Eg1, they can be 

trapped. When the lateral size of the well is big, the trapped electrons and holes can 

have many distinct energy states. By making the well smaller, until quantization is 

relevant (i.e. a “quantum well”), the carriers may only assume specific energy levels, 

depending on the well size (Figure 2.2(b)). These energy states can be calculated 

using the well-known “infinite well approximation” after modification, for some cases 

[62]. 

 

Figure 2.2 – Conceptual design for Single Quantum Well band structure 

Due to quantization, the energy difference between lowest-energy state 

electron and highest- energy state hole does not equal the original bandgap of either 

one of the materials. With reference to Figure 2.2, the bandgap is Eg2 Ee Eh  instead 

of Eg2 , where Ee/Eh  are the energies of the lowest state possible for an electron and 

the highest state of the hole in the potential well, respectively. At least in principle, by 

controlling the quantum well size one is able to design an arbitrary bandgap between 

Eg1 and Eg2 . Since QW’s are small, the free carriers concentration is typically high 

in this region. This favors radiative over non-radiative transitions. Also, the carrier 
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density required to achieve population inversion is smaller, leading to a lower 

threshold current in laser diodes.  

2.2.2 MULTIPLE QUANTUM WELLS (MQW) 

Since the single quantum well is small and quantized, a comparatively small 

number of electrons will saturate the QW and also change its properties (since 

electrons will no longer be in the lowest emission energy state). This scenario is 

known as “band filling”. In order to avoid this saturation phenomenon, it is possible to 

put several QW’s one next to the other (multiple QW, or in short MQW), as 

illustrated in Figure 2.3.  

  

Figure 2.3 – MQW structure with 3 QW’s 

MQW preserve the properties of the single QW, while improving the 

efficiency at high gain. All these properties: bandgap control, high radiative efficiency 

and lower threshold current, plus the ability to support high gain, make the MQW 

structure very appealing for constructing laser diodes and modulators. They are the 

structure of choice in many different applications. 

2.3 WAFER BONDING TECHNOLOGY FOR HYBRID 

OPTOELECTRONIC DEVICES ON SILICON 

 

It would have been wonderful if we could heteroepitaxially grow 

InP/InGaAsP/AlGaAsP and similar materials directly on silicon wafers. That could 
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have enabled us to directly grow MQW structures on top of SOI-based passive optical 

devices. Unfortunately, the lattice mismatch between silicon and InP is around 8% 

and the densities of threading dislocations in the growth are on the order of 2

710
cm , 4 

orders  of magnitude higher than the corresponding value for lattice-matched epitaxy 

on InP. The dislocations at the direct interface of InP-Si are of even higher density. 

This problem can be relaxed somewhat using different growth techniques, however 

the quality doesn't reach that of MQW grown directly on an InP wafer.  

A more promising approach to the problem of hybrid material integration is 

wafer bonding. Bonding can be achieved by numerous techniques. Most of them 

include some kind of an intermediate layer, and therefore affect the coupling of a 

weak, exponentially decaying evanescent wave between the SOI substrate and the 

MQW/InP/active substrate. The best approaches so far, which were adapted by 

different industry leaders and research centers, are that of direct bonding and BCB-

based bonding. 

Direct bonding: Imagine that you accidently break a solid crystal. An 

appealing 'magic' would be to re-connect the two pieces of the solid by joining them 

together without any glue. Unfortunately, several limiting problems make the 

realization of this 'trick' rather difficult. First, the interface between pieces may be 

hard or even impossible to match due to large roughness. Second, dirt and breaks 

accumulate on the surface and forbid bonding. Third, an oxidation layer might be 

formed and in some cases it would be weaker than the crystal itself. Lastly, a potential 

barrier needs to be crossed in order to create covalent bonds between the molecules 

and return the crystal to its original state.  
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The act of bonding two wafers without any glue material is called “direct 

wafer bonding”. As mentioned in the introduction, the history of direct bonding is 

given beautifully in an overview by Andreas Plößl and Gertrud Kräuter in [22] and it 

is interesting to note that the first qualitative research of the phenomena was done by  

Lord Rayleigh at 1936 [63]. In order to achieve good bonding between two silicon 

wafers, it is necessary to keep the wafers smooth and clean when pressed together and 

apply enough heat, in the scale of 700-1000 degrees Celsius, to form covalent bonds. 

Unfortunately, when trying to bond two dissimilar materials, as in the case of InP and 

silicon, additional problems emerge. Two main concerns are:  

1. Different materials have different thermal expansion coefficients; 

when heating the wafer stack, cracks (Figure 2.4), dislocations 

(Figure 2.5) and stresses (Figure 2.6) might be formed in the 

bonding interface.  

 

Figure 2.4 - IR transmission through an InP-to-Si directly bonded interface following annealing 

at 570C 
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Figure 2.5 – Critical stress for dislocation generation in InP and thermal stress in InP-Si wafer 

bonding. Any bonding temperature higher than 300 degrees will cause critical stress in the InP. 

[23] 

 

Figure 2.6 - Nomarski microscope surface images of the transferred III-V layers at bonding 

temperatures of (a) 600 degC (b) 300 degC. Taken from [64]  

 

2. Low density of water at the interface was shown to assist in the 

formation of bonds between oxides (also called "hydrophilic 

bonding"). When the water molecules are in contact with III-V 

materials at high-temperature, gas (mostly H2) is created and escapes 

through the bonded interface. Consequently, voids are formed. [65]  

Several solutions were proposed to these problems. Reducing the temperature 

is an attractive solution path that was proven to be feasible through different means. 
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For example, activation of the surfaces before bonding by implantation of metallic 

ions was used with excellent results in silicon to silicon bonding and even in LiNbO3 

to silicon bonding [66]. Unfortunately, the Fe ions deposited on the surface are 

absorbing light and cannot be used in optical devices. A better approach, using 

oxygen plasma surface activation of the InP and silicon substrates as part of the 

bonding process, was introduced in 2002 by Pasquarillo and Hjort [23] and was used 

for hybrid optical devices in 2005 by H. Park and Prof. Bowers et al. [11]. Plasma 

activation of the wafers before bonding reduced the temperature required for good InP 

to silicon bonding to only 300 degrees, right below the threshold temperature for the 

formation of dislocations, stress and cracks in the InP layer (Figure 2.4 and 

Figure 2.5).  The second problem, related to the gas accumulation in the interface, can 

be easily solved by fabricating “vertical outgassing channels” on the silicon wafer 

before bonding [24]. In many hybrid photonic devices, the etched 'trenches' that 

define the waveguides themselves act as effective outgassing channels that trap the 

gas byproducts (Figure 2.7).    
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Figure 2.7 – Waveguide acts as a vertical outgassing channel. The region around the waveguide 

has much fewer voids than other areas 

Much effort was made in this work in order to optimize the bonding 

procedure. More details about the procedure itself will be given in following chapters, 

however the general outline of direct bonding is generally as follows: 

1. Thoroughly clean the two wafers. 

2. Activate the surfaces or make sure that the wafers are capable of forming 

chemical bonds (as in the case of "hydrophilic bonding" between oxides or 

"hydrophobic bonding" between oxide-free silicon substrates) 

3. Join the two materials and apply some pressure in order to form 

preliminary hydrogen bonds or van-der-Waals force interactions that hold 

the two wafers close together.  

4. Anneal the wafer stack to form covalent bonds. 

BCB-mediated bonding: Although direct bonding is a promising approach, 

several devices were also fabricated using BenzoCycloButene (BCB)-mediated 
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bonding. BCB is a hydrocarbon polymer that ensures strong bonds and chemical 

resistance to many acids. Moreover, it is transparent in the telecommunication 

wavelengths and can be applied in layers as thin as 50nm. Thin interface layers are 

crucial for hybrid optical devices, as was previously shown by the researchers at 

Ghent university [67] (Figure 2.8). 

 

Figure 2.8 – SEM cross-section of a hybrid Si-InP MQW laser made using DVS-BCB bonding 

[67]   

In order to achieve such a thin BCB layer, it is important to choose the correct 

type of polymer and dilute it properly. In the example above DVS-BCB 

(DiVinylSiloxane BCB) was diluted in 1:3 BCB:mesitylene [67]. Nevertheless, for 

some years BCB bonding seemed to have uneven uniformity that could affect large 

scale manufacturing. These issues were recently resolved through precise 

investigation of the polymer deposition and treatment, with more than 99% yield [68].  

To summarize, both BCB bonding and direct bonding are useful for 

fabricating hybrid optical devices with the potential of large scale integration. Since 

the self-assembled-monolayer (SAM) bonding developed in this thesis shares few of 

Si waveguide 

InP substrate with MQW 

~50nm BCB layer 
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the procedures and concerns associated with direct bonding, it should be considered a 

special surface activation technique for direct bonding and should be investigated in 

this context. BCB-related issues of thickness and uniformity are of lesser relevance to 

this work. 
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3. DESIGN AND ANALYSIS OF THE PROPOSED DEVICE 

 

 

 

Figure 3.1  Cross-section of the hybrid silicon-InP evanescent device structure. 

 

The design of a first prototype device is illustrated in Figure 3.1. The device 

consists of a III-V multiple quantum well epitaxial layer structure that is bonded to an 

SOI waveguide. The MQW specification is based on a similar device that was made 

at UCSB [18]. Originally in UCSB’s work, low temperature plasma assisted direct 

bonding was used while here we will try to use a low temperature self-assembled 

monolayer wafer bonding process. The silicon device layer thickness will be 

discussed. Thin device layer, either 220nm or 400nm, will be preferred since it is 

more compatible with modern electronics in CMOS-SOI technology. Moreover, thin 

silicon waveguide increases the modal penetration into the MQW layers and could 

improve the device efficiency accordingly. The target device will be electrically 

driven in reverse voltage between the n and p contacts after back-end processing of 

the MQW area (etching and contact deposition). 

The specific goal for this M.Sc. research is a more modest design. The 

preliminary device will be optically pumped from above using a wavelength at the 
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absorption peak of the proposed MQW (1360nm), with intense pulses from an ultra-

fast laser. (The characterization and optical setup will be discussed later). 

3.1  HYBRID VERTICAL DESIGN 

 

The MQW layers are shown in Table 3.1. As an initial trial, the first cycle of 

device fabrication and characterization is based on the layer design as appearing in 

[18]. Possible modifications will be considered as device fabrication cycles progress. 

The structure contains 15 compressive MQWs with 16 tensile barriers and two 

separate confinement heterostructure (SCH) layers. The photo-luminescent peak of 

the MQWs is designed to be at 1.36 m, to ensure low absorption at the operating 

wavelength (1.55 m) and high absorption at the pump wavelength (therefore chosen 

to be 1.36 m). The entire structure is doped in order to introduce free carriers and 

enhance the phase modulation [69]. The thickness and doping of the top SCH layer is 

designed so that this layer is completely depleted in the absence of an externally 

applied electric field. Thus, all applied bias voltage will be used to deplete carriers in 

the MQW region rather than the SCH layer. 

 

Layer Material Doping Thickness 

(nm) 

Refractive 

Index 

P-contact In0.53Ga0.47As P – 1e19 100 Not-guided 

Cladding InP P – 1e18 1500 3.1681 

SCH In0.53Al0.165Ga0.305As N – 1e17 100 ~3.45 

QW In0.574Al0.111Ga0.315As N – 1e17 8 (x15) ~3.5 

In0.468Al0.217Ga0.315As N – 1e17 5 (x16) ~3.5 
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SCH In0.53Al0.165Ga0.305As N – 3e18 50 ~3.45 

N-contact InP N – 3e18 110 3.1681 

Superlattice In0.85Ga0.15As0.327P0.673 N – 3e18 7.5 (x2) 3.2818 

InP N – 3e18 7.5 (x2) 3.1681 

Bonding InP N – 3e18 10 3.1681 

Table 3.1 - MQW layer structure that was used in [18] to construct a hybrid phase modulator 

As can been seen from Table 3.1, the QW region has a high refractive index 

and can vertically confine light in its own slab structure. While this light confinement 

is advantageous with respect to efficiency, it is not always desirable since we wish to 

keep the light substantially confined to the silicon waveguides as well and control it 

on the PIC. A tradeoff can be reached by using a hybrid mode that spans both in the 

MQW and the Silicon waveguide. According to the super-modes theory [26], each 

waveguide can be treated solely while the effect of the other waveguide is regarded as 

a small perturbation. After evaluating each individual waveguide propagation constant 

1,2 , the sign of the difference 𝛿 = 𝛽2 − 𝛽1 would decree where most of the modal 

power will be confined. For the lowest order mode, most of the power will be in the 

waveguide that has the higher 𝛽. Obviously, this approximation is only correct if there 

is some distance between the two waveguides (the so-called 'weak coupling regime'). 

Nevertheless, even if not exact, super-mode theory could still be used as a consistent 

rule of thumb for the comparison between different structures. I compare the modes in 

the slab of the MQW against the single mode of the silicon waveguide for different 

silicon thicknesses which are common in silicon photonics field of research (220, 400 

and 700 nm).  In order to do so, two calculations needs to be done – the first is to find 

the widest single mode waveguide possible for each silicon thickness, and then 
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compare it to the MQW slab waveguide. The widest waveguide provides an upper 

bound for 𝛽 of a single-mode SOI waveguide.  

The analysis was carried out using COMSOL 4.3. The simulations were 

performed in “mode analysis” with a parametric sweep of different waveguide widths 

for two types of waveguides, a rectangular (rib) waveguide that is etched all the way 

to the oxide layer, and a ridge waveguide (with partial etch of the silicon device 

layer). Ridge waveguides with 30% etch seem to have almost the same effective 

refractive index and about the same maximum waveguide width for single mode 

operation as those of rib waveguide, so I decided to leave these results out. 

Device layer 

thickness(nm) 

Etch 

depth 

(nm) 

Maximum single-mode 

waveguide width (nm) 

Effective mode index 

(TE) 

220 220  4000 3.176 

400 400 1500 3.264 

700 700 1100 3.33 

MQW (300) 0 - 3.288 

Table 3.2 – Effective refractive index for maximum-width single-mode waveguides of different 

silicon device layer thicknesses and for MQW slab waveguide 

The analysis suggests that a device layer thickness of more than 400nm is 

needed in order to achieve good confinement to the silicon. Thickness of at least 500 

nm is used in the literature. The required thicknesses of the silicon and buried oxide 

layers are widely used in RF silicon applications, and can also be integrated alongside 

digital signal processors on the same die [70]. 
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3.2 PASSIVE SOI PHOTONIC CIRCUIT 

The most basic design for our hybrid device is just a plain waveguide with 

MQW bonded on top (Figure 3.2). The waveguide should be long enough to bond a 

piece of an InP wafer. Light is coupled in and out of the waveguide through gratings 

at its two ends. The waveguide width is chosen to support a single propagating hybrid 

mode.   

 

Figure 3.2 – Illustration of a basic design for hybrid PIC 

Grating couplers allow for the coupling of light to and from standard single-

mode fibers with comparatively little loss. Based on averaging over numerous 

devices, the loss in our own fabricated devices is estimated as approximately -5 dB 

per coupler (although better performance with more elaborate designs is reported in 

the literature). Another option we tried was to cut the wafer and edge-couple light 

from the facets. However, when using small thickness silicon, the cross-section of the 

waveguide is very small compared to that of the fiber tip, (even if the fiber is tapered), 

and the coupling of light is problematic. Inverted as well as regular waveguide tapers 

were also attempted, but the quality of diced facets remained poor. The best loss 

performance we got for fiber-to-facet edge coupling was around -15 dB per facet.  

The parameters of the grating coupler can be calculated by using the Bragg 

condition, in the first order of diffraction: 

/ sinin out gratingK K  
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The parameters above are given by: 

 / /
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2 2 2
eff grating in out air clad
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n K K n
  


 

  


 

An illustration of relevant parameters is given in Figure 3.3: 

 

Figure 3.3 - Grating coupler cross-section 

As an example, consider the design of such gratings for 220nm silicon 

thickness and a 70nm etch depth. The width and length of the grating were chosen to 

be 10 and 15 microns respectively, so that they are slightly larger than the diameter of 

the mode in a standard single-mode fiber. The grating is etched at a duty cycle of 

50%. The light traveling in the waveguide towards the grating is scattered from the 

grating. The scattered light is interfering constructively in several angles (same idea 

as in phased arrays). In order to avoid different diffraction orders from entering our 

fiber, we have chosen a 10-degrees angle for the first-order diffraction. By assuming 

that effn  is the average of 220nm thickness and 150nm thickness waveguides, both 

with 10um width, and by assuming that there is no cladding on the grating but air, we 

can calculate the relation above and find the needed grating period  : 
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Grating couplers require us to use partially etched silicon. The transfer of light 

from air to the waveguide must allow some room for the mode to propagate in the 

grating. Too deep etching will introduce a very strong Bragg reflector that will inhibit 

the propagation of light. In order to avoid two-steps lithography, we etched the entire 

PIC partially, using ridge waveguides. Since the gratings are 10um wide, while the 

waveguides are typically 0.7um wide, an adiabatic taper was used to gradually reduce 

the mode size. RSOFT software simulations, using the beam propagation method, 

show that 100um long taper is enough to provide negligible loss along the tapering 

region (Figure 3.4). In the 2-taper simulation, the output mode is compared to the 

input mode, assuring correct measurement of the loss in single mode operation. The 

simulation clearly shows that short taper cause formation of higher order modes in the 

middle section and their subsequent loss through radiation at the second taper.  
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Figure 3.4 - Loss in 2-taper simulation vs. taper length 

Ridge Waveguides can support single mode operation. For thick waveguides, 

there are certain approximations that may simplify the calculation of the waveguide 

width and etch depth [3]. These approximations are not satisfactory for thin device 

layers. We can demonstrate the problem by the following calculation, taken from [3]. 

 

Figure 3.5 - Ridge waveguide single mode condition 

2
0.3

1

a r

b r
 


 

This calculation predicts that for 220nm thickness silicon device layer and 

70nm etch, the waveguide width should be 271nm for single mode operation. This is 

not the case: numerical mode analysis, and also real-life experience, shows that much 

wider waveguide can still maintain single-mode operation. We have used 700nm wide 

waveguide, and they seem to work well in both simulations and experiment. For the 
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active PIC, we have used >1100nm-wide waveguides, following the simulation at 

Table 3.2. The waveguides are not single-mode when there are no InP layers bonded 

above them, and the consequences of that fact will be discussed in the next paragraph 

about the MZI design for our chip. Ridge waveguides are more tolerant to rough 

sidewalls, since a larger part of the optical mode is situated in the slab (unetched) part 

of the waveguide. On the other hand, ridge waveguides are more susceptible to bend 

losses. For the first design illustrated in Figure 3.2 there are no bends in the 

waveguide, so this is not a problem. However in the design that includes MZI 

(Figure 3.6), and in even more complicated future devices that might have bends, 

sharp turns should be avoided. This problem can be alleviated with two-steps 

lithography and etching in which the gratings are partially etched and the waveguides 

are fully etched, however the added complexity in fabrication is substantial. 

MZI: Pumping of the MQWs will modulate the phase of a signal propagating 

in the hybrid waveguide. An MZI structure would convert the phase changes into 

amplitude modulation as previously discussed. The MZI can be fabricated on the SOI 

platform as illustrated in Figure 3.6.  

 

Figure 3.6 – Illustration of MZI design for a hybrid PIC 
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The pump needs to be selectively applied to only one of the arms of the MZI. 

A change in the relative phase between propagation in the two arms would manifest in 

a spectral offset in the transmission curve of the MZI (Figure 3.7).  

 
Figure 3.7 - Illustration of a MZI transfer function before and after the application of a pump 

wave to one of the MZI arms 

More quantitatively, the transfer function of MZI is given by 

2 1
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  where x is the physical length 

difference between the MZI arms, we find that the minima are given by 
gx n
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 . 

The group index gn is directly related to the effective refractive index of the 

propagating mode. Therefore, the introduction of carriers into the MQWs would alter 

the transfer function of the MZI. The change in effective refractive index depends on 

the specifics of the MQW structure. The dependence for the specific layer design of 
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Table 3.1 was already characterized [18], subject to modal confinement of ~15% in 

the MQWs. The results are shown in Figure 3.8.  

 

Figure 3.8 -  Refractive index change of doped and undoped AlGaInAs MQW at 1550 nm in a 

hybrid structure with 15% mode confinement to the active region [18] 

The effective index variations of Figure 3.8 should be modified to account for 

the different modal confinement in current hybrid device design. For that purpose, 

two modal simulations were performed (Figure 3.9): one for the design of [18], and 

one for a proposed structure with a 400nm-thick underlying silicon device layer, an 

etch depth of 130 nm, and a waveguide width of 1.5 um. In my independent 

simulation of the reference design, the ratio of power in the MQW to the power in the 

entire mode was found to be 16.9%. Although there is a 2% difference between the 

modal confinements obtained in my simulation and that reported in the reference, the 

reproduction of the analysis is satisfactory for estimates of index variations. The mode 

in the 400 nm thick silicon waveguide with an overlaying MQW slab has a 

confinement factor of 41% in the MQW.  
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Figure 3.9 – a) Modal analysis of the reference device [18]. b) Modal analysis of our proposed 

device. 

Based on these simulations, I expect that the index modulation obtained in 

Figure 3.8 could be scaled up by a factor of 41/16.9=2.42 in our design, leading to a 

phase modulation that is 2.42 times more pronounced than in the reference design, 

given equal voltage. With that in mind, we may next estimate the required length of 

the device. The phase difference when applying 3V in reverse bias (Figure 3.8) is 

given by the following calculation: 

4

0

2 2 4 10 2.42
1.55 m

L L
n



  


       

Where L is the length of the active region, 
0 is the free-space wavelength and 

n  is the reference device refractive index change after multiplication by a factor of 

2.42. The length necessary for   phase difference is therefore: 
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As long as the length of the bonded region is at least 1 mm, a phase shift of  

radians could be obtained with the application of 3V. The bonded region in the 

designs illustrated in Figure 3.2 and Figure 3.6 is 7 mm long. Shorter devices are 

desirable, but unfortunately it is hard to bond very small pieces and subsequent 

precise etching step needs to be performed.  

Use of the MZI structure illustrated in Figure 3.6 introduces additional 

difficulties. The first relates to the width of the waveguide. The width should be large 

enough to support a propagating hybrid mode with substantial confinement in the 

silicon ridge in the bonded regions, but at the same time it should also be small 

enough to provide single-mode operation in the un-bonded regions. For a waveguide 

width of 1.5um, this is not the case (Figure 3.10); this problem can be solved by 

adiabatically changing the width of the silicon waveguide before and after the bonded 

region. Figure 3.12 shows an example of a device fabricated by H. Park et al. [10]. 

Multimode propagation is a lesser concern in straight-waveguide phase-only 

modulators, in which the excitation of higher-order modes is not very effective.  
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Figure 3.10 – Profile of the second-order propagating mode in a passive waveguide with 400 nm 

hight, 130 nm etch depth and 1.5 um width, without overlaying InP layers. 

Not only is the silicon waveguide tapered in the example of [10], but the 

MQW region was tapered as well in order to reduce reflections at the boundary. The 

reflection at the boundary interface can be calculated from the modal overlap between 

the incoming mode and the outgoing mode. For example, I calculated the reflection at 

the boundary between the fundamental modes of 1.5um width waveguide with and 

without bonded InP MQW layers. In both cases the SOI ridge waveguides were 400 

nm in height with an etch depth of 130 nm. First the independent modes were 

calculated using mode analysis in COMSOL (Figure 3.11). The data from the 

simulations was then transferred to Matlab for calculation of the overlap integral 

using the following formula: 

2
*

1 2

2 2

1 2

E E dA

E dA E dA
 



 
 . Where 1,2 1,2 ( , )E E x y  are the 

transverse electric field spatial distributions of the separate modal profiles as shown in 

Figure 3.11. For the given case, the overlap integral gives a result of 0.316  ; in 

other words, the result can be interpreted as a loss of -5dB only due to the modal 

mismatch and reflection at the boundary. 
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Figure 3.11 - Modal profiles simulations of 1.5 um-wide SOI  waveguides ,without (left) and with 

(right) bonded InP overlayers. 

A second concern regarding a MZI structure based on our design has to do 

with bend losses. While the large confinement in the MQWs improves the modulation 

efficiency, the relatively smaller confinement in the silicon ridge makes the mode 

susceptible to scattering into the InP slab at bends. For both these reasons, I focus first 

on straight-waveguide phase modulators. 

 

Figure 3.12 - tapered MQW on tapered Silicon waveguide as was shown in [10]  

In conclusion, the expected insertion loss of the device proposed in Figure 3.2 

is high but not fundamental. It is possible to break down the insertion loss of a device 

that is about 1 cm-long as follows:  

Section Loss 

Input and output grating couplers -5dB*2 

Transition at the boundaries between 

bonded and un-bonded regions without 

tapering of the MQW 

-5dB*2 
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Absorption (@1550nm 0V) ~0 (according to [18])  

Waveguide loss (typical values for our 

ridge waveguides, highly dependent on 

surface roughness) 

~-6dB/cm 

Tapers Loss <-0.1dB 

Overall insertion loss ~-26dB  

Table 3.3 – Estimated insertion loss for a basic SOI waveguide with bonded MQW  
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4. PASSIVE PHOTONIC CIRCUIT FABRICATION IN SOI 

 

An overview of the fabrication process of a photonic circuit in SOI is 

illustrated in Figure 4.1. 

 

Figure 4.1 - Silicon photonic chip fabrication overview 

4.1 WAFER CLEANING 

The process starts with cleaning of the SOI wafer. The cleaning process is 

critical for uniform resist deposition. The most common cleaning procedures are 

called "RCA standard clean" SC-1 and SC-2. These procedures are used in the 

industry for many years and are known to provide good results in the removal of both 

organic and inorganic contamination [71]. We used a different cleaning procedure, 

which is also well-established [71], that is based primarily on organic solvents. Our 

procedure is advantageous in the removal of tough organic layers such as resist 

leftovers, but is less effective in removal of different minerals and wafer dicing 

leftovers. Nevertheless we found it suitable for our general purpose needs. First of all, 

the wafer is cleaned with chloroform, acetone and ethanol and rubbed with a swab 
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after each solvent; then the wafer is immersed for 20 minutes in a 'piranha' solution 

(3:7 H2O2:H2SO4), followed by three rinses in de-ionized (DI) water. The wafer is 

then blown dry with N2 gas. We have found that a short ultra-sonication (2 minutes) 

with isopropanol and drying with N2 right before the resist coating greatly improves 

the appearance of the resist in a visual inspection. This is probably due to the fact that 

the sonication helps remove airborne dust and other contaminates that accumulated on 

the surface from the time of cleaning to the time of resist deposition.  

4.2 E-BEAM RESIST 

We have used ZEP-520A as a positive resist for the e-beam lithography. This 

type of resist shows high resolution and high resistance to dry etching and therefore it 

is suitable for the fabrication of very small structures with straight sidewalls. Also, we 

noticed that it retains its properties even a long time after deposition, or after exposure 

to air or natural light, before the e-beam lithography process. The spinning speed 

necessary for the required thickness can be extracted from the ZEP-520A data sheet 

(Figure 4.2). A thin resist is desirable, since a thick layer would cause scattering of the 

etching ions and increase the sidewall roughness, or change the shape of the 

waveguide sidewalls. Too thin resist, however, could be fully etched before the 

process has come to a stop. The minimum necessary thickness can be found based on 

the etch rates of ZEP and silicon. We found that a thickness relation of 1:1.5 of 

Silicon:ZEP, gives us good results.   
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Figure 4.2 - ZEP thickness vs. spin coating speed (from ZEP-520A datasheet) 

As the resist ages, its solvents tend to evaporate and the layer thickness at a 

given spinning speed increases. In principle the resist can be diluted by mixing with 

anisole. As long as possible, we chose to recalibrate the processes periodically. After 

deposition of the ZEP resist, the wafer is pre-baked at 180 C for three minutes. 

4.3 E-BEAM LITHOGRAPHY 

We have used a Crestec CABL-9500C e-beam lithography machine. It is 

capable of inscribing fine patterns with a minimum beam diameter of ~2nm and a 

minimum line width of ~8nm. The lithography was performed at 50KV with 100pA at 

333dots/um resolution.  

Under/Over Dose: Any change in the parameters or operating conditions such 

as use of a different machine, change of operator, modifications to the cleaning 

process, resist or the environment, can degrade the quality of the lithography and 

needs to be followed by a careful calibration process. Failing to do so could lead to 

lithography overdose or under-dose, and the pattern will be distorted or even totally 

ruined (Figure 4.3). 
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Figure 4.3 - a) Underdose – the duty cycle of a grating coupler is not 50/50. b) Underdose – the 

resist is not fully developed and the waveguide is ruined. c) Overdose – duty cycle of grating 

coupler is not 50/50 

The electrons that are back-scattered from the silicon surface are creating an 

exposure profile that is larger than the beam diameter. Usually, exposure at the edges 

of the profile is not strong enough to result in an eventual developing of the resist. 

When writing dense patterns (as in the grating shown above), these profiles are 

overlapping and might cause over development and broadening of the features. This 

problem is known as the “proximity” effect. It can be solved by either making a dose 

profile that changes along the pattern (smaller dose where there are dense objects), or 

more simply by re-calibrating the design of dense patterns. 

Writing large patterns: The e-beam machine is able to process 3" wafers, but 

unfortunatly the beam cannot stay in focus and with good astigmatism over such large 

areas. Therefore the field size in which the beam can actually write uninterrupted is 

only up to 1.2 mm squared. When finishing writing a field, the stage that holds the 

wafer moves in the x or y direction to the next field, and writes again. The bigger the 

field, the worse is the writing close its edges in terms of resolution and accuracy, so 

large fields should be avoided for big and preciese patterns. More disturbingly, the 

motion of the stage between fields is never precise enough due to temperature 

drifting, piezoelectric engine step resolution and other mechanical issues. This 
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problem is known as “stitching”. The problem becomes even more difficult when the 

patterns are large and the stage needs to move over a long distance (Figure 4.4). 

 

Figure 4.4 - Stitching in the e-beam lithography process due to movement between fields 

We have solved this issue by the following procedure: 1. Using smaller fields. 

2. Adding a calibration step that is pre-built in the e-beam machine, in which the 

machine moves the stage from one mark to another mark at a well-known distance. 3. 

Pre-arrangement of the fields for continues movement. Following these 3 steps, we 

were able to get stitching-less waveguides with high repeatability (Figure 4.5)  

 

Figure 4.5 – A stitching-free circular pattern. A circle that is fabricated over 12 60x60 

micron fields (Left) is fully connected with no discontinuities at all (Right).  



58 

 

Development: The e-beam written samples are immersed in room-temperature 

ZED-N50 developer, followed by a quick rinse with isopropanol.  

4.4 REACTIVE ION ETCH (RIE) 

Following lithography and developing, the SOI wafers are taken to dry 

etching. Dry etching is known for defining very fine sidewalls, and for selective 

removal of silicon. CF4 gas was used as the reactive etchant. The etching rate of 

silicon using our process is ~200nm/minute. 

An example of a fabricated, high precision grating coupler is shown in the 

next figure: 

 

Figure 4.6 - Left: overview of a I/O grating coupler. Right: magnification of the grating pattern. 

 

Figure 4.7 - AFM measurement of the grating coupler (Left) and cross-section of that image 

(Right) 
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As was discussed in the previous chapter, our calculations assume an etch 

depth of 70nm for the 220nm silicon device layer wafers. Atomic force microscopy 

(AFM) analysis of the grating in the specific example is shown in Figure 4.7. The 

actual etch depth in the grating region is ~75nm, which is not critically different from 

the designed depth. The etch depth for the waveguides is somewhat deeper 

(Figure 4.8): around 80nm. We assume that the wider etched areas of the two 

'tranches' which define each waveguide, 3 microns-wide each, (in contrast with the 

300nm features in the grating regions), allow for better penetration of the ions in the 

etching process.  

 

Figure 4.8 - AFM measurement of 2 microns-wide ridge waveguide with a 80nm etch depth. (The 

slope on the left side of the right image is an artifact caused by the analysis software).  

4.5 CHARACTERIZATION 

The loss in the waveguides and the gratings was characterized in the following 

manner: first, a set of waveguides with different lengths was fabricated, and the loss 

in each waveguide was measured. After arranging the results as shown in Figure 4.9, 

a linear fit was calculated. The slope of the line is an estimate of the average linear 

loss of the waveguides per unit length, while the intersection between the fitted line 

and the y-axes represents the estimated coupling loss due to gratings and tapers. The 

loss was found to be acceptable, -0.38dB per millimeter. The overall losses due to 
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both gratings and their respective tapers in the design that was used for the testing is 

estimated to be -22 dB according to the fit-line trend shown in Figure 4.9. Our best 

effort chips are reducing this large coupling loss to about ~-7dB per coupler. 

 

Figure 4.9 - Estimation of waveguide and coupling losses 
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5. BONDING OF ACTIVE OPTICAL MATERIALS TO SILICON 

5.1 PLASMA-ACTIVATED DIRECT BONDING 

The outline of the plasma-enhanced, direct bonding procedure is illustrated in 

Figure 5.1: 

 

Figure 5.1 - Outline of Plasma-enhanced direct bonding 

Cleaning. The cleaning of wafers before bonding is a critical stage. 

Contaminations can be categorized into 2 main groups: 

1. Inorganic particles – Particles left on the surface are the worst void-

forming contamination possible for direct wafer bonding. When bonding large 

samples, even a 1um grain of dust could act as an effective 'spacer' and cause de-

bonding over cm-scale areas [22]. For smaller wafer pieces, as we generally use, this 

is not the case since the pressure we apply forces the wafer to bend. Consequently de-

bonded regions are smaller, at the expense of stress in the wafers. Particles could be 
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the result of almost anything, from dust and hair to leftovers of lab equipment and 

cleaning gear such as swabs and wipes. Particles are sometimes categorized in the 

literature according to metallic contaminations (for example from tweezers), dicing 

process residues and glassware shreds. However, all these types of particles are 

removed in similar manners. Working in a good grade cleanroom is necessary for the 

purpose of particle-free bonding.  

2. Organic contamination – Hydrocarbons in the air, fat from finger 

tips, glue/gel residues from packages and other organic materials could form an 

unintended protective coating on the surface that would deny bonding. Hydrocarbons 

may also evaporate to the gas phase during annealing at elevated temperatures and 

cause voids. 

Cleaning of silicon – Cleaning begins with organic solvents followed by 

rubbing with swabs. Wet chemistry combined with rubbing is more effective in 

removing hard and big contaminates due to the mechanical nature of the process, in 

comparison to dry cleaning (i.e. plasma or UV cleaning procedures). The general 

cleaning method that was discussed in the previous chapter: rubbing in chloroform, 

acetone and ethanol followed by 20 minutes at 80o

C  piranha solution (H2SO4:H2O2) 

and DI water rinse, was also applied here. This procedure is similar to that employed 

prior to hydrophilic bonding, as described for example in [23], or to the organic 

cleaning stage in [72]. The accumulation of particles was avoided through proper 

handling of the wafers, and also using a stage of sonication with one of the organic 

solvents, (usually chloroform). Each organic solvent rinse was followed by a thorough 

cleaning from all sides by a swab.  



63 

 

Cleaning of InP - InP wafers are more gentle than silicon and special care 

needs to be taken in their handling. First of all, the InP wafers were only cut by 

careful cleaving: cutting the wafer edge with a diamond pen, without scribing. Then 

the InP wafers were cleaned in organic solvents followed by a gentle rubbing with 

swabs. The organic cleaning in the literature is usually followed by a more aggressive 

cleaning in NH4OH as it was found to provide effective cleaning even for large wafers 

[72]. We also tried to use ammonia-based RCA SC1 procedures [73] but we did not 

get good results for bonding and sometimes the surface seemed to be etched. It is 

possible that the hydrogen-peroxide in the RCA solution etched the surface and we 

should have removed it. In the meantime, we decided to give up on the ammonia-

based cleaning and proceed to the plasma surface activation directly following the 

organic solvent cleaning of InP samples. While the cleaning process is not optimal, 

bonding was routinely achieved. Furthermore, the strength of the bonding reached 

that of bulk InP in some cases.  

Plasma surface activation – Plasma is generated by applying a strong RF 

signal in a very low density gas environment (Figure 5.2). The gas in the chamber is 

ionized and the energetic ions affect the surface both physically and chemically, 

depending on the choice of gas and substrate. Many materials can be used for the 

processing of silicon and InP wafers, among them are inert gasses such as N2 and Ar 

and reactive gases such as O2, Cl2, SF6, CHF3 for example. 
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Figure 5.2 – General scheme of plasma generation for wafer processing 

 Plasma treatment acts on the surface both physically, by bombardment of 

high kinetic energy ions on the surface, and chemically by creating radicals. Radicals 

affect the surface directly as they pull electrons and create dangling bonds, and also 

indirectly by forming oxides. Although it is the subject of much research, the exact 

mechanism of plasma activation is not fully understood [23]. Nevertheless, it is 

believed that the following bonding-favorable consequences are achieved by plasma 

activation of wafers [74]: 

1. Cleaning of the surface – Organic contaminates are oxidized and removed. 

2. Enlarged interaction area – Short exposure to plasma creates a different 

surface oxidation than that of other methods, in a way that increases the 

roughness on the nano scale, while the total accumulated roughness stays 

about the same. This effectively increases the surface area so that more 

bonds are possible. 

3. More efficient chemical mechanism – the following reaction takes place in 

Si-Si bonding: 2Si OH HO Si Si O Si H O       . Following 

plasma treatment, the surface is believed to absorb water faster than a 

'normal' surface would, and therefore the reaction is being favored. 

Unfortunately, I was not able to find the exact chemical reaction which 
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takes place in the direct bonding of InP and silicon in the literature, 

however due to the fact that the conditions for bonding (i.e. good oxide 

etc.) are the same, I suppose that the plasma activation may carry similar 

consequences. 

4. Air viscosity close to the wafers surface is decreased before bonding due 

to water accumulation after plasma and DI water rinse. This is believed to 

assist in the preliminary contact between wafers. 

The surface roughness after short plasma exposure was explored by many 

[75,74,23]. AFM measurements show that the root-mean-squared (RMS) roughness 

after short plasma treatment does not significantly increase in comparison to an 

untreated wafer. The advantage in roughness compared to that obtained following 

alternative activation methods is shown in Figure 5.3.   

 

Figure 5.3 - InP surface roughness measurement by AFM taken from [23]. The wafer was treated 

by: a) HF b) Piranha (H2SO4:H2O2) c) Oxygen-plasma 
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The bonding strength was shown to increase by using oxygen plasma [23], but 

also using other process gasses such as nitrogen [75]. In our process we used regular 

air plasma or oxygen plasma. Contact angle measurements revealed that the activated 

surface was highly hydrophilic, indicating that good quality oxide was indeed 

achieved. Lastly, we were able to get good bonding results compared to those of 

similar reports in the literature.  

DI water rinse - After the plasma treatment, the wafers are immersed in DI 

water. This is believed to increase the amount of OH groups, and therefore increase 

the number of preliminary hydrogen bonds and assist in subsequent pre-bonding. 

Also, the water dissolves organic contaminates that were oxidized in plasma and left 

on the surface (a major problem with dry cleaning). After the immersion in water, the 

wafers are thoroughly blown dry using a Nitrogen gas flow. 

Pre-bonding – After drying the wafers, they are quickly brought into contact. 

At first, a thin layer of air holds the wafers apart. However in hydrophilic bonding 

processes, such as the oxygen plasma-assisted scheme, the application of modest 

pressure in one spot creates a spontaneous bond wave that spreads across the entire 

surface (Figure 5.4).  

 

Figure 5.4 – Pre-bonding. Bonding wave propagation at room-temperature [65] 

A spontaneous bond wave is desirable, and implies that the adhesion between 

the wafers is strong. When bonding small pieces, the bond wave is difficult to 
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observe. Also, small surfaces do not possess as strong a global adhesion. In this 

research, preliminary pressure was first applied on one spot with the back end of 

Teflon tweezers, and then pressure was applied to the entire bonding area, to make 

sure that the entire surface is pre-bonded. 

At this stage the wafers are already held together and might be mistaken to be 

bonded. The preliminary bonding is strong enough to withstand handling, such as 

dropping the bonded wafers on the table or lifting the sample by holding only one 

piece. A relatively weak pulling at this stage, however, will be enough to detach the 

two wafers and pre-bonding is not strong enough to withstand the subsequent device 

fabrication process. 

Applying pressure and annealing – After creating the preliminary contact 

the wafers are placed in a mechanical press (Figure 5.5) inside an oven. The pressure 

and temperature are on the order of a few kPa and 300 degrees C, respectively, as 

was discussed in chapter 2.3 and may also be found in [72].  

 

Figure 5.5 - Mechanical bonding press made from stainless steel 

 

5.2 THEORY OF BONDING SILICON TO SILICON AND SILICON 

TO INDIUM-PHOSPHIDE USING SELF-ASSEMBLED-

MONOLAYERS 
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The following description of self-assembled monolayers (SAM), taken from 

an excellent review paper [76], describes the motivation for using SAMs in general. It 

specifically relates to the chemical functional group of thiols (S-H), which is used in 

our work. 

“Self-assembled monolayers (SAMs) provide a convenient, flexible, and 

simple system with which to tailor the interfacial properties of metals, metal oxides, 

and semiconductors. SAMs are organic assemblies formed by the adsorption of 

molecular constituents from solution or the gas phase onto the surface of solids or in 

regular arrays on the surface of liquids (in the case of mercury and probably other 

liquid metals and alloys); the adsorbents organize spontaneously (and sometimes 

epitaxially) into crystalline (or semicrystalline) structures. The molecules or ligands 

that form SAMs have a chemical functionality, or “headgroup”, with a specific 

affinity for a substrate; in many cases, the headgroup also has a high affinity for the 

surface and displaces adsorbed adventitious organic materials from the surface. There 

are a number of headgroups that bind to specific metals, metal oxides, and 

semiconductors. The most extensively studied class of SAMs is derived from the 

adsorption of alkanethiols on gold, silver, copper, palladium, platinum, and mercury. 

The high affinity of thiols for the surfaces of noble and coinage metals makes it 

possible to generate well-defined organic surfaces with useful and highly alterable 

chemical functionalities displayed at the exposed interfaces.” 

The interaction between two monolayers deposited on opposing solid 

substrates, in order to form covalent bonds between the two organic monolayers, was 

studied by the group of Prof. U. Gösele at Max Plank Institute in Halle, Germany. The 

group reported SAM-assisted bonding of two silicon wafers [77]. I demonstrate herein 

a modification of this methodology which takes advantage of controlled surface 
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chemistry on well-defined functionalized monolayers and extends this paradigm to the 

bonding of silicon and InP. This thesis focuses on specific type of SAM formed from 

alkanethiols on silicon and it’s affinity to InP and disulfide-terminated monolayers. 

Much of the chemistry involved in the processes is beyond the scope of this thesis, 

and is comprehensively reviewed in [76,78,79] among other resources.  

A SAM molecule can be divided to three conceptual parts: The anchoring 

group that interacts with the surface on which the monolayer is deposited, the body 

which is usually made of an alkyl carbon chain  
n

C C  that determines the 

mechanical properties of the monolayer, and a head group that acts as the free-

standing functional group that interacts with the environment. 

The SAM of most interest for us, and also a very popular one in general, is the 

alkenethiol. Alkenethiol is an organo-sulfur compound that contains an alkyl carbon 

chain that is terminated by an S-H group. The name “thiol”, as commonly used in the 

scientific jargon, is coming from a combination of the Greek word “thion”=“Sulfur” 

and alcohol [80]. This name was chosen due to the similarity in structure between 

thiol and alcohol. Historically thiols were termed “mercaptans”, from the Latin words 

“mercurium captans” = capturing mercury [81], due to their ability to react violently 

with mercury molecules. Thiols are well-known to attach to many materials [76], 

including gold, silver, copper, platinum, zinc, germanium, and many more, and most 

importantly for us with InP as well. Oxidation of a thiol functionalized monolayer, as 

will be discussed later (Figure 5.11), can create a different head group that is made of 

sulfur pairs, also called “disulfides” [82]. 

The idea of using monolayers for wafer bonding was shown before by Kräuter 

and Gösele et al. [77]. In that paper the authors used two similar silicon wafers – both 
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coated with disulfides or tetra-sulfides (4 sulfur atoms head group). The procedure we 

describe in the next chapter (chapter 5.3) for the bonding of silicon to silicon using 

SAM is analogous to that described in [77]. However, we used a slightly different 

chemical reaction in which disulfides bond to thiols in a procedure called thiol-

disulfide exchange (Figure 5.6). 

 

Figure 5.6 - Thiol-disulfide exchange. The negetivly charged thiolate is attacking the disulfide. In 

the end of the process the sulfide bond switches position. This procedure is used in this thesis to 

bond silicon wafers. Published in [83] 

A paper written by Y. Gu et al. [78], describes a preparation method for SAMs 

on InP. The molecule used in the paper was octadecylthiol (C18H38S); the molecule is 

made of thiol as an anchoring group, an 18 carbons-long alkyl chain and a head group 

(CH3) that is actually a part of the alkyl chain. The molecule and its deposition are 

illustrated in Figure 5.7. The preparation method used in [78] is demonstrating the 

feasibility of using thiols as an anchoring group on InP. 
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Figure 5.7 - Octadecylthiol (C18H38S) deposited on InP substrate [78] 

In our work, we used a different kind of molecule in which a monolayer, 

containing trichlorosilane (SiCl3) as an anchoring group, is first deposited on a silicon 

wafer (Figure 5.9). The free-standing head group in the molecule is called thioacetate. 

After a subsequent chemical reaction with hydrochloric acid (HCl, Figure 5.10) the 

head group is cleaved and leaves thiols as the free-standing functional group. Just as 

in the procedure discussed on the last paragraph and shown in Figure 5.7, the thiols 

can bond to InP and wafer bonding is achieved. The process is thoroughly described 

in chapter 5.4. 

5.3 SELF-ASSEMBLED-MONOLAYER BONDING OF SI TO SI 

The outline for the procedure of SAM-assisted bonding of silicon to silicon is 

illustrated in Figure 5.8 . The procedure was published by the author et al [83]. 
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Figure 5.8 - Outline for SAM bonding of silicon to silicon 

Cleaning – We follow the same procedure that was discussed in chapters 4.1 

and 5.1 for cleaning of the silicon wafers.  

Deposition of the monolayer – The molecule and the general chemical 

reaction is shown in Figure 5.9.  

 

Figure 5.9 - Deposition of the self-assembled-monolayer on a silicon wafer 
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The monolayer molecules are immersed in DCH (Dicyclohexyl) in a dried test 

tube at a ratio of 25 :10L mL  respectively. The clean silicon wafer dies are placed in 

the test tube with the prepared solution and it is sealed with nitrogen gas to prevent 

the penetration of moisture. After 1 hour, the wafer is taken out of the solution and 

placed in sonication for 15 minutes with chloroform. The wafers are then immersed in 

80o

C  n-hexane for 6 minutes. The last cleaning procedure is done in order to remove 

excess molecules that are left on the surface without interacting with it. Section 5.5 is 

devoted for the characterization of the monolayer. 

Functionalization of the monolayer – After deposition, the terminating 

functional group, that of thioacetate, cannot bond neither with silicon nor with itself. 

First functionalization is taking place by cleaving of this functional group with 

HCl:MeOH (1:9) over night at a temperature of 80o

C . The wafers are then cleaned in 

chloroform sonication for 15 minutes, followed by immersion in n-hexane at a 

temperature of 80o

C  . Following this stage both wafers carry thiol terminating head 

groups.  

 

Figure 5.10 - Functionalization of the monolayer from a thioacetate terminating head groups to 

thiols 



74 

 

Only one of the wafers to be bonded passes through another chemical reaction 

in order to transform the free-standing head group into disulfides. The wafer is 

immersed in a solution of methanol with iodine for 15 minutes after which it is 

washed thoroughly with clean methanol, preferably in sonication.  

 

Figure 5.11 - thiols terminal head groups are converted to disulfides using iodine in methanol 

solution 

 

Pre-bonding and bonding – First the wafers are immersed again in n-hexane 

at a temperature of 80o

C  in order to assure that the wafers are clean from residues. The 

preliminary contact is obtained in the same way as in direct bonding, by pressing the 

wafers together, starting from one spot and then all around the wafer. The contact 

does not seem to be as spontaneous as in oxygen-plasma bonding and pressure needs 

to be applied around the sample for longer time. This could perhaps be explained by 

the fact that unlike in hydrophilic, plasma-assisted bonding, there is no water on the 

surface so it takes more time to remove the air from the interface. After the 

preliminary bonds are formed, the wafers are pressed together (Figure 5.5) and heated 

up to ~120 degrees. 

5.4 SELF-ASSEMBLED-MONOLAYER BONDING OF SILICON 

TO INDIUM-PHOSPHIDE 
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The outline for the procedure of SAM-assisted bonding of silicon to InP is 

illustrated in Figure 5.12 . The procedure was published by the author et al. [83]. 

 

Figure 5.12 - Outline for SAM bonding of Silicon to Indium-Phosphide 

Cleaning – For the silicon wafer we follow the same procedure that was 

discussed in chapters 4.1 and 5.1. For the InP wafer, we start with our standard 

solvents cleaning: chloroform, acetone and ethanol. At this stage we use swabs for 

removal of particles but we do not use sonication since III-V semiconductors are 

known to be damaged by ultrasonic vibrations. Afterwards we immerse the wafer in 

hydrofluoric acid (HF) solution. HF removes the native oxide layer from the clean InP 

wafer and is necessary for the formation of bonds between the InP and the thiols [78]. 

We tried different HF concentrations from 4% to 48% with varying immersion 

durations. After 5 minutes in any of the solutions, we did not observe differences in 

the hydrophobicity (using contact angle measurements), no change in the surface 

roughness, as shown in the AFM examination (Figure 5.13), and also no residues of 

fluorine on the surface as was verified by X-ray photoelectron spectroscopy (XPS) 

measurements. In XPS measurement a wafer surface is irradiated by x-ray radiation 
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causing electrons to escape from the wafer surface down to few nanometers beneath 

the surface; the electrons are captured and analyzed for their kinetic energy and 

density, making it possible to do an elemental decomposition of the materials on the 

surface of the wafer under-test including different chemical elements that contaminate 

it. After the HF immersion, the wafer is rinsed with de-ionized water to remove the 

HF residues. 

 

Figure 5.13 - AFM measurement of InP wafer treated in 48% HF for 5 minutes. The standard 

deviation of the roughness was 0.177nm, in the same order of magnitude as that of InP without 

HF treatment. 

Deposition and functionalization of the monolayer – Unlike the case of 

silicon to silicon bonding, in which we coated both surfaces with monolayers, in the 

case of silicon to InP bonding only the silicon wafer is deposited with a thiols-

terminated SAM and no deposition is carried out on InP. The general chemical 

procedure for deposition of thiols on silicon wafers was discussed in the last section 

and it is illustrated in Figure 5.9 and Figure 5.10.  
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Pre-bonding and bonding – In order to assure that the silicon wafer is clean 

from residues, we first immerse it again in n-hexane at a temperature of 80o

C . The InP 

wafer is taken out of the DI water (after cleaning with HF), and blown dry with N2. 

The preliminary contact is being done in the same way as in direct bonding, by 

pressing the wafers together, starting from one spot and then all around the wafer. As 

in the case of SAM bonding of silicon to silicon, the pre-bonding does not seem to be 

as spontaneous as that of plasma-assisted processes. After the preliminary bonds are 

formed, the wafers are pressed together (Figure 5.5) and heated up to ~120 degrees. 

5.5 CHARACTERIZATION OF THE MONOLAYER DEPOSITION 

 

Contact angle: Monolayers on the surface of a wafer can change its 

interaction with water: the extent to which its surface is hydrophilic or hydrophobic. 

Contact angle is a fast and reliable test for the characterization of monolayer quality. 

Figure 5.14 shows a water droplet on the surface of a bare, oxidized silicon sample 

(left), and a thioacetate-terminated, monolayer-coated sample (right). For a thioacetate 

functionalized monolayer, a successful deposition turns the originally hydrophilic 

surface (contact angle <5 degrees) of the sample to a relatively hydrophobic one with 

a contact angle of around 75 degrees.   

 

Figure 5.14 - Contact angle images before (a) and after (b) monolayer deposition 

The exact shape of the water droplet is determined not only by the ideal 

chemical behavior of the surface but also by the smoothness, rigidity and chemical 
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homogeneity. Unlike ideal surfaces, real surfaces are imperfect. This leads to 

uncertainty in the contact angle, and therefore not only one angle applies, but rather a 

range of angles. By adding water to the droplet or extracting water from it, the entire 

range of angles can be explored, in a so-called “contact angle hysteresis” 

measurement. The maximum angle achieved by adding water to the droplet is called 

“the advancing angle” and the minimum angle achieved by extracting water is called 

“the receding angle”. In the field of self-assembled-monolayers research, a large 

hysteresis range usually indicates roughness caused by un-ordered molecules. 

Figure 5.15 shows an examination of contact angle for a thioactate functionalized 

monolayer, performed by a contact angle device: Dataphysics OCA. The droplet 

volume in the receding and advancing contact angles measurement was between 2 and 

8 uL. A hysteresis range bigger than 10 degrees implies that the monolayer is not 

perfectly ordered and that the deposition was unsuccessful. 

 

Figure 5.15 – Contact angle measurement of a silicon wafer coated with thioacetate 

functionalized monolayer. The examination was done using Dataphysics OCA. The hysteresis is 

clearly seen 

Ellipsometry: The presence of a homogeneous monolayer on the surface 

changes the dielectric tensor near the surface of the wafer. The thickness and 
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dielectric tensor of the monolayer, in turn, change the polarization of light reflected at 

an angle. Modern ellipsometer devices make use of this information to measure 

thicknesses with angstrom resolution. We used Accurion NanoFilm EP3 to verify the 

thickness of our monolayers. The monolayer thickness is dependent on length of the 

molecule used: it ranges from 1.5nm for an 8 carbons-long alken-thiol monolayer, up 

to 2.5 nm for 16 carbons-long monolayers. A measurement that shows a lower 

thickness than expected implies that the monolayer deposition was not successful. 

Fourier transform infra-red (FTIR) spectroscopy: Different functional 

groups absorb in specific mid-IR wavelengths. Since silicon is transparent for most of 

the mid-IR range, it is possible to transfer light through the silicon wafer and analyze 

the absorption spectrum as it interacts with coated surfaces. For example, in 

Figure 5.16, the removal of the thioacetate group by hydrolysis, (the procedure that is 

illustrated in Figure 5.10), is clearly seen in the elimination of the absorption peak at 

1690 cm-1. 

 

Figure 5.16 - FTIR measurements before and after a hydrolysis reaction that cleaves the 

thioacetate group. The typical spectral signature of thioacetate at 1695 cm-1 is eliminated. 
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5.6 CHARACTERIZATION OF THE BONDING QUALITY 

The fabrication of optical components often includes grinding and polishing, 

chemical treatments, high-speed spinning and rough handling. There is no official 

standard for the characterization of bonding for the fabrication of optical devices, and 

it’s currently impossible to define one since devices vary greatly. Nevertheless, some 

traditional methods that are used for characterization of wafer bonding in general can 

also be used to assess the quality of samples bonded for our purposes. Some of the 

methods are non-destructive and can be used on any bonded sample, even ones that 

are intended for device fabrication, such as IR imaging and scanning acoustic 

microscopy. Other methods are destructive and cannot be used on functional samples: 

electron microscopy cross-sections, crack-opening, tensile strength pull tests and 

AFM analysis of de-bonded areas. In addition to known and established methods, we 

used a simple yet unprecedented non-destructive technique in which we characterize 

the transfer of a MZI in SOI waveguides before and after bonding of an upper layer.  

All methods mentioned above, except for the crack-opening method and the 

AFM analysis, were used in this work and will be thoroughly discussed next. In the 

crack-opening method, a sharp blade is used to separate two bonded wafers and the 

crack formed is viewed by an IR camera and measured. The length of the crack is 

related to the surface bonding energy. Due to the complexity of the measurement and 

technical difficulties associated with it, we did not carry out this method. AFM 

analysis of debonded wafer pairs does show a great promise in aiding the 

characterization of the bonding, but unfortunately, the scanning of large areas of the 

wafers with an AFM is a tedious process, and the results we obtained to-date using 

this method were inconclusive. 



81 

 

IR imaging: Since silicon and InP wafers are transparent to IR light, it is 

possible to interrogate their interface with illumination at that wavelength range. The 

obtained pattern is known as “Newton rings”. Air gaps between the wafers (i.e. voids) 

cause multiple reflections that could add constructively or destructively, according to 

the width of the gap. The basic principle is illustrated in Figure 5.17. When the light is 

passing from a low reflective index (air) to a high reflective index (solid), the 

reflection is opposite in phase from the incoming beam. Therefore when the physical 

separation between the wafers is a quarter of a wavelength, the total phase difference 

between reflections is a full wavelength and constructive interference takes place. 

 

Figure 5.17 - Illustration for the formation of Newton rings between two non-parallel surfaces 

Figure 5.18 shows an experiment in which two samples, InP and silicon, were 

bonded together. The InP 1cm x 1cm piece was intentionally taken from the edge of 

the wafer, where it is curved. The bonded wafers were illuminated by a broad-

spectrum tungsten lamp while viewed by an IR camera. The transparency of the 

wafers and the responsivity of the camera limit the observation wavelengths to longer 

than 1000 nm. A first fringe is apparent where the distance between wafers is ~ / 4 , 

and the resolution of measurement is tens to hundreds of nanometers (depending on 

the contrast seen by the camera). The technique can distinguish between large bonded 

and un-bonded regions.  
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Figure 5.18 - Formation of Newton rings between bonded wafers (Left). The top sample is 

intentionally taken from the wafer edge (right) - so a specific interference pattern is received 

Scanning acoustic microscopy is based on directing focused ultra-sound 

waves from a transducer to a small point on a target object. Reflected waves indicate 

the presence of boundaries. The acoustic time of flight indicates the distance to the 

boundary, while the frequency response provides further information about the object 

material properties. The transducer scans the entire surface of the wafer and an image 

of the boundaries is constructed. The resolution of the image is limited by the 

frequency of the acoustic wave and transducer step size. 

We do not use scanning acoustic microscopy routinely in our work. However, 

Ly Bao Phan and Prof. Oussama Moutannabir from the Polytechnique Montreal 

collected scanning images of SAM-bonded samples that were provided by us 

(Figure 5.19). They used an instrument called Visual Acoustics C-SAM D9500VN. 

Since high frequency sound waves propagate better in water than in air, the samples 

and the scanning probe were immersed in water during the scan. The results clearly 

show that there were many voids in the inspected samples as well as penetration of 

water to the interface during the examination. 
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Figure 5.19 - Scanning acoustic microscope image of SAM bonded InP and silicon samples. The 

image was made by Ly Bao Phan and Prof. Oussama Moutannabir from Polytechnique Montreal 

using Visual Acoustics C-SAM D9500VN. 

Direct measurements: When bonding active materials to a pre-patterned SOI 

sample, it is difficult to validate that the wafers are well-bonded since only non-

destructive methods can be used. IR imaging is limited in vertical resolution, and 

surface acoustic microscopy is seldom accessible to us. An easier approach is to pre-

fabricate special patterns that are sensitive to refractive index variations, so that the 

presence of the active material could be sensed directly via optical propagation. The 

patterns could be part of the required functional design itself – but they could also be 

specialty test patterns for the characterization of the bonding.  

Simple MZI or ring structures in the SOI substrate can be used as sensing 

devices. The presence of the top wafer changes the effective refractive index of the 

MZI arms or the ring, so that their transfer functions change accordingly. Voids may 

be identified due to changes in the transfer function that do not meet the expectations. 

The procedure is illustrated through an example of a successful bonding. Figure 5.20 

shows a measurement of MZI with a path length imbalance of 2 mm between the two 
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arms, before and after the bonding of LiNbO3 on top of the SOI structure using a 

plasma-assisted process. The FSR of the transfer function has increased by about 3%. 

The effective index of LiNbO3-cladded waveguides is higher than that of waveguides 

with no bonding, but the group index which is responsible for the FSR results is 

actually decreasing, leading to the results shown in Figure 5.20.  An unsuccessful 

bonding might show no difference or opposite difference in the FSR, indicating that 

the wafers are bonded with a large number of voids. 

 

Figure 5.20 – Transfer functions of a MZI with unbalanced arms, before and after bonding of 

LiNbO3 

Cross-section investigation: Local information on bonding quality can be 

acquired through a cross-section of the bonded wafer pair. Cross-sections can be 

taken in various ways; cleaving the bonded wafers, or using a focused ion beam 

(FIB). A FIB has the advantage of selectively making a cross-section only in a certain 

spot – without cleaving the entire wafer. After the preparation, the cross-section is 

investigated using a scanning electron microscope (SEM) with a resolution of a few 

nanometers. TEM (Tunneling electron microscope) can be used for much better 

resolution – but then the sample preparation is more cumbersome. An example of 

SEM investigation of a cross-section is shown in Figure 5.21.   
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Figure 5.21 – SEM image: cross-section of InP wafer with MQW bonded on top of a silicon ridge 

waveguide. The cross-section was done using a focused ion beam (FIB) 

Tensile strength: A common investigation method is the pulling the two 

wafers apart until the bonding breaks, and measuring the force needed for de-bonding 

[22,84]. The comparison between results reported in different sources using this 

method is non-trivial. Since there is no standard procedure for this measurement and 

no the particular geometry, measuring equipment and mounting method, the 

quantitative results can only be considered against control experiment carried out 

within the same research. For bonding strength measurement we used a modified 

adhesion tester, DeFelsko PosiTest AT-A. The accuracy that we could measure with 

the device on 8mm X 8mm bonded samples was ~0.7MPa, which also represents the 

minimum strength that we could measure for this geometry. This resolution could be 

improved by using larger samples. 

The general setup for pulling is illustrated in Figure 5.22. In order to avoid 

dripping of the slowly curing epoxy glue on the sides of the wafers and impairing the 

results, we did the following: On the bottom of the bonded pair we used a metal 

holder that is only slightly smaller than the sample-under test, so any excessive glue 

would drip down. A droplet of epoxy was placed in the middle of the top wafer, and a 
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thick transparent plastic window was lowered until the epoxy droplet spread has 

covered most of the surface (Figure 5.23). The glue was left for 24 hours to dry. For 

weak samples, it is possible to use faster curing glue. 

 

Figure 5.22 - Illustration of the tensile strength setup. The force was applied and measured using 

DeFelsko PosiTest adhesion tester. 

 

 
Figure 5.23 - Glue droplet on the adhesion tester is positioned in a controlled manner to 

avoid dripping 

 

The results for the tensile measurements were inconclusive due to a large 

scatter in strengths. Nevertheless, the trend shows that out of tens of measurements, 

our proposed bonding method and the plasma-assisted direct bonding are the only 

ones that could provide strong bonds for the modest temperatures used (120 degrees). 

For silicon to silicon bonding, the strengths of 20% of the samples were in the range 

of 2-5 MPa, whereas the strengths of about 50% of the samples were on the order of 1 
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MPa or lower. Remarkably, virtually all samples were strong enough to withstand 

rough handling. As a control experiment, the pull test strengths of silicon samples that 

were directly bonded after wet cleaning by organic solvents and piranha solution 

(hydrophilic bonding – without plasma activation) at these relatively modest 

temperatures were always below 2 MPa. For plasma activated bonding of silicon to 

silicon we did reach 3 MPa. It’s hard to determine whether the SAM-assisted bonding 

method is stronger than the plasma activated bonding, but it’s at least on the same 

scale. We also attempted silicon to silicon bonding with thiol-terminated SAMs on 

both surfaces, and with disulfide-terminated SAMs on both surfaces (as in [77]). In 

these two cases we could not get pull test strengths above 1 MPa. In spite of the 

variability in results, the disulfide-to-thiol SAM-assisted bonding did provide 

statistically higher pull test strengths. 

The pull test strengths of InP bonded to silicon samples reached 2 MPa. The 

higher end of the obtained strength values exceeds those in the literature [84]. As 

control experiments we tried bonding InP to thioacetate terminated monolayer and 

using hydrophilic direct bonding; in both cases we got results lower than 1MPa. To 

make sure that our bonding mechanical fixture and cleaning procedure work, we tried 

plasma-assisted direct bonding at higher temperature of 300 degrees and bulk strength 

was achieved (InP bulk was broken when trying to separate the bonded wafers). 

5.7  SUBSTRATE REMOVAL 

After bonding the MQW-carrying, InP-based wafer face down on top of pre-

patterned SOI waveguides, the InP substrate must be removed before subsequent 

processing. The substrate is removed achieved by an aggressive wet etching process 

in HCl. The upper-most layer of the MQW stack is one of In0.53Ga0.47As 
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(Figure 3.1), and it is used both as the p-contact for the active region and also as an 

etch-stop layer due to its high resilience for etching by HCl.  

The substrate removal procedure begins with protection of the bonding 

interface perimeter with wax. The wax stops HCl from attacking the InP-based stack 

layers from the sides and from underneath the substrate. The bonded samples are then 

immersed in a HCl solution that etches away the InP. The process is accompanied by 

a vast amount of out-gassing, containing phosphides and chlorides (Figure 5.24 - left). 

            

Figure 5.24 – Left: Etching of InP substrate following the bonding of InP-based sample 

containing active layers to an SOI wafer. Right: Picture of MQW layer bonded on top of 

waveguides after etching of the InP bulk 

 The etching rate is approximately 12 microns per minute. At the conclusion of 

etching, the sample is immersed in water which dissolves the HCl. The remaining 

wax is then removed by immersion in warm n-hexane. 

After substrate removal, the 2 microns-thick MQW stack is effectively 

transferred onto the SOI substrate (Figure 5.24 – right). At this stage, a layer that is 

not well-bonded will most likely fall off by itself. Water can penetrate the bonding 

interface due to poor sealing with wax, or through holes and breaks in the MQW 

layer. The penetrated water might hold the layer in place with hydrogen bonds, 

creating the temporary impression of a well bonded layer. Therefore, it is essential to 
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immerse the bonded pair of samples in water, and to try and rub it gently with a swab 

to assure that the bonded layer is held strongly enough to withstand subsequent 

fabrication stages. At this stage, the gas bubbles formed and accumulated at the 

bonded interface are visible to the naked eye (Figure 2.7).   

5.8 ATTEMPTS OF HYBRID DEVICE FABRICATION 

Several attempts to fabricate the proposed device were made. At first, large 

MQW layers were transferred onto straight optical waveguides fabricated in 220nm 

device layer SOI. No light transmission was observed, most likely due to the fact that 

the refractive index of the MQW layer is higher than that of the thin SOI waveguide. 

As discussed at length in preceding chapters, such difference in refractive indices 

leads to the predominant confinement of light to the MQW slab, where it diffracts 

away laterally.  

On the most recent experiment, 1 cm-long waveguides were fabricated on an 

SOI wafer with a 400nm-thick device layer, and an etch depth of 130nm. Following 

the fabrication of the waveguides, a MQW-carrying InP sample was bonded on top of 

the SOI piece, using the SAM-assisted bonding procedure. Although much of the 

MQW film was lost during substrate removal, a 2mm-long film remained well bonded 

on top of the waveguides. Additive loss due to the bonding was on the order of 7dB. 

Figure 5.25 shows a scanning electron microscope image of the bonded MQW. 

Unfortunately, the phase-modulation of light propagating in the hybrid device via 

optical pumping was yet not attempted, and remains for future work. 
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Figure 5.25 - SEM image of fabricated silicon waveguide in 400nm SOI platform with InP MQW 

bonded using the SAM bonding method 
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6. CONCLUDING REMARKS 

In this research, a design for a hybrid, silicon/ InP MQW optical modulator 

was proposed, and a new bonding method for the bonding of the two materials, based 

on self-assembled-monolayers, was proposed and demonstrated. The modulator is 

based on a heterogeneous hybrid integration of two materials, InP and silicon, that 

have different thermal expansion coefficients and different lattice constants and their 

bonding is a major part of the fabrication process. The conventional way to bond InP 

and silicon, based on plasma-activated direct bonding, is successful for some 

applications, but also introduces mechanical stress in the MQW layers and requires 

special care in the removal of out-gassing byproducts formed during annealing. The 

new wafer bonding method proposed herein shows the feasibility of using self-

assembled-monolayers in the activation of bonded surfaces. Monolayer-assisted 

bonding is carried out at lower temperature, and therefore alleviates the thermal 

stresses. The bonding strength, however, was shown to be weaker than the more 

conventional plasma activated direct bonding. The characterization of the bonded 

interface is made difficult by the lack of standardization for such interfaces between 

photonic materials. The characterization of bonded interfaces in this research was 

extensive but inconclusive, and further work is necessary before the bonding 

technique that is most suitable to a particular device could be identified. 

The fabrication of an integrated hybrid modulator can be divided to three main parts: 

The fabrication of passive photonic circuits on SOI, the bonding of the active 

material, and the back-end processing of the active device. The first two parts were 

studied extensively in this project. The fabrication of passive photonic devices in SOI 

was introduced to our university during the time of this research by me and other 

members of our research group; we have learned to fabricate complicated MZIs, as 
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well as rings, I/O couplers and other basic silicon photonic components. Although the 

fabrication of passive optical devices in SOI was not the primary objective of this 

project, it is nevertheless an essential pre-requisite to any future work on silicon and 

hybrid photonic devices. Expertise acquired in this research is already being 

employed in on-going research activities on hybrid silicon-LiNbO3 and hybrid silicon-

chalcogenide devices. Further work aims at the reduction of the waveguide losses and 

the fabrication of more complicated planar structures. 

Bonding of dissimilar materials, using both the conventional direct process and the 

unconventional SAM-assisted procedure was studied and developed in a collaborative 

effort of our group and that of prof. Chaim Sukenik from the Chemistry Department 

of Bar-Ilan University. A new high-end wafer bonder was recently purchased in order 

to perform the bonding process in a better controlled environment. The quantitative 

characterization of wafer bonding, in particular, still requires much effort towards the 

establishment of standard metrics and protocols.  

Unfortunately, a fully working device was not demonstrated and the stage of back-end 

processing of the fabricated device was not reached, but much of the steps for 

constructing the proposed modulator were made. Future work on this subject would 

also include the optical and electrical pumping of hybrid devices, the demonstration 

of actual modulation, MQW characterization and optimization, bonding optimization 

and bonding characterization. The long-term objective of the entire program, namely 

a working device, is beyond the scope of a M.Sc.-level research.   

Since the beginning of my research, much work was done in the field of integrated 

photonic devices in silicon, especially for the purpose of interconnects. Recent reports 

of large-scale integrated photonic circuits use hybrid integration of bonded InP on 
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silicon mainly for lasers, while detectors are generally made using monolithic growth 

of germanium on silicon and modulators are fabricated in an all-silicon platform with 

doped PN junctions [85,86]. Industrial interest in wafer bonding technologies opens 

the door for the future integration of additional material combinations, which are 

considered difficult to bond today, such as LiNbO3-on-SOI [87,88,89]. Bonding 

processes might therefore introduce additional phenomena that are absent in the 

silicon material platform, such as second-order nonlinear susceptibility, electro-optic 

modulation, piezo-electricity and pyro-electricity.  

Yet another key aspect of the thesis has been the deposition of monolayers on silicon 

photonic circuits. Monolayers are already being used today for modification of 

different surfaces in a controllable manner. The research described in this thesis 

extended this paradigm of surface functionalization to the bonding of dissimilar 

wafers. It is also applicable to highly-specific and sensitive photonic bio-sensors and 

environmental sensors, on fiber and on integrated platforms. I believe that the 

expertise obtained in our group for functionalization of photonic surfaces would prove 

instrumental in these and other future projects. 

In summary, it is my opinion that the feasibility of fabricating a hybrid photonic 

device based on SAM-assisted bonding has been established. Although current 

performance is not as good as that of more traditional methods, the potential 

significance of the proposed method and the lessons learned are paving the way for 

future research in the field. 
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 תקציר
שנים, "חוק מור" השפיע בצורה משמעותית על התקדמות תעשיית  54במשך יותר מ

פר הטרנזיסטורים על גביי צ'יפ בודד ונפוץ ניבאה כי מסשל גורדון מור  תחזיתוהאלקטרוניקה. 

 מאז גדל ,(יחד עמו כח החישוב)ו ,[. מספר הטרנזיסטורים8חודשים ] 81יכפיל את עצמו בכל 

 Ivy“)ארכיטקטורת  2382 -מיליארד ב 8.5 -ליותר מעד לצ'יפ  03 -מ ,בצורה אקספוננציאלית

bridge”  של חברת אינטל(. בזמן שכח החישוב גדל, אפליקציות חדשות המשתמשות בטכנולוגיה

בין מחשבים.  ,החדשה צצו והציעו דרכים חדשות להעביר את כמויות המידע האדירות שנוצרו

חישוב ענן, לדוגמה, נראה כטכנולוגיה מבטיחה שתדחוף קדימה את הדרישות לרוחב הפס 

 בתקשורת ואת כח החישוב בשרתים.

חישוב בתוך המעבד ורוחב הפס לתקשורת מחוץ למעבד גדלים, מהנדסים שכח ה בשעה

הדופן על גבי  וצאותלהעביר את כמויות המידע ילפתח טכנולוגיות חדשות על מנת מתאמצים 

מסויימים בתעשיית האלקטרוניקה, מחירם  פתרונות תקשורת אף המצאם של-כבלי נחושת. על

אורך חיים גדול יותר  , אשר יציעפתרון יציב וניתן להרחבה של התשתיות מחייב הגבוה

 לטכנולוגיה.

מאז ההמצאה של הסיב האופטי בשנות השבעים, סיבים אופטיים הפכו להיות הסנדרט 

למי  בהעברה של כמויות מידע גדולות לאורך מרחקים גדולים. מהנדסי התקשורת האופטית העו

מאז מתמודדים היום עם אתגר התקשורת בין שרתים, מעבדים וליבות מעבדים. סיליקון היה 

לכן האינטגרציה של רכיבים אלקטרוניקה, ו-מיקרול תעשיית ההמועדף עהחומר ומעולם 

 .בשנים האחרונות במיוחד הפכה חיונית רונייםאלקט גליםפוטוניים בסיליקון לצד מע

(, אשר משמש רבות SOIמבודד ) , מבנה השכבות של סיליקון על גבילמרבה המזל

נמוכים. רכיבים פסיביים  קטרוניקה, מתאים גם להעברת אור תוך איבודי עוצמהבתעשיית האל

על גביי פלטפורמת  ום באופן שגרתימיושמים כימוליכי גלים, מרבבי ערוצים ופילטרים  כגוןרבים 

הסיליקון על מבודד. למרבה הצער, מצידו השני של המטבע, השימוש בסיליקון לרכיבים 

פער אנרגיה לא ישיר בין  , כדוגמתחומרחסרונות של האקטיביים מוגבל באופן יסודי משום מספר 

( Pockelsאופטי )-האלקטרו(, המחסור באפקט indirect bandgapערכיות )ההולכה לפס הפס 

[. לכן, רכיבים אקטיביים כמו לייזרים, 2,0חופשיים ] מטען-נושאישל  ביחס ואורך חיים ארוך

ארסניד, -ד, גליוםפוספי-אפננים וגלאים כמעט תמיד מיוצרים בחומרים אחרים, בעיקר באינדיום



 ב

 

ניית מבודדים חד משמשים לבהאופטי חזק -חומרים בעלי אפקט מגנטו וכן, ניובייט,-ליתיום

 .)איזולטורים(כיווניים 

 [83[ וגלאים ]1-9[, אפננים ]5-7במהלך השנים, מספר גישות הוצעו למימוש לייזרים ]

. אחד המימושים המוצלחים עד כה הוא רכיבי הסיליקון ההיברידיים מבוססי סיליקון

מבודד, כאשר -על-י מצע הסיליקוןאנכית של חומרים אקטיביים על גב המבוססים על אינטגרציה

לייזר היברידי  להדגים קבוצת המחקר הראשונההאופן האופטי משותף לשני החומרים גם יחד. 

שנת ב (UCSB)רס מהאוניברסיטה של קליפורניה בסנטה ברברה ושל פרופ' ג'ון באו היתה זו

ורת פוספיד שמודבקים על גביי פלטפ-בורות קוואנטים על מצע אינדיוםב[, ע"י שימוש 88] 2334

 [, אפנני88-85ופטיים כמו לייזרים ]קבוצה הראתה מאז מגוון רכיבים אאותה מבודד. -על-סיליקון

[. ניסיונות נוספים נעשו ע"י אחרים, 83[, גלאים ומגברים ]84-81אמפליטודה ופאזה מהירים ]

לדוגמה ע"י הקבוצה של פרופ' רואל בייטס ופרופ' דריי ואן תוראהוט מהאוניברסיטת גאנט 

 [.89-28בבלגיה ]

יש במימושם מספר אתגרים חריפים  ,רכיבים היברידייםל שהפוטנציאל הרב למרות 

חומרים שונים. מכיוון שהרכיבים בין  ההדבקה הינוחד. אחד האתגרים הקשים ביותר במיו

מבוססים על זליגת אור בין החומרים, אסור שהמרחק בניהם יעלה על עשרות נאנומטרים 

מבוססת על  הישירה  של "הדבקה ישירה". ההדבקה היום היא זו תבודדים. השיטה המקובל

ים זה לזה ונחמם אותם, יווצרו קשרים קוולנטיים והחומרים הרעיון שאם נקרב מאוד שני חומר

במוליכים  השל היישוםאך  [,22ה ידועה כבר משחר ההיסטוריה ]. הדבקה ישירזה לזה ידבקו

-על-עבור ייצור של סיליקון בחיבור סיליקון לסיליקון השנים האחרונות 03 -רק ב למחצה הופיע

 ת עוד יותר,מאתגר שונים זה מזהה של חומרים ה ישירקמבודד לתעשיית האלקטרוניקה. הדב

משום הטמפרטורות הגבוהות המעורבות בתהליך וחוסר ההתאמה שבין מקדמי ההתרחבות 

 033בטמפרטורות נמוכות יחסית )התרמיים של החומרים השונים. ניתן לחזק את ההדבקה 

ל אחוז כישלון [, אך התהליך עודנו בע20באמצעות טיפול פני שטח מבוסס פלזמה ]מעלות( 

התהליך רגיש לחיספוס של פני השטח, זיהומים וחוסר  סויים, במיוחד בסביבת אוניברסיטה.מ

 בשכבותלפגוע  אשר עלוליםאחידות וכן עלול לסבול מהצטברות של גזים בין המשטחים 

( BCBבוטן )-צייקלו-[. טכניקה חלופית מבוססת על "דבק" פולימרי העשוי מבנזן25] ותקהמודב

עבה מדיי  עודנו  BCB[, 28המשטחים. למרות שמספר רכיביים אופטיים נוצרו בשיטה זו ] בין

 לעיתים קרובות, בעל אחידות נמוכה ועלול להפריע למעבר אור וחום.



 ג

 

במחקר זה, אציג שיטה חדשה להדבקה בין סיליקון ואינדיום פוספיד, שפותחה 

שונות, זו של פרופ' חיים סוקניק  באוניברסיטת בר אילן, בשיתוף פעולה בין שתי מעבדות

-במחלקה לכימיה וזו של ד"ר אבי צדוק מהפקולטה להנדסה. טכניקת ההדבקה מבוססת על חד

( המיושמת על גביי משטח Self-Assembled-Monolayersשכבה בעלת התארגנות עצמית )

פוספיד. -התחברות למשטח אינדיום תסיליקון ולאחר טיפול של קבוצות הקצה בשכבה מאפשר

, ניתן לשינוי מעלות( 823) שכבה מתבצע בטמפרטורות יחסית נמוכות-תהליך ההדבקה מבוסס חד

לצורך הדבקה של חומרים שונים וצפוי לתת תוצאות הדבקה טובות יחסית לשיטות קיימות. 

קון יוצגו בצורה פוספיד וסילי-התכנון והייצור של אפנן אופטי מבוסס הדבקה בין אינדיום

שכבה וגם -מבוססת חדרות לייצור הרכיב באמצעות הדבקה אפשדגם המפורטת בתזה. תו

 פלזמת חמצן. באמצעותבאמצעות טכניקת ההדבקה הנפוצה של הדבקה ישירה 

תדון בהתקדמויות רלוונטיות בתחום  8התזה מאורגן כדלקמן: ההקדמה בפרק  מבנה

אינטגרציה ב(, תוך דיון Silicon Photonicsיקון )טכנולוגיית הפוטוניקה מבוססת הסיל

ה הארכה של פרק ההקדמה לגביי רכיב ספציפי, אפנן ויהו 2ההיברידית באמצעות הדבקה. פרק 

פוספיד לסיליקון בעל עיקרון הפעלה מבוסס דילול -אופטי מבוסס הדבקה של אינדיום-אלקטרו

תכנון של האפנן המדובר והפרקים האחרונים ידון בשיקולי ה 0(. פרק carrier depletionמטענים )

ידונו בתהליך הייצור לפרטים, כולל כל השלבים מייצור הרכיבים הפסיביים הנדרשים ועד יצירת 

 רכיב אקטיבי.
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