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Abstract 

Silicon photonics is emerging as a potential field to achieve optical interconnects 
towards the realization of ultra high bandwidth. The indirect band-gap property of 
silicon still remains as a big challenge to incorporate silicon photonic active device, 
for example, silicon-based laser. In the Laboratory of Semiconductor Materials at 
KTH, a monolithic integration platform based on nano-epitaxial lateral overgrowth 
(nano-ELOG) technique has been proposed to integrate III-V semiconductor materials 
with silicon for light source application.  

The integration process involves uneven surface morphology at different stages.  
The surfaces of the indium phosphide seed layer on silicon used for ELOG, the mask 
deposited on it (the silicon/silicon dioxide waveguide) and the ELOG indium 
phosphide layer grown on it prior to laser growth are often rough. In this thesis work, 
we have optimized chemical mechanical polishing (CMP) technique in order to 
achieve an even surface. The same procedure is also necessary to reach the optimal 
thickness of different layers to enable effective coupling of light from the laser source 
into the waveguide. 

CMP of indium phosphide to obtain an average surface roughness of < 1 nm has 
been optimized by a two-step polishing using different slurries; it results in a step 
height of ca 3 nm. Similarly the surface of silicon/silicon dioxide “waveguide” has 
also been optimized with the roughness of ~ 0.5 nm. In the latter case, a step height of 
40 nm is retained and this increase with respect to InP is identified to be mainly due to 
limitations of the polishing machine which is different from that used for indium 
phosphide. The reduction in step heights with polishing time is analyzed and 
compared with an existing theoretical model. Our results are in good qualitative 
agreement with the model. 

The optimized surface morphology obtained in this work was tested for its 
suitability for integration. For this evaluation, InP was grown by ELOG in a hydride 
vapour phase epitaxy reactor with and without CMP of the involved surfaces. The 
surface after CMP yields layers of better surface morphology with fewer defects as 
revealed by atomic force microscopy, surface profilometer and cathodoluminescence 
analysis. The results indicate that the CMP process is useful for monolithic integration 
for silicon photonics. 
 
Key words: Chemical mechanical polishing, epitaxial lateral growth, surface 
optimization, roughness, surface morphology, step height, surface topography. 
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Chapter 1  

Introduction 

1.1 Background 
As time went by, the requirements of long distance communication became higher and 
higher. From the signal fire, which was used for transmitting messages in high 
antiquity ages to telephone communication in the previous century, a tremendous 
progress has been made in modes of communication during the past decades. 

In 1960s, the invention of laser provided the possibility of optical fiber 
communication. Sir Charles Kuen Kao confirmed the possibility of optical fiber as 
communication medium in 1966, which became the starting point for optical fiber 
communication in reality. During the past decades, several important developments 
have been made in the field of optical communication. However, due to the fast 
growing needs for video conferences, on-demand high definition movies and other 
requirements for increasing communication cappacity, more and more lasers, 
modulators, optical transceivers and multiplexers are needed in optical networking 
systems. A high manufacturing cost of assembly and packaging processes keeps cost 
of optical fiber communication high. An effective solution to this problem is to use 
photonic integrated circuits (PIC). This can be realized by several kinds of materials, 
such as III-V group semiconductor material, silicon, polymer and lithium niobate 
(LiNbO3). The direct band-gap characteristics of III-V materials make them suitable 
for active photonic devices. However, the high cost of III-V group materials and low 
integration density, defined by smaller wafer sizes, prevent large scale production 
from materializing. On the contrary, low cost and high integration density of silicon 
have turned the large scale production with high integration into reality. In spite of 
being the most widely used material in semiconductor industry, drawback associated 
with indirect band-gap cannot be ignored. Therefore, silicon has not been the material 
of choice for active device field for a long time. In past few years, scientists have 
made great progress in silicon photonics and some “active” devices in silicon 
photonics have been realized, such as high speed modulators [1] and silicon 
germanium photodetectors [2]. Nevertheless, silicon-based laser still remains a big 
challenge. Some solutions have been proposed in order to solve this problem, such as 
Raman nonlinear effect of silicon [3] and germanium-on-silicon laser [4]. However, 
the optical pump mode is the fatal drawbacks for these devices. In such cases, the 
combination of III-V materials and silicon is a promising solution to achieve 
electrically driven integrated laser [5]. At present, wafer bonding is the most 
developed technique to integrate a III-V layer on a silicon substrate, which includes 
molecular direct bonding [6] and adhesive bonding [7, 8]. An alternative approach is 
monolithic integration through nano-epitaxial lateral overgrowth (nano-ELOG) has 
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been investigated for integrating III-V semiconductor material for light emission with 
silicon and accomplishing Si-based lasers. 

InP is currently the most often used material in optical communication. 
Nano-ELOG of InP on silicon is a promising method for achieving a hybrid 
silicon-based laser, leading to active devices on silicon. 
 

InP seed layer 

Si substrate

SiO2

ELOG InP layer 

Defects are 
blocked by the 

side wall 

 
Fig. 1.1: Illustration of the blocking effect during lateral growth, caused by 
selective area growth and optimal aspect ratio of openings in SiO2 mask 

 
Fig. 1.1 shows a schematic cross-sectional view of epitaxial lateral overgrowth of 

indium phosphide on a silicon substrate. Due to 8 % lattice mismatch between InP and 
silicon, a large number of point defects and dislocations reside in the InP seed layer 
during direct growth of InP on Si. A silicon dioxide waveguide cladding layer is then 
deposited on the seed layer using plasma enhanced chemical vapor deposition 
(PECVD). Two openings of sub-wavelength width are then defined by electron beam 
(E-beam) lithography (or deep-ultraviolet lithography (DUV)) that penetrate the 
silicon dioxide layer and reach the indium phosphide seed layer. Due to selective area 
growth (SAG), ELOG InP growth occurs over the two openings in the silicon dioxide 
mask.  

 
Hydride vapor phase epitaxy (HVPE) is a very suitable and efficient technique 

for deposition of the ELOG InP layer. During the growth of the ELOG layer, the 
dislocations propagate along certain directions. The dislocations are known to 
propagate parallel to the {111} plane and along <101> direction, which is at 45° from 
the normal to the substrate surface [9]. If the openings are narrow enough, most of the 
defects and dislocations originating in the InP seed layer can be blocked during the 
ELOG. Once the ELOG grown InP layer surpasses the thickness of silicon dioxide 
mask, lateral overgrowth accompanies vertical growth. Due to the blocking effect, 
only the defects located under the openings in SiO2 mask can propagate upwards. Rest 
of the defects is “filtered away” due to the SAG. If the width and depth of these 
opening are optimized, the defects can be efficiently blocked by the side walls of the 
opening. This blocking effect is shown in Fig. 1.1. A successful ELOG growth 
requires a lateral growth rate higher than the vertical growth rate, leading to a 
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coalescence of laterally grown layers from two consecutive openings. Such 
coalescence, in theory, will lead to a uniform layer of InP. This implies that the aspect 
ratio of the openings is an important factor that needs consideration for ELOG growth 
[10]. The high quality ELOG InP layer deposited in this way can then be used for 
deposition of quantum wells using metalorganic vapor phase epitaxy (MOVPE). A 
laser structure can then be realized through subsequent processing steps for 
monolithically integrated photonics devices, see e.g. Fig 1.2. 
 

InP seed layer

SiO2

ELOG InP layer

Quantum well 
layers 

p-contact
n-contact  n-contact

- 

+

- 

Si substrate

Si 

 
Fig. 1.2: Cross-sectional view of epitaxial lateral overgrowth of indium phosphide 

on silicon substrate 
 

1.2 Motivation for Master Thesis Project 
Planarization of InP seed layer and silicon dioxide waveguide cladding layer is 

very important to achieve indium phosphide on silicon or silicon on insulator (SOI) 
for monolithic integration of light sources on silicon for silicon photonics. This 
planarization reduces the density of dislocations and defects in ELOG InP layer and 
provide an effective interaction between optical modes and ELOG layer. 

When the InP seed layer is grown on silicon substrate, an uneven surface results. 
ELOG layers grown from adjacent openings are likely to be uneven due to the uneven 
seed layer, leading to multiple coalescence points in layers from two consecutive 
openings. Multiple coalescence points pose two problems: stacking faults in 
coalescence region and an uneven surface of ELOG layer. Stacking are planar defects 
that result from faulty stacking of layers. For example, a stacking fault in the sequence 
ABCABCABC can lead to a sequence ABCABABCAB (Fig. 1.3). Coalesced layers 
with an uneven surface will negatively affect the subsequent deposition steps. 
Chemical mechanical polishing (CMP) can be effectively used for planarization as 
well as polishing of InP seed layer. Both the topography and morphology will be 
investigated by atomic force microscope (AFM). 
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Fig. 1.3: Schematic of stacking fault 

 
In order to achieve desired interaction between optical modes which are confined 

in silicon waveguide and ELOG InP layer, the thickness of silicon dioxide cladding 
layer and ELOG InP layer should be as small as possible. A planar silicon dioxide 
cladding surface is also necessary to get an ideal interaction. The planarization of 
silicon dioxide cladding layer can be achieved by CMP. The deposition thickness of 
PECVD and polishing rate during CMP process are very critical and thus they need to 
be controlled precisely. The AFM and thin-film interferometry will be mainly used to 
study topography, morphology and polishing rate. 
 

1.3 Thesis Outline 
This thesis is organized as follows: 

Chapter 2 gives an introduction to chemical mechanical polishing (CMP) method 
and the basic principles of post-CMP cleaning. A detailed discussion of fabrication 
and characterizations methods used for the present work is also presented in this 
chapter.  

Chapter 3 deals with surface optimization of indium phosphide seed layer. Two 
approaches for optimizing have been investigated, namely ChemloxTM slurry 
produced by Logitech and sodium hypochlorite with citric acid. Based on the results 
obtained after using two different slurries, a combination CMP process has been 
proposed. The combination approach promises to be a plausible solution for surface 
optimization of indium phosphide seed layer. 

Chapter 4 discusses an attempt to optimize the surface morphology of silicon 
waveguide cladding layer. The improvements of topography and morphology during 
the polishing process have been presented. In addition, different recipes for post-CMP 
cleaning have been compared. 

Chapter 5 gives a brief conclusion of this master thesis. 
Chapter 6 outlines the future work related to CMP.  
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Chapter 2  

Theoretical Background 

Chemical mechanical polishing (CMP) is a combination of a chemical process, 
mechanical process and friction, which is widely used for semiconductor fabrication 
for polishing substrates in semiconductor industry. CMP being a combination of 
chemical reaction and rubbing effect, there are several parameters that need to be 
considered during this process. In this project, the polish rate, roughness of different 
materials, the density of the defects and planarization of the wafer during the 
polishing process will be studied. This chapter gives a detailed discussion of CMP 
process and cleaning procedure, the characterization and fabrication techniques 
related to this thesis work are also introduced in this section. 
 

2.1 Chemical Mechanical Polishing (CMP) 

2.1.1 History of CMP 
During the last few decades, there has been a dramatic decrease in the size of 

devices, resulting in higher current densities, clock frequencies and interconnection 
densities. This puts an ever increasing demand on processing techniques. Owing to 
the decrease in device size and focal depth of lithography, planarization of devices 
needs to achieve nanometer-scale precision. The traditional methods for planarization 
are spin-on-glass (SOG) and etch-back, which are used for local planarization more 
frequently than global planarization. CMP technique is now being used as a global 
planarization method to satisfy the processing requirements of the wafers. There are 
many advantages of the CMP technique: the ability to achieve global planarization of 
different materials, removal of surface defects, increased reliability for integrated 
circuits, no hazardous gas, etc [1].  

 
CMP technique was first used commercially in achieving global planarization of 

raw silicon wafers in early 1960s, and the biggest application of CMP in the early 
days was lens polishing. In the late 1980s, IBM first used CMP for trench-isolation for 
various devices [1]. In 1991, CMP was used for producing 64Mb DRAM by IBM 
[2][3], after which CMP started to become widely used in the semiconductor industry. 
 

2.1.2 CMP System 
CMP is a combination of processes containing chemical reaction, rubbing action 

and hydromechanics. During the process, the slurry reacts with the wafer and 
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accelerates the polishing rate, which is otherwise only due to the mechanical effect. A 
schematic of this process is shown in Fig. 2.1. 
 

Pressure 

 Wafer 

 Polishing pad 

 Platen 

Slurry feed 

 
Fig. 2.1: Sketch of the CMP process 

 
As Fig. 2.1 shows, a simple CMP system usually contains a rotating pad and a 

head which can be used for fixing the wafer. Both these parts can rotate and have 
different rotation axes. During the polishing process, the wafer is pressed down and 
gets in touch with the pad that causes polishing due to both, the mechanical pressure 
and the chemical reaction.  

 
The evolution of the CMP polishers can be broadly divided into three generations 

[1]: 
 
The first generation CMP polishers consisted of a single robot system; the wafer 

was fixed on the carrier and moved by this system. Usually, there were two rotating 
platens, one used for coarse polishing and the other, for fine polishing. The wafer was 
pressed down towards the pad and then the slurry was injected near the center of the 
pad spread around by centrifugal force. It has been demonstrated that the amount of 
the slurry distributed over the wafer varied with pad condition [4], pad conditioner [5], 
pad topography [6] and slurry viscosity [7]. Therefore, the pad should match all of the 
following [1]: bring the pad back to flat; remove material from pores and rebuild the 
nap. 

 
The second generation CMP polishers also contained the rotating platen and 

carrier. These can be divided into two types: single rotating platen polishing multiple 
wafers; or a multi-platen polishing a single wafer. The second generation CMP 
polishers offered a much higher efficiency compared to their predecessors. 
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The third generation of the CMP polishers has a dry-in dry-out feature, which 
greatly decreases metallic corrosion. The in situ metrology modules have also been 
added to the system and have greatly improved process performances. Examples 
include in situ optical end point detection, which helps to avoid over polishing, force 
sensors, etc. 

2.1.3 CMP Models 
The mechanical interaction during CMP process has been modeled using the 

Preston equation:  
                               R KPV= ,                         (2.1) 
where R is the polish rate of the polishing process, K is a proportional constant i.e. 
Preston constant, P is the down pressure, and V is the relative linear velocity of the 
wafer with respect to the polishing pad [8].  

In order to analyze the kinematics of the polisher, two coordinate systems: ,r θ  

coordinate system and x, y coordinate system are used. Fig. 2.2 shows a schematic of 
the coordinate systems for CMP processes [9].  
 

 
Fig. 2.2: Schematic of coordinate systems for CMP processes [9]. 

 

The rotating center of the wafer is denoted by  and the angular rotating 

velocity is

wO

wω , the rotating center of the pad is denoted by  and the angular pO
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rotating velocity is pω .  is the horizontal distance between the two rotating axes. In ccr

,r θ  coordinate system, the velocity components of the wafer can be expressed as 

follows: 

                                                        , 0r wv = ;  ,w wv rθ ω=
                         (2.2) 

The velocity components of the pad also can be expressed in ,r θ  coordinate 

system: 

10 

                                      , sinr p p ccv rω θ= ;  , ( cosp p ccv r rθ )ω θ= +
                         

(2.3) 

Then, the components of the relative velocity of the pad in ,r θ  coordinate 

system,  and ,r Rv ,Rvθ  can be written as: 

                                , sinp ccv rr p ω θ ;  , ( cosp w p ccv r r rθ )ω ω θ= − +
                   

 (2.4) = −

The magnitude of the net relative velocity in ,r θ  coordinate system can be 

expressed as: 

                                       

 (2.5) 
( ) ( )

( ) ( ){ }

1/22 2

1/22 2

sin cos

sin cos

cc w p p cc

w p w p p cc

r r r

r r

ω θ ω ω ω θ

ω ω θ ω ω θ ω

⎡ ⎤= + − −⎢ ⎥⎣ ⎦

⎡ ⎤ ⎡+ − −⎣ ⎦ ⎣

R pv r

= − r ⎤⎦

Using the conversion formula, cosx r θ= ,  siny r θ= ,  can be expressed in 

Cartesian coordinate system as: 

Rv

                               
( ) ( ){ }1/22

R w p w p p ccv y x rω ω ω ω ω⎡ ⎤ ⎡ ⎤= − + − −⎣ ⎦ ⎣ ⎦
2

   
         (2.6) 

The corresponding net velocity components ,x Rv ,  in Cartesian coordinate 

system are: 

,y Rv

                             
; ( )w pv yω ω− ( ),y R w p p ccv xω ω ω= − − r

                       
(2.7)

 ,x R = −

If the angular rotating velocity of the wafer is set equal to the angular rotating 

velocity of the pad, ,  can be simplified as follows: ,y R,x Rv v

                       , 0x Rv = ; ,y R pv ccrω=                       (2.8) 

Since the relative position of the two axes does not change during the process, 

 



 

ccr can be treated as a constant. Polishing takes place only along the y-direction, but 

the y-direction will change according to the rotating of the pad with a constant 
frequency; therefore, the polishing process is isotropic on the wafer. 

 
The above derivation imples that isotropic polishing of the wafer can only be 

achieved if the angular velocities of both the wafer and the pad are the same. Also, the 
directions of rotation should be the same. The amount of material removed during the 
polishing process will be analyzed in next chapter. 

 
D-Z. Chen and B-S. Lee proposed a model, which indicates that the step height 

changes exponentially with polishing time [10]. A cross-section of the pattern and pad 
profiles is shown in Fig. 2.3. 
 

 

Fig. 2.3: (a) Cross section of the patterns and pad profiles.  
(b) Patterns before and after polishing. [10] 

 
In order to establish this model, Chen and Lee suggested that the model has the 

following three assumptions:  
 

1. The removal occurs only on the horizontal contact surface and there is no effect 
on the contact sidewall, i.e., the removal is anisotropic; 
2. The pressure on the up area and down area is proportional to the step height; 
3. The polish mechanism for every polishing point follows a linear relationship:  

                                                           

KLSW
H

=
                                                   

 (2.9) 

W is the wear volume, K is the wear coefficient, L is the downward force from 

11 
 



 

pad on to the wafer, S is the polishing path of the polishing point and H is the 
hardness of the polished material.  
 
According to this model, the step height decreases exponentially with time: 

                                                 
0 exp( )p

Kh h V t
H

α= −
                                       

 (2.10) 

 
Where h is the step height, h0 is the initial step height, K is the wear coefficient, H 

is the hardness of the polished material,  is the polishing velocity, pV α is the 

stiffness of the polishing pad, and t is the polishing time.  
 
According to the above equation, there is an exponentially decreasing 

relationship between the step height and the polishing time. The data for step height 
change will be analyzed in Chapters 3 and 4. 

2.1.4 Consumables of CMP 
 

During the CMP process, there are two main consumables, the polishing pad and 
the polishing slurry.  

 
The polishing pad is a critical part, which is used to distribute the polishing 

slurry during the polishing process. There are four classes of polishing pads 
commonly used in semiconductor manufacturing, and are listed in Table 2.1 [1][11]. 
 

The polishing slurry is also a very important factor during the CMP process. The 
slurry normally consists of a solid and a liquid phase. The solid phase contains 
abrasives, such as silica, ceria, alumina oxide, etc. The liquid phase usually contains 
deionized (DI) water, oxidizer, complexing agent, surfactant and inhibiting agents. 
Surfactants are used for increasing the suspension stability of the particles; inhibiting 
agent is used for maintaining appropriate pH value during the polishing process. 
Slurries with two kinds of particles, for achieving higher rates of removal and lower 
surface roughness are also being used currently in the CMP processes [12]. 
 

In the polishing procedure, there is a large range of parameters that affect the 
result of the polishing, such as the concentration of the slurry, the size of abrasives, 
oxidizer, complexing agent, surfactant, pH value of slurry, etc.  
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Table 2.1 Summary of polishing pad classes [1, 11] 
 

 Class I Class II Class III Class IV 

Major 
structural 
characteristic 

Felted fiber with 
polymer binder 

High-porosity 
film on substrate

Solid urethane 
sheet with filer 
(voids, SiO2, 
CeO2, etc.) 

Solid polymer 
sheet with 
surface texture 

Subcategories 
Spun bond 
nonwovens 

Free-standing 
thin films;  
felt substrates 

Foams;  
oxide filled 

 

Hardness Medium to high Low High Very high 
Compressibility Medium to high High Low Very low 
Slurry carrying 
capacity 

Low to high Very high Low Minimal 

Bulk 
microstructure 

Continuous 
channels between 
fibers 

Complex foam to 
vertically 
oriented channels

Closed cell to 
open cell foam 

None 

Polymer types 
employed 

Urethanes; 
polyolefins 
(fiber phase) 

Urethanes; 
polyolefins 
(fiber phase) 

Urethanes Various 

Representative 
commercial 
trade names 

PellonTM, SubaTM PolitexTM IC 1000 OXP3000 

Application(s) 
Si stock polish; 
tungsten 
damascene CMP

Si final polish; 
metal damascene 
CMP; post-CMP 
buff 

Si stock; ILD 
CMP; metal 
dual damascene 

ILD CMP; 
shallow trench 
isolation; metal 
dual damascene 

 

2.2 Post-CMP Cleaning 
 

The CMP process is a critical procedure for semiconductor manufacture. During 
the CMP process some abrasive-containing slurries are used to polish the wafers. 
Inhibiting agents such as KOH, NH4OH, or organic acids are used for adjusting the 
pH value of the polishing surrounding and surfactants are used for keeping the 
suspension stability of the abrasives in the slurry. Therefore, after the CMP process, 
various kinds of particles, such as abrasives, metal ions and other impurities remain 
on the wafer. These impurities may cause a serious contamination that can be 
detrimental to further processing steps. As a result, an effective post-CMP cleaning is 
needed to remove residual particles from the wafers, otherwise follow-up procedures 
such as subsequent deposition will be negatively affected.  
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2.2.1 Particle Cleaning 
 
The surface adsorption of particles on the wafer is due to various kinds of forces; 

such as molecular adhesion, electrostatic interactions, liquid bridges and chemical 
bonding, etc. 

 
Molecular adhesion is also referred to as ‘Van der Waals force’, which is a kind 

of induced-dipole interaction and is related to the polarizability of the molecule. The 
Van der Waals force is an attractive force which is directly proportional to the product 
of the masses of the molecules and inversely proportional to the square of the distance 
between them. This means that the Van der Waals force can be neglected when the 
distance is large. However, when the distance is decreased to the nanometer scale, this 
force increases dramatically and becomes the main intermolecular force. Therefore, 
increasing the distance between particles and wafer can effectively decrease the Van 
der Waals force after CMP process. As a result, wet cleaning that uses water 
molecules as media is more effective than dry cleaning. In the drying procedure after 
wet cleaning, liquid bridges between particles and wafers, which are due to the 
surface tension, should be avoided; otherwise water mark will exist on the wafer 
surface. 

 
The electrostatic interaction between the particle and wafer is due to the 

protonation or deprotonation. When the particles are submerged into the aqueous 
solution, the hydroxyls on the particle surface are apt to have proton exchange with 
the water molecules, the kind of which is decided by the pH value of the surrounding 
environment; if the protonation happens, the particle will be positively charged and 
vice versa. Then the counter ions in the solution will be attracted as a result of the 
surface potential and an electric double layer will be formed, which contains a Stern 
layer and a diffusion layer. When the particles move in the solution, the Stern layer 
will also move along with the particles, and the diffusion layer will move along with 
the solution. The boundary of these two layers is called shear plane, the potential on 
the shear plane is the zeta-potential, which can be measured by electrophoresis 
method. Figure 2.4 shows the double layer structure around the particles [13]. 
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Diffusion layer 

Bulk of solution 

Zeta potential 

Absorbed positive 
ions (Stern layer) 

Fig. 2.4: Double layer structure around the particles [13] 

 
In order to eliminate the particles on the surface, a repulsion force is needed 

between the wafer and the particles, which means the zeta-potential for wafer and 
particles should be related to the same kind of charge and as large as possible. The 
synthesis of this electrostatic repulsion interaction and the Van der Waals force is the 
main factor influencing the whole process of particle adsorption, which is the main 
idea of Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. Figure 2.5 shows the 
variation of free energy versus particle separation [14]. This net energy is the sum of 
the double layer repulsion and the Van der Waals force which the particles experience 
as they approach another. When the distance between the particle and the wafer is 
very small, the Van der Waals force dominates and the particles tend to be adsorbed 
on the surface. The distance of electrostatic interaction depends on the extension of 
the diffusion layer, which is related to the concentration of the ions. The zeta-potential 
will be balanced when concentration of solution is very high. Therefore, effective 
electrostatic interaction and low concentration of ions are needed during the cleaning 
process. 
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Fig. 2.5: Variation of free energy versus with particle separation distance [14] 

 
For the purpose of keeping the zeta-potential for wafer and particles related to 

the same kind of charge and as large as possible, the relation between zeta-potential 
and pH value of the solution is given by Fig 2.6 [15]. The zeta-potential for most of 
the materials in alkaline solution (pH>7) is negative, however, when the pH>10, 
almost all materials will have a negative value. This can keep the wafer and particles 
at the same negative potential which is good for desorption of the particles from the 
wafer. Nowadays the ammonia water (NH3·H2O) is most widely used for eliminating 
the particles during the post-CMP cleaning process. This is not only due to the 
negative zeta-potential, but also due to the weak electrolyte of ammonia water, which 
can keep the concentration of ions low in the solution. 
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Fig. 2.6: Zeta potential versus pH for selected materials [15] 

 

2.2.2 Metal Ion Cleaning 
 

After CMP, some mobile ions, especially alkali metal ions and transition metal 
ions, will be left on the wafer, moreover, some metal ions may also be induced on the 
wafer due to the contamination. Even worse, they can diffuse into the wafer due to the 
polishing stress or surface failure. After the ammonia water cleaning, these ions will 
react and become hydroxides. Therefore, diluted hydrofluoric acid (normally the 
concentration is less than 1%) will be used in the second step after ammonia water 
cleaning to remove these ions. In this procedure the concentration of hydrofluoric acid 
and the cleaning time will be well controlled, normally the cleaning time is less than 
15 seconds to avoid corrosion. 

 
For the wafer containing aluminum alloy and copper, these materials will very 

easily react with the ammonia water and hydrofluoric acid, so neutral solution is used 
in cleaning procedure, and silicon oxide is used as the abrasive instead of aluminum 

17 
 



 

oxide for more effective cleaning process. Also, sub-acidity solution can be used, in 
combination with addition of surfactants into the solution to keep the repulsion force 
between the wafer and particles high. 

 

2.3 Growth Techniques 

2.3.1 Hydride Vapor Phase Epitaxy (HVPE) 
 

The low pressure HVPE (LP-HVPE) is used for ELOG InP layer deposition in 
this work. HCl is used to form group-III sources, the reactions can be written as: 
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)22 ( ) 2 ( ) 2 ( ) (In l HCl g InCl g H g+ ⇔ +                              (2.11) 

 
In low pressure HVPE process, PH3 is involved in the reaction instead of P2 or P4 

since the collision frequency between PH3 molecules is relatively small thus lead the 
limited decomposition of PH3. As a consequence, the net reaction for LP-HVPE is  

 

                                        3 ( ) 2InCl PH InP s HCl H+ ⇔ + +                                  (2.12) 

 
A picture and schematic layout of the HVPE system utilized in this work is 

shown in Figure 2.7 [16]. The system consists of one gas panel and two chambers 
separated by a gate valve. The reactor is situated in one of the chambers and the other 
one is load-lock chamber. The reactor chamber is a hot-wall reactor and is surrounded 
by a furnace. The furnace can be divided into five individually temperature controlled 
zones. The reactor contains three regions, the first one is the resource region and its 
temperature is controlled by zone 1 and zone 2. The second region is the gas mixing 
region and the third region is the deposition region. The temperature of deposition 
region is controlled by zone 4. Zone 3 and zone 5 work as temperature gradient 
controllers 

 
During ELOG growth, the aspect ratio is one of the critical parameters, which 

need to be considered. There are a lot of factors that need to be optimized for a 
desired aspect ratio, such as the opening directions, width of the openings and opening 
separation which are related to the pattern design, III/V ratio, growth temperature, 
flow rate of precursor gas, etc [17].  
 

 



 

 
Fig. 2.7: (a) Picture of the commercial LP-HVPE reactor used in this thesis. (b) 

Schematic picture of the same. [16] 

 

2.3.2. Plasma Enhanced Chemical Vapor Deposition (PECVD) 
 

The plasma enhanced chemical vapor deposition (PECVD) technique is used to 
deposit silicon dioxide buffer layer to form the silicon-on-isolator (SOI) structure for 
hybrid layer. The thickness and refractive index can both be controlled in this 
procedure by optimizing the reaction conditions. 

 
The biggest advantage of the PECVD when compared to traditional chemical 

vapor deposition (CVD) is the low deposition temperature, making it suitable for low 
thermal-mismatch stress film deposition and temperature sensitive devices. This is 
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due to the plasma, which is generated by electric power and then the plasma can 
afford high reaction energy to mixture gas. Both the reactive and energetic species are 
formed by collisions in the gas phase, the temperature of the substrate can be 
maintained low [18]. The deposition temperature for PECVD is about 300-350°C, 
which is much lower than the reaction temperatures needed for CVD (650-850°C). 

Fig. 2.8 shows a representative PECVD deposition process and the sketch of the 
parallel plate PECVD reactor [19]. The mixed precursor gas is injected into the 
chamber from the shower head. During the process, the typical value of pressure is 
from a few millitorr to a few hundreds of millitorr and the temperature of top and 
bottom electrodes are 300°C and 250°C separately. The RF power with low frequency 
of 380 kHz or high frequency of 13.56 MHz is capacitively coupled into the gas. To 
maximize the power transfer from the generator to the plasma for given electrical load 
(generator power) the matched units perform automatic impedance matching. The 
energy exchange between electrons and neutral gas is very low, so the temperature of 
electrons is very high while the neutral atoms remain at ambient temperature. Due to 
their high temperature, the electrons can dissociate the precursor molecules and 
generate free radicals. These free radicals then react with each other on the wafer 
surface through diffusion and create chemical bonds, resulting in a thin film deposited 
on the wafer surface. 
 

 
Fig. 2.8: The sketch of the parallel plate reactor of PECVD [18, 19] 

 
Some critical parameters that affect the quality of the resultant film are as 

follows: 
 
a) The ratio of various precursors can decide the chemical reaction in the 

chamber and influence the composition of the film. 
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b) The pressure in the chamber is a very important factor in getting a uniform 
thin film. 

c) The RF power in the chamber affects both the energy and the density of the 
electrons. 

 
The optimized parameters used for silicon dioxide deposition will be discussed in 

a later chapter. 
 

2.4 Electron Beam Lithography (EBL) 
 

In this work, electron beam lithography (EBL) has been used to generate the 
opening patterns. The main advantage of EBL is the resolution of the features it can 
expose which is suitable for sub-micron features.  
 

 

Fig. 2.9: Schematic of EBL system [17] 

 
Figure 2.9 shows a schematic of an EBL system [18]. It mainly consists of an 

electron gun, a column, a laser interferometric stage, an isolation stage, a vacuum 
system, a pattern generator, a stage controller, a blanking amplifier and an aperture. 
The electrons are generated from the electron gun and accelerated via the applied 
voltage. The deflection amplifier in the objective can apply a lateral voltage to deflect 
the electron beam at a certain angle, so that the exposure area of the pattern can be 
precisely controlled. The maximum scanning size of the exposed sample is decided by 
the deflection angle and is called the writing field (WF). The electron beam optics 
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located in the column are used for controlling the convergent angle for electron beam. 
A smaller aperture size and longer exposure time can improve the quality of electron 
beam since the beam current is lower.  

 
During the lithography exposure process, the duration for which electron beam 

stays at one location to provide sufficient dose for resist, is called dwell time. The step 
size is the distance between two adjacent scanned spots. Their relation can be 
described according to the following expression [18]: 

 
      Dose × exposure area = beam current × exposure time / step size2   (2.13) 

 
The resist is another key factor for getting high quality lithography. The 

resolution, contrast and sensitivity are three main parameters for the resist. The 
resolution of resist, which usually means the minimum feature size, is usually smaller 
than electron beam hence this mainly determines the resolution of EBL. The contrast 
is determined by the difference between the smallest dose which can completely 
change the characteristics of exposed area and largest dose which will not change the 
characteristics. The sensitivity is the parameter which determines the exposing speed. 
Higher sensitivity usually corresponds to lower resolution. 
 

2.5 Characterization Techniques 
 

This section gives a brief description of the measurement instruments which are 
used to characterize the samples. 

2.5.1 Atomic Force Microscopy (AFM) 
 

Atomic force microscopy has been used in this thesis work to characterize the 
surface topography and morphology with high resolution. Fig. 2.10 shows a schematic 
diagram of its working principle [20]. A cantilever with a sharp tip at the end is used 
to scan the sample surface. During the measurement process, the tip is brought into 
proximity of the sample surface by the motor. A deflection of the cantilever occurs 
according to Hook’s law due to the interaction force between the tip and the sample. A 
detector consisting of an array of photodiodes is usually used to measure the 
deflection through a laser spot which is reflected from the top surface of the 
cantilever.  

When the tip scans at a constant height, there is a risk that the tip may collide 
with the sample surface and a damage may occur during measurement process. 
Therefore, a feedback mechanism is used to adjust the distance between the tip and 
the sample in order to maintain a constant interaction force between them. The 
piezoelectric elements are used to maintain this constant force along the vertical 
direction of the sample, and then the topography of the sample is given by the 
resulting map. 
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Fig. 2.10: Schematic diagram of working principle of AFM [20]. 

 
There are three primary working modes of AFM: contact mode AFM, Tapping 

ModeTM AFM and non-contact mode AFM. In contact mode, the tip contacts the 
surface through the adsorbed fluid layer on the sample surface and the deflection 
between the cantilever and the sample is maintained as a constant. Some soft samples 
can be damaged by the scraping between the tip and the sample in this mode. The tip 
lightly “taps” on the sample surface during the scanning in Tapping ModeTM, which 
means the tip is contacting the sample surface at the bottom of its swing. The 
feedback loop of AFM maintains a constant oscillation amplitude by maintaining a 
constant RMS of oscillation signal acquired, which is detected by photodiode detector 
in this mode. During the scanning of non-contact mode, the tip oscillates above the 
adsorbed fluid layer on the surface instead of contacting the sample surface and a 
constant oscillation amplitude or frequency is maintained. Non-contact mode has a 
lower scan speed than contact mode as well as Tapping ModeTM to avoid contacting 
the adsorbed fluid layer. It also has a lateral resolution which is limited by the 
separation between sample and tip.  

In this work the Tapping ModeTM is used to measure the surface topography. 
Compared to the contact mode and non-contact mode, the Tapping ModeTM can give 
the highest lateral resolution on most of the samples. Additionally the scraping is 
eliminated since there is no shear force between the sample and the tip. The damage 
of soft samples is also decreased in comparison to contact mode. The main 
disadvantage of this mode is the slightly slower scan speed than contact mode. 

The primary advantages of AFM compared to scanning electron microscope 
(SEM) is the three dimensional surface profile which can provide more details of the 
topography and morphology. In principle, AFM can give a higher resolution than 
SEM. The samples viewed by AFM do not need any special preparation, which can 
induce damage. Compared with SEM, which needs a high vacuum environment, most 
AFM can work in ambient air or even a liquid environment. The main disadvantages 
of AFM are single scan image size, low scanning speed which is time consuming and 
difficulty in resolving large or abrupt height variations (>5 μm ). 
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2.5.2 Thin-film Interferometry 
 

In this thesis work, thin-film interferometry is used for thickness measurement of 
silicon dioxide waveguide cladding layer. When the reflection of incident light occurs 
both on the upper and lower interfaces of a thin film, the two reflected beams form a 
new wave due to interference. This new wave can reveal information about the film, 
such as thickness and refraction index. 
 

 

n3 

Fig. 2.11: Demonstration of the optical path length difference for light reflected from 
the upper and lower boundaries [21]. 

 
Fig. 2.11 is a schematic diagram of the optical path length (OPL) difference for 

light reflected from the upper and lower boundaries [21]. When the reflection takes 
place, the quantitative description of reflected light intensity and transmitted light 
intensity is given by the Fresnel equations. The light reflected from the upper 
interface and the lower interface will interfere with each other, the degree of 
interference depends on the phase difference of the two reflected beams, which is 
related to the thickness, refraction index of the thin film and the incident angle. 
Moreover, a π  phase shift is also needed to be considered, which depends on the 
refraction indices of the two materials on both sides of the interface. When the light 
travels from optically thinner medium into optically denser medium with grazing 
incidence angle or with normal incidence, there will be a π  phase shift between 
reflected light and incident light.  

 
The phase difference between the two reflected beams is corresponding to the 

optical path difference (OPD), which can be written as  
 

24 
 



 

                                              2 1( ) (OPD n AB BC n AD= + − )                           (2.14) 

 
Based on the geometrical relationship, one has 

                                                           
2cos

dAB BC
θ

= =                                          (2.15) 

                                                          22 tan sinAD d 1θ θ=                                          (2.16) 

d  is the thickness of the thin film, through using of Snell’s Law, which is  

                                                            1 1 2sin sinn n 2θ θ=                                          (2.17) 

OPD can be simplified to 

                                                            22 cosOPD n d 2θ=                                            (2.18) 

When the OPD is an integer multiple of the wavelength of light,λ , there will be 
constructive interference, which is  

                                                        2 22 cosOPD n d mθ λ= =                                     (2.19) 

If the OPD is an odd multiple of half wavelength, there will be destructive 
interference 

                                                  2 22 cos (2 1)
2

OPD n d m λθ= = −                               (2.20) 

The thin film interferometer consists of a laser source, a photodetector, power 
supplies and signal controling electronics, a data acquisition card, a PC for the data 
processing and control apparatus [22]. The laser beam is incident on the surface of the 
sample at close to 90 degrees. As reflection of incident light occurs both on the upper 
and lower interfaces, the total intensity of reflected light into detector contains two 
parts and it can be expressed as: 

                                         

2 2 1
1 2 1 2

42 cos nI r r r r dπ
λ

⎛ ⎞= + + ⋅ ⎜
⎝ ⎠

⎟
     

                        (2.21) 

Where 1 2
1

1 2

n nr
n n
−

=
+

 and 2 3
2

2 3

n nr
n n
−

=
+

 are the relative refractive indices between the 

adjacent layers, λ   is the corresponding wavelength of the laser. The film thickness 
and corresponding refraction index are calculated by the computer, which uses an 
algorithm implemented to solve the reflectance equation through the detected 
intensity.  
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Chapter 3  

Surface Optimization for Indium Phosphide 

Seed Layer 

This chapter deals with optimization of a method for the planarization and 
polishing of indium phosphide seed layer on silicon. The topography and morphology 
results have been presented in this chapter. 

3.1 Defects in the Coalescence Region  
 

Fig. 3.1 shows a cross-sectional structure of the ELOG-based integration platform. 
Indium phosphide is grown on the silicon templates via hydride vapor phase epitaxy 
(HVPE) technique.  
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Fig. 3.1: (a) Cross-section of seed layer structure (b) Cross-section of simplified 
ELOG structure for integration platform 

 
The focus of this chapter is polishing and planarization of the indium phosphide 

layer. An ultra flat and thin ELOG InP layer without defects is needed in the last step 
for the epitaxy of quantum well structures. As mentioned in Chapter 1, if the seed 
layer surface is very uneven, the ELOG InP layers grown from the two openings will 
coalesce on the top of the silicon dioxide waveguide cladding layer at different 
heights. These height differences will lead to multiple points of coalescence. These 
multiple coalescence points will result in an uneven surface of the ELOG InP layer. 
The density of planar defects, such as stacking faults and twins, will be high in these 
coalescence regions. 

Two very common planar defects are stacking faults and twinning of crystals. 

 



 

Stacking faults arise when one or two layers interrupt the normal stacking sequence 
AaBbCcAaBbCc… and cause an erroneous stacking sequence. There are two types of 
stacking faults: removal of a (double) atomic layer is called intrinsic stacking fault, 
shown in Fig. 3.2 (a), and insertion of an extra (double) atomic layer is called 
extrinsic stacking fault, shown in Figure 3.2 (b) [1]. The double layer consists of one 
III-atoms layer (capital letters) and one V-atoms layer (small letters). 

 

 
 

Fig. 3.2: (a) Intrinsic stacking fault formed by removing the layers Bb. (b) Extrinsic 
stacking fault created by insertion of an extra double layer Cc[1]. 

 
The twins are another kind of planar defect that are formed during the crystal 

growth process rather than gliding of dislocations [1]. For zinc blende structure, these 
mainly occur in [111] direction and have a longer range effect than stacking faults. 
The twins are also related to the stacking sequence but they cannot simply be formed 
by removing or inserting a crystal plane. The stacking sequence AaBbCcAaBbCc… is 
changed to AaBbCcAaBbAaCcBbAa…, which is a change in crystal direction at the 

twining plane, the crystal growth will start at twined ( 221) plane instead of starting at 

(001) plane. 
 

Twins 

Twinning plane 

29 
 

c a  B b C Bc  aA bbA  B C

 



 

Fig. 3.3: Crystal twinning formed by crystal direction changing at the twining plane 
 
The unevenness of surface and planar defects in coalescence regions, like 

stacking faults and twins, should be avoided in the ELOG layer for hybrid integration 
platform. These requirements make chemical mechanical polishing imperative for 
obtaining a good quality seed layer of InP. The details of the polishing process are 
given in the following sections.  

 

3.2 Polisher Equipment Setup  
 
Polishing of InP seed layer reported in this thesis has been carried out using 

Logitech LP50 polisher and Logitech PP5 jig. Fig. 3.4(a) and (b) show the polisher 
and the jig for holding the wafer, respectively. 
 

 
 

Fig. 3.4: (a) Logitech LP50 polisher (b) Logitech PP5 Programmable Sample Monitor 
(PSM) unit jig 

 
The LP50 polisher can be used for multiple wafers polishing on one single 

rotating platen. The planarization and polishing are achieved through the LP50 
polisher and PP5 jig working together. During the CMP process, the wafer is fixed on 
the PP5 jig holder surface using vacuum provided by LP50 polisher, the jig presses 
the wafer down towards the polishing cloth and makes contact with it. The polishing 
slurry is fed to the surface of the polishing cloth from the slurry container and spreads 
over the cloth due to centrifugal force, causing mechanical rubbing of the wafer 
surface. The polishing takes places as a result of the combination of chemical reaction 
and rubbing effect.  
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3.3 Topography and Morphology  
 

In this thesis work, topography and morphology are the two parameters 
considered for defining the quality of the polished layers. Fig. 3.5 gives a schematic 
diagram of the cross-sectional profile of the sample surface. Topography is measured 
by the step height, which is the vertical distance from the top of the hill to the bottom 
of the valley. During CMP process, the reduction of step height is referred to as 
planarization. The morphology of the surface is a representation of the surface 
roughness, which in turn is quantified by the vertical deviations of a real surface from 
its ideal form [3]. The reduction of roughness is referred to as polishing. 
 

 
Fig. 3.5: A schematic representation of morphology and topography 

 

3.4 Chemical Mechanical Polishing of Seed Layer with 

ChemloxTM  
 

In this section, optimization of process as well as characterization of polished 
samples using ChemloxTM polishing slurry, a product by Logitech Ltd., are discussed. 
ChemloxTM polishing suspension is a sodium hypochlorite (NaOCl)-based polishing 
fluid and is a white suspension at room temperature. It contains sodium hypochlorite 
as the etching chemical and aluminum oxide as the abrasive particles. The pH value is 
about 11.4 and the boiling point is about 100°C.  

 
The concentrations of sodium hypochlorite and aluminum oxide are 7-8 % and 

8-10 %, respectively. Sodium hypochlorite acts as an oxidizing agent and leads to 
small surface roughness values. Aluminum oxide particles cause planarization of the 
seed layer surface by abrasion.  

 
For sample preparation before CMP, polymer-wax is used to glue the InP 

template to the glass substrate holder for vacuum fixing during polishing process. For 
fixing using the glue, solid wax is imposed to the centre of the glass substrate and 
preheated at 140°C for 10 minutes. After about 1 min, the wax softens and melts. The 
sample is then put on top of the molten wax and cleanness swab is used to level the 
sample on the substrate, taking care that tilting is avoided. Solidification of the wax 
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takes 10-15 minutes, resulting in a sample glued to the glass substrate. After polishing, 
this polymer-wax can be removed by ultrasonic cleaning with acetone and 
isopropanol for about 10 min and 5 min respectively. 

 
During polishing, the polishing slurry is dropped on the polishing pad and spread 

on the whole pad through the combination of centrifugal effect and rubbing effect. 
The feed rate of slurry is about 2-3 drops per second and the angular rotating speed of 
polishing pad is set to 20 rpm. Since the rotating of the wafer is due to the friction 
driving of polishing pad, there is a slightly difference of angular rotating speed 
between wafer and polishing pad. However, since the wafer size is about 1.5 cm×1.5 
cm which is very small and the difference of angular rotating velocity is also small, 
the polishing can be treated as isotropic on the whole wafer. 

 
Atomic force microscopy reveals the roughness of the surface morphology for 

seed layer samples. Here a 25 μm ×25 μm scan size is used for AFM measurement 
since this scan size can give a global surface morphology and topography view of InP 
seed layer. Fig. 3.6 (a) and (b) show surface morphologies of InP seed layer before 
and after polishing, respectively. Before polishing, the RMS roughness (Rq) for 25 
μm ×25 μm scans is 41.2 nm and reduces to 13.9 nm after 
polishing.

 

um  um 

(b) (a) 

Fig. 3.6: AFM images showing surface morphology of InP seed layer (a) before 
polishing (b) after 1 min of polishing with ChemloxTM slurry 
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Fig. 3.7: AFM images showing cross-sectional topography profile of InP seed layer (a) 

before polishing (b) after 1min polishing with ChemloxTM slurry 
 

Fig. 3.7(a) shows the cross-sectional topography profile of InP seed layer 
samples and the step height is seen to be more than 200 nm. After 1 min of polishing, 
sans the particle adhesion effect, the step height dropped from 200 nm to less than 10 
nm, which is acceptable for the desired degree of planarization.  

 
Comparing both the roughness and planarization results, one can see that after 

one minute chemical mechanical polishing, the roughness and step height decrease. 
However, there is particle adhesion on the surface after polishing, and the abrasive 
particles induce some deep scratches (see the dashed ellipse in Fig. 3.7) during the 
polishing process. The material removal rate is nearly 1 μm per second. The 
aluminum oxide abrasive particles can give a very high material removal rate and 
efficient planarization, but some new problems arise, such as particle adhesion and 

(a)

um 

um 

um 

um 

(b)



 

scratches. 
 

3.5 Chemical Mechanical Polishing of Seed Layer with 

Sodium Hypochlorite and Citric Acid-Based Slurry 
 

The liquid phase of ChemloxTM slurry comprises of dilute sodium hypochlorite 
solution. During the CMP process, sodium hypochlorite works as an oxidizing agent, 
leading to oxidation and subsequent removal of indium phosphide from the surface of 
the sample [4]. Y. Morisawa et al. have shown that using sodium hypochlorite and 
citric acid lead to a smooth and damage free surface [5]. 

 
For the preparation of the polishing slurry, dilute sodium hypochlorite solution 

and citric acid solution were prepared separately prior to mixing. The concentrations 
of sodium hypochlorite solution and citric acid solution were 10% and 50% by weight, 
respectively.  Sodium hypochlorite and citric acid solutions were mixed in a ratio 4:1 
for making the polishing slurry. The sodium hypochlorite solution was added slowly 
to the citric acid solution to obtain the slurry. After mixing, the pH value of the mixed 
solution was measured using a pH paper and the value was found to be about 7. On 
standing, a pale yellow coloration of the solution was observed, possibly due to 
reactions with air. The coloration may indicate deterioration of the slurry. In order to 
avoid undesirable inconsistencies, the slurry was prepared fresh before starting the 
polishing process. As this is an abrasive-free slurry, minimal or no mechanical 
damage to the samples is expected, unlike in case of ChemloxTM.   

 
Before polishing, the sample was prepared and fixed on glass substrate as 

mentioned in the previous section. 
 
During the polishing process, the slurry feed rate was maintained at 2-3 drops per 

second and the angular rotating speed of the polishing pad was 20 rpm, as was the 
case with ChemloxTM slurry. Based on the discussion in the previous section, the 
polishing still can be treated as isotropic on the whole wafer, and the step height 
reduction and roughness are two main parameters that need to be investigated.  

 
Fig. 3.8(a) shows the surface morphology of the seed layer prior to polishing and 

it has a roughness value of 40.1 nm for 25 μm ×25 μm scans. Figure 3.8(b), (c), (d) 
and (e) show the polishing results after subsequent polishing runs, in steps of 40 
minutes; the corresponding roughness results are shown in Table 3.1.  
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 (e) 
 
Fig. 3.8: AFM results showing cross-sectional topography profiles and 3D images of 

InP seed layer (a) before polishing, and after (b) 40 min (c) 80 min (d) 120 min and (e) 
160 min of polishing with sodium hypochlorite and citric acid-based slurry 

35 
 



 

Table 3.1 the roughness, step height, and polishing rate for 4 times of 
non-abrasive CMP for seed layer 

 

Scanning 

Scale 

Roughness 

Total 
polishing 

time (min) 

5*5 
(μm2) 

10*10 
(μm2) 

25*25 
(μm2) 

Step Height 
25 μm×25 μm 

Scan Size 

Material 
removal

(μm) 

Before CMP — Not suitable for initial 
roughness 40.666 nm 233 nm 0.35 

1st 40 0.772 nm 3.129 nm 15.499 nm 88 nm 0.35 

2nd 80 0.467 nm 1.042 nm 4.289 nm  22 nm 0.35 

3rd 120 0.182 nm 0.505 nm 2.480 nm  15 nm 0.35 

4th 160 0.163 nm 0.288 nm 0.805 nm  2 nm 0.35 

 
Fig. 3.8 also shows the cross-sectional topography profiles after seed layer 

polishing. One can see from Table 3.1, that the step height decreases with increasing 
polishing time. After 200 min polishing, the step height is reduced to less than 2 nm 
for 25 μm ×25 μm scan size. Compared to the ChemloxTM slurry, however, the 
efficiency of planarization is much lower for sodium hypochlorite and citric acid 
based slurry. 
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Fig. 3.9: Variation of roughness and step height with respect to polish time 

 



 

 
Table 3.1 shows that the roughness of the surface decreases with increasing 

polishing time. The variation of roughness, with respect to polishing time, for 25 μm 
×25 μm scans is shown in Fig. 3.9. Using curve fitting, a corresponding exponential 
trend line is also shown in the same graph, which indicates that the roughness 
decreased exponentially with polishing time. This trend of roughness reduction may 
be is due to the fact that effective contact area between the wafer and the cloth 
increases, and the pressure will be redistributed on the larger effective surface in the 
polishing process. 

The step height with respect to polishing time is also plotted in Fig. 3.9. The step 
height decreases with increasing polishing time and fits an exponential curve. This 
trend confirms the model proposed by Chen and Lee [6] as stated in Chapter 2, which 
suggests that the step height reduces exponentially with increasing polishing time. 
According to this model, the pressure difference between the top hill and bottom 
valley is proportional to the step height and higher areas experiences higher pressure. 
Based on these assumptions, the higher area will have a higher removal rate and the 
pressure will be redistributed during the polishing; as a consequence, the step height 
will decrease exponentially with respect to the total polishing time. However, due to 
the limitation of the laboratory instruments, a more accurate and quantitative analysis 
can be realized in the future work.  

An important consequence of polishing with abrasive-free slurry is reduction in 
scratch damage to the surface. Particle adhesion is also prevented by the abrasive-free 
slurry. By optimizing the duration of polishing, a desired surface morphology without 
any mechanical damage can be achieved. The sodium hypochlorite and citric acid 
slurry was found to be suitable for cases, where the amount of material to be removed 
is low and a high removal rate is neither critical nor necessary. 
 

3.6 Comparison of Slurry Effects on the Seed Layer 

Polishing 
 

Table 3.2 outlines the results of polishing with the two slurries, namely, 
ChemloxTM slurry (named Slurry A) and NaOCl/citric acid based slurry (named Slurry 
B). 
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Table 3.2 Comparison of two kinds of slurries 
 

 Slurry A  Slurry B  

Minimum Achievable Roughness  
(25*25 μm2 scanning scale)  

3.5 nm  0.8 nm  

Step Height 
(25*25 μm2 scanning scale) 

<10 nm <2 nm 

Scratches  deep  shallow  

Particles adhesion  ~ 4×108 
particles/cm2 

~ 2×106 
particles/cm2 

Removal rate  ~ 1 μm/min  ~ 9 nm/min  

 
According to Table 3.2, the surface roughness values achieved using ChemloxTM 

are higher than NaOCl/citric acid based slurry. This may be due to particle adhesion 
and scratches that are induced during the polishing process. The mechanical damage 
is also higher for ChemloxTM than NaOCl/citric acid based slurry. The main 
advantages of using ChemloxTM are high material removal rate and high efficiency for 
planarization. Based on the analysis of these results, it is concluded that the 
ChemloxTM slurry can be used for coarse polishing to get a desired surface, followed 
by fine polishing using NaOCl/citric acid in order to remove the particle adhesion and 
scratches. A combined polishing process using these two slurries will be described in 
the following section. 
 

3.7 Optimized Chemical Mechanical Polishing of Seed Layer 
 

Based on the comparison of the two slurries, it was seen that ChemloxTM can give 
a much higher efficiency of planarization and removal rate. However, particle 
adhesion and scratches are also induced on the wafer surface due to the aluminum 
oxide abrasive particles. The removal rate and planarization efficiency for sodium 
hypochlorite and citric acid based slurry is much lower compared to ChemloxTM. 
However, it offers a big advantage over ChemloxTM, which is a damage-free surface 
during CMP. Hence, a combined use of the two slurries for a two-step polishing 
process is likely to exploit the advantages of both methods. 

 
The results obtained using combinations of the two slurries are presented in this 

section. 
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In the two-step polishing process, the InP/Si template is glued on the glass 
substrate sample as in previous case. First step is coarse polishing which ChemloxTM 
used to achieve desired planarization of InP/Si template. Then sodium hypochlorite 
and citric acid-based slurry is used to eliminate particle adhesion and mechanical 
damage on sample surface in the second step as fine polishing procedure. 

 
Figure 3.10(a) shows the results of coarse polishing using ChemloxTM slurry. The 

roughness is 19.4 nm for 25 μm ×25 μm scans, the particles adhesion still appears on 
the surface and the topography planarization is achieved very quickly after 1 min 
coarse polishing.  

 
As mentioned in Chapter 2, the diluted ammonia water can be used for post-CMP 

cleaning to eliminate particle adhesion on wafer surface since it can keep the repulsive 
interaction between particle and wafer. Nevertheless, for aluminum alloy and 
compound, these materials can easily start reaction with ammonia water and form 
precipitate such as aluminum hydroxide, which makes it harder for post-CMP 
cleaning. In such cases, the fine polishing with sodium hypochlorite and citric 
acid-based slurry is a promising solution for removing the particle adhesion and 
mechanical damages on the wafer surface. 

 
After the second fine polishing with hypochlorite and citric acid-based slurry for 

40 minutes, the roughness dropped to 1.30 nm for the same scans scale. One can see 
from Figure 3.10(b) that after 40 min of fine polishing, most of the particles adhesion 
on the wafer is eliminated, and the depth of scratches is reduced at the same time. 
These results confirmed that the main procedure of coarse polishing and fine 
polishing works fine with indium phosphide seed layer. 
 

um um 

(b) (a) 
 

Fig. 3.10: AFM images showing AFM surface morphology of (a) InP seed layer after 
1min coarse polishing with ChemloxTM slurry (b) InP seed layer after 40 min fine 

polishing with NaOCl/citric acid-based slurry 
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3.8 Epitaxial Lateral Overgrowth on InP Seed layer 
 

In this section, epitaxial lateral overgrowth of InP is described, with the polished 
InP/Si described in the previous sections used as a seed layer. After polishing 
procedure is done, a silicon dioxide buffer layer was deposited on the seed layer using 
PECVD. Due to selective area growth, the ELOG of InP occurred only in the two 
openings in the SiO2 mask, defined by e-beam lithography. When the thickness of the 
growing ELOG layer exceeds the height of the SiO2 mask, InP begins to grow 
laterally over the mask. A successful ELOG growth requires a higher lateral growth 
rate compared to the vertical growth rate. Consequently, the laterally grown layers 
from the two openings coalesce and form a uniform ELOG layer. 

 
Fig. 3.11 shows cathodoluminescence (CL) and panchromatic CL mapping 

images of the ELOG InP layers grown without CMP of seed layer. Only spin-on-glass 
(SOG) has been used for planarization of silicon dioxide waveguide cladding layer.  
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(a) (b) 

 
(c) (d) 

 
Fig. 3.11: (a) CL mapping image and (b) panchromatic CL image of ELOG InP layer 
grown via openings from InP seed layer (30°off [110] with a constant width 400 nm 

and separation 1μm) with V/III ratio of 10 at a temperature of 609 ℃ (c) CL 
mapping image and (d) panchromatic CL image of ELOG InP layer grown via 
openings from InP seed layer (60°off [110] with a constant width 800 nm and 

separation 1 μm) with V/III ratio of 10 at a temperature of 609 ℃ 
 

It is seen from the CL mapping image shown in Fig. 3.11 (a) that the 
non-coalesced ELOG layer has an uneven top surface. This is likely to be due to the 
uneven surface of InP seed layer, e.g. the step-like discontinuity on the surface (the 
dashed ellipse in Fig. 3.11 (a)). The corresponding panchromatic CL measurement 
result is shown in Fig. 3.11 (b). This confirms that the surface undulation on the InP 
seed layer can lead to an uneven surface of ELOG layer. 

 
Fig. 3.11 (c) shows the CL mapping image of a partly coalesced ELOG InP layer. 

The image shows that the surface of the coalescence region is uneven and that 
coalescence takes place only in certain regions along the openings. The panchromatic 
CL image shows the distribution of defects and dislocations along the same ELOG 
pattern. The dark line indicates a high concentration of defects in the coalescence area 
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and along the openings (dashed ellipses in Figure 3.11(d)). The line shape defects are 
likely to result from multiple points of coalescence arising from height difference in 
the InP seed layer.  

 
The SEM and CL results highlight the importance of a planarized and polished 

seed layer for ELOG of stacking fault free InP subsequently. 
 
Figure 3.12 shows a CL mapping and panchromatic CL measurement results of 

ELOG growth patterns with CMP of silicon dioxide cladding layer instead of CMP of 
seed layer.  
 

(a) (b) 

(c) (d) 

 
Fig. 3.12: (a) CL mapping image and (b) panchromatic CL image of ELOG InP layer 
grown via openings from InP seed layer (30° off [110] with a constant width 200 nm 

and separation 1 μm) with V/III ratio of 10 at a temperature of 593°C (c) CL mapping 
image and (d) panchromatic CL image of ELOG InP layer grown via openings from 
InP seed layer (60°off [110] with a constant width 200 nm and separation 1 μm) with 

V/III ratio of 10 at a temperature of 593°C 
 

Figure 3.12 (a) and (b) highlight the necessity of planarization of InP seed layer 
since the ELOG InP layer is seen to mirror the surface unevenness from the InP seed 
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layer. As a result of this unevenness, the ELOG layers grown from adjacent openings 
have different heights and this may induce planar defects such as stacking faults in the 
coalescence regions. 

 
Figure 3.12 (c) gives information about the coalescence regions in samples with 

CMP of silicon dioxide instead of InP seed layer. One can see that the coalescence 
region is more uniform and flatter than in Fig. 3.12 (a) where SOG is used for 
planarization. However, there is still a line shape defect distribution along the opening 
(see the dashed ellipses in Figure 3.12(d)), which means the CMP of silicon dioxide 
cladding layer is not sufficient to eliminate stacking faults and uneven upper surface, 
making planarization and polishing of InP seed layer indispensable. 

 
Without InP seed layer polishing, the silicon dioxide cladding layer is likely to 

inherit the surface unevenness from the seed layer. Therefore, CMP is used to achieve 
planarization of this layer and see its effect on the growth. 

 
Figure 3.13 shows the CL mapping and panchromatic results of ELOG InP layer 

with both CMP of InP seed layer and silicon dioxide waveguide cladding layer. 
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  (a) (b)

Fig. 3.13: (a) CL mapping image and (b) panchromatic CL image of ELOG InP 
ELOG layer grown from parallel stripe openings (width 300 nm and center separation 

300 nm) etched in ~700 nm thick SiO2 on InP seed on Si 
 

As Figure 3.13 shows, there are no visible defects exist in the left ELOG pattern 
with width 300 nm and separation 300 nm.  

These results confirmed the positive effect of CMP for reducing the defects 
density in coalescence region. In addition to this, AFM is used to obtain the surface 
morphology in coalescence area. 

 
A cross-section profile of ELOG InP layer structure and the corresponding upper 

surface morphology of coalescence region with CMP of silicon dioxide cladding layer 
instead of CMP of seed layer are shown in Figure 3.14 (a), the cross section profile 

 



 

shows that the surface morphology of coalescence area is very uneven. A 
cross-section profile of ELOG InP layer structure and the corresponding upper surface 
morphology of coalescence region with polished both InP seed layer and SiO2 mask 
are shown in Figure 3.14 (b). The top surface roughness of ELOG layer is about 1.5 
nm for 1.5 μm ×1.5 μm scan size, which shows a very smooth surface in 
coalescence area. These results exhibit the beneficial effects of CMP in terms of 
surface morphology. 
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Fig. 3.14: AFM images showing (a) Cross-section profile of ELOG InP layer with 
CMP of silicon dioxide cladding layer instead of CMP of seed layer grown from 
parallel stripe openings (30°off [110] with a constant width 300 nm and center 

separation 300 nm) (b) Cross-section profile of ELOG InP layer with polished InP 
seed and SiO2 mask layer grown from parallel stripe openings (30°off [110] with a 

constant width 300 nm and center separation 300 nm) 
 

3.9 Discussion  
In this chapter, two types of polishing slurries, namely ChemloxTM slurry and 
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sodium hypochlorite-based slurry are studied, corresponding to coarse and fine 
polishing, respectively. 

 
ChemloxTM slurry contains aluminum oxide particles as an abrasive and some 

scratches are induced during the polishing process. The main reason for this 
phenomenon is the hardness of aluminum oxide which is much higher than that of 
indium phosphide [1]. The Knoop microhardness for aluminum oxide is 2300 
kg/mm2, which is almost five time that of InP (460 kg/mm2). This difference can 
explain the high material remove rate during planarization.  

 
Based on experimental results, it was concluded that a time-saving coarse 

polishing can be achieved using ChemloxTM slurry and the abrasive-free fine 
polishing slurry can remove most of the mechanical damages on the surface. When 
combined, these two slurries can yield a planar and smooth seed layer surface, which 
is acceptable for reduction of layer mismatch of ELOG InP layers from adjacent 
openings.  

 
The relative panchromatic CL and AFM measurement results of ELOG InP layer 

structure in previous section confirmed the necessity of CMP for InP seed layer. The 
CMP not only has an effect on eliminating the stacking faults but also can achieve a 
flat upper surface in the coalescence regions.  

 
As a conclusion, it has been demonstrated that CMP can be an efficient means to 

achieving a dislocation-free ELOG layer which is suitable for hybrid silicon-based 
laser for active devices on silicon. 
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Chapter 4  

Surface Optimization for Silicon Dioxide 

Waveguide Cladding Layer 

4.1 The Purpose of Silicon Dioxide Polishing  
 

  
 
 
 
 
 
 
 
 

Fig. 4.1: Cross-Section profile of silicon dioxide waveguide cladding layer 
 
Figure 4.1 shows a cross-section view of a silicon dioxide waveguide cladding 

layer. The silicon dioxide waveguide cladding layer, which is deposit by PECVD may 
have a very rough surface. In order to eliminate the stacking faults in coalescence 
regions of ELOG InP layer and achieve its desired interaction with optical modes in 
silicon waveguide, the surface of silicon dioxide waveguide cladding layer needs to be 
planarized. The experimental results that achieve such planarization are detailed in the 
following sections. 
 

4.2 Preparation of Silicon Dioxide Cladding Layer 
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The silicon dioxide cladding layer is deposited using plasma enhanced CVD 
(PECVD). As described in previous chapters, the PECVD process comprises of mixed 
precursor gas being injected into the chamber from the shower head. The typical 
values of pressure varied between a few millitorr to a few hundreds of millitorr. The 
temperatures of top and bottom electrodes were maintained at 300°C and 250°C 
respectively. The RF power is capacitatively coupled into the gas while the matched 
units are adjusted automatically to the chamber load (applied power). Due to the 
ineffective energy change between electrons and neutral gas, the electrons will be kept 
at a high temperature and the neutral gas hold on the ambient temperature. The 

 



 

energetic electrons will dissociate the molecules of precursor at high temperature and 
generate lots of free radicals. Then these radicals will react with each other on the 
wafer surface though diffusion and create chemical bonds, as a consequence, the 
resultant thin film will be deposit on the wafer surface. 

 
The ratio of various precursors, the pressure in the chamber and the RF power 

coupled to the chamber are some critical parameters that affect the resultant film. The 
optimized parameters which are used for silicon dioxide deposition are listed in table 
4.1. 
 

Table 4.1 Recipe for silicon dioxide deposition 
 

parameters SiO2 
SiH4 flow rate 20 sccm 
N2O flow rate 2000 sccm 
Pressure 300 mT 
RF power on showerhead 800 W@380 kHz 
Showerhead temperature 300°C 
Platen temperature 250°C 
Deposition rate 330 nm/minute 

 

4.3 Chemical Mechanical Polishing of Silicon Dioxide 

Waveguide Cladding Layer 
 

For silicon dioxide polishing, the Phoenix Alpha dual platens and Vector Power 
Head were used together. According to the kinematic analysis mentioned in Chapter 2, 
the equi-directional mode of wafer and plate was used for polishing. The rotating 
speed for the plate had two values, 180 and 360 rpm; the rotating speed for head was 
60 rpm. According to the kinematics of the polishing process, if the angular rotating 
speeds of the plate and wafer are not equal, there will be a non-uniformity in material 
removal on the wafer surface. Due to a difference in rotating speeds of the plate and 
the wafer, which is the limitation of polishing equipment, non-uniformity was 
observed in this case. Table 4.2 gives the optimized parameters for the CMP process, 
with respect to both the polisher and the polishing slurry. 
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Table 4.2 Recipe for silicon dioxide waveguide cladding layer polishing 
 

Polishing slurry Non-crystallizing colloidal 
silica polishing suspension 

Abrasive particles Silica 
pH of slurry 10.5 
Slurry feed rate 15 ml/min 
Pressure 5 N 
Rotating speed of platen 180 rpm 
Rotating speed of head (wafer) 60 rpm 
Rotating direction mode Same direction 

 

4.3.1 Roughness and Polish Rate 
 

Two types of polishing pads were used for polishing in the CMP process in the 
present work. One is Chemomet®, a soft synthetic pad with micro-nap; the other is 
Texmet®, a soft non-woven pad for surface finish. The recommended micro size for 
Texmet® was 20 nm – 9 μm, which was suitable for polishing; the micro size of 
Chemomet® was 20 nm – 1 μm, which was used for fine step to remove most of the 
adhered particles on the surface and getting a desired surface finish. 

 
Before polishing, the sample needed to be prepared for the process. The sample 

holder and polymer-wax were heated at 180 ℃ for about 10-15 min prior to sample 
mounting. After the wax melted, the sample was put on the holder and a cleaning 
swab was used to level it. It took about 15 min for the sample and the holder to cool 
down to room temperature and be ready for polishing.  

 
The following results are based on the optimized post-CMP cleaning procedure, 

which will be discussed in next section. After polishing and post-CMP cleaning 
procedure, this polymer-wax can be removed by ultrasonic cleaning with acetone and 
isopropanol for about 10 min and 5 min respectively. 

 
Fig. 4.2 (a) show the top view and 3D AFM images of silicon dioxide sample 

prior to polishing. The roughness was measured to be 3.5 nm for 10 μm ×10 μm 
scans. After 1 min polishing using the Chemomet® pad, the roughness reduced to 
0.259 nm. The top view and 3D AFM images of the polished surface are shown in 
Figure 4.2 (b). After 1 min of polishing with the Texmet® pad, the roughness is 0.42 
nm. The top view and 3D AFM images after polishing with Texmet® pad are shown in 
Figure 4.2 (c). A RMS roughness (Rq) value below 0.5 nm is acceptable for ELOG 
growth. On comparing the quality of the surface polished using two different pads, 
Chemomet® pad was found to be more suitable for achieving a silicon dioxide 
waveguide cladding layer with a smooth surface.  
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Fig. 4.2: AFM images showing (a) initial surface morphology and 3D image of silicon 

dioxide layer (b) Surface morphology and 3D image after 1 min CMP with 
Chemomet® pad (c) Surface morphology and 3D image after 1 min CMP with 

Texmet® pad 

 



 

Figure 4.3 shows the relationship between the roughness and thickness of the 
silicon oxide with respect to the polishing time. One can see that after the first 
polishing, the roughness is below 0.5 nm did not reduce considerably with polishing 
for longer durations. This confirmed that polishing can give a consistent roughness. 
The variation in thickness of silicon dioxide layer seems to have an exponential 
relationship with the polishing time.  
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Fig. 4.3: Roughness (nm) and thickness (nm) of silicon dioxide layer with respect to 
the polishing time 

 

 
Fig. 4.4: Roughness (nm) and polish rate (nm/min) change with respect to the 

removed material of silicon dioxide layer 
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Fig. 4.4 shows the relationship between the roughness and polish rate with 
respect to the accumulated removed thickness of the layer. The exponential 
relationship may be due to the effective contact area increase with increasing 
planarization of the layer. The change of effective contact area will redistribute the 
pressure of the wafer and hence, lower the polishing rate. 
 

4.2.2 Planarization and Step Height Reduction 
 

Step height reduction is another problem related to planarization that needs to be 
addresses. The step height is illustrated in Fig. 4.1. Fig. 4.5 shows a 3D image of the 
surface topography of silicon dioxide waveguide cladding layer. 
 

um 

um 

 
Fig. 4.5: 3D AFM image of surface morphology of groove shape on silicon dioxide 

layer 
 

As mentioned earlier in the chapter, a comparison of the two polishing cloths led 
to the conclusion that the Texmet® can be used to get a planar surface in intermediate 
step and the Chemomet® pad can used for fine polishing.  

 
In order to monitor the step height reduction with polishing, the height was 

measured every 2 min during polishing. Table 4.3 shows the step height change with 
the polishing time. 
 

Table 4.3 step height with respect to the polishing time 
 

Polishing time (s) Step height (nm) 
0 300 
60 120 
120 45 
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After polishing, it seems the step height had a limitation of about 40 nm as the 
lowest step height. Based on the kinematics model of relative velocity, the angular 
rotating velocity for both the wafer and the cloth should be the same, however, due to 
the limitation of the equipment, the angular rotating speeds of the wafer and the 
polishing cloth are 60 rpm and 180 rpm, respectively. This may cause an anisotropic 
polishing of the wafer surface and lead to the limitation of step height. An attempt at 
improving the planarization of silicon dioxide waveguide cladding layer was made, as 
outlined in the following sections.  
 

Table 4.4 Step height and roughness with respect to the polishing time 
 

Polish 
time(s) 

Step Height(nm) 12 μm 
width waveguide 

Step Height (nm) 500 nm 
width waveguide 

RMS 
Roughness(nm)

0 292 302 2.21 
60 99 73 0.259 
110 47 65 0.242 
140 42 40 0.331 

 
Table 4.4 shows that step height and roughness decrease with polishing time, 

when Chemomet® pad is used for polishing. There are two kinds of waveguide on the 
wafer with widths 12 μm and 500 nm respectively. Curves corresponding to the 
reduction in step height and roughness with respect to polishing time are given in Fig. 
4.6. One can see that the step height and roughness decrease exponentially with 
respect to the polishing time for both types of waveguides. As previously discussed, 
the seemingly exponential relationship may be due to an increase of the effective 
contact area and a pressure redistribution during polishing process. Cross-section 
topography profiles from AFM measurements of the silicon dioxide buffer layer with 
different waveguide structures (12 μm and 500 nm width) are shown in Fig. 4.7 and 
Fig. 4.8 respectively. 
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Fig. 4.6: Step height and roughness reduction with the increase of polishing time 
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Fig. 4.7: AFM images showing the cross-section topography profile of silicon dioxide 
waveguide cladding layer with 12 μm width waveguide structure (a) before CMP and 

after (b) 60 s (c) 110 s and (d) 140 s polishing 
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Fig. 4.8 AFM images showing the cross-section topography profile of silicon dioxide 

waveguide cladding layer with 500 nm width waveguide structure (a) before CMP 
and after (b) 60 s (c) 110 s and (d) 140 s polishing 



 

4.4 Post-CMP Cleaning for Silicon Dioxide Waveguide 

Cladding layer 
 

The abrasive particles in the polishing suspension are colloidal silicon and the 
particle size is about 20 nm. In order to avoid particle adhesion on the wafer,  
post-CMP cleaning is a very critical procedure. Different kinds of post-CMP cleaning 
recipes were investigated and are reported in this section. 

 
As mentioned in Chapter 2, slurry hardening can take place on the wafer surface, 

if the wafer is not kept moist. In addition, water droplets can leave marks on the 
surface, caused by oxygen bridge bonding. In order to avoid these phenomena 
marring the surface smoothness, the wafer was kept in a moist environment during the 
whole cleaning process. Three different surface cleaning procedures were thus 
investigated: 

 
A first cleaning trial was made with a 10 % Suma Light D1.2 dishwashing liquid 

solution. The second procedure used dilute ammonia solution. Based on the DLVO 
theory, as discussed in Chapter 2, an alkaline environment can provide a negative 
z-potential for most of the materials if pH >10. Such a high pH value creates a 
repulsion force between the wafer and the particles and leads to desorption of particles 
from the wafer. In order to achieve this desorption effect, a 1 % ammonia solution was 
used to provide an alkaline environment.  

 
The third procedure is aimed at getting rid of metal ions, present as a result of 

surface contamination. To remove the metal ions, cleaning with dilute hydrofluoric 
acid was studied. A 1 % hydrofluoric acid solution was used to etch away the surface 
layer of silicon dioxide to remove contaminations such as metal ions and surface 
damage of silicon dioxide.  

 
Table 4.5 outlines the steps involved in the three different cleaning recipes. Fig. 

4.9 (a), (b) and (c) show the corresponding AFM images of surface morphology after 
cleaning using the aforementioned cleaning recipes. For all the samples, the pressure 
used was 5 N and the polishing time was 1 min; the plate rotating speed was 180 rpm 
in the same direction as the wafer rotation; and the slurry feed rate was about 15 ml 
per minute. 
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Table 4.5 cleaning recipe for silicon dioxide layer 
 

 Recipe 1 Recipe 2 Recipe 3 
Step 1 5 min ultrasonic bath in 

diluted 0.1% ammonia 
water 

5 min ultrasonic bath in 
diluted 10 % Suma Light 
D1.2 dishwashing liquid 
solution 

5 min ultrasonic bath in 
diluted 10 % Suma Light 
D1.2 dishwashing liquid 
solution 

Step 2 5 min ultrasonic bath in 
diluted 0.1% ammonia 
water 

5 min ultrasonic bath in 
diluted 0.1 % ammonia 
water 

Step 3 15 seconds immerge in 
diluted1 % hydrofluoric 
acid (HF) 

Step 4 5 min ultrasonic cleaning 
with DI water 

5 min ultrasonic cleaning 
with DI water 

5 min ultrasonic cleaning 
with DI water 

Step 5 10-15 min ultrasonic 
cleaning with acetone to 
remove the wax on the 
sample 

10-15 min ultrasonic 
cleaning with acetone to 
remove the wax on the 
sample 

10-15 min ultrasonic 
cleaning with acetone to 
remove the wax on the 
sample 

Step 6 5 min ultrasonic cleaning 
with isopropanol alcohol 

5 min ultrasonic cleaning 
with isopropanol alcohol 

5 min ultrasonic cleaning 
with isopropanol alcohol 
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Fig. 4.9: AFM images showing (a) Surface morphology of silicon dioxide with 
cleaning recipe 1(b) Surface morphology of silicon dioxide with cleaning recipe 2 (c) 

surface morphology of silicon dioxide with cleaning recipe 3 
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Table 4.6 Roughness and particle adhesion density with respect to different 
recipes 
 

 Recipe 1 Recipe 2 Recipe 3 

RMS 
roughness 

(Rq) 
0.446 nm 0.332 nm 0.268 nm 

Particle 
adhesion 

~ 6×107 particles/cm2 ~ 2×107 particles/cm2 < 106 particles/cm2

 
Table 4.6 shows roughness and particle adhesion density values corresponding to 

the three different cleaning recipes. On considering Fig. 4.9 (a) and (b) and Table 4.5, 
the particle adhesion density was found to be higher for recipes 1 and 2. This leads to 
the conclusion that recipes 1 and 2 work well for removal of large particles from the 
surface. The roughness values from the two recipes were well within the acceptable 
limit, i.e. below 0.5 nm. 

 
Recipe 3 has an additional HF etching step following ultrasonic cleaning with 

ammonia water. As is seen from Fig. 4.9 (c), the surface is nearly free of adhered 
particles and the roughness value is 0.268 nm for a 10 μm ×10 μm scan. The HF 
etch step seemed to help remove the adhered particles, leading to an overall 
improvement in the roughness values. For all recipes, the roughness was well below 
0.5 nm for 10 μm ×10 μm which is acceptable for ELOG layer growth.  
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Chapter 5  

Conclusions  

5.1 Chemical Mechanical Polishing of Indium Phosphide 
 

The coarse polishing slurry for indium phosphide was sodium hypochlorite based 
slurry with aluminum oxide particles as abrasive particles. The concentration of 
sodium hypochlorite and aluminum oxide was 7-8 % and 8-10 %, separately. The pH 
value was about 11.4. After 1 minute polishing, planarization was achieved with step 
height reduction from more than 200 nm to less than 10 nm. It was seen that this 
slurry yields the desired planarization in an efficient manner, but induces scratches on 
the surface. Also, particle adhesion remained another problem to be solved. The 
scratches on the surface arise from the hardness of aluminum oxide, which is much 
higher than that of indium phosphide. Therefore, the sodium hypochlorite based slurry 
with aluminum oxide abrasive particles can be used only for coarse polishing. One 
minute of coarse polishing was found to be sufficient for desirable planarization. The 
mechanical damage to the surface and adhered particles can be removed with an 
additional step of fine polishing.  

 
The sodium hypochlorite and citric acid-based slurry was found to be a suitable 

choice for fine polishing for removal of mechanical damage as well as adhered 
particles on the surface of the wafer. The concentrations of sodium hypochlorite and 
citric acid solutions were 10 % and 50 % respectively and the solutions were mixed in 
a ratio of 4:1 to give the final slurry. After mixing, the pH value of the slurry was 
about 7. The slurry was abrasive-free and capable of removing majority of scratches 
and adhered particles during the polishing process. After coarse polishing for one 
minute and fine polishing for 40 minutes, the roughness could be reduced to 0.8 nm 
for scans 25 um×25 um; a value acceptable for ELOG layer growth.  
 

5.2 Chemical Mechanical Polishing of Silicon Dioxide 

Waveguide Cladding Layer 
 

Non-crystalline colloidal silica suspension was used for silicon dioxide 
waveguide cladding layer polishing. After 1 min polishing with Chemomet® pad, the 
roughness decreased from 3.5 nm to 0.259 nm, which is acceptable for layer 
deposition. But the step height reduction seems to have a limitation of 40 nm. The 
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new slurry, polishing cloth and polishing equipment will be used in future study to 
improve the planarization results. 

 
The post-CMP cleaning was observed to be another important step for silicon 

dioxide polishing. The 10 % Suma Light D1.2 dishwashing liquid solution with 5 min 
ultrasonic cleaning was found to be effective for removal of the adherent particles 
effectively as an empirical cleaning step. 1 % ammonia solution with 5 min ultrasonic 
cleaning was effective in removing the particles more efficiently and an additional 
step of etching with 1 % hydrofluoric acid could achieve a desired particle-free 
surface without any mechanical damage. After a cleaning step with 1 % hydrofluoric 
acid, the particle adhesion density on the wafer was lower than 106 particles/cm2. 
Thus an optimal post-CMP cleaning recipe was determined to be a combination of 
10 % Suma Light D1.2 dishwashing liquid solution, ultrasonic cleaning in 1 % 
ammonia solution and etch step with 1 % HF solution. The wax used for fixing the 
wafer could easily be removed by acetone and isopropanol. The cleaning procedure 
with ammonia water was found to be unsuitable for cleaning indium phosphide since 
the aluminum oxide particles convert to aluminum hydroxide deposit in an alkaline 
environment. This deposit poses a problem of difficulty of removal post-polishing. 
Thus, the abrasive-free fine polishing process was used for removal of particles and 
scratches instead. 
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Chapter 6  

Future Work  

This thesis work is far from conclusive and there are still many areas that need 
further investigation and understanding. 

 
In order to completely eliminate scratches from the InP seed layer by fine 

polishing with sodium hypochlorite and citric acid-based slurry, a longer polishing 
time and different pressure remain open for study in the future. 

 
The planarization of the silicon dioxide waveguide cladding layer can be 

improved with a new polishing equipment and slurry. With the new sets of 
experiments, accurate polishing rates according to different kind of polishing 
equipment can also be investigated. 

 
Due to the multiple mechanisms involved, namely chemical reaction and rubbing 

effect, a multitude of parameters can affect the outcome of polishing, such as pressure, 
rotating speed, location of slurry drop, the friction coefficient of the cloth, abrasive 
particle density and slurry density, pH value and abrasive particle size, etc. The 
influence of these parameters on polishing needs to be explored in greater detail. 

 
According to the material, which needs to be polished, the polishing slurry needs 

to be chosen carefully, based on various chemical reactions during the chemical 
process. Sodium hypochlorite and citric acid-based slurry is very promising to achieve 
planarization and smooth surface not only for indium phosphide, but also for other 
III-V group semiconductor materials, such as GaAs, GaN, etc. Based on the 
experiments reported here, more studies need to be carried out on the other III-V 
group semiconductor materials. 

 
Modeling of chemical mechanical polishing of different materials and different 

patterns is yet another attractive field. The more accurate relation with different 
parameters of the polishing process can be investigated through simulation according 
to different models and verified through experiments. 
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Appendix A: Equipment 

 

Figure A-1 
 

 

Figure A-2  
 
Figure A-1 Logitech LP 50 Precision Lapping & Polishing Machine 
Figure A-2 Buehler Phoenix Alpha dual platens and Vector Power Head Polishing 
Machine 
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Appendix B: List of abbreviations 

AFM            Atomic Force Microscope 

CMOS           Complementary Metal Oxide Semiconductor 

CMP            Chemical Mechanical Polishing 

CVD            Chemical Vapor Deposition 

DRAM          Dynamic Random Access Memory 

DI Water         Deionized water 

DLVO Theory     Derjaguin–Landau–Verwey–Overbeek theory 

EBL             Electron Beam Lithography 

ELOG           Epitaxy Lateral Overgrowth 

HVPE           Hydride Vapor Phase Epitaxy 

LP-CVD         Low Pressure Chemical Vapor Deposition 

LP-HVPE        Low Pressure Hydride Vapor Phase Epitaxy 

MOVPE         Metalorganic Vapor Phase Epitaxy 

OPD            Optical Path Difference 

OPL             Optical Path Length 

PECVD          Plasma Enhanced Chemical Vapor Depostion 

PIC             Photonics Integrated Circuits 

PSM            Programmable Sample Monitor 

QW             Quantum Well 

SAG            Selective Area Growth 

SEM            Scanning Electron Microscope 

Si-based laser     Silicon-based laser 

SOG            Spin-on Glass 

SOI             Silicon-On-Isolator 

SP              Surface Plasma 

WF             Writing Field 
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