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Abstract 

 

 For the advanced CMOS image sensor fabrication, the strong proximity gettering silicon 

wafers are required to remove the metallic impurity contaminations during device 

fabrication process from device active region. 

 In this thesis, the characteristics of novel molecular ion implantation technology for 

proximity gettering technology are studied. 

 In the Chapter 2, the equipments which are used in this thesis are described. The basic 

mechanisms of ion implanter, secondary ion mass spectroscopy (SIMS), transmission 

electron measurement (TEM), and atom prove tomography are explained. Especially, 

molecular gas source is ionized by the electron impact for form the molecular ion beam 

in the ionization chamber of the ion implanter. 

 The detailed experiment for forming the novel molecular ion beam is described in the 

chapter 3. In this chapter, the formation of CH3O molecular ion beam is achieved. And 

also the basic characteristics of CH3O ion implantation to the silicon wafer is described. 

It is found that the depth of concentration peaks of implanted carbon and oxygen are 

formed in the same depth. This phenomenon is considered to be occurred by the 

difference of implantation energy due to the energy distribution according to the mass 

number of each atoms which consist with molecular ion. Furthermore, it is found that the 

ion implantation damage introduced by the CH3O ion implantation is higher than C2H3 

ion implantation which is conventional hydrocarbon molecular ion implantation. The 

increase of the ion implantation damage is considered to be caused by the oxygen as the 

additional atom in CH3O ion. 



 In the chapter 4, the basic characteristics of CH3O ion implanted silicon epitaxial wafer 

is described. The unique ion implantation defect which is determined as end of range 

(EOR) defect is observed in the CH3O ion implantation region after epitaxial growth. The 

shape of this EOR defect is determined to the {111} stacking faults by TEM and FFT 

analysis. This defect is considered to be formed by the increased damage in CH3O ion 

implantation. The formation behavior of EOR defects is also described. The ramping up 

rate of 15 oC/sec can increase the density of defect after 1100 oC. From the study of defect 

behavior on annealing temperature and time, the ramping up rate dependence on the 

density of defect after at 1100 oC for 300 sec annealing is caused by the temperature 

dependence of formation behavior of EOR defect and diffusion behavior of oxygen and 

carbon. 

 In the chapter 5, the effect of proximity gettering sinks introduced by the CH3O ion 

implantation on the gettering capability and CMOS image sensor performance are 

described. The increase of gettering capability on nickel is achieved using CH3O ion 

implantation. The increase of gettering capability is considered to be occurred by the EOR 

defect which function as gettering site. Furthermore, the decrease of the density of white 

spot defects is achieved using CH3O ion implanted silicon epitaxial wafers. This result 

suggests that proximity gettering technology using CH3O ion implantation can contribute 

to improve electrical performance of CMOS image sensors. 

 From these results, it can be summarized that proximity gettering technology using CH3O 

molecular ion implantation technology is effective in the fabrication of advanced CMOS 

image sensor. 
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Chapter. 1 

Introduction 

  

1.1 Back ground 

With the development of the information society and following performance 

improvement, solid-state imaging devices have been used for a variety of purposes. Today, 

high-quality images can be obtained by improving the performance of a solid-state 

imaging device mounted on a smartphone. These captured images can now be easily 

shared using social networking services (SNS), and such services are essential to daily 

life. 

In addition, the use of solid-state imaging devices is becoming more and more 

widespread in society; for example, the adoption of safety equipment for motor vehicles, 

the increase in surveillance cameras, and their application in medical devices for the 

purpose of safety improvements. For use in vehicles, solid-state image sensors require 

high-sensitivity performance to establish automatic driving technology. In traditional 

smartphones, one solid-state image sensor was mounted in one unit. However, in recent 

years, to obtain higher-quality images, more than four solid-state image sensors are 

mounted. In this way, solid-state imaging devices have become indispensable in modern 

society, and it is considered that demand will increase in the future together with higher 

performance. 

The solid-state imaging device was developed by Schuster et al. in 1966 [1]. Various 

types of solid-state image sensors have been developed from this invention, but two types 
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of image sensors are used currently: charge-coupled device (CCD) and complementary 

metal oxide semiconductor (CMOS). 

A schematic image of the CCD and CMOS image sensor systems is shown in Figure 

1.1. The CCD image sensor was invented by Boyel and Smith at Bell Laboratories in 

1969, and was reported in the following year [2]. The basic structure of a CCD image 

sensor is as follows [3]. The charge obtained by photoelectric conversion with a 

photodiode (PD) is stored in a metal oxide semiconductor (MOS) capacitor. The 

accumulated electric charge is detected by its transfer to a floating diffusion (FD) 

amplifier using two vertical and one horizontal CCDs. Because the CCD image sensor 

outputs the charges accumulated for all pixels simultaneously, it can reduce the distortion 

of the image when shooting an object moving at high speed. Furthermore, the number of 

FD amplifiers in a CCD is lower than that of a CMOS image sensor. For this reason, there 

was merit in the fact that the variation in an FD amplifier could be reduced, so that 

practical use and high image quality were promoted earlier than the CMOS image sensor.  

By contrast, the CMOS image sensor is faster than CCD, and the prototype is an image 

sensor using bipolar phototransistors reported by Schuster et al. in 1966 [1]. The CCD 

image sensor transfers the stored charge, as shown in the structural diagram in Figure 1.1. 

By contrast, in the case of the CMOS image sensor, there is an amplifying element for 

each pixel and the charge in the PD changes the signal voltage on the spot. After 

conversion, the signal voltage is transferred to the output circuit. Therefore, it has a 

feature that it is strong against noise during transfer because of the signal is amplified 

before the transfer. 
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(a) 

 

 

(b) 

 

 

Fig. 1.1. Schematic diagrams of the image sensor system (a) CCD, (b) CMOS 
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In addition, because CMOS image sensors are manufactured in a general 

semiconductor manufacturing process, it is possible to form a system-on-chip that can 

form various integrated circuits on the same substrate and add new functions [4-10]. 

There have been a few technical issues such as noise due to the variations in the amplifier 

circuit in each pixel [11, 12]. 

There are two types of electrical noise in CMOS image sensors: random noise, which 

lowers the sensitivity of the entire image sensor, and fixed pattern noise, which originates 

from a specific pixel where some cause occurred. In addition, there are two types of cases 

that occur in PDs and cases that occur in electric circuits. Thus, the electrical noises are 

roughly classified into four types. There is a random noise at the level of 1/f that is 

generated in the electric circuit in the solid-state imaging device [13-17]. It is known that 

this noise is mainly generated in the amplifier circuit. The transistor constituting the 

amplifier circuit has an insulating film and a Si crystal interface. At this interface, there 

exists an interface level due to the Si dangling bonds, and a shallow level is formed in the 

band gap of the Si crystal. This interface state easily generates charges by external energy 

such as thermal energy, which causes electrical noise. To reduce this noise, noise removal 

techniques such as using a correlated double sampling (CDS) circuit were developed [11, 

12]. 

One example of random noise generated in PDs is the dark current shot noise. This 

noise is generated due to the shallow-level state formed by interface states existing in PD 

similar to the 1/f noise. As a method for removing this noise, there is an embedded PD 

technology that forms a high-concentration B layer on the surface of the PD region [12, 

18, 19]. This technology forms an electrical potential barrier against electrons by forming 

a high-concentration B layer on the PD surface. This potential barrier enables us to 
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separate the generation and recombination of the electron and hole pairs generated in the 

PD surface layer and the PD, respectively, and contributes significantly to noise reduction 

in CMOS image sensors. 

Examples of fixed pattern noise in a PD are the “white spot defects” caused by metallic 

impurity contamination during device processing [20-22]. A schematic image of the PD 

is shown in Figure 1.2. In the PD, photoelectric conversion is performed by generation 

and separation of electrons and holes using energy obtained by absorbing incident light. 

The light intensity is determined by the density of electrons and holes generated at this 

time. Therefore, it is important to increase the sensitivity of the CMOS image sensor by 

converting the incident light energy into a pair of electrons and holes without waste and 

extracting this pair as an electrical signal. Here, it is known that metallic impurity 

elements form an energy level in a deep region in the band gap of an Si crystal. This deep 

energy level serves as a starting point for easily forming a pair of electrons and holes by 

external energy other than light, such as heat. Therefore, a phenomenon called “white 

spot defect” occurs in which a pair of electrons and holes is formed even when light is 

not incident due to contamination of a metallic impurity in the PD, and current is detected.  

In CMOS image sensors, it is known that the factor of the dark current is classified by 

three; surface generation current, diffusion current, and generation current [23]. The 

Surface generation current is caused in the surface of PD. The amount of current at a room 

temperature is known highest in the dark current. The surface current can be suppressed 

by making an inversion layer at the surface of the PD [23]. The diffusion current is caused 

by the diffusion of minority carrier from the bulk of silicon substrate to the PD. The 

amount of this current is the smallest in the dark current at a room temperature. The 

generation current is caused by deep energy levels formed by the metallic contaminations. 
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As shown in Fig. 1.3, the generation current is much higher than diffusion current at room 

temperature. If there is no generation current, it is expected that the dark current can be 

reduced to 1/10 at room temperature. Furthermore, the PD is known to be very sensitive 

to metallic impurity contamination, and there are reports that it is affected by very low 

concentrations of contamination of about 106 cm–2 [24].  

Therefore, removing metallic impurity contamination from a device formation region 

such as a PD in a CMOS image sensor is a serious technical issue for improving the 

performance and the device yield. 

In a device process, gettering is a technique for removing metallic impurity 

contamination from the device formation region [25, 26]. This is a technique for forming 

a gettering sink that functions as a metallic impurity capture site, outside the device 

formation region. Therefore, the development of a more effective gettering technology is 

required for advanced CMOS image sensors. 
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Fig. 1.2. Schematic diagram of the PD 

 

 

Fig. 1.3. Temperature dependence of dark current [23] 
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1.2 Overview of gettering technology and technical issues 

As mentioned in Section 1.1, there is an improvement in the technical problem of the 

gettering capability of Si wafers for solid-state imaging devices. Because the image 

pickup element is formed on the surface layer of the Si wafer, the surface layer of the 

wafer cannot be processed. Therefore, a gettering technique has been developed by 

processing the back surface or the bulk region of the Si wafer. A schematic image of each 

gettering technology is shown in Figure 1.4. 

The first gettering technology is extrinsic gettering (EG), which forms a gettering sink 

by processing the back side of the Si wafer [25-39]. This technology forms a gettering 

sink by forming a film such as polysilicon or by intentionally forming a damage layer 

using ion implantation or mechanical processing on the back surface. This technique has 

the advantage that a gettering sink can be formed without any special treatment during 

the device process. On the other hand, in EG, the formation region of the gettering sinks 

is far from the device formation region. Thus, in a recent heat treatment of a device 

becomes at a low temperature and for a short time, the metallic impurities did not diffuse 

to the gettering sink during the device process, and the EG did not function satisfactorily. 

To solve this issue, intrinsic gettering (IG) was developed as a method of forming a 

gettering sink closer to the device formation region. As the most general IG method, there 

is a technique for forming an oxygen precipitate that becomes a gettering sink inside a Si 

wafer [25, 26, 40-47]. This technology consists of precipitating oxygen eluted from the 

quartz crucibles used to form Si single crystals by heat treatment. Therefore, IG can 

impart a gettering sink without any special process except heat treatment, and the 

gettering sink can form closer to the device formation region than in EG. In recent device 

processes, the heat treatment temperature has been lowered and the time has been 
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shortened. Such processes achieved neither a high enough temperature nor a heat 

treatment that was long enough for precipitating dissolved O in Si crystals, and therefore 

they did not achieve sufficient gettering ability. 

To solve this problem, a technique of doping a trace amount of C or N that promotes O 

precipitation is also used [26, 48, 49]. However, IG is still required for the heat treatment 

to form the gettering sinks. 

Proximity gettering technology using ion implantation technology has been developed 

as a technology for forming a gettering sink closer to the device formation region without 

requiring a high temperature and a long heat treatment. 

  



10 

 

 

 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 1.4. Schematic diagram of each gettering technology: 

(a) EG, (b) IG, and (c) proximity gettering 
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1.3 Proximity gettering technology using ion implantation technology 

To form the gettering sinks near the device formation region, a gettering technology 

using high-energy ion implantation has been studied. Kuroi et al. studied proximity 

gettering technology using high-energy ion implantation with various monomer ions [50]. 

They reported that secondary defects formed in the ion implantation region after the 

recovery annealing function as gettering sinks. 

For CMOS image sensor manufacturing processes, an epitaxial wafer with high-energy 

ion implantation of C monomer ions are used [51-53]. These technologies can form a 

gettering sink closer to the device formation region at a lower temperature and in a shorter 

time than the O precipitation heat treatment in IG. Furthermore, the gettering sink can be 

formed uniformly. On the other hand, in case of high-energy ion implantation technology, 

the formed secondary defects may be extended by heat treatment during the device 

process, and may reach the device formation region to induce defects. Another issue is 

that a recovery heat treatment is necessary to the fabrication of Si epitaxial wafers. This 

recovery heat treatment cause an increase in Si wafer costs and may contaminate the Si 

wafer by metallic impurities. 

Therefore, our group has developed a gettering technology using hydrocarbon 

molecular ion implantation technology for forming a gettering sink closer to the device 

formation region and without requiring a recovery heat treatment [54-61]. Figure 1.5 

shows a schematic image of the manufacturing process of the hydrocarbon molecular ion 

implanted Si epitaxial wafers. This technique is characterized by implantation of 

molecular ions composed of a plurality of carbons and hydrogens and epitaxially growing 

a Si single crystal on the implanted surface.   
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Fig. 1.5. Schematic diagram of the manufacturing process of hydrocarbon molecular ion 

implanted Si epitaxial wafers 
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The molecular ion implantation technology used in this technique was developed based 

on the cluster ion-beam-forming technology developed by Yamada et al. [62-64]. Gas 

cluster ion beams are obtained by clustering thousands of argon atoms by adiabatic 

compression and ionizing them using electron impact [62, 63]. In the case of hydrocarbon 

molecular ion implantation, the molecular ion beam is obtained by the ionization of 

hydrocarbon molecules such as cyclohexane using electron impact. Therefore, the 

molecular ion beam used in this technology is also a cluster ion beam in that it is 

composed of a plurality of elements, but the ion is generated using fragment ions, which 

are obtained by ionizing a hydrocarbon compound. Because of the formation, the author 

calls it “molecular ion implantation.” 

From previous studies, a hydrocarbon molecular ion implanted Si epitaxial wafer is 

known to have three characteristics. One is the high gettering capability for metallic 

impurity contamination in the implantation region. Kurita et al. reported that 

concentration peaks of metallic impurity contamination were observed after the p–n 

junction formation processes. The second is the O-trapping capability in the ion 

implantation region. As described in Section 1.2, there is a certain O concentration in the 

Si substrate used for the Si epitaxial wafer. Kaneda et al. proposes that O diffused from 

the Si substrate and B implanted into the device formation region form a complex that 

forms deep-level states, which may degrade the performance of the image sensor [65, 66].  

The O-trapping capability of the hydrocarbon ion implantation region achieves a low 

O concentration of the epitaxial layer by trapping O that diffuses from the substrate to the 

epitaxial layer during the device process. The third characteristic is the passivation effect 

by H trapped in the hydrocarbon molecular ion implantation region. Okuyama et al. 

reported that a high H concentration remains in the hydrocarbon molecular ion 
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implantation region after epitaxial growth, and this H is released from the implanted 

region during subsequent heat treatment [61]. They reported that the amount of H released 

at this time is higher than the conventional density of dangling bonds at the Si/SiO2 

interface [67]. Therefore, the released H is expected to passivate the interface region 

during heat treatment in the device fabrication process. 

Si epitaxial wafers ion-implanted with hydrocarbon molecules with these 

characteristics have been demonstrated to improve the electrical characteristics of CMOS 

image sensors and were commercialized. However, the demand for a CMOS image sensor 

with a higher sensitivity is expected to increase, and development of a technology that 

induces a better gettering capability to the Si wafer is required. To respond to this 

technical issue, we have conceived and developed a multi-element molecular ion 

implantation technology, which is based on the hydrocarbon molecular ion implantation 

technology. 

Figure 1.6 shows the concept of multi-element molecular ion implantation technology. 

Whereas the hydrocarbon molecular ion is used for implanting molecular ions consisting 

of multiple carbons and hydrogens, the multi-element molecular ion implantation 

technique consists of three elements, with one element in addition to C and H. As already 

noted, in the case of hydrocarbon molecular ion implantation, molecular ions consisted 

of two kinds of elements: C, which can form a gettering sink for metallic impurity 

contaminations, and H, which is expected to have a passivation effect on the interface 

state. However, these two types of elements are not the only elements expected to have 

gettering and passivation effects by ion implantation. As shown in Fig. 1.6, for example, 

F diffuses to the Si/SiO2 interface, and a passivation effect is expected by passivating the 

dangling bonds of Si [68-70].  
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Fig. 1.6. Concept of multi-element molecular ion implantation technology 
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In addition, it is known that a Si crystal layer containing a high concentration of B has 

a gettering effect for the metallic impurity contamination of elements such as Fe by 

forming Fe–B pairs [25, 26]. Thus, it is expected that the gettering capability or 

passivation effect is improved using multi-element molecular ion implantation for 

proximity gettering technology. 

In this study, we worked on the development of molecular ion implantation technology 

consisting of three elements—C, H, and O—for the purpose of further improving 

gettering capability. Oxygen is expected to form a gettering sink different from the 

gettering sinks formed by C. Shirasawa et al. reported the result of first-principles 

calculations by density functional theory (DFT) that vacancies and O in the ion 

implantation region are expected to function as gettering sinks by forming VO pairs [71-

73]. Kuroi et al. reported that secondary defects formed in the implanted region by oxygen 

monomer high-energy ion implantation function as gettering sinks [50]. Therefore, 

additional O is expected to improve the gettering capability of an ion implantation region. 
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1.4 Purpose of this study 

This thesis aims to further improve the gettering capability of hydrocarbon molecular 

ion implantation technology, and has developed a new molecular ion implantation 

technology consisting of three elements of C, H, and O, and the characteristics of Si 

epitaxial wafers using this technology. 

Chapter 2 summarizes the ion implanter and analyzer used in this study. 

In Chapter 3, the development of CH3O ion implantation technology using a new gas 

source and the analysis of ion implantation characteristics for Si wafers are described. 

Chapter 4 provides the results of investigations on the basic characteristics of Si 

epitaxial wafers using the CH3O ion implantation technique. In the CH3O ion 

implantation region, it has been found that unique ion implantation defects that cannot be 

formed in the hydrocarbon molecular ion implantation region are formed. The formation 

behavior of this specific defect is summarized. 

In Chapter 5, we investigated the effect of proximity gettering technology using CH3O 

ion implantation on the CMOS image sensor fabrication processes. In addition, from the 

electrical characteristics evaluation of the CMOS image sensor, it was found that the 

density of the white defects in CMOS image sensor can be reduced using CH3O ion-

implanted Si epitaxial wafers. 

Finally, Chapter 6 presents a summary of the results of this study. 
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Chapter. 2 

Experimental equipment 

 

2.1 Introduction 

In Chapter 1, we stated the importance of making improvements in gettering capability. 

In a previous study of ion implantation technology for proximity gettering technology, a 

monomer or molecular ion was used. In the case of monomer ion implantation, several 

kinds of atoms are used. As indicated by Kuroi et al., high-energy monomer ions such as 

B, O, and other implanted ions can form gettering sinks [50]. In the case of molecular ion 

implantation, Kurita et al. reported that gettering sinks can be formed using hydrocarbon 

molecular ion implantation [58]. However, the effect of molecular ions consisting of three 

kinds of atoms has not been reported. Therefore, we will first try to develop a new 

molecular ion implantation consisting of three kinds of atoms using ion implantation 

equipment. 

The origin of gettering sinks are defects in the Si crystal. As Kuroi et al. reported, the 

EOR defects introduced by the monomer ion implantation act as gettering sinks [50]. In 

the case of gettering technology using hydrocarbon molecular ion implantation, the 5nm 

sized defects formed by the aggregation of implanted carbon act as gettering sinks. Thus, 

the analysis of the defect in the ion implantation region and the distribution profile of 

implanted atoms are important for understanding the mechanism of gettering technology. 

In this study, we use secondary ion mass spectrometry (SIMS) to analyze the distribution 

depth profiles of atoms. Transmission electron microscopy (TEM) and Scanning TEM 

(STEM) were used to analyze the defect formation behavior in the ion implantation region. 
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Atomic scale analysis on the distribution of atoms around defects was performed using 

three-dimensional atomic probe tomography (3D-APT). 

In this section, we describe the operation of the equipment and the analytical methods 

that were used in this study. 

 

2.2 Ion implantation equipment [62-64, 74-77] 

For the development of new molecular ion implantation, we used the CLARIS® 

machine, which is the ion implantation instrument made by NISSIN. This ion implanter 

can process 12-inch Si wafers. A schematic diagram of the ion implantation instrument is 

shown in Figure 2.1. The ion implantation equipment consisted of an ionization chamber, 

an acceleration electrode, a mass spectrometer, a beam focusing system and a process 

chamber. In the ionization chamber, molecular ions and radical fragments are formed by 

fragmentation of gas source in the ionization using the electron impact. For the 

hydrocarbon molecular ion implantation, a hydrocarbon molecule such as cyclohexane is 

used as the gas source. Because the hydrocarbon molecule consisted of several C and H 

atoms, the molecular ion formed after ionization also consisted of several C and H atoms. 

In this study, we used diethyl ether as a new gas source for the formation of the multi-

element molecular ion. The molecular ions are accelerated by the acceleration electrode. 

The maximum acceleration energy in CLARIS® is 80 keV [77]. In this study, the 

acceleration energy was 80 keV. After acceleration, the molecular ions are separated 

according to their mass by the magnetic mass separation system. 
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Fig. 2.1. Schematic diagram of the ion implantation apparatus 

  



21 

 

 

 

The mass spectrum was obtained by measuring the beam current with a Faraday cup and 

varying the magnetic field strength of the mass separator. The focused molecular ion 

beam is formed by the beam focusing system after mass separation in the process chamber. 

Beam focusing is performed by the electric or magnetic field [62, 77]. In the case of 

CLARIS®, a magnetic quadrupole triplet lens was used [77]. Finally, the focused ion 

beam is irradiated onto the Si wafer in the process chamber. The maximum ion beam 

current depends on the molecular ion species; it is reported that B18Hx
+ can be implanted 

at 3.5 mA using CLARIS® [77]. 

 

2.3 SIMS [78-80] 

In this study, we used a Cameca SIMS instrument to determine the concentration depth 

profiles of implanted atoms such as C, H, and O, and metallic impurities such as Fe, Cu, 

and Ni. 

The SIMS analysis was performed by mass separation of secondary ions formed by 

irradiation of primary ions such as O–, O2
+ or Cs+ [78]. Figure 2.2 shows an example of a 

SIMS instrument. A SIMS apparatus consists of a primary ion irradiation system, a 

secondary ion optics system, and a signal processing system [78]. In the primary ion 

irradiation system, the primary ion is formed using an ionization system such as a surface 

ionization ion source and duoplasmatron. The primary ion is highly purified by the 

separator and then focused by the condenser and objective lens. After that, the primary 

ion beam is irradiated onto the sample. Figure 2.3 presents a schematic diagram of 

secondary ion formation in SIMS analysis.  
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Fig. 2.2. Schematic diagram of the SIMS analytical instrument [74] 
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The sample is etched by the primary ion beam, and then a secondary ion is released 

from the sample surface. The signal intensity of the secondary ions depends on the 

concentration and ionization efficiency of the target element or molecule. If the ionization 

efficiency is constant, the concentration depth profile is measured by the spattering rate 

of the Si wafer using the primary ion and the signal intensity of secondary ions. The 

ionization efficiency of secondary ions is dependent on the primary ions [78]. Therefore, 

the primary ion needs to be selected according to the kind of atom analyzed. In general, 

Cs+ is used for the analysis of atoms that easily form negative ions, and O– and O2
+ are 

used for the analysis of metals that easily form positive ions. Cs+ is used as a primary ion 

for the analysis of C, H, and O. O2
+ is used as the primary ion for the analysis of Fe, Ni, 

and Cu. 

This type of SIMS analysis method is called dynamic SIMS analysis. There are two 

types of mass spectrometry (MS) methods for dynamic SIMS: magnetic and quadrupole. 

Magnetic MS uses a mass separation method utilizing an electric and magnetic field. The 

accelerated ions are separated by the difference in the orbit radius depending on the 

strength of the magnetic and electric field on m/z (m is the mass of the ionized atom, and 

z is the charge of the ion). The magnetic type is able to measure with high resolution and 

high sensitivity. Quadrupole MS (QMS) uses four cylindrical electrodes. A high-

frequency electric field is formed by applying a DC voltage and an AC voltage to each 

pair of electrodes. Mass separation is performed by the difference in the m/z that can pass 

through this high-frequency electric field. QMS has the advantage of analysis capability 

near the surface layer and high depth resolution. 
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Fig. 2.3. Schematic diagram of secondary ion formation in SIMS analysis [74] 
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However, this method has the disadvantage of low mass resolution. For example, QMS 

cannot separate between 28Si2+ and 14N+ [81]. 

In this study, we used QMS for the analysis of the concentration depth profile after ion 

implantation because of the high resolution near the surface region. For analysis of the Si 

epitaxial wafer, magnetic MS was used for mass analysis. 

 

2.4 TEM and STEM [82, 83] 

We used TEM and STEM to observe crystal defects in the molecular ion implantation 

region. Figure 2.4 shows the schematic diagram of the TEM equipment. The TEM 

analysis is an observation method using an electron beam. The TEM instrument consists 

of an electron source, a condenser lens, an objective lens, an intermediate lens, a projector 

lens, and the screen. Electrons drawn from the filament are converged by the condenser 

lens and form the electron beam. After that, the electron beam is irradiated onto the sample. 

The incident electrons are scattered by the sample and form a transmitted wave and a 

diffracted wave. These waves form the diffraction pattern on the screen (Figure 2.5(a)). 

This diffraction pattern indicates the reciprocal space coordinate obtained by the Fourier 

transform of the real space coordinates of the atom (Figure 2.5(b)). Thus, observation 

using TEM can allow analysis of the atomic arrangement of the crystal by the inverse 

Fourier transform of the diffraction pattern. In the case of Si crystal analysis, TEM is used 

for analyzing crystal defects. For STEM observation, the electron beam diffraction similar 

to in TEM. STEM observes while scanning a sample using a focused electron beam. Both 

instruments are used for observation of Si crystal defects.  
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Fig. 2.4. Schematic diagram of TEM analysis [82] 
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TEM has a feature that it is easy to obtain a diffraction contrast based on the crystal 

structure, and STEM has a feature that it is easy to obtain contrast depending on the 

atomic number. 

The sample for TEM observations has to be thinner than 100 nm, because the electron 

beam needs to penetrate the sample. The thickness of the sample for STEM observations 

can be a little thicker than the sample forTEM.  Sample preparation for these methods 

was performed using two methods. One method uses polishing and ion milling. This 

method can process samples with low damage. The second method uses a focused ion 

beam (FIB). A thin sample is taken out directly from the base samples. The process time 

using FIB is shorter than the polishing and ion milling processes. In this study, the ion 

milling process was used for high resolution (HR) and the FIB process was used for low 

resolution (LR) TEM observations. 
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Fig. 2.5. Imaging principle of TEM analysis [82] 
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2.5 3D-APT 

For 3D-APT we used the LEAP4000XSi instrument (Ametek Cameca) for the analysis 

of the atomic distribution profile in the CH3O ion implantation region [84]. The 3D-APT 

analysis method uses electron field evaporation. The analyzed sample is processed into a 

needle shape with a tip radius of curvature of about 10 to 100 nm using FIB [85-86]. A 

steady voltage and a pulse voltage are applied to the sample, and ions desorbed from the 

tip are detected by a position detector and are reconstructed into a 3D atom distribution. 

The atom identification is performed by time-of-flight (TOF) MS, which measures and 

calculates the m/z dependence on the time to reach the detector. 

In conventional 3D-APT, field evaporation is performed by a pulse voltage, and 

therefore, analyzed samples have been limited to conductive materials such as metals [86]. 

To resolve this issue, laser-assisted APT (L-APT) was developed and enabled analysis of 

semiconductor and insulator materials [87-89]. Figure 2.6 shows a schematic diagram of 

L-APT analysis. In L-APT, the electron evaporation is performed under the assistance of 

pulsed laser irradiation. The mechanism of laser assistance is still under study, but it is 

considered that the thermal energy induced by laser was the dominant effect of assistance 

[90, 91]. Furthermore, the special and mass resolution dependence on the wavelength of 

the laser was reported [92, 93]. From these reports, the resolutions were improved using 

a short-wavelength laser. In this study, a wavelength of 325 nm was used for the pulsed 

laser. 
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Fig. 2.6. Schematic diagram of 3D-APT analysis [94] 
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2.6 Conclusion 

In this section, we presented the equipment and analysis methods used in this study. To 

develop the new molecular ion implantation, we used Nissin’s CLARIS® ion implanter 

for cluster ion implantation. To analyze the atomic distribution depth profiles, we used 

SIMS. TEM was used for the analysis of the defects in the Si crystal. A more detailed 

distribution of atoms around the defect was analyzed by the 3D-APT method using laser 

assist. From these analyses, we investigated the characteristics of the new molecular ion 

implantation. 
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Chapter. 3 

Development of CH3O ion implantation 

technology 

 

3.1 Introduction 

In processes such as ion implantation or annealing, the CMOS image sensor fabrication 

induces metallic impurity contamination. This metallic impurity forms deep energy levels 

in the Si band gaps, which in turn cause degradation of the CMOS image sensors by an 

increase in white spot defects. Removal of metallic impurities from the device-active 

region is necessary for highly sensitive CMOS image sensors. Thus, to improve the 

gettering capability of the proximity gettering technique for the removal of metallic 

impurities, a Si wafer was required. 

As described in Chapter 1, the gettering capability in proximity gettering is expected 

to be enhanced using multi-element molecular ion implantation technology that implants 

molecular ions composed of C, H, and O. Molecular ion implantation of this kind has not 

been reported to date, and the characteristics were also not clear. In particular, to achieve 

proximity gettering it is important to understand the damage behavior, because the 

epitaxial growth is performed on the ion-implanted surface. When the damage on the Si 

surface was high, the single-crystal epitaxial growth could not be performed successfully. 

Therefore, the purpose of this section is the development and basic study of the 

characteristics of the multi-element molecular (CH3O) ion implantation technique. 

In our previous work, hydrocarbon molecular ion implantation was performed by 

CLARIS® using a hydrocarbon molecule such as cyclohexane [54-61]. To develop the 
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CH3O ion implantation, we first demonstrated the use of a multi-element molecular ion 

beam using diethyl ether, which consisted of C, H, and O, as the gas source. We also 

investigated the damage behavior for CH3O ion implantation and compared it with 

implantation using the typical hydrocarbon molecule of C2H3. Differences in implantation 

damage by the molecular species were observed. These results clarify damage formation 

behavior for molecular ion implantation containing three elements, and are considered to 

contribute to the development of multi-element molecular ion implantation technology. 

 

3.2 Ionization of diethyl ether using CLARIS® 

Mass spectra of the diethyl ether ion source are shown in Figure 3.1, which suggests 

dependence of the beam current on the mass number. The ions were accelerated to 80 keV. 

As shown in Figure 3.1, there are groups of mass spectral peaks. The dissociation of the 

bond between the elements is consistent with the ionization by electron impact [77]. 

Considering the structure of diethyl ether, the groups of beam current peaks are classified 

by the number of C and O atoms. For example, it is assumed for the group with a mass of 

around 43 that these molecular ions consist of two C, one O and several H atoms. As is 

clear from Figure 3.1, various molecular ions that are assumed to include O, such as mass 

numbers 31, 45, 59, and 73 were observed. Silverstein et al. reported that these molecular 

ions are particular ions formed by the ionization of diethyl ether using electron impact 

[95]. They also reported that the ion is stabilized by an unshared electron pair in the O 

atom. In the case of diethyl ether, because it has a structure in which C2H5– groups are 

bonded to O, the C–C bond in C2H5 is easy to dissociate. 
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Fig. 3.1. Mass spectrum of molecular ions obtained by ionization of diethyl ether 
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Furthermore, because O has an unshared electron pair, it is easy to ionize when the C–

O bond is dissociated by electron impact [95]. Thus, it is easy to form the molecular ion 

that includes O by ionization of diethyl ether using the electron impact method. Then, 

from these various molecular ions containing C and O, we selected the molecular ion with 

the mass number of 31 to implant for two reasons. The first one is that a single 

molecular ion can be separated. For example, in the case of a mass number of 29, there 

are two possibilities: the molecular ions C2H5 and CHO. It is not possible to separate 

between the C2H5 and CHO ions using the mass separator of CLARIS®. Therefore, this 

mass number is not suitable for ion implantation. By contrast, the mass number of 31 ion 

is assumed to consist only of the CH3O molecular ion, which is the smallest molecular 

ion comprising three elements. 

The second reason is to avoid excessive surface damage. Ishikawa reported that the 

acceleration energy of a molecular ion is distributed to the atoms of which the molecular 

ion is composed [96]. Therefore, increasing the size of the molecular ion means reducing 

the acceleration energy of the atoms of which it consists. The decrease in acceleration 

energy translates into increased damage in the Si substrate surface because of the 

shallower ion implantation region. 

As mentioned in Chapter 2, to fabricate the proximity gettering Si epitaxial wafer, an 

epitaxial layer needs to be formed on the ion-implanted surface. A smaller amount of 

damage induced by the ion implantation is better for the epitaxial growth process. 

Considering these reasons, we selected an ion beam of mass number 31 for the proximity 

gettering technique. 
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3.3 Distribution depth profiles of C, H, and O after CH3O ion 

implantation 

Figure 3.2 shows the depth distributions of C, H, and O obtained from SIMS analysis. 

The implantation was performed with a molecular ion dose of 5.0  1014 molecular 

ions/cm2, at an acceleration energy of 80 keV, a beam current of 550 A, and tilt and twist 

angles of 0º. The concentration peak depth of each atom (Figure 3.2) was 132 nm for C, 

57 nm for H, and 137 nm for O. These results suggest that the three elements, C, H, and 

O, were implanted simultaneously. The concentration of implanted C was 5.1  1014 

atoms/cm2, H was 1.8  1015 atoms/cm2, and O was 4.0  1014 atoms/cm2. The ratio of 

the atomic doses of C, H, and O was almost 1:3:1, similar to the ratio in CH3O. It was 

determined that the mass of 31 was from the CH3O ion. 

In addition, the O concentration peak is located slightly deeper than that of C, and the 

H peak is located closest to the surface at 40 nm depth. These differences in the depth of 

concentration peak are considered to be due to the distribution of the molecular ion 

implantation energy into individual elements that comprise the molecular ion and to the 

difference in the energy loss process in the Si crystal. Ishikawa proposed a model of the 

distribution of the ion implantation energy to the individual elements according to the 

mass number of the atom [96]. In this model, the accelerated molecular ion was 

considered to be a lump that moves linearly at constant speed and the binding energy 

between the elements was ignored, because the binding energy between the elements was 

in the order of a few eV, whereas the acceleration energy was in the order of tens of keV.  
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Fig. 3.2. SIMS depth distribution of C, H, and O after CH3O ion implantation 

  



38 

 

 

 

Typically, when a molecular ion strikes a Si wafer, the molecular ion implantation 

energy is distributed to the individual atoms. These implantation energies are calculated 

as 

Ei = Mi / M  E,                                   (1) 

where E is the implantation energy of a molecular ion, Ei is the implantation energy of 

each atom comprising the ion, M is the mass number of the molecular ion, and Mi is the 

mass number of each element. 

Table I shows the implantation energies of individual elements in implantation of the 

CH3O molecular ion at 80 keV, calculated by Eq. (1). According to Table I, the 

implantation energy of O is higher than that of C. On the other hand, the implantation 

energy of H is extremely low compared with C and O. Using the implantation energy 

calculated as shown in Table I, the difference of Rp is considered from the viewpoint of 

nuclear stopping power. The normalized energy ε is represented by the following equation. 

 

Where, the aTF is the Thomas-Fermi radius, M1 is the mass number of ion, M2 is the 

mass number of target atom, Z1 is atomic number of ion, Z2 is the atomic number of target 

atom, e is the elementary charge, and E is the implantation energy. According this 

equation, the ε of carbon is 2.98, oxygen is 2.71, and hydrogen is 2.05. The dependence 

of nuclear stopping cross section is shown in Fig. 3.3 [97]. As shown in Fig. 3.3, the 

nuclear stopping cross section is the highest in the hydrogen. This result suggests that the 

nuclear stopping energy is the highest in hydrogen compare with carbon and oxygen. It 

is considered that this difference of nuclear stopping cross section is the reason of the 

difference of Rp in CH3O ion-implantation. 

ε =
𝑎𝑇𝐹𝑀2

𝑍1𝑍2𝑒2(𝑀1 + 𝑀2)
𝐸 
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Ishikawa et al. calculated the correlation between the standardized projection range 

and the standardized mass number in molecular ion implantation [96]. They reported that 

the projection range (Rp) in molecular ion implantation can be calculated as 

𝑅𝑝[nm] =
1.1×1025

𝑁 [𝑐𝑚−3]

𝑀1+𝑀2

3𝑀1+𝑀2

(𝑍1
2 3⁄

+𝑍2
2 3⁄

)
1 2⁄

𝑍1𝑍2
𝐸[𝑘𝑒𝑉],                             (2) 

where Rp is the depth of the projection range peak, and N is the atomic density of the 

target object. In the case of the Si wafer, N can be considered to be 5.0  1022 cm–3. E is 

the ion implantation energy, M1 is the mass number of the atoms comprising the molecular 

ion, and M2 is the mass number of the target atoms. In the case of the Si wafer, it can be 

assumed that M2 is 28, the mass number of Si28; Z1 is the atomic number of the each 

atoms of which the molecular ion consists. Z2 is the atomic number of the target atoms. 

In the case of the Si wafer, Z2 can be assumed to be 14, the atomic number of Si. 

Substituting the ion implantation energy, M1, and Z1 of each element, the Rp of C was 147 

nm, O was 153, and H was 100. The depth of C and O concentration peaks after CH3O 

ion implantation was almost the same. By contrast, the Rp of H was formed nearer to the 

surface compared with that of C and O. As shown in Table I, the ion implantation energy 

of H was much lower than that of C and O, because the mass number of H is much lower 

than that of C and O. And those of C and O were at almost the same depth. 

 

TABLE I. Distribution of implantation energies in CH3O implantation calculated by Eq. (1) 

 

Molecular 

ion 

Mass 

number 

Molecular ion 

implantation 

energy 

(keV) 

C 

implantation 

energy 

(keV) 

H 

implantation 

energy 

(keV) 

O 

implantation 

energy 

(keV) 

CH3O 31.0 80.0 31.0 2.6 41.3 
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Fig. 3.3. ε dependence of nuclear stopping cross section [97]. 
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3.4 Dependence of amorphous formation on CH3O ion dose 

Figure 3.4 shows a cross-sectional image of a Si wafer after CH3O ion implantation 

analyzed using TEM. The CH3O ion dose was 5.0  1014 ~ 2.0  1015 ions/cm2. An 

amorphous layer was observed at a dose of 1.0 to 2.0  1015 ions/cm2. The amorphous 

layer is formed within the Si wafer and this layer is expanded to the surface of the wafer 

due to the dose increase. This trend is similar to that of molecular ion implantation, but 

not to that of the Ar cluster ion beams. 

The Ar cluster ion consists of thousands of Ar atoms. However, the CH3O ion consists 

of only five atoms. Therefore, the size effect in the ion implantation damage is assumed 

to be small. Furthermore, the ion implantation energy distribution to individual elements 

is higher in the CH3O than in the Ar cluster ion. Aoki et al. reported the implantation 

energy of the Ar atom in an Ar cluster ion to be only a few eV [62]. By contrast, as shown 

in Table I, the implantation energy of an individual atom in CH3O ion implantation was 

higher than 1 keV. In particular, the implantation energy of C and O was higher than 20 

keV. As a result, the trend of CH3O ion implantation damage is similar to that of monomer 

ion implantation. 

These results suggest that the damage peak of CH3O ion implantation is formed within 

the Si wafer bulk and the damage of surface is smaller. This damage trend is also similar 

to that observed in hydrocarbon molecular ion implantation. In our previous report, the 

epitaxial growth was performed on the hydrocarbon molecular ion-implanted surface [58, 

98]. Thus, it was expected that epitaxial growth can be successfully performed on the 

CH3O ion-implanted surface. 
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Fig. 3.4. Cross-sectional image of CH3O molecular ion-implanted region. 

The molecular ion dose [molecular ions/cm2] was 

(a) 5.0  1014, (b) 1.0  1015, (c) 1.5  1015, and (d) 2.0  1015. 

  

(a) (b) 

(c) (d) 
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3.5 Comparison of the ion implantation damage between CH3O and 

C2H3 

In Section 3.4, we discussed the trend of CH3O ion implantation damage as being 

similar to that of the hydrocarbon molecular ion implantation. However, the CH3O ion 

contains a new species, O, which is heavier than C. The effect of O on the ion implantation 

damage was not clear. In this section, we conduct a comparison of the ion implantation 

damage between CH3O and C2H3; the latter gas is the conventional hydrocarbon 

molecular ion. 

Figure 3.5 shows a cross-sectional image of a Si wafer after CH3O and C2H3 ion 

implantation under the same conditions, an ion dose of 1.0  1015 ions/cm2, acceleration 

energy of 80 keV, beam current of 550 A, and tilt and twist of 0°. According to Figure 

3.5, an amorphous layer was observed only for CH3O molecular ion implantation. This 

result suggests that the damage to the Si wafer is higher under molecular ion implantation 

with CH3O than with C2H3. In the CH3O ion, one C atom from the C2H3 ion is replaced 

by O. It is found that the presence of O enhances the formation of the amorphous layer. 

To consider this phenomenon, we conducted a simulation on the amount of damage in 

the molecular ion-implanted region by using technology computer-aided design (TCAD) 

with the Sentaurus simulation process from Synopsys Inc. [99]. Figure 3.6 shows the 

damage distribution (red line), C distribution (black line), H distribution (green line), and 

O distribution (blue line) of CH3O (solid line) and C2H3 (dotted line) with implantation 

at the molecular ion dose of 5.0  1014 ions/cm2. 

The damage determined from the TCAD simulation defines the vacancy concentration 

formed by implantation. In CH3O ion implantation, the damage peak was higher than in 

C2H3 ion implantation, but this trend was the same as that observed with TEM imaging. 
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Fig. 3.5. Cross-sectional TEM image of the molecular ion-implanted region with a dose 

of 1  1015 [molecular ions/cm2] 

(a) CH3O-ion-implanted wafer, (b) C2H3-ion-implanted wafer 

 

  

(a) (b) 
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Fig. 3.6. Distribution depth profiles of C, H, and O and damage calculated using TCAD 

simulation 
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It is considered that the ion implantation damage induced by H was much smaller than 

that induced by C and O, because the mass number and the ion implantation energy were 

much lower. It is considered that the damage increase has occurred as follows. First, the 

damage increased with the increase in the mass number due to the change of one element 

from C12 to O16. In the region that is deeper than that of the damage concentration peak, 

damage concentration profile is according to the concentration profile of implanted 

oxygen. Thus, the trajectory of implanted O highly contributes to implantation damage.  

Second, the damage concentration peak increases by the shift in the Rp of C to nearer 

the surface. Table II shows the implantation energy of each of the elements in CH3O and 

C2H3 ion implantation calculated at 80 keV using Eq. (1). The ion implantation energy of 

C in CH3O is lower than that in C2H3. The decrease in C implantation energy caused the 

C implantation depth to be shallower, and the C concentration peak to become high. The 

increase in the peak concentration introduced by ion implantation is assumed to cause an 

increase in the peak concentration of the ion implantation damage. By combination of 

these two factors, it was assumed that the damage peak concentration formed per one C 

atom increased by the change of C2H3 ion to CH3O. 

From these results, there is a high possibility of forming a vacancy and an O complex 

by heat treatment. Thus, we expected that CH3O molecular ion implantation can enhance 

the gettering capability for metallic impurities. 

 

TABLE II. Distribution of implantation energies in CH3O and C2H3 ions calculated using Eq. (1) 

Molecular 

ion 

Mass 

number 

Molecular ion 

implantation 

energy 

(keV) 

C 

implantation 

energy 

(keV) 

H 

implantation 

energy 

(keV) 

O 

implantation 

energy 

(keV) 

CH3O 31.0 80.0 31.0 2.6 41.3 

C2H3 27.0 80.0 35.6 3.0  
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3.6 Conclusion 

In this chapter, a new CH3O molecular ion implantation technique was developed and 

its basic characteristics described. The results are summarized as follows: 

1. A molecular ion beam consisting of three elements, namely C, H, and O was obtained 

using diethyl ether as the ion source. 

2. From the SIMS measurement of the concentration depth profiles of the three elements in 

the molecular ion implantation region, it was found that the molecular ion with mass 

number of 31 was the CH3O ion. From this result, we confirmed the development of the 

CH3O ion implantation technique. 

3. From the cross-sectional TEM image, it was found that an amorphous layer is formed 

within the Si substrate due to the CH3O molecular ion implantation. This result suggests 

that the trend of CH3O molecular ion implantation damage behavior was the same as that 

of C2H3 molecular ion implantation. This means that epitaxial growth after CH3O 

molecular ion implantation is very likely. 

4. From the cross-sectional TEM image, it was found that the damage from CH3O molecular 

ion implantation was higher than that from C2H3. We considered that this increase in 

damage is caused by the increase in the mass number of the molecular ion. This tendency 

was also observed in the calculation results of the TCAD simulator. 
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Chapter. 4 

Defect formation behavior in CH3O ion 

implantation region 

 

4.1 Introduction 

The removal of metallic impurity contamination from the device active region is 

important for an advanced CMOS image sensor. As described in Chapter 1, the gettering 

technique is a powerful method of removing contamination by metallic impurities 

introduced by device fabrication processes such as heat treatment or ion implantation. 

One of the origins of the gettering capability is the defect formed in the bulk of the Si 

substrate. In the case of IG, O precipitation acts as the gettering sink [25, 28]. In the case 

of EG, the scratches formed on the back side of the Si substrate by the mechanical damage 

also act as gettering sinks [33, 100, 101]. 

In the case of proximity gettering using ion implantation, the origin of the gettering 

capability is also the defect introduced by ion implantation. Kuroi et al. reported that the 

crystal defects in the ion-implanted region after annealing act as gettering sinks [50]. 

Kurita et al. reported that the defects formed by aggregation of C that are introduced by 

the hydrocarbon molecular ion implantation act as gettering sinks [54-58]. 

The morphology of this defect is not a crystal defect such as stacking fault or 

dislocation loop. However, they reported that this types of defects act as a strong gettering 

sink. Clarifying the morphology and formation behavior of the defect introduced by ion 

implantation is important for understanding the origin of the gettering capability. 
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In particular, the Si epitaxial growth undergoes an annealing process at 1100 C. It is 

important to understand the defect formation behavior with this annealing condition. 

In this chapter, we investigate the defect morphology and formation behavior of CH3O 

ion implantation defects. First, we present the morphology of the defect formed in the 

CH3O ion implantation region. We then investigate the defect morphology and diffusion 

behavior of the ion-implanted elements after the Si epitaxial growth process. Finally, we 

investigate the density of the CH3O ion implantation defect dependence on the ramping-

up rate. We believe that these experimental results contribute toward understanding the 

origin of the gettering capability of the CH3O ion implantation region and strengthen the 

gettering capability. 

 

4.2 Experimental methods 

4.2.1 Si epitaxial growth: Sample preparation 

The samples were 12-inch n-type (100) P-doped Czochlarski (CZ) Si single-crystal 

wafers that were implanted with CH3O (multi-element molecular) ions and (hydrocarbon 

molecular) C2H3 ions at room temperature. Figure 4.1 shows the sample fabrication flow 

of the CH3O and C2H3 ion-implanted Si epitaxial wafers. The fabrication flow of these 

wafers includes two processes: molecular ion implantation and Si epitaxial growth 

(Figure 4.1). As indicated in Chapter 2, the ion implantations with CH3O and C2H3 were 

performed using Nissin’s ion implanter CLARIS® [77] at an implantation energy of 80 

keV/ion. The implantation dose of the CH3O ion was 5.0  1014–2.0  1015 ions/cm2, 

which is converted to a C dose of 5.0  1014–2.0  1015 C atoms/cm2. The implantation 

dose of the C2H3 ion was 3.75  1014–5.0  1014 ions/cm2 converted to a C dose of 7.5  

1014–1.0  1015 C atoms/cm2, similar to the C dose for the CH3O ion. 
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Fig. 4.1. Sample preparation flow of molecular ion-implanted Si epitaxial wafer 
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The ion beam current was the same for both gases, 550 A. After CH3O ion and C2H3 ion implantation, 

Si epitaxial growth was performed using chemical vapor deposition (CVD). The epitaxial layer 

thickness was 9.0 m. 

 

4.2.2 Rapid thermal annealing (RTA) sample preparation 

Ion implanted samples were annealed by RTA in N2 ambient using AccuThermo Aw610 

of HiSOL, Inc. The temperature during RTA was measured using a pyrometer. Figure 4.2 

shows a typical heat treatment profile. To accurately control the ramping-up rate, heating 

was carried out from 500 °C for 10 s (because the pyrometer of AccuThermo Aw610 

cannot measure temperature below 450 °C). With this setting, an accurate ramping-up 

rate can be obtained from 500 to 1100 °C. The ramping-up rates were 4, 8, 15, and 60 °C/s. 

 

4.2.3 Analysis method 

As mentioned in Chapter 2, STEM and TEM analyses were carried out to obtain images 

of the defects in the (multi-element molecular) ion-implanted region after RTA. The 

distributions of implanted C and O were analyzed by SIMS. The concentration depth 

profile of interstitials induced by CH3O ion implantation was calculated using the 

Sentaurus TCAD process simulator from Synopsys [99]. 
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Fig. 4.2. Profiles of various RTA processes at different rates, as shown 
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4.3 Characteristics of the CH3O ion implantation region after Si 

epitaxial growth 

The Si epitaxial process involves a high-temperature heat treatment of 1100 C or 

higher for several minutes. The defects that act as gettering sinks were formed during this 

process. Therefore, understanding the defect formation and diffusion behavior in the 

CH3O ion implantation region during the Si epitaxial process is important for 

understanding the origin of gettering sinks. In this section, we discuss the morphology of 

the defects in the CH3O ion implantation region formed after Si epitaxial growth and 

examine the differences in the defect formation behavior between C2H3 and CH3O ion 

implantation regions. 

 

4.3.1 Defect observation in the CH3O ion implantation region 

Figure 4.3 shows cross-sectional TEM images of the CH3O ion implantation region. 

The implantation energy was 80 keV, and the dose was 5.0  1014–2.0  1015 C atoms/cm2. 

In these images, defects of about 50 nm were observed in the CH3O ion implantation 

region in the samples with a dose above 7.5  1014–2.0  1015 C atoms/cm2. No such large 

defects were observed at a dose of 5.0 × 1014 C atoms/cm2, suggesting that formation of 

defects of about 50 nm is dose dependent. This tendency is thought to be related to ion 

implantation damage. In the Chapter, 3.3, we reported that the critical dose of CH3O ion 

implantation is approximately 1.0  1015 ions/cm2. Thus, it is considered that the 

excessive damage induced into the Si crystal by CH3O ion implantation is one of the 

causes of the occurrence of secondary defects. 
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Fig. 4.3. Cross-sectional TEM images of CH3O ion implantation region. 

The implantation doses were (a) 5.0  1014, (b) 7.5  1014, (c) 1.0  1015, and (d) 2.0  

1015 ions/cm2. The implantation energy was 80 keV 
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Figure 4.4 shows a high-resolution cross-sectional TEM image of the CH3O ion 

implantation region. The implantation energy was 80 keV/ion, and the dose was 1.0  

1015 C atoms/cm2. The interface of the epitaxial layer and the Si substrate is indicated by 

the black dashed line in Figure 4.4. The implantation region of the CH3O ion was 

observed at a depth of approximately 120 nm from the interface between the epitaxial 

layer and the Si substrate. Two types of defects (5 and 50 nm defects) were observed in 

the CH3O ion implantation region. The 5 nm defect is observed at a depth of 

approximately 80 nm and the 50 nm defect is observed at a depth of approximately 160 

nm from the interface between the epitaxial layer and the Si substrate. Therefore, the 50 

nm defect region is deeper than the 5 nm defect formation region in the CH3O-implanted 

region. 

A similar type of 5 nm defect was observed in the hydrocarbon molecular ion 

implantation region [54-58]. The formation of this defect is due to the C implantation and 

is act as gettering sink. The CH3O ion contains a C atom. Hence, the 5 nm defect in the 

CH3O ion implantation region is considered to be due to the C implantation and also 

affects the gettering sink. From this result, it is assumed that the CH3O ion implantation 

region has at least the same degree of gettering capability as the hydrocarbon molecular 

ion implantation region. The 50 nm defect is a new type of defect. Okuyama et al. reported 

on defect formation in the hydrocarbon molecular ion implantation region [98]. In the 

sample with a high hydrocarbon molecular ion dose, 40 nm defects formed in the ion-

implanted region after epitaxial growth. This defect is due to recrystallization of the 

amorphous region formed by ion implantation and is located on the surface side of the 

hydrocarbon molecular-implanted region. However, for CH3O ion implantation, the 50 

nm defects are located on the back side of the implanted region (Figure 4.4). 
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Fig. 4.4. Clear resolution cross-sectional TEM image of the CH3O ion implantation region. 

The ion dose was 1.0  1015 ions/cm2 
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Thus, it is considered that the 50 nm defects are peculiar to the CH3O ion implantation 

region. The formation of defects of 50 nm is considered to be the effect of adding O to 

the ions. To analyze the origin of the 50 nm defects, we conducted high-resolution TEM 

observations and fast Fourier transform (FFT) analysis. 

Figure 4.5 (a) shows a high-resolution cross-sectional TEM image of 50 nm defects in 

the CH3O ion implantation region. The 50 nm defect has a linear shape in the direction of 

Si {111} (Figure 4.4(a)). For a detailed analysis of this type of defect, we took an FFT 

pattern on the edge of a defect. An enlarged TEM image of a defect edge and the FFT 

pattern are shown in Figure 4.5 (b). 

Figure 4.5 (c) was extracted from the FFT pattern by extracting only the Si {111} 

direction component. From Figure 4.5 (c), the 50 nm defects are the stacking faults 

inserted with one atomic layer in the Si {111} direction. There seems to be two types of 

50 nm defects, i.e., round and linear in the Si {111} direction, as shown in Figure 4.3. 

However, the round defects are assumed to be Si {111} stacking faults in the direction 

perpendicular to the TEM analysis direction. Therefore, it is assumed that the round and 

linear defects are the same. Thus, the 50 nm defects are considered to be Si {111} stacking 

fault defects. 

Okuyama et al. reported defects of near size in the ion-implanted region of hydrocarbon 

molecular implantation. They reported from the electron diffraction pattern that the 40 

nm defects in the hydrocarbon molecular ion implantation region were Si single crystals 

[98]. From the difference in diffraction patterns, the defect in the CH3O-implanted region 

is thought to be different from that in the hydrocarbon molecular implantation region. The 

50 nm defect is peculiar to the CH3O implantation region. 
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Fig. 4.5. High-resolution cross-sectional TEM image of 50 nm defects in CH3O ion 

implantation region. (a) Overall image of the 50 nm defects; (b) expansion image of 50 

nm defects; (c) FFT 
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To consider the origin of the 50 nm defects, we calculated and compared the damage 

distribution after C2H3 and CH3O implantation by TCAD simulation. Figure 3.5 shows 

the distribution profiles of C, H, and O and the damage calculated by TCAD simulation. 

The implanted energy was 80 keV. Both CH3O and C2H3 were implanted at a dose of 5.0 

 1014 ions/cm2. The tilt and twist were 0. The damage concentration was calculated by 

the Frenkel pair model that defines the interstitial Si (I) and vacancy (V) concentration 

generated due to the ion implantation. In the high-dose condition, the damage 

concentration is saturated due to supersaturated generation of I and V. In this situation, it 

is not possible to compare the damage profiles in CH3O and C2H3. Therefore, it was 

calculated at a dose of 5.0 × 1014 ions/cm2, at which the damage profile of the ion 

implantation region can be compared. As shown in Figure 3.5, the damage concentration 

increased for CH3O ion implantation, even at the same ion dose. In CH3O, one C atom of 

C2H3 is replaced with O. This result shows that the impact of O on the ion implantation 

damage is extremely large. 

From Figure 3.5, it was found that the damage from CH3O ion implantation is larger in 

the region of deeper than a C concentration peak at 160 nm depth as compared with C2H3 

implantation. The damage profile indicated that there is more formation of I and V 

damage with implantation with CH3O than with C2H3. Therefore, it is considered that 

excessive I would remain without recombination with V during heat treatment of the 

epitaxial growth layer. A previous study reported that excessive I induced by ion 

implantation forms defects by aggregation, called “end of range” (EOR) defects, during 

the heat treatment [102-104]. This increase of the concentration of I in the region of 

deeper than C concentration peak is consistent with the defect of 50 nm is an intrinsic 

type stacking fault as shown in Figure 4.5. Furthermore, it agrees with the fact that 50 nm 
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defects are located behind C complex defects as shown in Figure 4.4. Therefore, the origin 

of 50 nm defects is considered to be aggregates of interstitial Si formed in deep regions 

by additional O implantation during ion implantation with CH3O, like the EOR defect.  

Kuroi et al. reported that the EOR defect acts as a gettering site. It is expected that the 

50 nm defect acts as a gettering site [50]. Thus, the gettering capability of the CH3O ion-

implanted region is expected to be higher than that of a hydrocarbon molecular ion-

implanted region because of the formation of new defects. 

 

4.3.2 Diffusion behavior of C, O, and H 

Figure 4.6 shows the C, H, and O distribution depth profiles of CH3O ion-implanted Si 

epitaxial wafers. The implantation energy was 80 keV and the dose was 1.0 1 015 C 

atoms/cm2. The epitaxial layer thickness was 9 m. From these results, the CH3O ion 

implantation region had concentration peaks of C, H, and O. 

The peak concentration of the C impurity in the CH3O ion-implanted region was higher 

than 3.3  1017 atoms/cm2, which is the maximum solid solubility of C in Si single-crystal 

wafers [105]. This trend was the same as for the hydrocarbon molecular ion-implanted 

region. Kurita et al. reported that a high concentration of C is observed after epitaxial 

growth in the hydrocarbon molecular ion-implanted region, and an aggregate of C is 

formed in this region as a gettering sink [54-58]. Therefore, it is speculated that the CH3O 

ion implantation region has almost the same characteristics as the hydrocarbon molecular 

ion implantation region. In the CH3O ion-implanted region, C and O had approximately 

the same concentration peaks. Such a trend was not observed in the hydrocarbon 

molecular ion implantation region. 
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Fig. 4.6. Depth distribution profiles of C, H, and O in CH3O ion-implanted epitaxial wafer 

obtained using SIMS. The blue line is C, the black line is H, and the red line is O 
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Figure 4.7 shows the distribution depth profiles of O in CH3O and C2H3 ion-implanted 

Si epitaxial wafers. The C dose was the same in both CH3O and C2H3 ion implantations, 

i.e., 1.0  1015 C atoms/cm2. As shown in Figure 4.7, the O peak concentration of the 

CH3O ion-implanted sample was 6.5  1019 atoms/cm3. The O peak concentration of the 

C2H3 ion-implanted sample was 3.1×1018 atoms/cm3. The O peak concentration of the 

CH3O ion-implanted sample was up to more than 10 times higher than that of the C2H3 

ion-implanted sample. These results suggest that particular complexes possibly formed in 

the CH3O ion implantation region, which are not formed in the hydrocarbon molecular 

ion implantation region. By contrast, the O concentration of the CH3O ion-implanted 

sample in the epitaxial layer was up to approximately two times higher than that in the 

C2H3 ion-implanted sample. These results suggest that almost all the O implanted by 

CH3O ion is fixed in the CH3O ion implantation region. The detailed mechanism of the 

implanted O behavior is not clear. However, it is assumed that there are two mechanisms. 

First, O is gettered in the C implantation region. Kurita et al. reported that the 

hydrocarbon molecular ion implantation region can getter the O impurity [58]. A 

hydrocarbon molecular ion contains C and H, and the CH3O ion also contains C and H. 

Thus, it is assumed that there is a possibility that O is gettered in the CH3O ion-implanted 

region. 

Second, the VO complex forms in the CH3O ion implantation region. Using DFT 

calculations, Shirasawa et al. calculated the possibility of VO complex formation in the 

hydrocarbon molecular ion implantation region [71-73]. As shown in Figure 4.5, the 

CH3O ion implantation forms a high concentration of vacancies by collisions with the Si 

crystal. Furthermore, a high O concentration remained in the CH3O ion implantation 

region after epitaxial growth (Figure 4.7). 



63 

 

 

 

 

 

 

Fig. 4.7. O distribution profiles of CH3O and C2H3 ion-implanted Si epitaxial wafers. The 

red line is the CH3O ion-implanted Si epitaxial wafer, and the black line is the C2H3 ion-

implanted one. The epitaxial thickness was 9 m 
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Thus, the CH3O ion implantation region is expected to have a high concentration of 

VO complexes. Shirasawa et al. also reported that VO complexes in the ion implantation 

region possibly act as a gettering site for metallic impurities. Thus, if VO complexes were 

formed in the CH3O ion implantation region, this is expected to enhance the gettering 

capability of metallic impurities. 

 

4.4 EOR defect formation behavior in the CH3O ion-implanted region 

In the previous section, we found that a particular defect was formed in the CH3O ion 

implantation region. As described in Chapter 1, defects can act as gettering sites. 

Therefore, because of the existence of particular defects, it is expected that the gettering 

capability of the CH3O ion-implanted region would be higher than the gettering capability 

of the hydrocarbon molecular ion-implanted region because of the additional defect 

fromation. However, for advanced CMOS image sensors, the gettering capability needs 

to be further enhanced. To enhance the gettering capability, it is important to understand 

defect formation behavior. In this section, we will report on the defect formation behavior 

in the CH3O ion implantation region using RTA. In Section 4.4.1, we discuss the 

morphology of the defect formed in the CH3O ion implantation region. We discuss the 

types of defects formed in the CH3O ion implantation region. In Section 4.4.2, we discuss 

the dependence of defect density on the ramping-up rate in the CH3O ion implantation 

region. In Section 4.4.3, we discuss the mechanisms of the formation and disassemble 

behavior of the CH3O ion implantation defect. 
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4.4.1 Defect type in CH3O ion-implanted region 

Figure 4.8 shows the TEM images of the CH3O ion-implanted region after (a) CH3O 

ion implantation at a dose of 1.0  1015 ions/cm2 and (b) RTA at a ramping-up rate of 

15 °C/s, a temperature of 1100 °C, and an annealing time of 300 s. Figure. 4.9 shows the 

damage profile calculated by TCAD simulation after CH3O ion implantation at an energy 

of 80 keV and a dose of 1.0  1015 ions/cm2. 

As shown in Figure 4.8(a), an amorphous region was formed at a depth of 

approximately 80 nm from the Si surface. By contrast, after RTA for 300 s, defects were 

formed at 1100 °C at a depth of 120 nm from the Si surface, as shown in Figure 4.8(b). 

TCAD calculation results showed that the damage concentration peak is observed at a 

depth of approximately 80 nm from the Si surface (Figure 4.9). The damage in the TCAD 

calculation represents interstitial Si and vacancies generated by CH3O ion implantation. 

The damage concentration peak in the TCAD calculation results is at the same depth as 

the amorphous layer, and so the damage profile calculated by TCAD is in good agreement 

with the TEM findings. Furthermore, from the TCAD calculation results, the 

characteristics of the profile of the CH3O ion implantation-generated damage, i.e., the 

damage concentration peak and the decay with increasing depth, are similar to those of 

monomer ion implantation. 

Jones and Rozgonyi classified monomer ion implantation defects into five types on the 

basis of their crystallinity after ion implantation, the positional relationship among defects 

formed after heat treatment, and the behavior of implanted elements after heat treatment 

[102]. They classified the defects formed behind the a/c interface into type II under ion 

implantation conditions in which an amorphous layer is formed. 
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Fig. 4.8. Cross-sectional TEM images of CH3O ion-implanted region after (a) CH3O ion 

implantation and (b) RTA 
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Fig. 4.9. Profiles of damage concentration generated by CH3O ion implantation calculated 

by TCAD simulation 

 

  



68 

 

 

 

They also reported that a type II defect is formed by aggregation of interstitial Si 

introduced by ion implantation. A comparison of TEM images after CH3O ion 

implantation and RTA (see Figure 4.8(a, b)), shows that the depth of defects in the CH3O 

ion-implanted region is deeper than that in the amorphous layer. This defect morphology 

is in good agreement with the type II defect reported by Jones and Rozgonyi [102]. Thus, 

the defects introduced by CH3O ion implantation are considered to be type II and are 

formed by aggregation of interstitial Si. 

The same types of defects were observed in the CH3O ion implantation region after the 

epitaxial growth process, as discussed in Section 4.3.1. This result suggests that the defect 

formation behavior in RTA is the same as that in the epitaxial growth process. Therefore, 

it is considered that the defect behavior during the Si epitaxial process can be 

demonstrated using RTA. 

 

4.4.2 Dependence of the density of CH3O ion implantation defects on the ramping-

up rate 

In the previous section, we demonstrated that the morphology of CH3O ion 

implantation generated defects after RTA. We also confirmed that these defects are of 

type II and correspond to those after epitaxial growth. Ito et al. reported that the formation 

behavior of an EOR defect which is type II depends on the heat treatment temperature 

and changes with temperature between 500 and 1100 C [75]. Thus, the formation 

behavior of the defect in the CH3O ion implantation region is assumed to depend on the 

heat treatment condition. Furthermore, the ramping-up process in the epitaxial growth 

process has a heat treatment at 500–1100 C. Therefore, it is assumed that the defect 

formation behavior in the CH3O ion implantation region changes by the change in 
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ramping-up rate. In this section, we show the effect of the ramping-up rate during RTA at 

1100 °C on the formation of CH3O ion-implanted defects. 

Figure 4.10 shows TEM images of a CH3O ion-implanted Si wafer after 300 s RTA at 

1100 °C. The ramping-up rate was in the range of 4–60 °C/s between 500 and 1100 °C. 

The density of the CH3O ion-implanted defect after RTA changed with the change in 

ramping-up rate (Figure 4.10). Figure 4.11 shows the density of CH3O ion-implanted 

defects after RTA. The density of CH3O ion-implanted defects is lowest at 4 °C/s and 

highest at 15 °C/s (Figure 4.11). These results suggest that the density of CH3O ion 

implantation defects is dependent on the ramping-up rate. 

Tamura et al. reported that the EOR defects introduced by monomer ion implantation 

form during annealing at temperatures between 600 and 1000 °C [106]. They also 

reported that EOR defects are repaired after annealing at 1100 °C. The ramping up during 

annealing at temperatures between 600 and 1000 °C, in which range EOR defects are 

formed, is longest at 4 °C/s. It is assumed that the defect density is the highest at the 

ramping-up rate of 4 °C/s. However, the density of the defects after 1100 °C for 300 s 

was highest at 15 °C/s. These results suggested that the density of the defects is affected 

by the defect behavior during both the ramping up and the 1100 °C annealing. 
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Fig. 4.10. TEM images of CH3O ion-implanted region after RTA at 1100 °C for 300 s, at 

ramping-up rates of (a) 4, (b) 8, (c) 15, (d) 60 °C/s 
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Fig. 4.11. Dependence of density of CH3O ion-implanted defects on ramping-up rate 
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Figure 4.12 shows the dependence of the defect density on the 1100 °C annealing time 

and ramping-up rate. The defect density decreased with increasing annealing time at 

1100 °C (Figure 4.12). This finding indicates that the CH3O ion-implanted defects get 

corrected during 1100 °C annealing. Additionally, it is observed that the defect density 

for CH3O ion implantation is dependent on the ramping-up rate. In the case of 0 s 

annealing at 1100 oC, the defect density is almost the same at all ramping-up rates. On 

the other hand, the defect density of the 15 °C/s sample was higher than that in the other 

samples after longer annealing. This finding suggests that the defects in the sample that 

was ramped up at 15 °C/s are corrected with more difficulty than those at other ramping-

up rates. Increasing the defect density may increase the gettering capability. Therefore, it 

is assumed that the 15 °C/s ramping-up rate can increase the gettering capability of the 

CH3O ion-implanted Si epitaxial wafer. 
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Fig. 4.12. Dependence of density of CH3O ion-implanted defects on ramping-up rate and 

annealing time 
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4.4.3 Mechanism underlying defect density dependence on ramping-up rate 

In previous sections, we showed that the ramping-up rate contributes to the change in 

the density of CH3O ion-implanted defects. In particular, the ramping-up rate of 15 °C/s 

provided the highest density of CH3O ion-implanted defects remaining after 1100 °C 

annealing. This finding suggests that the ramping-up rate should not be too low or too 

high to obtain a sufficiently high density of CH3O ion implantation defects remaining. 

Then, why is it difficult to repair the defects formed at 15 °C/s? It is considered that this 

defect behavior was determined by the defect repair behavior during 1100 °C annealing 

and the defect formation behavior during ramping up. 

First, we consider the repair mechanism of CH3O ion implantation defects during 

1100 °C annealing. Tamura et al. examined the behavior of defects introduced by 

monomer ion implantation and found that the defects were corrected by annealing at 

1100 °C and Bonafos reported that the EOR defects are corrected owing to the release of 

interstitial Si [106]. However, the CH3O ion implantation defects remained after 1100 °C 

annealing (Figure 4.3(b)). Thus, the defect repair behavior during annealing at 1100 °C 

cannot be explained by only the interstitial Si behavior. Figure 4.13(a, b) respectively 

shows the SIMS depth profiles of C and O after 300 s at annealing at temperatures of 800, 

900, 1000, and 1100 °C. The ramping-up rate was set at 60 °C/s to avoid the effect of the 

defect formation behavior during ramping up. After 800 °C annealing, only one 

concentration peak is observed. By contrast, two peaks are observed at other annealing 

temperatures. In our previous studies of Chapter. 3, these two peaks corresponded to C-

related and ion-implanted defects. These results suggest that the C and O implanted 

during CH3O ion implantation are fixed around the CH3O ion implantation defects. 
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Fig. 4.13. SIMS analysis results of CH3O ion-implanted region after RTA treatment. 

Depth profiles of (a) C and (b) O concentrations 
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It was previously reported that the EOR defects introduced by monomer ion 

implantation are stabilized by the O in the Si wafer [107-109]. The CH3O ion implantation 

defects are stabilized by the high concentrations of aggregated C and O around ion-

implanted defects. Therefore, the interaction between the CH3O ion implantation defect 

and C and O is considered to be important for the CH3O ion implantation defect remaining 

after 1100 °C annealing. 

The mechanism of the repair behavior during annealing at 1100 °C is considered to be 

as follows. Initially, the CH3O ion implantation defects are destabilized by the release of 

C and O from the defects during annealing at 1100 °C. Then, interstitial Si is released 

from CH3O ion implantation defects. As a result, the defects get repaired during the 

annealing at 1100 °C. Therefore, C and O pinning are important for the stabilization of 

the CH3O ion implantation defects during annealing at 1100 °C. 

Second, we consider the dependence of the defect density formed during RTA on the 

ramping-up rate. In a previous report on the behavior of defects introduced by monomer 

ion implantation, the defect morphology changed with annealing temperature. Ito et al. 

reported that the size of EOR defects introduced by monomer ion implantation increases 

by annealing between 800 and 1000 °C [75]. Thus, the morphology of CH3O ion 

implantation defects is considered to be dependent on the annealing temperature (see 

Figure 4.14 for the 300 s annealing at 800, 900, 1000, and 1100 °C). The ramping-up rate 

was set at 60 °C/s to avoid the effect of the defect formation behavior during the ramping 

up. As shown in Figure 4.14, defects larger than 50 nm were observed at annealing 

temperatures above 900 °C. On the other hand, no defects of this size were observed after 

annealing at 800 °C. Furthermore, the defect density after 1100 °C annealing was lower 

than after annealing at 900 and 1000 °C. 
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Fig. 4.14. TEM images of CH3O ion-implanted region after RTA for 300 s at (a) 800, (b) 

900, (c) 1000, and (d) 1100 °C 
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These results suggest that the CH3O ion implantation defects were formed by annealing 

at temperatures of about 900 °C, and it is assumed that the duration of annealing at these 

temperatures is important for increasing the CH3O ion implantation defect density. 

Then, we demonstrated the defect behavior during RTA at 900 °C for various annealing 

durations. Figure 4.15 shows the TEM images of the CH3O ion-implanted Si wafer at 

900 °C annealed for 0, 60, and 300 s at a ramping-up rate of 60 °C/s. As shown in Figure 

4.15, the defects appear to have extended with increasing annealed duration. As Bonafos 

et al. reported, the EOR defects become larger in a short time of a few seconds because 

of the absorbance of interstitial Si during annealing at around 900 °C [104]. In the case 

of CH3O ion implantation, the defects are considered to also absorb the interstitial Si and 

extend during the annealing at 900 °C. Furthermore, C and O at high concentrations 

aggregated around the CH3O ion implantation defects formed during annealing at 900 °C 

(Figure 4.13). Therefore, it is considered important that annealing at around 900 °C 

should proceed for some time to form stable CH3O ion implantation defects. 

On the basis of the above mechanisms, we consider the question “Why were the CH3O 

ion implantation defects formed at 15 °C/s rarely repaired during annealing at 1100 °C. 

Figure 4.16(a–c) shows schematic diagrams of CH3O ion implantation defects 

immediately after ramping up. 

In the case of ramping up at a low rate of 4 °C/s, it is considered that the defects were 

easily repaired during the annealing at 1100 °C. The interstitial Si concentration around 

the defects is assumed to decrease through diffusion during annealing at temperatures 

below 900 °C. Interstitial Si is not sufficiently absorbed during annealing at temperatures 

higher than 900 °C. 
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Fig. 4.15. TEM images of CH3O ion-implanted region after 900 °C RTA for annealing 

duration of (a) 0, (b) 60, and (c) 300 s 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16. Schematic images of formation behavior of CH3O ion implantation defects at 

ramping-up rates of (a) 4, (b) 15, and (c) 60 °C/s 
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As a result, the CH3O ion implantation defects are easily repaired during annealing at 

1100 °C. Furthermore, in the case of ramping up at a rate of 4 °C/s, the duration of 

annealing at over 1000 °C is longer than that at a ramping-up rate of 15 °C/s. Because the 

CH3O ion implantation defects were repaired by annealing above 1000 °C with the release 

of C and O (Figures 4.13 and 4.14), the CH3O ion implantation defects are assumed to 

easily repair at 4 °C/s. This is also considered to be a factor causing the decrease in the 

density of CH3O ion implantation defects. 

In the case of ramping up at a high rate of 60 °C/s, it is considered that no defects were 

formed with sufficient size and density during the ramping-up process. The shorter the 

ramping-up process, the shorter the time for defect formation during annealing. Thus, it 

is considered that interstitial Si, C, and O were not aggregated during the ramping-up 

process (Figure 4.16(c)). CH3O ion implantation defects are considered to easily repair 

during annealing at 1100 °C because they are not sufficiently stabilized by C and O. As a 

result, the density of CH3O ion implantation defects was decreased by ramping up at 

60 °C/s. 

It is considered that interstitial Si, C, and O aggregated sufficiently during ramping up 

at 15 °C/s (in contrast to 60 °C/s) (Figure 4.16(b, c). On the other hand, more interstitial 

Si is considered to remain in the case of ramping at 15 °C/s than that at 4 °C/s (Figure 

4.16(b, c). Furthermore, the duration of annealing at over 1000 °C and 15 °C/s was shorter 

than that at 4 °C/s. On the basis of these findings, it is considered that the defects formed 

at 15 °C/s can hardly repair themselves during annealing at 1100 °C, resulting in a higher 

density of the defects at other rates. 

We assumed that the dependence of the density of CH3O ion implantation defects on 

the ramping-up rate is determined by the formation behavior of EOR defects, namely 



81 

 

 

 

aggregation of interstitial Si and the interaction of C and O with the EOR defects. 

Regarding the remaining CH3O ion implantation defects after annealing at 1100 °C, we 

found three important factors related to the ramping-up process. First, the duration of 

annealing at a temperature below 800 °C should be as short as possible. Second, the 

duration of annealing at a temperature of about 900 °C should be as long as possible. 

Finally, annealing at a temperature above 1000 °C should also be as short as possible. 

 

4.5 Conclusions 

In this section, we investigated the defect morphology and formation behavior in the 

CH3O ion-implanted region, and we also investigated the diffusion behavior of C and O, 

which are introduced by CH3O ion implantation. The results are summarized as follows: 

1. There are two types of defects in the CH3O ion-implanted region, namely a C-related 

defect and an EOR defect after heat treatment. 

2. The C-related defect is considered to be formed by C aggregation, which is introduced 

by the CH3O ion implantation. This is observed by TEM scans as 5 nm dot-shaped defects. 

This defect is also found in the hydrocarbon molecular ion-implanted region. 

3. The EOR defect is never observed in the hydrocarbon molecular ion-implanted region. 

Therefore, this type of defect is considered to be peculiar to CH3O ion implantation. We 

concluded that this defect is formed by the increase in ion implantation damage due to 

addition of O on the molecular ion. 

4. The O concentration in the CH3O ion-implanted region is higher than that of the 

hydrocarbon molecular ion implantation region after the epitaxial growth process. This 

result suggests that implanted O in the CH3O ion remains in the implantation region during 

the epitaxial growth process. It is expected to increase the gettering capability by forming 
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new gettering sinks such as a VO complex. From these results, the proximity gettering 

technique using CH3O ion implantation is expected to enhance the gettering capability in 

the ion implantation region. 

5. The morphology of CH3O ion implantation defects depends on the annealing 

temperature and the density of defects depends on the ramping-up rate. We found that the 

CH3O ion implantation defect is formed only at annealing temperatures between 800 and 

1000 C. This behavior explains the diffusion and aggregation behavior of interstitial Si. 

We also found that the defect density increased with a ramping-up rate of 15 C/s. This 

result is expected to enhance the gettering capability of the CH3O ion implantation region 

by optimization of the heat treatment sequence in the epitaxial growth process. 
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Chapter.5 

Characteristics of CH3O ion-implanted Si 

epitaxial wafer 

 

5.1 Introduction 

In Chapter 3, we introduced our novel CH3O molecular ion implantation technique to 

enhance the gettering capability. We showed that the CH3O ion implantation technique 

can be applied to the proximity gettering Si epitaxial wafer fabrication process, as 

described in Chapter 3. Furthermore, as shown in Chapter 4, the CH3O ion implantation 

technique has characteristics of forming two types of defects: C-related and EOR, in one-

time ion implantation after the Si epitaxial growth process. This characteristic is expected 

to enhance the gettering capability of the ion-implantation region. The enhancement in 

gettering capability is expected to improve the characteristics of the advanced CMOS 

image sensor because of the more efficient elimination of metallic impurity 

contaminations from the device active region. Thus, the proximity gettering technique 

using CH3O ion implantation is expected to improve the characteristics of advanced 

CMOS image sensors. 

By contrast, there are some unclear characteristics of proximity gettering using CH3O 

ion implantation. The effect of the EOR defect as an additional defect in CH3O ion 

implantation on gettering capability is not clear. Furthermore, the effect of the O (which 

is implanted as an additional element in CH3O ion implantation) on the characteristics of 

advanced CMOS image sensors is not clear. The purpose of this chapter is to investigate 



84 

 

 

 

the effect of the CH3O ion implantation technique on the gettering capability and 

characteristics of advanced CMOS image sensors. 

In Chapter 5.2, we compare the gettering capability of Ni contamination between the 

use of CH3O and C2H3. Ni is a representative metallic impurity contaminant because it is 

a major component in the stainless steel used for equipment piping. Therefore, it is made 

clear that the effect of additional EOR defects act as gettering site for metallic impurity 

contamination during device process. In Chapter 5.3, we investigate the effect of CH3O 

ion implantation on the density of white spot defects. We also investigated the behavior 

of the elements and defects introduced by CH3O ion implantation during the device 

fabrication processes. From these experiments, we will show that the proximity gettering 

technique using CH3O ion implantation can contribute to improving the characteristics of 

advanced CMOS image sensors. 

 

5.2 Experimental sample conditions 

5.2.1 The gettering test wafer sample 

We used 12-inch n-type (100) P- and C-doped CZ single-crystal Si wafers. The 

implantation energy was 80 keV/ion. The dose of the CH3O and C2H3 ions was 7.5  1014 

C atoms/cm2. The ion beam current was the same for CH3O and C2H3, i.e., 550 A. 

Epitaxial growth of the samples was conducted after CH3O ion and C-cluster ion 

implantation. The epitaxial layer thickness was 9.0 m. For the Ni-gettering test, the 

sample wafers were contaminated with Ni metallic impurities (2.5  1013 atoms/cm2) by 

spin coating with a metallic-impurity-contaminated acid solution. The initial Ni surface 

concentration was measured by inductively coupled plasma-MS (ICP-MS) after spin 
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coating. After the metallic-impurity contamination, the wafers were heated at 900 °C for 

30 min for Ni diffusion treatment. 

 

5.2.2 The CMOS image sensor sample 

We used 12-inch n-type (100) P- and C-doped CZ single-crystal Si wafers. The P 

concentration was 5.0  1014 atoms/cm3. The C concentration was 2.7–3.0  1016 

atoms/cm3. The wafers used in this experiment were prepared from the same Si crystal 

ingot. These wafers were implanted with CH3O multi-element molecular ions at room 

temperature. The CH3O ions were implanted at an implantation energy of 80 keV/ion. 

The implantation dose of the CH3O ions was 7.0  1014 ions/cm2. The ion beam current 

of CH3O was 550 A. A Si layer was grown on the sample after CH3O ion and C-cluster 

ion implantation. The thickness of the epitaxial Si layer was 5.0 m. 

 

5.2.3 Analysis method 

The distribution profiles of C, H, O, Ni, and Cu were analyzed by SIMS. In the case of 

CMOS image sensor wafers, we mechanically polished the surface layer to a depth of 

about 1 m before high-sensitivity SIMS analysis. The concentration profiles before and 

after the device processing were compared considering the polishing depth in the samples 

after the device process. A sample before the device process refers to the sample after Si 

epitaxial growth. The defects within the implantation range of the multi-element 

molecular cluster ions were analyzed by TEM. The C and O distribution profiles within 

the CH3O ion-implantation region were analyzed by 3D-APT. In 3D-APT analysis, 

needle-shaped samples are prepared using an FIB. The samples for 3D-APT analysis were 

lifted out within 5 m from their surface, which is within the CH3O ion-implantation 
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region. The 3D-APT data were analyzed using integrated visualization and analysis 

software (IVAS) from Cameca. 

To analyze the effect of the CH3O ion implantation technique on the electrical 

properties of CMOS image sensors, we evaluated the density of white spot defects that 

were larger than 145 electrons/s in samples with and without CH3O ion implantation by 

dark current spectrometry (DCS) [110-113]. DCS analysis enables the measurement of 

the density of electrical defects due to metallic impurity contamination and that of 

interface state defects in the CMOS device structure. In this study, DCS analysis was 

performed using a CMOS image device structure, which is a four-transistor-type pinned 

PD fabricated by a CMOS device process line [114, 115]. 

After the DCS analysis, we measured the physical properties, such as the density of 

defects and the concentration depth profiles of implanted atoms and metallic impurities 

in the same sample that was used for DCS analysis. The density of bulk micro defects 

(BMDs) was measured using a BMD analyzer (MO-441®, Raytex Optima Incorporated). 

 

5.3 Enhancement of gettering capability using the CH3O ion 

implantation technique 

In Chapter 4.1, we showed that CH3O ion implantation can form two types of defects, 

C-related defects and EOR defects. This result suggests that the gettering capability is 

expected to improve using the CH3O ion implantation technique. In this chapter, we 

compare the gettering capability of Ni between the CH3O ion and C2H3 ion-implantation 

regions. We will discuss the effect of the EOR defect on the gettering capability of Ni. 

Figure 5.1 shows the SIMS depth profiles measured on the CH3O ion-implanted 

epitaxial growth samples (CH3O ions were implanted at 80 keV at a dose of 7.5  1014 C 
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atoms/cm2) after the Ni metallic impurity contamination process. The C peak 

concentration was 6  1019 atoms/cm3 in the CH3O ion-implantation region (Figure 5.1). 

Moreover, the O peak concentration in this implantation region was 3  1019 atoms/cm3. 

These results suggest that the C and O impurities remained at concentrations exceeding 

the solid solubility in the Si single-crystal wafers after the Ni metal impurity 

contamination process. We also confirmed that Ni impurities were gettered in the CH3O 

ion-implantation region. Therefore, the CH3O ion-implantation region can getter Ni 

metallic impurities. 

The SIMS depth profiles measured on the CH3O and C2H3 ion-implanted epitaxial 

growth samples (CH3O and C2H3 ions were implanted at 80 keV at a C dose of 7.5  1014 

C atoms/cm2) after the Ni metallic impurity contamination process and are shown in 

Figure 5.2. Ni concentration peaks were observed in the CH3O and C2H3 ion-implantation 

region (Figure 5.2). From these results, both CH3O and C2H3 ion implantation techniques 

could getter the Ni contamination. The Ni concentration in the CH3O ion-implantation 

region was 2.0  1013 atoms/cm2 and that in the C2H3 ion-implantation region was 1.8  

1013 atoms/cm2. 
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Fig. 5.1 SIMS depth profiles measured on a CH3O ion-implanted epitaxially grown sample after Ni 

metallic-impurity contamination. The black, blue, and orange lines are the distribution profiles of C, 

O, and Ni, respectively. 
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Fig. 5.2 SIMS depth profiles of Ni metallic-impurity contamination in CH3O (red line) and C2H3 

(black line) ion-implanted epitaxially grown samples 
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The Ni gettering efficiency of the CH3O and C2H3 ion-implanted samples after Ni 

contamination is shown in Figure 5.3. The Ni gettering efficiency was calculated with the 

following equation, 

ηeff =  CNi Cinit ⁄ ,  

where eff is gettering efficiency, CNi is Ni contamination in the ion-implantation region, 

and Cinit is initial surface contamination. 

The Ni gettering efficiency in the CH3O ion-implanted sample improved by 5.7% 

compared with the C2H3 ion-implanted sample (Figure 5.3). Thus, the CH3O ion 

implantation technique presented a higher Ni gettering capability than C2H3 ion 

implantation. 

  



91 

 

 

 

 

 

 

Fig. 5.3 Comparison of Ni gettering efficiency in C2H3 and CH3O ion-implantation 

regions 
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The details of the gettering mechanism in the CH3O ion-implantation region are not 

clear, but this improvement in gettering efficiency is considered to be the result of the 

effects of three kinds of estimated gettering sinks, as discussed below. 

First, the C implantation region has a gettering capability on Ni. The C and O 

distribution depth profiles after the Ni metallic contamination process are shown in Figure 

5.4. The C peak concentration in the CH3O ion-implantation region was 5.5  1019 

atoms/cm3 and that in the C2H3 ion-implantation region was 4.7  1019 atoms/cm3 (Figure 

5.4). These results suggest that implanted C remains in the C2H3 and CH3O ion-

implantation region after the Ni metallic contamination process. Kurita et al. reported that 

the high C concentration region, which was formed by hydrocarbon molecular ion 

implantation, had a high gettering capability for various metals [54-58]. The CH3O ion-

implantation region had the same ordered C concentration as the C2H3 ion-implantation 

region (Figure 5.4). Furthermore, the CH3O ion-implantation region had the same defects 

as the C2H3 ion-implantation region (Figure 4.3). Thus, it is conceivable that the CH3O 

ion-implantation region has at least the same function as the C2H3 ion-implantation region. 

Second, the EOR defects in the CH3O ion-implantation region act as gettering sinks. 

As Figures 4.3 and 4.4 show, the CH3O ion-implantation region had 50 nm defects. Kuroi 

et al. reported that secondary defects formed by high-energy ion implantation affect the 

gettering sinks [50]. The CH3O ion implantation condition is not high energy. However, 

it is sufficiently conceivable that defects act as new gettering sinks, and the Ni gettering 

capability improves (Figure 5.1). 
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Fig. 5.4 SIMS depth profiles of C and O measured on CH3O and C2H3 ion-implanted epitaxially 

grown samples after Ni metallic-impurity contamination. Black and gray lines are C distribution 

profiles for the CH3O and C2H3 samples, respectively; dark blue and light blue lines are O distribution 

profiles for the CH3O and C2H3 samples, respectively 
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Third, the VO complex point defects in the CH3O ion-implantation region act as 

gettering sinks. The C concentration in the CH3O and C2H3 ion-implantation region s was 

almost the same for each (Figure 5.4). However, the O peak concentration in the CH3O 

ion-implantation region was over 10 times higher than that in the C2H3 ion implantation 

region (3.0  1019 atoms/cm3 for CH3O and 1.5  1018 for C2H3). Shirasawa et al. used 

DFT to determine the binding energy between the metallic impurity and point defects 

[71-73]. In these calculations, the C-interstitial Si (C-I) complex, vacancy hydrogen (VHn 

n = 1 to 3) complex, or VO complex has a high binding energy with metallic impurities. 

In the case of CH3O ion implantation, O was implanted at high concentration, and a 

vacancy was formed. Thus, it is considered that there was a high-concentration VO 

complex in the CH3O ion-implantation region and the Ni gettering capability was 

improved due to the VO complex point defects. 

Thus, it is considered that there are some factors for the increased gettering capability 

in the CH3O ion-implantation region. Among them, the EOR defect in the CH3O ion-

implantation region is considered to contribute to the improvement in gettering capability 

of Ni contaminations. 
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5.4 Characteristics and effects of the CH3O ion-implantation region for 

CMOS image sensor fabrication processes and performance 

In the previous chapter, we showed that the gettering capability of an ion-implantation 

region was increased by CH3O ion implantation. However, the method of Ni 

contamination discussed in Chapter 5.3 uses a contaminated liquid. Thus, the gettering 

behavior during the device fabrication process is not clear. Furthermore, the effect of the 

proximity gettering technique using CH3O ion implantation on the characteristics of 

CMOS image sensors is not clear. In this chapter, first we explore the gettering behavior 

of the CH3O ion-implantation region during the device fabrication process. Then, we 

investigate the defects and the implanted elements during the device fabrication process. 

Finally, we show the effect of the proximity gettering technique using the CH3O ion 

implantation technique on the density of white spot defects. 

 

5.4.1 Gettering effect of the CH3O ion-implantation region on metallic impurity 

contamination during the CMOS image sensor device fabrication process 

The distribution profiles of C, H, O, Ni, and Cu as a function of concentration after the 

device processes are presented in Figure 5.5. The concentration peaks of C, H, and O 

were observed at the same depth; thus, these concentration peaks were assumed to be 

attributable to CH3O ion implantation. Furthermore, the Ni and Cu concentration peaks 

were observed at the same depth within the CH3O ion-implantation region. These results 

suggest that within the CH3O ion-implantation region, various metallic impurities are 

gettered. Furthermore, the CH3O ion-implanted wafer forms two types of gettering sinks, 

the BMD and CH3O ion-implantation regions. Nevertheless, Ni and Cu concentration 
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peaks were observed in the CH3O ion-implantation region. This result suggests that the 

CH3O ion-implantation region can getter metallic impurities during the device process. 

To analyze the amount of Ni gettered during the device process, we analyzed the Ni 

concentration depth profiles by SIMS before and after the device process; see Figure 5.6(a, 

b). No Ni impurities were observed in the epitaxial layer and CH3O ion-implantation 

region (Figure 5.6(a)). By contrast, a Ni concentration peak was observed within the 

CH3O ion-implantation region (Figure 5.6(b)). The Ni concentration in the CH3O ion-

implantation region after the device process was 1.2  1011 atoms/cm2. This result 

suggests that within the CH3O ion-implantation regions, at least 1.2  1011 atoms/cm2 of 

Ni impurities were gettered during the device processes. 
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Fig. 5.5 SIMS depth profiles of C, O, H, Ni, and Cu after the device process 
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Fig. 5.6 Ni distribution profiles in the CH3O ion-implanted wafer (a) before and (b) after 

the device process 
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5.4.2 Diffusion behavior of implanted elements by CH3O ion implantation during 

the CMOS image sensor fabrication process 

As shown above, gettering by CH3O ion implantation is effective for metallic 

impurities during the device fabrication processes. In our previous study, we confirmed 

that the concentration peaks of C, O, and H occur within the CH3O-implantation region, 

which are higher than their solid solubility because of two types of defects: stacking fault 

and C-related defect. We also confirmed that this range functions as the gettering sink for 

metallic impurities. Thus, understanding the diffusion behavior of implanted atoms and 

defect behavior during the device fabrication processes is important for understanding the 

effect of the CH3O ion-implantation region. We investigated the diffusion behavior of C, 

O, and H, the three elements that were implanted by CH3O ion implantation. 

 

5.4.2.1 C-diffusion behavior 

The C distribution profiles in Si epitaxial wafers with and without CH3O ion 

implantation at a dose of 7.0 × 1014 ions/cm2 are shown in Figure 5.7 before and after the 

device process. In the CH3O ion-implanted epitaxial wafer, the C concentration in the 

CH3O ion-implantation region before the device process was 5.0  1014 atoms/cm2 and 

5.1  1014 after. We confirmed that the C concentration near its peak was decreased by the 

device process. By contrast, the C concentration in the CH3O ion-implantation region was 

higher than the solid solubility and was not changed by heat treatment. These results 

suggest that C atoms near their concentration peak diffused to the bulk of the Si wafer, 

whereas the C forming the concentration peak remained during the device heat treatment. 
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Fig. 5.7 C distribution profiles in CH3O ion-implanted and unimplanted wafers (a) before 

and (b) after device process 
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In our previous study of Chapter. 4, it was found that the C implanted by CH3O ion 

implantation generated defects through C aggregation. It is considered that the remaining 

C with its concentration peak higher than the solid solubility is due to the remaining 

defects generated by C aggregation. This high C concentration peak region functions as 

the gettering layer for metallic impurities. Thus, it is expected that the CH3O ion-

implantation region functions as a gettering sink during the CMOS device process. 

 

5.4.2.2 O gettering behavior 

Figure 5.8(a, b) shows the O distribution profiles before and after the device process. 

The O concentration peaks were observed in the CH3O ion-implantation region. This 

indicates that this ion-implantation region gettered O before and after the device process. 

The O concentration in the epitaxial layer of the CH3O ion-implanted wafer was higher 

than in the unimplanted wafer after epitaxial growth (Figure 5.8(a)). This difference was 

assumed to be due to the diffusion of implanted O into the epitaxial layer from the CH3O 

ion-implantation region during the epitaxial layer growth process. By contrast, the O 

concentration in the epitaxial layer decreased in the CH3O ion-implanted wafer after the 

device process (Figure 5.8(b)). The amount of O gettered in the CH3O ion-implantation 

region before the device processes was 1.7  1014 atoms/cm2 and 3.4  1014 after the 

processes. The amount of gettered O increased during the device process. This suggests 

that the CH3O ion-implantation region can getter O atoms diffusing from the Si substrate 

during the device heat treatment. 
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Fig. 5.8 O distribution profiles of CH3O ion-implanted and unimplanted wafers (a) before 

and (b) after device process 
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Figure 5.9 shows the O-integrated concentrations form at a depth of 1.4 m to 5 m, 

which is the interface of the Si substrate and the epitaxial layer where it can be measured 

by SIMS. The O-integrated concentration in the epitaxial layer without CH3O ion 

implantation increased from 4.5  1013 to 1.0  1014 atoms/cm2 by the device heat 

treatment. However, in the CH3O ion-implanted epitaxial wafer, the O concentration 

decreased from 6.8  1013 to 6.7  1013 atoms/cm2. These results suggest that most of the 

O atoms that diffused from the Si substrate were gettered in the CH3O ion-implantation 

region. Furthermore, the difference in the O distribution depth profile in the epitaxial layer 

was due to the diffusion of O that already existed in the Si epitaxial layer before the device 

process. Therefore, the CH3O ion implantation technique does not increase the O 

concentration in the epitaxial layer, but rather reduces it by gettering O during the device 

fabrication processes. 

 

5.4.2.3 H gettering behavior 

The H distribution profiles before and after the device process are shown in Figure 5.10. 

Before the device process, the H concentration in the CH3O ion-implantation region was 

8.6  1012 atoms/cm2, and 1.2  1012 after that. The amount of H that diffused from the 

CH3O ion-implantation region was 7.4  1012 atoms/cm2. We confirmed that H diffused 

from the CH3O ion-implantation region during the device process. Okuyama et al. 

reported the diffusion behavior in a CH3O ion-implanted Si epitaxial wafer during 

isothermal annealing [59-61]. In their study, almost 7.4  1012 H atoms/cm2 diffused. Thus, 

the same amount of H diffused during the device process. Therefore, it is expected that 

the CH3O ion-implanted Si epitaxial wafer can passivate the interface state defects by H 

diffusion from the CH3O ion-implantation region. 
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Fig. 5.9 O concentrations in epitaxial layer of wafers with and without CH3O ion 

implantation before and after the device process 
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Fig. 5.10 H distribution profiles before and after the device process 
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5.4.3 Defect morphology observation in the CH3O ion-implantation region 

In the previous chapter, we investigated the diffusion behavior of ion-implanted atoms 

during the device fabrication process. Typically, the diffusion behavior of atoms and 

defect behavior are closely related. Furthermore, understanding the defects in Si crystals 

is important for understanding the gettering effect because the defects act as gettering 

sinks. 

The CH3O ion-implanted epitaxial wafer is expected to have two regions of gettering 

sinks: the CH3O ion-implantation region and the BMD region. The CH3O ion-

implantation region is located near the interface between the epitaxial layer and the 

substrate (Figure 5.8). In contrast, the formation region of BMDs is the bulk of the Si 

substrate about 30 m below the surface. Thus, the CH3O ion-implantation region is 

located nearer to the device active region than the BMD region. In this chapter. 5.4.3, we 

investigate the defect behavior in the CH3O ion-implanted epitaxial wafer during the 

device fabrication process. 

 

5.4.3.1 BMD formation behavior 

The BMD densities in the CH3O ion-implanted and unimplanted Si epitaxial wafers 

analyzed using MO-441 are shown in Figure 5.11. CH3O ions were implanted at a dose 

of 7.0  1014 ions/cm2 and the BMD density in the unimplanted Si epitaxial wafer was 

2.7  109 /cm3. 
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Fig. 5.11 BMD densities in CH3O ion-implanted and unimplanted wafers 
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The BMD density in the CH3O ion-implanted Si epitaxial wafer was 3.4  109 /cm3, 

which is slightly higher than that of the unimplanted wafer. The reasons for the increase 

in BMD density are considered to be the difference between initial C and O levels in the 

Si substrate and the effects of C and O introduced by the CH3O ion implantation. However, 

the depth of the BMD region is over 30 m from the substrate/epitaxial layer interface. 

Thus, the CH3O ion-implantation region is far from the BMD region. It is considered 

that the impact of CH3O ion implantation on BMD formation is small. We speculated that 

the difference in BMD density between the CH3O ion-implanted and unimplanted wafers 

is due to the difference between the O and C concentrations in the substrate. From Figure 

5.11 it is considered that the gettering capability of the BMD region in the unimplanted 

and CH3O ion-implanted wafers because of the BMD density in these wafers is almost 

the same. 

 

5.4.3.2 CH3O ion-implanted defect behavior 

Figure 5.12(a, b) shows cross-sectional TEM images of the CH3O ion-implantation 

region before and after the device process, respectively. CH3O ions were implanted at a 

dose of 7.0  1014 ions/cm2. In Figure 5.12(a) and 5.12(b), two types of defect were 

observed: C-related defects of almost 5 nm in size and large ion implantation defects. The 

5 nm defects were observed as black points in Figure 5.12(a, b). In a previous study of 

Chapter. 4, ion implantation defects were determined to be Si {111} stacking faults. We 

assumed that these two types of defect functioned as gettering sinks. Focusing on the 

stacking fault defects, their density did not change as a result of the device process, from 

which we assumed that the gettering capability for stacking fault defects was also 

unchanged during the device process. 
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Fig. 5.12 Cross-sectional TEM images of CH3O ion-implantation region (a) before and 

(b) after the device process 
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Fig. 5.13 C-related defect densities before and after the device process 
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The densities of the 5 nm C-related defects are shown in Figure 5.13. The defect density 

before the device process was 3.4  1016 /cm3 and the defect density after the device 

process was 2.9  1016 /cm3. The density of the 5 nm defects did not change as a result of 

the process. 

In a study of the hydrocarbon molecular ion implantation technique, the gettering 

capability increased with increasing density of the 5 nm defect density [54-58]. Thus, we 

assumed that the gettering capability of the CH3O ion-implantation region was 

maintained during the device process. 

Figure 5.14 (a, b) shows cross-sectional SEM images of samples for C-related defect 

analysis by 3D-APT before and after the device process along with their C and O 

distribution maps. These samples were prepared for analysis of the 5 nm defects, which 

were located far from stacking fault defects, and aggregation of C and O was observed 

(Figure 5.14 (a, b). 

To reveal the C and O atom distributions, the maps showing 2 at.% C and 5 at.% O 

isoconcentration surfaces extracted from the CH3O ion-implantation region before and 

after the device process are shown in Figure 5.14 (a, b). The regions with high C and O 

concentrations almost overlap. Furthermore, the O concentration in the O aggregation 

region after the device process was higher than before the device process. This result 

indicates that the C aggregation region can gather O that diffused from the CZ silicon 

substrate during the device process (Figure 5.14 (a, b)). 

STEM images and 3D-APT analysis results for stacking fault defects in the samples 

before and after the device fabrication process are shown in Figure 5.15. The STEM 

images show stacking fault defects in the samples (Figure 5.15). 
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Fig. 5.14 Cross-sectional SEM images of needle-shaped samples and 3D-APT analysis 

results of atom maps and isoconcentration surfaces at 2.0 at.% C and 5.0 at.% O on C-

related defects in the CH3O ion-implantation region (a) before and (b) after the device 

process 

  

(a) 

(b) 
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Fig. 5.15 Cross-sectional STEM images of needle-shaped samples and 3D-APT analysis 

results of atom maps and isoconcentration surfaces at 2.0 at.% C and 10 at.% O on 

stacking fault defects in the CH3O ion-implantation region (a) before and (b) after the 

device process 

  

(a) 

(b) 
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The C and O distribution maps before and after the device process, which respectively 

show that the aggregations of C and O, are assumed to be located around the stacking 

fault defects (Figure 5.15 (a, b)). 

To reveal the distribution of C and O atoms, the maps showing isoconcentration 

surfaces with 2 at.% C and 10 at.% O extracted from the CH3O ion-implantation region 

before and after the device process are respectively shown in Figure 5.15 (a, b). The 

regions with high C and O concentrations almost overlap. Furthermore, the region with 

10 at.% O after the device process was wider than that before the device process, 

suggesting that the O concentration in the CH3O ion-implantation region around the 

stacking fault defects was significantly higher after the device process than before it. It is 

considered that the stacking fault defects function as gettering sinks for O impurities that 

diffused from the Si substrate during the device process. In particular, the O concentration 

around the stacking fault defects is higher than that around the C aggregation region near 

the stacking fault defects, indicating that the stacking fault defects are stronger gettering 

sinks for O than for the C aggregation region. 

As mentioned above, the CH3O ion-implantation region can getter various elements. It 

is assumed that this characteristic contributes to the reduction in white spot defect density. 

Then, why can the CH3O-implantation region getter various elements? What is the 

mechanism underlying the gettering effect in the CH3O ion-implantation region? 

Generally, there are two mechanisms underlying the gettering effect in Si wafers. The first 

is segregation gettering. Segregation gettering is induced by the difference in solid 

solubility for metallic impurities [116]. If gettering sinks have higher solid solubility than 

the bulk of the Si crystal, the gettering sinks can gather the metallic impurities. The second 

is relaxation gettering. This type of gettering is caused by the stress field [25]. For 
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example, the stress field induced by a defect such as dislocations can getter metallic 

impurities. 

The CH3O ion-implantation region has two types of defect functioning as gettering 

sinks (Figure 5.12). Figure 5.14 also shows that C-related defects arise from C and O 

aggregation. This type of defect is similar to that generated by hydrocarbon molecular ion 

implantation. Kurita et al. reported that the mechanism of gettering C-related defects is 

segregation [54-58]. Therefore, it is considered that the mechanism of gettering C-related 

defects in the CH3O ion-implantation region is segregation. 

By contrast, a different mechanism of gettering stacking fault defects is assumed. In 

general, the mechanism of gettering secondary defects generated by ion implantation such 

as high-energy ion implantation is relaxation [117]. Because the ion-implanted defects in 

the CH3O ion-implantation region are stacking fault defects, it is considered that the 

mechanism of gettering these defects is relaxation. However, the C complexes reside 

around the stacking fault defects (Figure 5.15). Moreover, the O atoms that diffused 

during the device heat treatment are gettered by the C complexes. Thus, it is considered 

that the C complexes around the stacking fault defects function as gettering sinks for 

metallic impurities. The mechanism of gettering the C complexes existing in the Si crystal 

bulk is segregation. In addition, Shirasawa et al. reported that the C complexes in the Si 

crystal have a high binding energy for various metallic impurities, as determined by DFT 

calculation [71-73]. Therefore, the mechanism of gettering the C complexes around the 

stacking fault defects is considered to be segregation. In conclusion, it is considered that 

the mechanism of gettering the stacking fault defects in the CH3O ion-implantation region 

is a combination of the relaxation type for secondary defects and the segregation type for 

the C and O complexes. 
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In order to examine the contribution of each defects to oxygen gettering, an 

investigation was conducted using the results in Fig. 5.15. Fig. 5.16 shows the average 

number of oxygen atoms gettered by each defects. The gettered oxygen atoms in C-related 

defects are defined as the atoms located within the 10 nm square cube centered on the 

aggregated carbon as shown Fig. 5.15 (a). The gettered oxygen atoms by EOR defect are 

defined as the atoms located within the rectangular which include the EOR defect as 

shown Fig. 5.15 (b). As shown Fig. 5.14 (b) and 5.15 (b), the EOR defect is not completely 

include in the 3D-APT samples. The number of oxygen atoms gettered by the EOR defect 

showed in Fig. 5.16, shows the corrected value assuming that 3/4 of gettered oxygen 

atoms are included in analysis region. As shown in Fig. 5.16, the amount of gettered 

oxygen in EOR defects and C-related defects are increased after the device process. It is 

found that these defects function as gettering site on diffused oxygen during device 

process. And the number of gettered oxygen in EOR defects is higher than that in C-

related defects. An increase rate of oxygen atoms in each defects are almost same. 

Therefore, these defects function to the same extent as gettering sites for oxygen. 

Fig. 5.17 shows the concentration of the oxygen gettered by each defects. The gettered 

oxygen concentration was calculated from the number of gettered oxygen atoms by each 

defects as shown in Fig. 5.16, and the defect density of each defects from TEM 

observation results as shown in Fig. 5.12. The C-related defects assumed to be uniformly 

distributed in CH3O implanted region which width is 200 nm. As shown in Fig. 5.17, the 

concentration of the oxygen gettered by the C-related defects was higher than that of EOR 

defects. This result suggests that the C-related defect is more effective on the oxygen 

gettering than EOR defect. This difference is considered to be occurred by the deference 

of the density of each defects. The density of C-related defect is almost 3.5×1016 cm-3. 
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On the other hand, The density of EOR defect is almost 6.4×1013 cm-3. Therefore, the C-

related defects can getter higher concentration of oxygen than EOR defects, because of 

the high density of the defects. However, the EOR defects can getter the 31% of oxygen 

in after device process sample compare with the C-related defects. This result suggests 

that the EOR defects also contribute to the oxygen gettering during device process. 

Fig. 5.18 shows the comparison of gettered oxygen concentration between the 3D-APT 

results and the SIMS results. As shown in Fig. 5.18, it is consistent that the oxygen 

concentration tends to increase after the device process. On the other hand, the 

concentration of gettered oxygen calculated from 3D-APT results were half of the SIMS 

analysis results. This difference is considered to be occurred by two reasons. The first is 

the difference in atom detection efficiency. The atom yield of 3D-APT is lower than SIMS. 

The atom yield of 3D-APT in this study is almost a half. The second is non-uniformity of 

C-related defects. The oxygen atoms diffuse only from the silicon substrate during device 

process. Amount of gettered oxygen by C-related defects located deeper region is higher 

than that by C-related defects located shallow region. From these reasons, the oxygen 

concentration calculated from 3D-APT results were different from the calculation from 

SIMS results. 

  



118 

 

 

 

 

 

 

 

 

 

Fig. 5.16. The number of oxygen atoms gettered by the C-related and EOR defect 
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Fig. 5.17. The concentration of the oxygen gettered by C-ralated and EOR defects. 
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Fig. 5.18. The comparison of gettered oxygen concentration between the 3D-APT results 

and the SIMS results. 
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5.4.4 Reduction in white spot defect density by using CH3O ion implantation 

In the previous chapter, we confirmed that the CH3O ion-implantation region is 

effective for gettering metallic impurities during the device fabrication process. 

Furthermore, the H atoms that diffused during the device fabrication process are expected 

to passivate the Si/SiO2 interface. These characteristics are expected to improve the 

electrical properties of CMOS image sensors. In this chapter, we report on the effects of 

CH3O ion implantation on the electrical properties of CMOS image sensors by measuring 

the DCS; these effects determine the density of white spot defects. Figure 5.19 shows that 

the density of white spot defects is larger than 145 electrons/s when comparing between 

CH3O ion-implanted and unimplanted Si epitaxial wafers. CH3O ions were implanted at 

a dose of 7.0  1014 ions/cm2. As shown in Figure 5.19, the density of white spot defects 

was decreased by CH3O ion implantation, suggesting that the latter implantation could 

improve the electrical properties of CMOS image sensors. 

  



122 

 

 

 

 

 

 

 

 

 

Fig. 5.19 Density of white spot defects in wafers with and without CH3O ion implantation 
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Why can CH3O ion implantation reduce the white spot defect density in CMOS image 

sensors? We assume that there are three possible mechanisms. 

First, the gettering capability for metallic impurities is higher during the CMOS device 

process. In particular, the metallic impurities have a large effect on the density of white 

spot defects [112, 113, 118, 119]. The deep energy levels that were formed by metallic 

impurities function as electron–hole pair centers generated by thermal energy without 

photo irradiation. As a result, the CMOS image sensors generate unexpected electrical 

signals that are detected as white spot defects. Russo et al. reported the effect of metallic 

contaminations on the dark current of CMOS image sensors [119]. Metallic 

contaminations significantly affects the increase of dark current. Fig. 1.3 shows the 

temperature dependence on the dark current [23]. The diffusion current is the dark current 

caused by the diffusion of minority carrier from the bulk of silicon substrate to the PD. 

The generation current is the dark current caused by the deep energy levels in silicon 

crystal band gap caused by the metallic contaminations in PD. 

In the room temperature operation, the generation current is higher than the diffusion 

current. If there is no metallic impurities, the dark current can be reduced to 1/10 at room 

temperature operation. The CH3O ion-implantation region can getter more metallic 

impurities than the BMD region as shown in Figures 5.5 and 5.6. The CH3O ion-

implantation region can be formed closer to the device region than the BMD region.  

The CH3O ion-implantation region is considered to be effective for gettering metallic 

contaminations in device region during device processes. Thus, CH3O ion-implantation 

technology is quite useful to reduce white spot defects in CMOS image sensors. 
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Second, the oxygen concentration in the epitaxial layer is reduced during the device 

process. The CH3O ion implantation reduced the O concentration to 3.8  1013 atoms/cm2 

in the epitaxial layer (Figure 5.9). This reduction was achieved by the O gettering in the 

CH3O ion-implantation region. As shown in Figure 5.8, the CH3O ion-implantation 

region can getter O that diffused from the Si substrate during the device heat treatment. 

The O in the device structure region accounts for the lag characteristics of CMOS image 

sensors [66]. Furthermore, Kaneda and Ohtani reported that the O–B complex generates 

an energy level in Si band gaps [65]. B is used to form the p-type region in device 

structures such as PDs. Thus, it is considered that the O concentration reduction reduces 

the white spot defect density via the reduction in the concentration of the O–B complex. 

Third, H gettering occurs in the CH3O ion-implantation region. In general, the Si/SiO2 

interface state defects form the electrical state in Si crystal band gaps. This electrical state 

easily forms holes and electrons by thermal energy without photo irradiation. As a result, 

the Si/SiO2 interface state defects increases the density of white spot defects. 

As shown in Figure 5.10, the concentration of H that diffused during the device process 

was 7.4  1012 atoms/cm2. In general, the density of Si/SiO2 interface states is almost 1011 

atoms/cm2. Although the amount of H that diffused was higher by a factor of 10 than that 

of the density of Si/SiO2 interface state defects, we assumed that the amount of H was 

sufficient to passivate the Si/SiO2 interface. It is expected that H that diffused from the 

CH3O ion-implantation region passivated the interface state defect formed in device 

structures, such as the Si/SiO2 interface. 

In conclusion, it is considered that white spot defect density reduction was achieved 

through these three mechanisms, accounting for the high gettering capability of the CH3O 

ion-implantation region for metallic impurities. 
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5.5 Conclusion 

In this chapter, we compared the gettering capability of CH3O and C2H3 ion-

implantation regions, and also discussed the effect of the proximity gettering technique 

using CH3O ion implantation on the characteristics of the CMOS image sensor 

performance. The results are summarized as follows: 

1. The gettering capability of the CH3O ion-implantation region on Ni was higher 

than that of the C2H3 ion-implantation region. This increase in gettering capability is 

assumed to be due to the formation of EOR defects, which do not form in the ion-

implantation region with a hydrocarbon molecule such as C2H3. 

2. The CH3O ion-implantation region after the device fabrication process can getter 

the metals Ni, Cu, and Fe. This result suggests that the gettering site introduced by CH3O 

ion implantation acts as a strong gettering site for the metallic impurity contaminations 

during device fabrication processes. 

3. The behavior of the defect introduced by CH3O ion implantation during the 

device fabrication process was investigated. It is found that the defect remained through 

the fabrication process, and it is assumed that these defects also act as gettering sites 

during the device fabrication process. 

4. We analyzed the distribution of C and O atoms in the CH3O ion-implantation 

region close to and far from the EOR defects. It is found that the EOR defects in the CH3O 

ion-implantation region function as a gettering site on O more strongly than do C-related 

defects. From this result, it is assumed that EOR defects act as strong gettering sinks on 

other elements such as metallic impurity contaminations. 

5. The density of white spot defects can be decreased using CH3O ion-implanted 

Si epitaxial wafers. This result suggests that CH3O ion implantation could contribute to 
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improving the characteristics of advanced CMOS image sensors and that the concept of 

the proximity gettering using multi-element molecular ion implantation is effective. 

 

 

 

  



127 

 

 

 

Chapter. 6 

Conclusions 

 

In this thesis, we developed a new molecular ion implantation technology, namely 

“CH3O ion implantation technology” for proximity gettering, and we investigated the 

basic characteristics of an Si epitaxial wafer implanted by the CH3O molecular ion. 

Furthermore, we also investigated whether proximity gettering technology using CH3O 

ion implantation can improve the CMOS image sensor’s electrical performance. 

In Chapter 2, the principles of the equipment and analysis methods that were used in 

this thesis were described. In particular, the ion implantation apparatus “CLARIS®” was 

described; it uses organic molecules as the gas source and ionizes the gas by electron 

impact for the formation of a molecular ion beam. 

In Chapter 3, multi-element molecular ion beam formation and the characteristics of 

CH3O ion implantation were studied. Molecular ions, such as the CH3O ion, which is 

assumed to consist of three elements, is formed by the ionization of diethyl ether using 

electron impact. The ion with mass 31 was selected for implantation, and was assumed to 

have the formula CH3O. Using the ion of mass number 31, we observed in the ion 

implantation region the concentration peaks of C, H, and O. From this result, we 

determined that CH3O ion implantation can be performed using diethyl ether as the gas 

source. We also investigated the implantation damage of CH3O ion implantation using 

TEM. The implantation damage was higher for implantation with the CH3O ion than with 

the C2H3 ion. We revealed from TCAD calculation that the increase in CH3O ion 

implantation damage was caused by the added O. The damage trend of CH3O ion 
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implantation was the same as that of C2H3 ion implantation, which is the conventional 

hydrocarbon molecular ion implantation. This result suggests that CH3O ion implantation 

can be applied to the fabrication process of hydrocarbon molecular ion-implanted Si 

epitaxial wafers. From these studies, we investigated that CH3O ion implanted Si epitaxial 

wafer is able to fabricate using the fabrication process on the hydrocarbon molecular ion 

implanted Si epitaxial wafer. 

In Chapter 4, the fundamental characteristics of CH3O ion-implanted Si epitaxial 

wafers were studied. We found that the CH3O ion implantation region contains two types 

of defects. One type of defect is a 5 nm black point defect, which was also observed in 

the hydrocarbon molecular ion implantation region. This defect is considered to be 

formed by the aggregation of implanted C. The other defect is a 50 nm defect, which is 

peculiar to the CH3O ion implantation region and was never observed in the hydrocarbon 

molecular ion implantation region. From TEM observations and FFT analysis of the 

defect, we found that the 50 nm defect is an EOR defect, which has the shape of a stacking 

fault defect formed by the aggregation of interstitial Si. Because the interstitial 

concentration at the EOR of CH3O ion implantation is higher than that of C2H3 ion 

implantation, we concluded that 50 nm defects were formed by the aggregation of 

interstitial Si that increased with the added O in CH3O ion implantation. The dependence 

of the EOR defect density in the CH3O ion implantation region on the ramping-up rate 

after annealing at 1100 C for 300 s was also investigated. We conclude that the 

dependence on the density of the EOR defect was caused by the temperature dependence 

of the behavior of the EOR defect. The aggregation behavior of interstitial Si and the 

gettering behavior of C and O at the EOR defect were considered to be determined by the 
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temperature dependence of the EOR defect formation behavior and the dependence of the 

EOR defect density on the ramping-up rate. 

In Chapter 5, the gettering capability of the CH3O ion implantation region and the 

effect of the CH3O ion-implanted Si epitaxial wafer on a CMOS image sensor were 

studied. The Ni gettering test results of the CH3O ion-implanted Si epitaxial wafer suggest 

that the gettering capability of the CH3O ion-implanted region was higher than that of the 

C2H3 ion-implanted region. We consider that the gettering capability was increased by the 

EOR defect acting as gettering sinks in the CH3O ion-implanted region. 

Finally, we investigated the effect of proximity gettering technology using CH3O ion 

implantation technology. The gettering capability of the CH3O ion-implanted region was 

found to be effective in metallic impurity contaminations such as Ni, Cu, and Fe 

introduced during the CMOS image sensor fabrication processes. We also found that the 

white spot defect could decrease using CH3O ion-implanted Si epitaxial wafers. This 

result suggests that CH3O ion-implanted Si epitaxial wafers can improve the electrical 

properties of CMOS image sensors. 

From the studies in this thesis, we found that our new molecular ion implantation 

technology for proximity gettering technology was effective for the improvement of 

CMOS image sensor device performance. We believe that multi-element molecular ion 

implantation can contribute to advanced CMOS image sensors. 
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