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Abstract

Complementary Metal Oxide Semiconductor (CMOS) image sensor has been

widely used for ubiquitous devices, such as smartphones and smart watches. In

consumer markets, CMOS image sensors with high dynamic range are strongly

demanded also with high sensitivity, high saturation signal and low noise. Especially,

for automotive and surveillance systems, random noises caused by dark currents

and random telegraph signals (RTS) are required to be reduced. To reduce the

dark currents, the defects with deep energy level caused by metallic impurities are

needed to be suppressed in the device active region during the fabrication processes.

A gettering technology is well known to remove metallic impurity contaminations

through device integration procedure, and also, a silicon epitaxial wafer technology

are widely used for CMOS image sensors, to reduce the dark currents because of less

crystal defects. Moreover, to reduce the dark currents and RTS noise simultaneously,

the carrier generation from interface state traps at the interface between silicon

dioxide (SiO2) film and silicon (Si) substrate is needed to be reduced in the deep

trench isolation (DTI) and transistor gate oxide. The interface state density (Dit)

is reduced by hydrogen forming gas annealing (FGA) after back end of line (BEOL)

processes, in which the silicon dangling bonds are terminated with hydrogen at

the interface between the SiO2 and Si called Pb0 centers. However, the most of

the hydrogen atoms are concerned to be trapped in multiple interconnect layers

during the FGA. Consequently, it is possible to perform the FGA before BEOL

processes, however, it has been reported that desorption of hydrogen from the

interface between the SiO2 and Si was observed due to thermal energies during the

BEOL processes. To solve the above issues, new technologies are expected from the

wafer side, independent of BEOL processes and the number of interconnect layers.



Therefore, I have developed the novel epitaxial wafer with hydrocarbon molecular

ion implantation, and this thesis discusses comprehensive characteristics regarding

the hydrogen termination effects because of this wafer.

First, the defects in hydrocarbon molecular ion implanted silicon wafer, which

are different from that in monomer one, were observed even after the epitaxial

growth. In addition, it is speculated using Technology Computer Aided design

(TCAD) analysis that the carbon induced complexes trap the metallic impurities.

In contrast, I found that hydrogen species are maintained in this region, such as a

hydrogen reservoir.

This thesis further investigates the hydrogen diffusion behavior from the

reservoir, in which two types of hydrogen diffusions from the implanted region

of hydrocarbon molecular ions are discussed for the small and large thermal

budget processes, respectively. In this small thermal budget, the activation energy

of hydrogen dissociation from the implanted region was calculated as 0.76 eV,

which corresponds to the activation energy of C-H2 binding energy relating to the

carbon-induced defects with hydrogen. In contrast of large thermal budget, the

activation energies of hydrogen dissociation was calculated as 0.42 eV, which is

close to the binding energy of oxygen and hydrogen (O-H). These results for small

and large thermal budgets convince these molecular and atomic hydrogen diffusions

from the implanted region.

Finally, this thesis discusses on the reduction of Dit at the interface between SiO2

and Si, because of the hydrogen termination effects, by using capacitance voltage

(C-V) and electron spin resonance (ESR) measurements.

These results in this thesis indicate that hydrocarbon molecular ion implanted

epitaxial silicon wafer simultaneously achieves the high gettering ability for metallic

impurities and the hydrogen termination effect for the SiO2/Si interface. Therefore,

I have conclude that the hydrocarbon molecular ion implanted epitaxial silicon wafer

remarkably improves the dark currents and RTS noise, simultaneously. Eventually,

there is no question that this wafer is able to be applied for not only CMOS image

sensor but also any type of advanced LSI products.
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Chapter 1

Introduction

1.1 Technical trends of CMOS image sensors

In recent years, Complementary Metal Oxide Semiconductor (CMOS) image

sensors have been used in consumer electronic devices such as digital cameras and

smartphones. In addition, CMOS image sensors have been used in other fields such

as automotive, monitoring cameras and medical applications. The global market for

CMOS image sensors is growing significantly.

Figure 1.1 shows the dollar-based market growth of the CMOS image sensor

market trend [1]. Large growth is forecast from 2019 onwards, indicating that the

product group is expected to continue to grow in the future. The CMOS image

sensors market has been growing by mounting it in consumer electronic devices such

as digital cameras and smartphones. Furthermore, in recent years, CMOS image

sensors have also been applied to the term of automotive and medical application.

Therefore, the market of CMOS image sensors is expected to grow significantly in the

future. In addition, consumer market strongly demands more high sensitivity and

more high speed image data processing for achieving fabricate high performance

CMOS image sensors. Although CMOS image sensors are used in various fields

today, the concept of a solid-state image sensor was shown by a photo scanner of

SR Morrison in 1963 and a scanister of IBM in 1964 [2, 3]. However, it has been

technically difficult to achieve the number of pixels required for a practical image

sensor on a silicon substrate with a high yield. In 1970, Bell Labs W. S. Boyle

and G. E. Smith developed a charge coupled device (CCD) [4]. CCDs can transfer

signal charges spatially distributed on the surface of a silicon semiconductor while

maintaining their positional relationship. As a result, the development of solid-state

imaging devices will begin rapidly. Kosonocky in et al. proposed an overlapping

gate electrode structure [5]. In addition, Walden in et al. proposed a buried channel

structure as a structure for improving the charge transfer efficiency of a CCD [6].
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Figure 1.1: CMOS image sensor market trend [1].

Furthermore, for the detection of signal charges, Kosonocky in et al. indicated

the advantage that the charge detection method using a floating diffusion layer

(Floating Diffusion) structure [7] can improve the detection sensitivity by reducing

the capacitance of the floating diffusion layer. On the other hand, regarding

MOS imaging devices, a video camera was released using MOS imaging devices

in 1981. However, the parasitic capacitance of the column readout line and the row

readout line increases as the number of pixels increases in the MOS imaging device.

Therefore, the sensitivity of MOS image sensor is lower than that of the CCD image

sensor, and the image quality is degraded due to the fixed pattern noise. After

that, the improvement of MOS imaging devices was continued, but they were not

widely used due to poor compatibility with the CMOS LSI process. CMOS-APS

(Active Pixel Sensor), the prototype of a CMOS image sensor, was reported by

E.R. Fossum in et al. in 1993 [8]. This device has a 3Tr configuration in which

the photodiode potential is read out by a source follower amplifier. It could be

manufactured with a single power supply, low power consumption, high speed by

reading signals in parallel in row units, and a standard CMOS process. In addition,

it attracted attention because of its advantages such as system-on-chip being easy [9].

Since CMOS-APS amplifies signals for each pixel, it has the advantage of being less

susceptible to noise on vertical and horizontal signal lines. However, the fixed pattern

noise due to the variation of the amplifier for each pixel and the dark current noise of

the photodiode are large. Therefore, there was a difference in sensitivity and image

quality from CCD, and these solutions are issues of CMOS-APS. With regard to fixed

pattern noise, noise equivalent to that of CCD has been reduced by the configuration

of a column-parallel charge-region-difference-type noise canceling circuit and AD

converter. Also, regarding the random noise, White in et al. developed a correlated
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Table 1.1: Noise and causes of typical CMOS image sensors.

Noises Causes
Random noise kTC noise During charge-voltage

conversion
1/f noise Interface states

of MOS transistor
Fixed pattern noise Dark current noise Interface states

in surface of photodiode
Variation of the amplifier Variation

of the MOS transistors

double sampling (CDS) method to reduce the kTC and 1/f noise [10]. This circuit

can reduce kTC and 1/f noise and is still widely used. To improve the dark current

noise of the photodiode, a pinned photodiode and the development of a 4Tr pixel

using a complete transfer type pinned photodiode have suggested for the image

quality equivalent to that of CCD [11, 12]. Figure 1.2 shows schematic diagram of

4Tr pixel. The pixel of 4Tr CMOS image sensors is composed of a pinned photodiode

(PPD) and four transistors (reset transistor: MRST , charge transfer electrode: TX,

amplification transistor: MD, row selection transistor: MRS), and floating diffusion

(FD) [13]. The signal charge stored in the photodiode is transferred from PPD to

FD by TX. Just before that, FD is initialized to the reset voltage. The initialization

voltage in the FD and the voltage after signal charge transfer are read out as voltage

signals by COLUMN outside the MD and pixel via MRS. The noise generated when

resetting the FD is called reset noise (kTC noise). Complete charge transfer is

achieved by appropriate design of the impurity profile under PPD and TX so that

there is no potential barrier in the charge transfer path from PPD to FD. This

complete charge transfer means that all the signal charges accumulated in the PPD

are transferred to the FD. Thus, the 4Tr embedded photodiode pixel has been

adopted as a basic configuration of a CMOS image sensor because of its excellent

features of low noise, low dark current, and no image lag. Table 1.1 shows the noise

and causes of typical CMOS image sensors.

Although the complete transfer type pinned photodiode structure cannot be

realized by the standard CMOS process, the CMOS process has been modified to

improve sensitivity and image quality. In 2004, a 2-megapixel CMOS-APS was

developed, enabling image quality comparable to CCD. As a result, competition

with CMOS-APS and CCD has begun in the high-end camera market, where CCD

image sensors have been dominant until now. Furthermore, the reduction in the

light utilization rate due to the miniaturization of pixels has been greatly improved,

and high sensitivity has been achieved even when the chip size and pixel size are
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Figure 1.2: Schematic diagram of 4Tr pixel.

reduced. However, one of the features of manufacturing technology required for

CMOS image sensors is that “pixel defect” control is very important. The defect

affects the performance of the solid-state imaging device, such as “pixel defect”

represented by “white spot defects”. Particularly in an image sensor for human

vision, it is necessary to suppress the number of white spots in the screen to less

than ppm for all pixels. In addition, since it is not possible to introduce a redundant

circuit commonly used in a memory device, all the pixels need to be pixel defect

free.

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. White spot defects occur in which a pair of electrons and holes

is formed even when light is not incident due to a deep energy level in the band gap

of a silicon crystal. Thus, it is called dark current because it is a current generated

through deep energy levels when no light is incident.

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

classified by three; surface generation current, bulk generation current and diffusion

current [13]. The surface generation current is caused in the surface of PD or SiO2/Si

interface at isolation region. The amount of surface current at a room temperature
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is known highest in the dark current. The surface current can be suppressed by

making an inversion layer at the surface of the PD such as PPD structure [11, 12].

However, the current generated through the SiO2/Si interface in the isolation region

is a problem of dark current due to surface generation current. The surface generated

current is expressed by the following equation

Jgen,surf = qs0
ni

2
. (1.1)

The Jgen,surf is the surface generated current. q is quantity of electricity. s0 is

surface recombination rate. ni is intrinsic carrier density.

The bulk generation current is caused by deep energy levels formed by the

metallic contaminations or crystal defects. The bulk generation current is expressed

by the following equation

Jgen,bulk ∝ exp(
Eg/2 + |Et − Ei|

kBT
). (1.2)

The Jgen,bulk is bulk generation current. Et is trap energy. Ei is fermi energy. The

bulk generation current is much higher than diffusion current at room temperature.

The diffusion current is caused by the diffusion of minority carrier from the bulk

of silicon substrate to the PD. The diffusion current is expressed by the following

equation

Jdiff ∝ exp(
Eg

kBT
). (1.3)

The Jdiff is the diffusion current. Eg is bandgap energy. kB is Boltzmann

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

temperature.

Equations 1.2 and 1.3 show the temperature dependence of the surface/bulk

generation current and the diffusion current. The surface/bulk generation current

is dominant at low temperatures, and the diffusion current is dominant at high

temperatures. Dark current is determined by the above three current components.

Figure 1.3 shows the schematic diagram of dark current components. Assuming

that the surface generated current is almost suppressed by the PPD structure, it is

known that it has a temperature dependence as shown in Figure 1.4.

Therefore, considering the imaging at room temperature, it is important to

reduce the bulk generation current. The cause of the bulk production current is

the deep level formed in PD. The deep level is formed by metal impurities or crystal

defects. Crystal defects have been solved by applying a silicon epitaxial wafer having

high crystallinity. The main issue is dark current due to deep levels formed by metal

impurities, and their reduction has been performed. Therefore, a ppm level of the
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(1) Surface generation current

(2) Generation current

(3) Diffusion current

Figure 1.3: Schematic diagram of dark current components.

Figure 1.4: Temperature dependence of total dark current.
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Figure 1.5: Relationship of dynamic range and noise floor.

metal contamination required for the general purpose CMOS manufacturing process

is required.

However, in recent years, the surface generated current caused by the SiO2/Si

interface has an issue due to the suppression of other dark current components.

This is due to the fact that human vision is very sensitive to periodic noise and

defects. Furthermore, the product performance indicators of CMOS image sensors

for automotive use include the expansion of the dynamic range at low illumination

(at night) and the improvement of noise characteristics such as RTS noise. Figure

1.5 shows the relationship of dynamic range and noise floor. The dynamic range is

determined by the ratio of saturation level and noise floor. Thus, noise reduction is

especially important at low illumination.

There have been many reports of R&D results aimed at improving these two

product performance indicators [14]. Optimization of Full Well Capacitance (FWC)

in PPD and FD transfer transistors that constitute one pixel of a CMOS image

sensor and noise generated from these circuits in order to achieve high dynamic

range and low noise characteristics has been an important issue. Figure 1.6 shows

the cross-sectional structure of one pixel of a CMOS image sensor. One pixel is

composed of four transistors including PPD and FD [15]. The performance index

of a CMOS image sensor is dark current random telegraph signal noise (DC-RTS)

generated from PPD and source follower random telegraph signal (SF-RTS) noise

generated from an FWC circuit constituting a transfer transistor. It is understood

that SF-RTS noise is dominant in noise generated from circuits [15] Here, RTS noise

in the field of semiconductor devices refers to a phenomenon in which a current

flowing between a source and a drain fluctuates randomly when a MOS-FET is

turned on, and is called SF-RTS noise. According to previous research, the cause of
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Figure 1.6: Cross section of one pixel of CMOS image sensor [15].

SF-RTS noise is that the current drifting between the source and drain is captured

and emitted by a dangling bond-induced defect (e.g., Pb center) located at the

interface between the transistor and the gate oxide film. It is understood that the

main factor is that the current between the source and the drain fluctuates. On the

other hand, the main cause of DC-RTS noise generated by CMOS image sensors is

not always clear, and research for elucidating the origin is being vigorously pursued.

In order to improve RTS noise, it is necessary to reduce interface state defects

generated at the interface of the gate oxide film of the transfer transistor, which is

the main cause of noise generation, and dangling bonds generated at the SiO2/Si

interface by low-temperature hydrogen sintering has been inactivated electrically.

However, with the adoption of the CMOS image sensor, it tends to be difficult to

thermally diffuse hydrogen to the vicinity of the interface in the hydrogen sintering

process near the post-process due to the multilayer film in the mounting and wiring

process. Furthermore, three-dimensional transistors such as FinFET will be adopted

as the logic circuit for scaling. Even in that case, there is a concern that the interface

state traps will increase.

Therefore, it is conceivable that CMOS image sensor manufacturers are also

working on the development of techniques for inactivating RTS noise and interface

state defects due to miniaturization. As above-mentioned, in the manufacture

of a CMOS image sensor, there are always issues of managing heavy metal

contamination, reducing crystal defects, and inactivating interface state defects with

higher performance. The next section describes silicon wafer technology to address

these issues.
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1.2 Silicon wafer technology for CMOS image

sensors

Electrical characteristics of semiconductor devices such as pn junction leakage

current, recombination lifetime, gate oxide breakdown voltage [16] strongly

influences heavy metal impurities in device processes (e.g.; oxidation, diffusion

annealing, plasma etching and ion implantation). For this reason, cleanliness of

the device process has been developed since the late 1980s. However, even in the

current 300 mm ULSI (Ultra Large Scale Integration) manufacturing line, there is a

concern about heavy metal impurities of the active layer of the semiconductor device.

Therefore, gettering techniques for trapping and removing heavy metal impurities

from the device active layer have been developed in order to avoid the influence

of heavy metal contamination on the electrical characteristics of semiconductor

devices [16–22].

In the past, the word “gettering” was used as a process technology to trap and

remove heavy metals generated in the device process by the polysilicon deposited

on the backside of the wafer in the diode manufacturing process [17]. In general,

when the process temperature is high, heavy metal impurities generated in the

device process diffuses in the silicon crystal due to a large diffusion coefficient, and

out-diffuses the front or back surface of the wafer. Then, precipitates are formed

due to a decrease in solid solubility as the process temperature decreases. These

precipitates can be a factor of forming secondary defects and a major factor of

degrading the electrical characteristics of the device. Therefore, the primary purpose

of gettering is to remove metal impurities that may form electrically active defects

from the device active layer region and to achieve a clean device active layer.

The technology to achieve these is called gettering technology. Gettering

technology consists of three processes: (1) removing and releasing heavy metals

from the wafer surface; (2) diffusing the removed heavy metals into the gettering

layer; (3) trapping them. Figure 1.7 shows the concept of gettering technology and

process [16–22]. The gettering technology is a relaxation type gettering in which

a metal element once dissolved in a substrate during a high-temperature annealing

becomes supersaturated in the cooling process and precipitates on a gettering sink.

Another is segregation-type gettering, in which the metal impurities segregates

toward the higher solid solubility due to the difference in solid solubility between

the silicon wafer and the gettering sink.

An example of the gettering method is intrinsic gettering (IG) using a bulk

micro defect (BMD) of an oxygen precipitate formed on a silicon substrate as a

gettering sink. Another example is extrinsic gettering (EG), which forms a gettering
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Figure 1.7: Concept of gettering technology and process.

sink by phosphorous ion implantation or poly-silicon (Poly Back Seal: PBS) on

the backside of the substrate. The IG method by BMD is a gettering technique

utilizing the fact that high-concentration oxygen is dissolved in a silicon wafer from

a quartz crucible when manufactured by the CZ method. BMDs are nucleated by

annealing at 700 to 900◦C and then grown by annealing above 1000◦C. The BMD is

an oxygen precipitate, and when the BMD forms a strain field with the base silicon,

the metal impurities is gettered in the strain field. The IG method is known to be

a relaxed gettering method. On the other hand, as the EG method, a PBS method

using poly-silicon formed on the back surface of the gettering method is well known.

The PBS method is segregation-type gettering in which gettering is performed by

segregation of a metal impurities having a higher solid solubility in poly-silicon

than a silicon substrate. The above-mentioned gettering technique is a technique

applied to a silicon wafer in order to remove the influence of metal impurities in a

device process, and is a technique that has contributed to an improvement in yield.

However, in recent years, the growth of oxygen precipitates (Bulk Micro Defect:

BMD) formed in the wafer has been suppressed along with the low-temperature

and short-time annealing in the semiconductor manufacturing process. In addition,

due to the decrease of gettering sinks due to the thinning of silicon wafers in the

post-device process, it is difficult for conventional gettering technology to show

sufficient gettering effect on heavy metal impurities [23]. Therefore, the development

of new gettering technology that can solve these technical issues has been required.

Furthermore, CMOS image sensors require a different approach to gettering. A

dark current characteristics are well known as the imaging characteristics of CMOS

image sensors [24]. Figure 1.8 shows the issues of advanced CMOS image sensors.
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Figure 1.8: Issues of advanced CMOS image sensors.

It is understood that the dark current is generated by heavy metal impurities

in the CMOS image sensor manufacturing process, where recombination centers

are formed in the space charge region of the photodiode constituting the sensor,

and are caused by bulk generation current from those deep energy levels [25, 26].

For this reason, in order to improve the imaging characteristics, it is necessary to

control heavy metal impurities resulting from the device manufacturing process.

Also, during the CMOS image sensor fabrication process, oxygen dissolved in the Si

wafer substrate out-diffuses into the space charge region of the photodiode to form

electrically active defects such as potential pockets. This has a negative effect on

complete transfer and is a factor that degrades pixel quality such as ”image lag” [12].

In addition, Shallow Trench Isolation (STI) and Deep Trench Isolation (DTI) are

used as isolation between photodiodes and transfer transistors. The silicon dangling

bonds at the interface of Si and SiO2 in STI or DTI forms an interface state, which

generates surface generation current of the dark current. Therefore, high-sensitivity

CMOS image sensors require gettering wafers that can not only reduce heavy metal

impurities in the device manufacturing process but also reduce substrate oxygen

and interface states. Furthermore, a device for reducing interface state generated

in the isolation region is an essential requirement for improving the performance of

the CMOS image sensor. Thus, there is a demand for the development of a new

gettering technology that can contribute to improvement these technical issues.
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1.3 Hydrocarbon molecular ion implantation

technology

As mentioned in the previous section, CMOS image sensors require new gettering

technology. The reason is that the low-temperature and short annealing time during

the device process make it difficult to grow BMD in the silicon wafer. In addition,

due to the decrease of gettering sinks and the thinning of silicon wafers in the back

end of line (BEOL) process, it is difficult for conventional gettering technology to

show sufficient gettering effect on heavy metal impurities [23]. Furthermore, in

the case of a CMOS image sensor, an epitaxial wafer (mainly an n/n- epitaxial

wafer) is used as a silicon wafer. There has been a tendency to form a photodiode

with a low concentration and a deep p-layer (deeper 3 µm from the surface) in

order to improve the imaging characteristics. Therefore, a gettering technology that

forms a gettering sink directly under the device active region by high-energy ion

implantation has been reported in previous study [27]. Previous study has reported

a technique using high-energy monomer carbon ion implantation in order to form a

gettering sink beneath the space charge region [27,28]. Figure 1.9 shows the concept

of proximity gettering sink using high-energy monomer ion implantation. However,

since implantation defects are formed in these silicon wafers, a recovery annealing

is required, and there is a concern that wafer manufacturing costs will increase.

Therefore, I studied a new gettering technology that does not require a recovery

annealing and can form a gettering sink closer to the device active region than the

conventional gettering technique.

Thus, I focused on molecular ion implantation technology. The collision

phenomenon of molecular ion with the silicon wafer surface layer is implanted into

the cascade while colliding with silicon atoms according to the two-body collision

model. Compared with monomer ion implantation, molecular ion implantation is

known to be implanted near the surface by the many-body collision effect [29].

Yamada et. al. has developed the gas cluster ion beam [29]. Figure 1.10

shows the surface interaction with silicon during gas cluster ion beam implantation.

However, it is difficult to apply the method to a CMOS image sensor because a

large cluster ion (molecular ion) implantation causes a large damage to the surface

layer and a crystal defect is formed. I focused on small-sized molecular ions, and

considered to apply them to gettering sinks in a very shallow region on the wafer

surface.

I have developed a gettering technique using hydrocarbon molecular ion

implantation [30]. In hydrocarbon molecular ion implantation, a hydrocarbon

compound composed of carbon and hydrogen atoms is ionized using thermal
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Figure 1.9: Concept of proximity gettering sink using high-energy monomer ion
implantation.

Figure 1.10: Surface interaction with silicon during gas cluster ion beam
implantation [29].
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electrons by electron bombardment and implanted into the silicon surface. In

addition, there are three characteristics of hydrocarbon molecular ion implantation

technology. First, even if ions are implanted at a high accelerating voltage, they

can be equally divided by the mass number or the number of atoms, so that the

implantation energy per atom is low and the implanted region can be formed in a

shallow region. The following equation shows the energy distribution of molecular

ion implantation.

EM = E
M

Mmolecular

. (1.4)

EM is the energy distributed to one atom. E is the implantation energy applied

to the molecular ions. M is the atomic weight of the distributed ions. Mmolecular is

the total mass of the molecular ion.

Second, compared to monomer ion implantation, multiple atoms bonded in a

molecular ion can be transported at once. An improvement in throughput can

be expected when considering productivity. Third, if an ion source is composed

of multi-element atoms, it is possible to implant multiple types of elements

simultaneously, so that a highly flexible ion source can be designed. The biggest

feature of a hydrocarbon molecular ion implanted silicon wafer is that the amount of

damage to the silicon single crystal is small because the implantation energy is low

acceleration energy. Thus, a epitaxial growth is possible without recovery annealing.

In addition, secondary defects due to ion implantation extended defects generated is

not formed in the implanted region of hydrocarbon molecular ion. Consequently, it is

possible to form a gettering sink by the implanted region of hydrocarbon molecular

ion beneath the epitaxial layer. Figure 1.11 shows the fabrication process of the

hydrocarbon molecular ion implanted epitaxial wafer.

The novel hydrocarbon molecular ion implanted silicon epitaxial wafer has three

unique characteristics. The first is the high gettering ability for heavy metal

impurities due to the implanted region of hydrocarbon molecular ion formed beneath

the epitaxial layer [30–35]. Second, oxygen out-diffused from the silicon substrate

to epitaxial layer is trapped in the implanted region of hydrocarbon molecular

ion [30, 32]. Third, a termination effect on interface state is expected owing to the

hydrogen in the hydrocarbon molecular ions trapped in the implanted region during

the device fabrication process [36]. In addition, the implanted region of hydrocarbon

molecular ion traps hydrogen after epitaxial growth, and the dissociation behavior

upon subsequent annealing has been demonstrated. The above hydrogen diffusion

behavior has not been reported in previous studies regarding IG wafers [37]. Figure

1.12 shows the concept of the hydrocarbon molecular ion implanted epitaxial wafer.

In particular, the gettering ability of the novel silicon wafer have been investigated
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Figure 1.11: Fabrication process of the hydrocarbon molecular ion implanted
epitaxial wafer.
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in previous studies [30–35]. Those studies have reported that the carbon complexes

is formed in hydrocarbon-molecular-ion implanted region [30, 34]. The carbon

complexes have the gettering ability for metal impurities and oxygen. In addition, it

has been reported that oxygen affects metal gettering, and it is known that the lower

the oxygen gettering concentration in the carbon complexes, the higher the gettering

ability for metal impurities [34, 35, 38]. Previous studies have already reported this

novel silicon wafer improved of CMOS device key parameter such as dark current

and white spot defect using CMOS image sensor manufacturing line [31, 39]. The

white-spots of sensors with hydrocarbon molecular implantation were substantially

fewer than those of the sensor fabricated without the implantation, as shown in

Figure 1.13. Here, there is a concern that the shallow level formed by the gettered

metal impurities may affect the substrate electrically [40]. However, since the

concentration of the gettered metal is about one order of magnitude lower than

the concentration of the dopant in the silicon wafer, it is considered that there is no

influence of the gettered metal impurities.

Furthermore, Yamaguchi demonstrated that these novel silicon epitaxial wafers

reduce the dark current due to the interface state defects at the SiO2/Si interface [41].

Figure 1.14 shows the interface state related white spots defects of CMOS image

sensors. The interface state related white spots defect of IG wafer did not decrease,

but that of hydrocarbon-molecular-ion implanted epitaxial wafer was decreased.

This phenomenon is considered to be due to the hydrogen termination effect of

hydrocarbon-molecular-ion implanted epitaxial wafers. Gettering capabilities for

metals and oxygen have been analyzed in previous studies [30,31,33–35]. However,

the dissociation and diffusion behavior of hydrogen in the novel wafers have not been

clarified in detail. In addition, they do not clearly show that hydrogen termination

mechanism of SiO2/Si interface after isochronal annealing.

It is extremely important to clarify the mechanism of the hydrogen termination

effect of the novel wafer for improving the electrical performance of advanced

CMOS image sensors. The hydrogen diffusion behavior in an implanted region

of hydrocarbon-molecular-ion, which has never been reported in the past, is also an

important both applied and fundamental material science.
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Figure 1.12: Concept of the hydrocarbon molecular ion implanted wafer.

Figure 1.13: Histogram of white-spots-counts after CMOS image sensor fabrication
process on wafers with and without hydrocarbon-molecular-ion implantation.
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Figure 1.14: Histogram of white-spots-counts after CMOS image sensor fabrication
process on wafers with and without hydrocarbon-molecular-ion implantation.
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1.4 Thesis Focus and Organization

As mentioned in the previous section, improving noise in recent CMOS image sensors

is an important technical issue. Therefore, I have developed alternative solution for

technical issue of CMOS image sensor fabrication using hydrocarbon molecular ion

implantation. The novel silicon wafer has three unique silicon wafer characteristics

such as high gettering capability for metallic impurity, oxygen out-diffusion barrier

effect and hydrogen storage effect of hydrocarbon implanted region. This wafer

has already been reported to use CMOS image sensor manufacturing lines to

dramatically improve key characteristics of CMOS image sensors, such as dark

current and white spot defects. Furthermore, it has been reported that the white

spot defect caused by the interface state of a CMOS image sensor can be reduced by

the hydrogen storage effect, which is the most unique characteristic of a hydrocarbon

molecular ion implanted silicon wafer. This is an important characteristic that

greatly contributes to solving the technical issues of CMOS image sensors caused

by the SiO2/Si interface state. Further, it is known that hydrogen in a silicon wafer

is easily diffused at a low temperature. There has been no report of a diffusion

behavior in which hydrogen is once captured like a hydrocarbon ion implantation

region and then out-diffused by additional annealing.

However, the mechanism of hydrogen termination by a hydrocarbon molecular

ion implanted wafer has not been clarified. There are no reports of direct

observation of the reduction of the interface state density. It is important to clarify

and understand the mechanism of these hydrogen storage effects and hydrogen

termination effects in improving the performance of CMOS image sensors that will

be applied to various applications in the future. It is also important research for

industrial application and basic studies. Figure 1.15 shows this thesis structure.
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Figure 1.15: Thesis structure.

The purpose of this study was to clarify the hydrogen adsorption/desorption

behavior and its hydrogen termination effect on hydrocarbon molecular ion

implanted epitaxial wafers. First, the defects of the hydrocarbon molecular ion

implanted region was observed. Next, an experiment and a kinetic analysis of the

diffusion behavior of hydrogen in the implantation region during low-temperature

short-time heat treatment were performed. In addition, the binding state of

hydrogen in the implantation region was examined from theoretical analysis using

TCAD simulation. Furthermore, from the experiments on hydrogen diffusion

behavior at high temperature and long time, the bonding state of hydrogen was

examined by kinetic analysis. Finally, in order to confirm the effect of reducing

the SiO2/Si interface state density, a MOS device was fabricated and the hydrogen

termination effect on the interface state was studied using C-V measurement and

electron spin resonance.
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Analysis methodology

2.1 Experimental procedure

In this study, I first evaluated the crystal defects formed by molecular ion

implantation. In addition, the defect morphology after implantation and epitaxial

growth were evaluated by Transmission Electron Microscopy (TEM). Further, it was

clarified that the crystal defects formed by molecular ion implantation was larger

than that of monomer carbon implantation. Then, the hydrogen concentration in

the implanted region of hydrocarbon molecular ions after the annealing was analyzed

by Secondary Ion Mass Spectrometry (SIMS) in order to clarify the hydrogen

storage effect in the implanted region of hydrocarbon molecular ions. Then, the

annealing time dependency of the hydrogen concentration in the implanted region

of hydrocarbon molecular ions after the annealing was evaluated by SIMS. The

dissociation activation energy from the implanted region of hydrocarbon molecular

ions was calculated by using the reaction kinetics. Furthermore, a reaction model of

the hydrogen dissociation reaction was assumed by the activation energy obtained

from the experiment. In addition, I use TCAD in order to analyze the reaction model

of the hydrogen diffusion behavior in the implanted region of hydrocarbon molecular

ions. Finally, in order to clarify the reduction of the interface state due to molecular

ion implanted wafers, the SiO2/Si interface state was evaluated using Capacitance

Voltage (CV) and Electron Spin Resonance (ESR) measurement. Figure 2.1 shows

Analysis flow and schematic diagram. Details on the above SIMS, TEM, TCAD,

CV, ESR analysis methods are described in the next section.
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Figure 2.1: Schematic diagram of analysis flow.
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2.2 Analysis methods

2.2.1 Secondary ion mass spectrometry (SIMS)

In this study, I used the distributions of the hydrocarbon molecular ions

implanted carbon, hydrogen and monomer-ion-implanted carbon were analyzed

using secondary ion mass spectrometry (SIMS; CAMECA IMS7f). SIMS as material

characteristics technique is based on the information brought by the atomic or

molecular secondary ions ejected from any surface under a primary ion bombardment

[45]. SIMS analysis use primary ions such as O− or C+
s [46, 47]. Primary ions are

generated using an ionization system such as a surface ionization ion source. Primary

ions are purified in a separator and focused by a condenser and objective lens. The

sample is irradiated with the primary ion beam. Figure 2.2 shows a schematic

diagram of secondary ion generation in SIMS analysis. The sample is sputtered by

the primary ion beam bombardment and secondary ions are emitted from the sample

surface. Intensity of the secondary ion signals depends on the concentration and

ionization efficiency of the target element or molecule. If the ionization efficiency is

constant, the depth profile of hydrogen concentration is measured by the sputtering

rate of the silicon wafer using the primary ion and the intensity of secondary ion

signals. The ionization efficiency of secondary ions is depended on the primary

ions [46, 47]. Therefore, the primary ion needs to be selected according to the kind

of atom analyzed. In general, C+
s is used for the analysis of atoms that easily form

negative ions, and O− are used for the analysis of metals that easily form positive

ions. 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

quadruple. 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 where m

is the mass of the ionized atom, and z is the charge of the ion. The magnetic MS

measures with high resolution and high sensitivity. On the other hand, quadruple

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 QMS 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 of samples and high depth resolution. However, this method has the

disadvantage of low mass resolution. For example, QMS cannot separate between
28Si2+ and 14N+ [46]. In this study, I used QMS for the analysis of the concentration

depth profile after ion implantation because of the high resolution near the surface

region. Magnetic MS was used for mass analysis to analyze the depth profile of
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Figure 2.2: Schematic diagram of secondary ion generation in SIMS instrument.

carbon and hydrogen after epitaxial growth.
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2.2.2 Transmission electron microscopy (TEM)

I used High resolution TEM (HRTEM) and nano electron diffraction (nano-ED)

pattern to observe implantation defects in the projection region of hydrocarbon

molecular ions [48, 49]. Figure 2.3 shows the schematic diagram of the TEM

instrument. TEM observes crystal defects in nano scale regions. The TEM

instrument consists of an electron source, a condenser lens, an objective lens, an

intermediate lens, a projector lens, and the screen. Electrons emitted from the hot

filament are converged by the condenser lens and form the electron beam. Then,

the electron beam is irradiated onto the sample. The electrons transmitted through

the sample are scattered due to the interaction with the sample. The contrast

resulting from this scattering phenomenon is called scattering contrast. In areas

where scattering is strong, transmitted electrons decrease and appear darker, which

makes it possible to distinguish them from the surroundings. Also, some of the

scattered electrons are observed as a diffraction pattern determined by the crystal

structure. Information about the crystal structure, such as the regularity of the

atomic arrangement, periodicity, symmetry, and disorder from the integrity of the

crystal lattice can be obtained. If the sample is amorphous, the distance and number

of neighboring atoms can be known. Since electron beams can be narrower than

X-rays, diffraction patterns can be obtained from nano scale areas [49]. In this

study, the defect morphology in the implanted region of hydrocarbon molecular ion

after ion implantation and epitaxial growth was observed by HRTEM. In addition,

the defect structure was analyzed by nano-ED.
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Figure 2.3: Schematic diagram of TEM.
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2.2.3 Technology computer aided design (TCAD)

Technology Computer Aided design (TCAD) is a branch of electronic design

automation that models semiconductor fabrication and semiconductor device

operation [50]. TCAD is a combination of process simulator, device simulator and

circuit simulator. The modeling of the fabrication is termed process simulator, while

the modeling of the device operation is termed Device simulator. Process steps

(such as diffusion and ion implantation) and device doping profiles are modeled

based on basic physics. This is a technology that simulates a semiconductor

process that normally takes 10 days to several months on a computer, and

optimizes the structure of a semiconductor device showing desired conditions and

the conditions for producing the same. In this study, I have used the TCAD

Sentaurus process from Synopsys Inc. [51]. Sentaurus process simulates all standard

process simulation steps, diffusion, analytic implantation, Monte Carlo implantation,

oxidation, etching, deposition, and silicidation. In addition, Sentaurus process

uses the Alagator scripting language that allows users to solve their own diffusion

equations [51]. Alagator can be used to solve any diffusion equation including

dopant, defect, impurity, and oxidant diffusion equations. I used this Alagator

script to model the hydrogen adsorption and desorption behavior of a hydrocarbon

molecular ion implanted region. In particular, the complexes of carbon and silicon

interstitial (CI cluster) can be formed in the implanted region of hydrocarbon

molecular ions [53].

Carbon is present in silicon as a substitutionally dissolved isovalent impurity,

introduced during crystal growth and occupies substitutional sites (Cs). It appears

in high concentrations, ranging from 1015 to 1018 cm−3, well above its solubility

at the usual annealing temperatures. However, it is established that most of the

silicon interstitial (I) are readly trapped by Cs, which are pushed to interstitial sites

according to the displacement reaction Cs + I → Ci. In addition, I is generated by

hydrocarbon molecular ion implantation. The substitutional carbon cannot directly

trap self-interstitials, but self-interstitials trapped by carbon generate highly mobile

carbon interstitials. The immobilizing reaction could then be the following:

Ci + Cs = (CiCs) (2.1)

where Cs is a substitutional carbon atom, Ci a highly mobile interstitial carbon

atom, and (CsCi) an immobile carbon complex consisting of one Cs and one Ci

atoms.

Figure 2.4 shows the structures of Ci and CiCs. Furthermore, these small clusters

can grow by trapping either I or Ci that are rapidly diffusing across the material.

The reactions that govern the growth/dissolution of these clusters are:
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CnIm + Ci = Cn+1Im+1 (2.2)

(trapping/emission of a Ci),

CnIm + I = CnIm+1 (2.3)

(trapping/emission of an I).
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(a) (b)

Figure 2.4: Structures of (a) Ci and (b) CiCs [53].

Table 2.1 shows three CI cluster complexes that can be calculated from Sentaurus

process.

Table 2.1: CI cluster complexes for Sentaurus process simulator.

Symbol Description

C Carbon
CI Carbon interstitial
C2 Two-carbon cluster
C2I Two-carbon and silicon interstitial cluster
C3I2 Three-carbon and two-silicon interstitial cluster
C3I3 Three-carbon and Three-silicon interstitial cluster
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Furthermore, Sentaurus process has Kinetic Monte Carlo (KMC) code. In

the continuum diffusion model, this requires the use of one equation per each

dopant-defect configuration, which leads to a multitude of equations to be solved.

The trend of reducing device sizes results in a small number of impurity atoms that

determine the threshold voltage of a transistor. It is likely that a limit soon will be

reached where small discretized distribution can no longer be accurately modeled

with a continuum description. A Monte Carlo (MC) based diffusion simulation

provides a valuable alternative to the continuum approach. Computational resources

required for MC diffusion simulation are decreasing with device dimension because

they are proportional to the number of dopants and defects in the device. On

the other hand, resources for continuum simulations increase as modeling of ever

more complex non-equilibrium phenomena are required. This trend has already

gone a long way towards making the KMC diffusion method competitive with

the most detailed continuum diffusion methods today in terms of the required

computational resources. Unlike the continuum approach, the large number of

different dopant-defect configurations does not present a problem for the MC

approach, which simply needs to introduce the probabilities for the additional

reactions. These probabilities are calculated based on the binding energies that

can be plugged in directly from experiments, molecular dynamics, or ab initio

calculations. Sentaurus process Kinetic Monte Carlo (Sentaurus process KMC)

considers only defects and impurities, and ignores the lattice. This drastically

reduces memory requirements compared to molecular dynamics or lattice KMC

techniques and allows you to investigate simulation domains that are large enough to

contain deep-submicron devices [52]. As Sentaurus process KMC tracks the diffusion

and interaction of defects, the fastest process is the jumping of a point defect with

a period of approximately 10−9 sec. When there are no mobile point defects in the

structure, the time step is increased automatically to an emission of mobile particles

from the surface or from an extended defect, which has a period of approximately

10−3 sec. In this thesis, I simulated the complex formed by carbon and interstitial

silicon in the implanted region of hydrocarbon molecule ions using Sentaurus process

KMC [52]. Table 2.2 shows the carbon complexes calculated by Sentaurus process

KMC.

Table 2.2: Carbon cluster complexes calculated by Sentaurus process KMC.

Symbol Description

C Carbon, substitutional, at interfaces
CV Neutral-paired defect of carbon and a vacancy
Ci Neutral-paired defect of carbon and an interstitial
CTotal Total carbon (C + CV + Ci)
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2.2.4 Quasi-static capacitance voltage (CV) measurement

The low frequency Capacitance-voltage measurement maintains thermal equilibrium

at all times. This capacitance is the ratio of the change in charge to the change in

gate voltage, measured while the capacitor is in equilibrium. C-V measurements

are generally made using an Alternating Current (AC) measurement technique.

However, some capacitance measurement applications require a Direct Current

(DC) measurement technique [54]. These are called quasi static C-V (or QSCV)

measurements because they are performed at a very low test frequency, that is,

almost DC [55]. These measurements usually involve stepping a DC voltage

and measuring the resulting current or charge. Some of the techniques used for

quasi-static C-V measurements include the feedback charge method and the linear

ramp method [55]. A typical measurement is performed with an electrometer,

which measures the charge added per unit time as one slowly varies the applied

gate voltage. The quasi-static method is a common interface trapped charge

measurement method. It provides information only on the interface trapped charge

density, but not on their capture cross-sections. The basic theory of the quasi-static

method was developed by Berglund [54]. The method compares a low-frequency

(lf) C-V curve with one free of interface traps. The latter can be a theoretical

curve, but is usually a high-frequency (hf) C-V curve determined at a frequency

where interface traps are assumed not to respond. “Low frequency” means that

interface traps and minority carrier inversion charges must be able to respond to the

measurement ac probe frequency. The interface trap response has similar limitations.

Fortunately, the limitations are usually less severe than for minority carrier response

and frequencies low enough for inversion layer response are generally low enough for

interface trap response. Figure 2.5 shows the equivalent circuit of the MOS structure

for low-frequency C-V measurement and high-frequency C-V measurement. Cox is

the gate oxide film capacitance, Cit is the interface state capacitance, and Cs is

the capacitance of the silicon substrate, which is the sum of the depletion layer

capacitance and the inversion layer capacitance. From this equivalent circuit, the

minimum capacitance Clf of the MOS capacitor when measuring low-frequency CV

is expressed by the following equation.

Clf =
1

1
Cox

+ 1
(Cs+Cit)

, (2.4)

CS is the semiconductor capacitance, Cit is related to the interface trap density Dit

by Dit = Cit/q.

Dit =
1

q
(

CoxClf

Cox − Clf

− Cs). (2.5)
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Figure 2.5: Schematic diagram of (a) low and (b) high frequency CV measurement.

Equation 2.5 is suitable for interface trap density determination over the entire

band gap. CoxClf/(Cox − Clf ) in Equation. 2.5 is the substrate capacity obtained

by measurement. The substrate capacitance Cs of the ideal MOS structure can be

obtained from theoretical calculation or from high frequency CV measurement. In

this paper, Cs was calculated using theoretical calculation.
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2.2.5 Electron spin resonance (ESR)

Electron Spin Resonance (ESR) is a powerful analytical method to detect, analyze

and determine the characteristics of unpaired electrons in a material [56–59]. It

is clear that the state of electrons in a substance have a strong influence on its

characteristics and functionality. Thus, ESR analysis is extremely important. Many

types of material, from electronic materials to catalysts, biological samples, can

be studied regardless of whether they are solid, liquid, or gas. A wide range of

ESR techniques are possible using suitable attachments together with the basic

instrument. Generally, stable molecules have the property that two electrons enter

orbit as a pair. On the other hand, lattice defects in solids and transition metals with

a specific valence are known to have unpaired electrons. Materials with unpaired

electrons are called paramagnetic, and those without them are called diamagnetic.

Most natural materials (water, alcohol, etc.) are diamagnetic. Electrons are known

to have magnet-like properties (spin). One molecular orbital (s, p, d, f, etc.) stores

up to two electrons. However, at this time, the electron spins are arranged in

opposite directions (Pauli’s principle). As a result, the paired electrons cancel each

other’s magnetic field and the properties of the magnet disappear (diamagnetic). On

the other hand, in a paramagnetic material having unpaired electrons, one electron

enters the orbit without forming a pair, and the magnetism inherent to the electron

remains. ESR observes the magnetism caused by this electron. Electron spins point

in random directions when no magnetic field is present. However, when they are

placed in a magnetic field, they are oriented parallel (β spin) or antiparallel (α spin)

to the magnetic field. α spin and β spin have equal energy at zero magnetic field. In

the presence of a magnetic field, the α spin destabilizes while the β spin stabilizes.

As shown in Figure 2.6, this is called the Zeeman effect. The energy difference

between the two directions increases in proportion to the magnetic field strength.

When the energy difference ∆E) matches the microwave energy, the electron spin

absorbs the microwave and transitions to the upper level. This is observed as an

ESR signal. The resonance condition at this time is given by the following equation

2.6;

∆E = hν = gµB. (2.6)

The µ is the Bohr magnetron (basic unit indicating the size of an electron as

a magnet: 9.274078 × 10−24JT−1), and The h is the Planck constant (6.626176 ×
10−34Js), which is a natural constant. The ν is the resonance frequency (Hz) and B

is the strength of the magnetic field (mT), both of which are experimental values.

The g value is a material-specific value determined by the environment of the electron

spin. Once ν and B are determined experimentally, the g value can be determined.
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Figure 2.6: Schematic diagram of the Zeeman effect.

In this study, dangling bonds existing at the SiO2/Si interface were evaluated by

ESR to compare with Dit calculated from CV measurement. As an analysis method

using the ESR of the SiO2/Si interface, first, the ESR measurement of the SiO2/Si

sample was performed [56,57]. Thereafter, SiO2 was removed with hydrofluoric acid,

and an ESR spectrum was obtained again. Defects caused by dangling bonds at the

SiO2/Si interface were analyzed from the difference spectra of ESR before and after

SiO2 removal. Figure 2.7 shows the schematic diagram of ESR analysis in this study.

SiO2 layer

Si substrate

Pb center
HF treatment for
backside surface

SiO2 layer

SiO2 layer

Si substrate

ESR analysis
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frontside surface

Si substrate
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Figure 2.7: Schematic diagram of ESR analysis in this study.
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Chapter 3

CI-cluster formation in

hydrocarbon-molecular-ion

implanted region

3.1 Introduction

As shown in above chapters, CMOS image sensor manufactures strongly require

reduction in dark current and white-spot defects for high sensitivity performance

[24]. The dark current and white-spot defects are caused by deep energy levels in

the silicon band gap formed by metallic impurities contamination in the space-charge

region during the device fabrication processs [26, 66–69]. Therefore, an important

requirement is that metallic impurity is eliminated from the device-active region.

Gettering techniques, such as intrinsic gettering (IG) and extrinsic gettering (EG),

are necessary to address these issues [21, 22, 70–73]. However, device annealing

process is tending toward short times and low temperatures [74]. Thus, metallic

impurity contamination is difficult to diffuse to the gettering sink in the silicon

bulk. Furthermore, it is difficult for IG sinks to grow oxygen-precipitate in the

silicon bulk during the low-temperature-device annealing processes. Therefore, a

proximity gettering technique is needed for CMOS image sensors. This technique

forms the highest gettering capability sink under the epitaxial layer and substrate

interface.

I previously developed a proximity gettering technique by using hydrocarbon-

molecular-ion-implanted silicon wafers [30, 32, 36]. Hydrocarbon-molecular-ions

can be obtained by the decomposition of the source gas containing carbon

and hydrogen. For example, I can use C5H5 and C3H5. The implantation

energy is very low because molecular ions distribute implantation energy [75].

I can use very low energy implantation and form the implanted region near
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the top silicon wafer surface. Furthermore, previous studies demonstrated that

hydrocarbon-molecular-ion implanted epitaxial wafers have three characteristics for

obtaining high-performance advanced CMOS image sensors [30, 32, 36]. First, the

implanted region has a high gettering capability for metallic impurities [30, 32, 36].

Second, this implanted region also has a barrier effect on oxygen impurities

out-diffusing from the Si wafer bulk [30, 32]. Third, a passivation effect on SiO2/Si

interface state is expected owing to the hydrogen in the hydrocarbon-molecular-ions

trapped in the implanted region during the device process [36]. However, the

formation behavior of the implantation defect considered to be the gettering sink

in the hydrocarbon-molecular-ion implanted region is not clear. Previous studies

have reported using a monomer ion implantation technique for gettering [27,76–82].

However, monomer-ion implantation usually requires high energy beyond 100 keV,

and the implanted region of a monomer ion is deep in the silicon substrate

surface. Even if a monomer ion can be implanted with low energy, it is difficult

to control the implanted region because of the channeling effect. In addition, the

previous gettering techniques by monomer ion implantation have mostly revealed

that implantation defects such as dislocation loops are the gettering sink because

high energy implantation occeurred [83–85]. However, it is not preferable for defects

such as dislocation loops to be formed under the interface of the epitaxial layer and

substrate for proximity gettering.

Therefore, the main intention of this section was to demonstrate the structure

of hydrocarbon-molecular-ion implantation defects in silicon bulk. Several studies

on hydrocarbon-molecular-ion implantation have been [83–86]. However, there

have been few reporting the effects on defect formation of hydrocarbon molecular

size and dose amount and on the comparison with monomer implantation.

Furthermore, it is not clear what kind of defect is formed after epitaxial growth.

Therefore, understanding the properties of hydrocarbon-molecular-ion implantation

defects is important to both applied and fundamental material science. In

this section, I compared the defect morphology after hydrocarbon-molecular-ion

implantation and carbon-monomer implantation. I also investigated the dependence

of hydrocarbon-molecular-ion size and dose amount on defect formation. I

observed the hydrocarbon-molecular-ion implanted region after epitaxial growth by

high-resolution cross sectional TEM.

3.2 Experiments

After a standard RCA cleaning process, 12 inch n-type Si (100) wafers were

implanted with C3H5 and C2H5 hydrocarbon-molecular-ions at room temperature.
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The condition of the tilt was 0◦, and all the other experiments were performed under

the tilt 0◦. The C3H5 dose amounts converted into carbon were 1.0×1015, 2.0×1015,

and 3.0×1015 carbon atoms/cm2. The wafers were implanted with C2H5 of 2.0×1015

carbon atoms/cm2 for comparison. The implantation energy was 80 keV/molecular

ion. For a carbon atom, C3H5 was 23.4 keV and C2H5 was 33.1 keV. The C3H5 beam

current was 800 µA (this means a factor of 3 to achieve an equivalent current per

atom, i.e., 2400 µA/carbon atom) and the C2H5 beam current was 400 µA. Samples

were prepared after implantation and after epitaxial silicon growth. The epitaxial

silicon layers of 8.0 µm thickness were grown using a Si3HCl gas source at 1100◦C.

The epitaxial growth rate was 1.0 µm/min. The monomer-carbon-implantation

samples were also prepared with the same carbon dose amount and energy

as the C3H5-cluster-ion condition. Hydrocarbon-molecular-ion implantation and

monomer-carbon ion-implantation were conducted in CLARIS and EXCEED of

Nissin Ion Equipment, respectively.

Figure 3.1 shows the process and analysis flow diagram of this study.

Cross-sectional TEM (XTEM) imaging was done to study the evolution of

hydrocarbon-molecular-ion implantation and monomer-carbon-ion implantation

damage. Selected-area electron diffraction (SAED) analysis was conducted after

sample implantation to evaluate the amorphous layer. The distribution of the

hydrocarbon-molecular-ions, implanted carbon, and monomer-ion-implanted carbon

were analyzed using secondary ion mass spectrometry (SIMS). High-resolution

XTEM (HR-XTEM) and nano-beam electron diffraction (n-ED) were used for

observing the ion-implantation defects in the hydrocarbon-molecular-ion implanted

region after epitaxial growth.
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Figure 3.1: Process and analysis flow diagram of this study.
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3.3 Defect formation behavior in the

hydrocarbon-molecular-ion implanted region

Figures 3.2 (a), (b), and (c) show XTEM images of the C3H5-molecular-ion

implanted samples with doses of (a) 1.0 × 1015 carbon atoms/cm2, (b) 2.0 × 1015

carbon atoms/cm2, and (c) 3.0 × 1015 carbon atoms/cm2. The different contrast

region at a depth of approximately 60 nm is the damage region, as shown in

Figure 3.2 (a). The glue is on the silicon surface. As the dose amount increased,

the damage region changed to an amorphous structure, as shown in Figures 3.2 (b)

and (c). The amorphous region was confirmed by SAED. The amorphous region

was not formed from the silicon surface, and it was observed in the silicon being

formed inside. N. G. Rudawski et al. demonstrate that the formation of the

amorphous region by the C7H7 molecular is caused by the silicon surface [86]. It

was revealed that the formation process of amorphous regions varied in accordance

with a difference in hydrocarbon-molecular-ion size. In addition, the top of silicon

surface seems to be rough depending on the dose of hydrocarbon-molecular-ion

implantation. This is considered to be because the amorphous layer is formed inside,

so that the amorphous layer is also formed on the silicon surface, and the silicon

surface roughness is increased.

Figure 3.3 shows the SIMS profile of the C3H5-molecular-implanted (solid line)

and monomer-carbon-implanted (dashed line) samples for a dose amount 2.0× 1015

carbon atoms/cm2. The projected range of the C3H5-implantation carbon was

approximately 80 nm. In spite of the same implanted energy of a carbon atom,

the projected range of the monomer carbon was approximately 100 nm, as shown

in Figure 3.3. As a result, the projected range of the C3H5-implantation carbon

was shallower than that of the monomer carbon. In addition, the depth of the

C3H5-implanted damage region differed by approximately 20 nm. The formation

depth of the amorphous region was shallower than the projected range of the

C3H5-implantation carbon.
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Figure 3.2: XTEM images of C3H5-cluster-ion-implanted Si wafers with carbon doses
of (a) 1.0× 1015, (b) 2.0× 1015, and (c) 3.0× 1015 carbon atoms/cm2.

Figure 3.3: SIMS profile of C3H5-cluster-implanted and monomer-carbon-implanted
samples for carbon dose of 2.0× 1015 carbon atoms/cm2.
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Figures 3.4 (a), (b), and (c) show XTEM images of the carbon-monomer-

implanted samples with doses of (a) 1.0×1015, (b) 2.0×1015, and (c) 3.0×1015 carbon

atoms/cm2. The amorphous region could not be observed regarding monomer

implantation, even when the dose amount was 3.0 × 1015 carbon atoms/cm2. The

depth of the monomer-implanted damage region was approximately 80 nm. As

show in the SIMS profile, the depth of the hydrocarbon-molecular-ion implantation

damage region was also shallower than that of carbon monomers. These results

indicate that a hydrocarbon-molecular-ion implantation has a de-channeling effect

and that the damage of hydrocarbon-molecular-ion to the silicon wafer is larger

than that of carbon-monomer ion. Furthermore, in previous studies, amorphization

occurred from the silicon wafer surface [86]. However, in this study, the C3H5-cluster

ions formed an amorphous region inside the silicon wafer. Amorphization occurred

from the C3H5-molecular-implanted region. This result suggests that epitaxial

growth is possible after a C3H5-molecular-implantation.

Figures 3.5 (a), (b), and (c) show XTEM images of the C3H5-molecular-ion

implanted samples after epitaxial growth with doses of (a) 1.0× 1015, (b) 2.0× 1015,

and (c) 3.0× 1015 carbon atoms/cm2, and Figure 5 (d) shows XTEM images of the

C2H5-molecular-ion implanted samples after epitaxial growth with (d) 2.0 × 1015

carbon atoms/cm2. As shown in Figure 3.5 (a), the hydrocarbon-molecular-ion

implanted region was observed after epitaxial growth. Figures 3.5 (b) and (c) show

a large defect on the implantation region with the increase in the dose amount. I

call them black-point defects since they look like black points. The size of a large

black-point defect is approximately 30 nm. This large defect was observed only

when an amorphous region was observed before epitaxial growth. However, large

black-point defects were not observed on the implantation region after epitaxial

growth in Figure 3.5 (d). The amorphous region was not observed in the implanted

region of the C2H5-molecular-ion implantation. These results clearly indicate that

the damage of a hydrocarbon-molecular-ion depends on the size and dose amount. In

addition, epitaxial defects, such as stacking faults, were not observed in the epitaxial

layer.

Figures 3.6 (a) and (b) show high-magnification XTEM images of 1.0× 1015 and

3.0×1015 carbon atoms/cm2 samples after epitaxial growth, respectively. As shown

in Figure 6 (a), a hydrocarbon-molecular-ion implantation defect due to aggregation

of small-black point defects was observed at low magnification. On the one hand, this

small black-point defect size was approximately 5 nm. On the other hand, the 3.0×
1015 carbon atoms/cm2 samples were observed to have small and large black-point

defects. Depending on the dose amount, the density of the small black-point defects

increased. For the 1.0× 1015 and 3.0× 1015 carbon atoms/cm2 samples, the density

of the small black-point defects was 6.3×1016 /cm3 and 1.2×1017 /cm3, respectively.
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Figure 3.4: XTEM images of carbon-monomer-ion-implanted Si wafers with carbon
doses of (a) 1.0× 1015, (b) 2.0× 1015, and (c) 3.0× 1015 carbon atoms/cm2.

Large black point defects formed in an approximately 40 nm region above the small

black-point defects. This result suggests that the large black-point defects form the

re-crystallization region of the amorphous region.
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Figure 3.5: XTEM images of after epitaxial growth with carbon doses of (a) 1.0 ×
1015, (b) 2.0 × 1015, and (c) 3.0 × 1015 carbon atoms/cm2. (a) - (c) using C3H5

cluster size, (d) 2.0× 1015 carbon atoms/cm2 using C2H5 cluster size.

Figure 3.6: High-magnification XTEM images of carbon doses of (a) 1.0× 1015 and
(b) 3.0× 1015 carbon atoms/cm2 for after-epitaxial-growth samples.
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3.4 Mechanism of defect formation behavior in

the implanted region of the hydrocarbon

molecular ion

I observed the hydrocarbon-molecular-ion implanted region on the basis of detailed

analysis of small and large black-point defects by HR-XTEM and n-ED. Figure

3.7 shows the HR-XTEM and n-ED observation results. The lattice constant did

not change by HR-XTEM. In addition, I found that small and large black-point

defects were electron diffraction patterns of silicon single crystalline by n-ED.

Other defects such as secondary extended dislocation defects or stacking faults

were not observed. Small black-point defects were observed from the 1.0 × 1015

carbon atoms/cm2 dose condition in which the amorphous layer is not formed.

In contrast, large black-point defects were observed only on the dose condition in

which the amorphous layer is formed. Consequently, I assume that small black-point

defects are carbon related defects and the large black-point defects are the effects

of an amorphous region. Similar small black-point defects were reported from

observing the formation of silicon-carbide (SiC) structures as in previous studies

on monomer-carbon implantation [70,87]. Thus, SiC precipitates formed as a result

of high-temperature annealing. In this study, annealing of 1100◦C was carried out

for several minutes on an after-epitaxial-growth sample. However, small black-point

defects were observed as an electron diffraction pattern of a silicon single crystal.

Additionally, the lattice constant of the small black-point defects did not change

with those of the silicon substrate. Because the dose amount in this study was

smaller than that of previous studies, I considered that a SiC structure did not

form.

Consequently, I assume that small black-point defects are formed by a complex

of carbon. Pinacho et al. reported that the behavior of carbon impurities in Si

bulk demonstrates that carbon and Si self-interstitial (CI) clusters are formed in

carbon-rich Si [61]. As shown in Figures 3.2, 3.3, and 3.4, implantation damage

and the de-channeling effect of hydrocarbon-molecular-ion implantation are larger

than those of monomer implantation. These results indicate that many vacancy and

Si self-interstitial point defects may be generated after hydrocarbon-molecular-ion

implantation. I consider that implanted carbon and Si self-interstitial generated

by hydrocarbon-molecular-ion implantation can form a CI cluster of carbon and Si

self-interstitial. I assume that these CI clusters were observed as a contrast of the

HR-XTEM. Therefore, I simulated the hydrocarbon-molecular-ion implanted silicon

epitaxial wafer fabrication process by using the kinetic monte carlo (KMC) code in

technology computer aided design (TCAD) Sentaurus process from Synopsys Inc.
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Figure 3.7: HR-XTEM image and electron diffraction pattern from n-ED observation
with carbon dose of 3.0× 1015 carbon atoms/cm2 for after-epitaxial-growth sample.

owing to confirmation of the formation of a CI cluster [51]. Furthermore, the model

for the formation of a CI cluster is incorporated in the TCAD Sentaurus process

[51, 61]. Figure 3.8 shows the distribution for carbon (black) and Si self-interstitial

(red) simulated by using KMC code of TCAD in the hydrocarbon-molecular-ion

implanted region after epitaxial growth annealing. The formation of CI clusters was

confirmed in the hydrocarbon-molecular-ion implanted region by TCAD simulation.

Consequently, I suggest that small black-point defects are formed by the aggregation

of CI clusters. In addition, the size of CI clusters was approximately 5 nm. Larger

sizes are expected to increase strain stress on the crystal lattice. Therefore, it is

considered that the critical size is approximately 5 nm so that the strain stress does

not increase. It is also considered that the crystal structure was a silicon single

crystal structure.

On the other hand, the presence of large black-point defects was confirmed only

in the condition in which the amorphous region was observed. Moreover, large

black-point defects formed in approximately the 40 nm region above the small black-

point defects. This region is in agreement with the amorphous region. Therefore,

I assume that large black-point defects are the re-crystallization of the amorphous

region. These results suggest that small and large black-point defects contribute

to gettering capability for the metallic impurities of the hydrocarbon-molecular-ion

implanted silicon epitaxial wafer.
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Figure 3.8: TCAD result by using KMC code of distribution for carbon (black) and
Si self-interstitial (red) in implanted region of carbon cluster after epitaxial growth.
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3.5 Summary

After hydrocarbon-molecular-ion implantation, I confirmed that hydrocarbon-

molecular-ion implantation damage is larger than that of monomer implantation.

This result means that hydrocarbon-molecular-ions exhibit de-channeling effects

and cause damage depending on the hydrocarbon-molecular-ion size. I also

analyzed samples after epitaxial growth, on which previous studies have not

been reported. I observed that two types of defects are formed at the

hydrocarbon-molecular-ion implantation region in silicon bulk. These defects are

single-silicon electron-diffraction patterns. In addition, the structures of these

defects do not form SiC structures. Therefore, I assume that these defects are

CI cluster related and amorphous-related defects. Amorphous-related defects also

formed under high dose conditions. I believe that these types of defects have powerful

gettering capability for our proximity gettering technique.
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Diffusion behavior of hydrogen in

small thermal budget

4.1 Introduction

Above section shows the defect morphology in the implanted region of hydrocarbon

molecular ion. In this section, I have revealed the diffusion behavior of hydrogen

in the implanted region of hydrocarbon molecular ion by SIMS and reaction kinetic

analysis. In previous studies, it was found that a hydrocarbon-molecular-ion

implanted epitaxial silicon wafer exhibited three characteristics suitable for

obtaining high-performance advanced CMOS image sensors. First, the implanted

region of a hydrocarbon-molecular-ion has a high gettering capability regarding

metallic impurities [30,32,36]. Second, this implanted region also has a barrier effect

on oxygen impurities diffusing out from the silicon wafer [30,32]. Third, a passivation

effect on process-induced defects (PIDs) is expected owing to the hydrogen in the

hydrocarbon-molecular-ion trapped in the implanted region diffusing during the

device process [30, 36]. In particular, I indicated the first gettering capability and

the second barrier effect of oxygen diffusion. The hydrocarbon-molecular-ion is

ionized by hydrocarbon source gases by the electron impact method. Thus, the

hydrocarbon-molecular-ion is contained in not only carbon but also hydrogen (e.g.,

C3H5 and C5H5).

I also reported that hydrogen after hydrocarbon-molecular-ion implantation is

trapped after epitaxial growth in the implanted region [36]. Such a hydrogen

diffusion behavior after epitaxial growth has not been reported because the diffusion

velocity of hydrogen in a silicon wafer is extremely high at high temperatures

[88]. Furthermore, if hydrogen remains in the implanted region after epitaxial

growth, I assume that hydrogen out-diffusing from the hydrocarbon-molecular-ion

implanted region during the device fabrication process can passivate the interface
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state density of the isolation region and PIDs. It was also reported that the

vacancy (V) and hydrogen complex are related to the gettering capability of

hydrocarbon-molecular-ion implantation [44]. Thus, it is expected that the hydrogen

in the hydrocarbon-molecular-ion implanted region contributes to the gettering

capability and passivation. However, the diffusion behavior of hydrogen trapped

in the hydrocarbon-molecular-ion implanted region after annealing is unclear.

Conventionally, it is well known that hydrogen has various effects on

semiconductor materials [89, 90]. Previous studies were focused on the annealing

diffusion behavior of hydrogen in semiconductors from both experimental and

theoretical viewpoints. For example, hydrogen terminates a dangling bond of silicon,

reduces the SiO2/Si interface state density, electrically inactivates the semiconductor

donor and acceptor, {111} platelets, and metastable diatomic hydrogen complexes,

stabilizes the hydrogen molecule in crystalline silicon, and passivates the deep-level

defect of transition metals [91–106]. In other studies, the hydrogen high-dose

implantation condition enhances the formation of hydrogen-induced platelet defects

used in the smart-cut process through the use of bubbles filled with hydrogen

molecules [107–110]. In particular, hydrogen atoms easily form complexes such

as impurities and defects because the diffusion velocity of hydrogen in silicon bulk

is extremely high [89, 90]. The formation of hydrogen complexes in silicon has

been studied extensively since Pankov et al. observed the passivation of boron

with hydrogen [95]. In p-type B-doped silicon, the hydrogen atom is located at the

bond-centered (BC) site between silicon and boron and forms the H-B passivation

center. On the other hand, in n-type P-doped silicon, hydrogen is more stable in

the tetrahedral interstitial (Td) site than in the BC site [89, 90, 111, 112]. It has

been reported that the hydrogen atom is located at the antibonding (AB) site in

the P-Si bond of the P-H complex [89, 90]. Concerning other hydrogen complex

formations in the silicon bulk, Murakami et al. identified the state of three types

of hydrogen molecules in the Si bulk [99]. In addition, Fukata and co-workers

reported that hydrogen is trapped in a Si-H bond in {111} platelets in silicon

during P implantation and hydrogen froming gas anneal (FGA) [100–103]. They also

found that vacancy forms complexes via the dissociation behavior upon annealing

in hydrocarbon-molecular-ion implanted silicon after hydrogen FGA [113–115]. In

previous papers, for a high dose of hydrogen introduced into silicon, the analytical

results of the binding state and diffusion behavior after annealing below 700◦C have

been reported.

Therefore, our main intention in this section was to demonstrate the diffusion

behavior of hydrogen after small thermal budget annealing and the dissociation

activation energy from the hydrocarbon-molecular-ion implanted region. I discussed

the binding state of hydrogen in the hydrocarbon-molecular-ion implanted region by
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calculating the dissociation activation energy. Understanding the properties of the

hydrogen behavior in the hydrocarbon-molecular-ion implanted region is important

to both applied and fundamental material science.
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4.2 Experimental methods

In this section, n-type Si (100) wafers were implanted with C3H5 molecular ions

at room temperature. The C3H5 molecular ion dose was 1.67 × 1014 - 3.33 × 1015

molecular ions/cm2. The C3H5 dose converted into the amount of carbon was 5.00×
1014 - 1.00 × 1016 atoms/cm2 and that converted to the amount of hydrogen was

8.35× 1014 - 1.67× 1016 atoms/cm2. The implantation energy was 80 keV/cluster.

The implantation energy of hydrogen was extremely low at 1.95 keV because the

molecular ion distributed the implantation energy. The C3H5 beam current was

800 µA. The epitaxial growth of the samples was conducted after hydrocarbon-

molecular-ion implantation. The epitaxial layer thickness was 5.0 µm. Furthermore,

the samples were annealed from 300 to 900◦C for annealing times from 5 to 360 min

to evaluate the diffusion behavior of the hydrogen in the hydrocarbon-molecular-ion

implantation implanted region. Figure 4.1 shows the process and analysis flow in this

section. The distribution of hydrogen in the hydrocarbon-molecular-ion implanted

region was analyzed by secondary ion mass spectrometry (SIMS).

Figure 4.1: Process and analysis flow diagram of this study.
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4.3 Hydrogen diffusion behavior in hydrocarbon-

molecular-ion implanted region

The depth distributions of hydrogen and carbon obtained by SIMS analysis for the

as-implanted (solid lines) and annealed (dashed lines) samples with a C3H5 dose of

3.3 × 1015 molecular ions/cm2 are given in Figure 4.2. The hydrogen of the C3H5

formed a shallow implanted region near the top of the silicon wafer surface. For

the implantation energy used in this study, hydrogen had 40 nm peaks from the

silicon wafer surface. The decrease in hydrogen concentration owing to out-diffusion

is considered to depend on the annealing condition. Although the diffusion velocity

of hydrogen is markedly high in a silicon wafer, a hydrogen peak was observed in the

hydrocarbon-molecular-ion implanted region after annealing at 900◦C. The carbon

profile was also observed in the hydrocarbon-molecular-ion implanted region after

implantation and annealing.

Figure 4.3 shows the SIMS profiles of the as-implanted sample and after the

600◦C annealing of a sample with monomer hydrogen implantation for comparison.

The monomer hydrogen out-diffused to less than the detection limit of SIMS analysis

upon annealing at 600◦C. In monomer implantation, no hydrogen peak was observed

in the implanted region after annealing. However, the hydrogen of the C3H5 was

trapped in the implanted region. The hydrogen and carbon peaks after annealing

were observed 60 nm from the silicon wafer surface. The hydrogen and carbon

peaks of the annealed sample were different from those of the as-implanted sample.

In addition, under the conditions of this study, the implanted region of the carbon

peak was approximately 80 nm. I previously reported that the formation depth

of an amorphous region was smaller than the implanted region of the carbon of

implanted C3H5. These results indicate that the hydrogen peak after annealing is

related to the amount of implantation damage. Therefore, I conducted a simulation

of the amount of damage with respect to the hydrocarbon-molecular-ion implanted

region by using the technology computer-aided design (TCAD) simulator Sentaurus

process from Synopsys Inc. [52].

Figure 4.4 shows the damage (solid line), carbon (dotted line), and hydrogen

(dashed line) profiles after C3H5 implantation. The peak of damage due to C3H5

implantation was approximately 60 nm. The concentration of damage by the TCAD

simulation represents the concentration of vacancy formed by implantation. The

depth of this peak of damage corresponds to the hydrogen peak after annealing.

Therefore, I assumed that the damage region of the implanted region is the trapped

hydrogen after annealing.
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Figure 4.2: SIMS profile of hydrogen and carbon of as-implanted (solid lines) and
annealed (dashed lines) samples with C3H5 dose of 3.3× 1015 atoms/cm2.

Figure 4.3: SIMS profiles of as-implanted sample and after 600◦C annealing of
sample with monomer hydrogen implantation.
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Figure 4.4: Simulated damage profiles of C3H5 and monomer carbon implantation
by TCAD simulator sentaurus process and SIMS profiles of carbon and carbon with
hydrocarbon-molecular-ion.
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Next, I investigated the hydrogen diffusion behavior after epitaxial growth.

Figure 4.5 shows the SIMS profile of the after-epitaxial-growth sample with a C3H5

dose of 3.3 × 1014 molecular ions/cm2. A hydrogen peak was confirmed in the

implanted region. The hydrogen peak concentration was 1.2 × 1018 atoms/cm3,

and the epitaxial growth temperature was high, approximately 1100◦C. However,

hydrogen was observed after epitaxial growth.

Figure 4.6 shows that the hydrogen-peak concentration after epitaxial growth

depends on the C3H5 dose. The hydrogen-peak concentration increased along with

the C3H5 dose because the peak of damage of C3H5 implantation and carbon

concentration depends on the C3H5 dose. Therefore, the hydrogen concentration

in the implanted region increased depending on the C3H5 dose. I then evaluated

the diffusion behavior of hydrogen after the annealing of the epitaxially grown

sample. Figure 4.7 shows the SIMS profile of hydrogen after annealing for 30 min

at temperatures from 300 to 900◦C at 200◦C intervals. No change in hydrogen peak

concentration was observed after annealing at 300◦C. I confirmed that the decrease

in hydrogen-peak concentration depended on temperature. However, hydrogen

remained after the 900◦C annealing. Such a hydrogen-diffusion behavior has not

been reported. The hydrogen diffusion velocity in silicon is extremely high. Thus, I

found that the hydrocarbon-molecular-ion implanted region exhibits a high trapping

capability for hydrogen.

Figure 4.8 shows a plot of integral values in a 1.0 µm region around the

hydrogen peak after annealing from 600 to 900◦C for 30 min. From these results,

I calculated the diffused hydrogen density to compare the interface state density.

The finite difference in out-diffused hydrogen density before and after annealing

was calculated. The out-diffused hydrogen density after annealing at 600 to 900◦C

were approximately from 1.0 × 1012 to 9.0 × 1012 atoms/cm2. In contrast, the

SiO2/Si interface state density was approximately from 1.0 × 1010 to 1.0 × 1011

atoms/cm2. As a result, the out-diffused hydrogen density was higher than the

interface state density. I assumed that the out-diffused hydrogen density is sufficient

for the passivation of the interface state density.
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Figure 4.5: SIMS profile of hydrogen after epitaxial growth with C3H5 dose of 3.3×
1014 atoms/cm2.

Figure 4.6: Dependence of hydrogen-peak concentration after epitaxial growth on
C3H5 dosage.
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Figure 4.7: SIMS profile of hydrogen after annealing at 300 to 900◦C for 30 min at
200◦C intervals.

Figure 4.8: Plot of integral values in 1.0 µm region around hydrogen peak after
annealing from 600 to 900◦C for 30 min.
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I inferred that the hydrocarbon-molecular-ion implanted region comprises

carbon, hydrogen, oxygen, and vacancy. Thus, I assume that these complexes form

a potential barrier to hydrogen dissociation in the implanted region. Therefore,

I calculated the dissociation activation energy of hydrogen from the implantation

defect. I calculated the dissociation activation energy assuming only a dissociation

reaction. For the reaction of hydrogen from an implantation defect (D in the

equations below) to be a dissociation reaction and ignoring the inverse reaction,

the density of dissociated hydrogen can be expressed by the following reaction and

kinetic equations:

HD → H +D, (4.1)

dDHD

dt
= −kDHD, (4.2)

where DHD is the density of H and defect complexes in the implantation region.

Thus, DHD is the H density obtained by SIMS analysis. The hydrogen density after

annealing at each temperature is expressed as

lnD(t) = lnD(0)− kt, (4.3)

where D(t) is the hydrogen density after annealing and (0) is the initial hydrogen

density. The annealing time is t and k is the reaction rate constant.

Figure 4.9 shows semilogarithmic plots for annealing at 500 to 900◦C at 100◦C

intervals with the logarithm of hydrogen density on the vertical axis and annealing

time on the horizontal axis. The error bars in Figure 4.9 show the minimum

and maximum measured hydrogen density. The time dependence of the hydrogen

diffusion behavior is linear. This demonstrates that the hydrogen diffusion behavior

can be expressed using the reaction model only for dissociation. In accordance with

Figure 4.9, the reaction rate constant k was calculated. The error bar of the reaction

rate constant was 5% at most.

Figure 4.10 shows an Arrhenius plot of the reaction rate constants obtained from

Figure 4.9. The dissociation activation energy was estimated to be about 0.76 ±
0.04 eV. I assumed a simple reaction model on the basis of the dissociation behavior

from a defect formed in the implanted region, and the result of the dissociation

behavior indicated good agreement with equation 4.3. I discuss the dissociation

activation energy and binding state of trapped hydrogen in the next section.
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Figure 4.9: Plots of logarithm of hydrogen concentration on vertical axis and
annealing time on horizontal axis.

59



CHAPTER 4. DIFFUSION BEHAVIOR OF HYDROGEN IN SMALL
THERMAL BUDGET

Figure 4.10: Arrhenius plot of reaction rate constant k.
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4.4 Mechanism of hydrogen out-diffusion behav-

ior in small thermal budget

Previous studies have revealed the binding states and diffusion behavior of hydrogen

in silicon [99–105]. In particular, the low-temperature annealing behavior and

binding state of hydrogen from 100 to 700◦C have been investigated [113–115].

Fukata and Suezawa demonstrated that vacancy and void defects form complexes

and binding states with hydrogen in C-doped silicon after hydrogen FGA [113].

Previous studies indicated that hydrogen in complexes with vacancy (e.g., VH4 and

V2H6) was dissociated after annealing at less than 600◦C. On the other hand, the

Si-H binding state of hydrogen trapped in voids has been reported for annealing

at 700◦C. For implantation defect analysis, I observed, through high-resolution

cross-sectional transmission electron microscopy (HR-XTEM), that voids or platelet

defects were formed in the hydrocarbon-molecular-ion implanted region.

Figure 4.11 shows the HR-XTEM image and nanobeam electron diffraction

(n-ED) pattern of the after-epitaxial-growth sample. The hydrocarbon-molecular-

ion implantation defects were observed in the implanted region, as shown in

Figure 4.11(a). As shown Figure 4.11(b), a defect of approximately 5 nm

was found to have been formed in the implanted region. It was also revealed

that these defects were the electron diffraction patterns of a silicon single crystal

by n-ED in Figure 4.11 (c). I assumed that the defect of approximately

5 nm was due to the substitution and interstitial carbon clustering in the

hydrocarbon-molecular-ion implanted region. Voids or platelet defects were

not observed in the hydrocarbon-molecular-ion implanted region. Consequently,

hydrogen detected in the hydrocarbon-molecular-ion implanted region of was not

the binding state trapped by voids and platelet defects. For V-H complexes, vacancy

formed by hydrocarbon-molecular-ion implantation may possibly result in hydrogen

trapping. However, dissociation did not progress at low temperatures in our study,

as shown in Figure 4.7. Therefore, I assumed that the binding state of hydrogen

trapped in the hydrocarbon-molecular-ion implanted region is different from that

found in previous studies. I give two possibilities for the binding state of hydrogen

in the hydrocarbon-molecular-ion implanted region. One is a binding state in which

hydrogen is trapped by the carbon impurities in the hydrocarbon-molecular-ion

implanted region. The formation of a hydrogen pair (H2) trapped by carbon

impurities in C-rich silicon was observed by Hourahine et al [62]. They also reported

that the binding energy of a hydrogen molecule to a carbon impurity in the C-H2

defect is 0.8 eV. Therefore, the C-H binding state is suggested by the dissociation

activation energy. However, this result was also investigated in terms of the hydrogen
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diffusion behavior after low-temperature annealing up to 400◦C. Regarding the

complex in the hydrocarbon-molecular-ion implanted region, I assumed that the

binding state of hydrogen is complex in this study because hydrogen trapped in the

implanted region begins to diffuse after annealing above 500◦C. It is believed that

the complex carbon impurities in the implanted region participate in the behavior

of hydrogen diffusion at high temperatures. Regarding the behavior of carbon

impurities in silicon bulk, Pinacho et al. demonstrated that carbon and silicon

self-interstitial (CI) clusters are formed in C-rich silicon [61]. I assumed that these

CI clusters are formed in the hydrocarbon-molecular-ion implanted region because

the implanted region of carbon is extremely shallow and at high concentrations.

As shown Figure 4.2, a carbon peak shift was confirmed after annealing and is

in accordance with a hydrogen peak. Therefore, I hypothesize that the hydrogen

in the hydrocarbon-molecular-ion implanted region forms a binding state with the

CI cluster. The other binding state of hydrogen is considered to be the hydrogen

molecule state. Markevich and Suezawa demonstrated that the activation energy

for the diffusion of hydrogen molecules located at the Td site is 0.78 eV [63]. In

addition, it has been reported that the activation energy is estimated to be 0.7

eV when hydrogen molecules dissociate from multivacancies [64, 65, 116–118]. The

activation energy of these hydrogen molecules is extremely close to what I calculated.

Figures 4.12 (a) and (b) show a schematic of a hydrogen molecule at the Td

site of a unit cell of a silicon crystal and the dissociation of a hydrogen molecule

trapped at a multivacancy, respectively. Therefore, I assume that the hydrogen

in the hydrocarbon-molecular-ion implanted region diffuses in the hydrogen as

the above molecule state. As shown in Figures 4.2 and 4.4, the hydrogen in

the molecular ion implanted region is trapped in the vacancy peaks formed by

hydrocarbon-molecular-ion implantation.

I infer that complexes related to CI clustering and vacancy in the hydrocarbon-

molecular-ion implanted region form a potential barrier to hydrogen dissociation. In

these complexes, it is considered that hydrogen diffusing from the implanted region

is attributed to the C-H2 binding state in C clustering and the hydrogen molecules

trapped in the vacancy formed by C-cluster ion implantation and is located at the

Td site.
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Figure 4.11: HR-XTEM images of (a) low, (b) high magnification and (c) Electron
diffraction pattern from n-ED observation with carbon dose of 1.0 × 1015 carbon
atoms/cm2 for after-epitaxial-growth sample.

Figure 4.12: Schematic of (a) hydrogen molecule at Td site of unit cell of silicon
crystal and (b) dissociation process of hydrogen molecule trapped at multi-vacancy.
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4.5 Summary

I used a hydrocarbon-molecular-ion containing hydrogen (C3H5). After

hydrocarbon-molecular-ion implantation to a silicon wafer, I confirmed that not

only the carbon profile but also the hydrogen profile could be obtained through

SIMS analysis. Additionally, after 900◦C annealing, I observed that the implanted

region had a hydrogen peak. The depths of the carbon and hydrogen peaks after

annealing were the same as that of the vacancy peak just after implantation through

TCAD simulation. On the other hand, monomer-implanted hydrogen diffused out

below the detection limit after 600 ◦C annealing. Hydrogen was also confirmed after

epitaxial growth, although the diffusion velocity of hydrogen was extremely high

in the silicon wafer. The hydrogen peak concentration increased depending on the

dose after epitaxial growth, but decreased depending on temperature after diffusion

annealing. The out-diffused hydrogen density from 600 to 900◦C was approximately

from 1.0× 1012 to 9.0× 1012 atoms/cm2. I assumed that the out-diffused hydrogen

density sufficiently represents interface state density because the SiO2/Si interface

state density is approximately from 1.0 × 1010 to 1.0 × 1011 atoms/cm2. I also

derived the dissociation activation energy assuming only a dissociation reaction.

The activation energy of hydrogen dissociation from the hydrocarbon-molecular-ion

implanted region was calculated to be 0.76 ± 0.04 eV. This activation energy

is extremely close to the binding energy of the CH2 defect and the activation

energies for the diffusion of hydrogen molecules located at the Td site and hydrogen

molecules from multi-vacancies. In summary, I inferred that trapped hydrogen in

the hydrocarbon-molecular-ion implanted region forms complexes comprising the

C-H binding state and hydrogen molecules.
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Kinetic analysis of hydrogen

diffusion behavior with TCAD

simulation

5.1 Introduction

Previous chapter demonstrated that hydrocarbon-molecular-ion implanted silicon

epitaxial wafers have hydrogen dissociation behavior for high-performance CMOS

image sensors. A hydrogen in the implanted region of a hydrocarbon-molecular-ion

is trapped after epitaxial growth and out-diffused in accordance with the subsequent

annealing temperature. Consequently, I assume that hydrogen out-diffusing from the

implanted region during the device fabrication process can passivate the interface

state density of the isolation region and process-induced defects. Therefore, the

hydrogen diffusion behavior can contribute to the high performance of CMOS image

sensors by lowering photo-diode junction leakage current and fixed-pattern noise

[24,36]. Conventionally, hydrogen diffusion velocity is extremely high in bulk silicon

at high temperature [66, 89, 90]. Thus, only monomer-implanted hydrogen diffused

to below the detection limit of secondary ion mass spectrometry (SIMS) analysis

after low-temperature annealing at 600◦C [32]. However, hydrocarbon-molecular-ion

implanted hydrogen remains in the implanted region after annealing at 900◦C. Such

hydrogen diffusion behavior has not been reported in any other previous study.

In addition, above section demonstrated that the dissociation activation energy of

hydrogen to dissociate from the implanted region of a hydrocarbon-molecular-ion is

0.76 ± 0.04 eV. This activation energy is extremely close to the binding energy of

the C-H2 defect and the activation energy for the diffusion of hydrogen molecules

from tetrahedral interstitial sites and multi-vacancy [64, 65, 88, 116, 117]. The C-H

binding state in silicon has also been reported in some previous studies [62, 118–
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120]. However, previous studies have reported the analytical results of binding

state and diffusion behavior after annealing below 700◦C [113, 114, 121]. In our

previous study, I performed epitaxial growth at approximately 1100◦C and found

that a hydrogen was trapped in the implanted region of a hydrocarbon-molecular-ion

to900 ◦C after the subsequent annealing. Therefore, the hydrogen binding state in

the implanted region of a hydrocarbon-molecular-ion is presumed to differ from the

C-H binding state reported conventionally [64, 65, 116, 117]. Regarding the carbon

behavior in silicon, Pinacho et al. indicated that carbon and silicon self-interstitial

(I) formed a CmIn (e.g., C3I3 and C3I2) cluster (CI cluster) in C-rich silicon [61].

The carbon peaks in the hydrocarbon-molecular-ion implanted region are either

extremely shallow or high. In addition, I is considered to be formed by hydrocarbon-

molecular-ion implantation. Consequently, results of above section suggest that a

CI cluster can be formed in the implanted region of a hydrocarbon-molecular-ion.

Furthermore, other studies have indicated that the complexes of hydrogen, vacancy

(V), and I in the implanted region have gettering capability for metallic impurities

[44]. Therefore, the trapping and diffusion behavior of hydrogen in the implanted

region must be analyzed to understand the gettering mechanism and passivation

effect behind hydrocarbon-molecular-ion implanted epitaxial wafers. In this section,

I examine trapping and diffusion behavior for hydrogen by means of a technology

computer aided design (TCAD) simulation assuming a reaction model in which a

CI-cluster binds to hydrogen [52].
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5.2 Theoretical and experimental methods

For our calculations, I have used the TCAD Sentaurus process from Synopsys

Inc. [52]. The TCAD Sentaurus process is easily extendable due to its modelling

capabilities and broad database. Furthermore, the model for the formation of

a CmIn (CI) cluster is incorporated in the TCAD Sentaurus process [52, 61].

Therefore, I simulated the hydrocarbon-molecular-ion implanted silicon epitaxial

wafer fabrication process by using TCAD Sentaurus process due to confirmation the

formation of a CI cluster. Figure 5.1 shows the profile of carbon total (dotted line),

C3I3 (solid line), C3I2 (solid line), and interstitial carbon (Ci) (dashed line) after

epitaxial growth with C3H5 dose of 1.6 × 1014 molecular ions/cm2 by using TCAD

simulation. Epitaxial silicon layers of 4.0 µm thickness were grown at 1100◦C. The

epitaxial growth rate was 1.0 µm/min. These results indicate that the peak of carbon

in the hydrocarbon-molecular-ion implanted region is mainly formed by C3I3 and

C3I2. In particular, C3I3 concentration is the highest in the implanted region from

TCAD simulation. Consequently, I define a reaction model in which hydrogen binds

to a C3I3 cluster for TCAD simulation. The reaction of hydrogen and C3I3 can be

expressed by the following simple reaction and kinetic equations,

H − C3I3 → H + C3I3, (5.1)

dCH−C3I3

dt
= k1CHCC3I3 − k2CH−C3I3 , (5.2)

dCH

dt
= DHgrad(H)− k1CHCC3I3 + k2CH−C3I3 , (5.3)

DH = 9.4× 10−3exp(−0.48[eV ]

kBT
) [cm2/s], (5.4)

where CH-C3I3, CH , and CC3I3 are the concentration of H-C3I3, hydrogen, and C3I3

in the hydrocarbon-molecular-ion implanted region, respectively. The t is annealing

time. DH is the diffusion coefficient of hydrogen [66, 89, 90]. The kB is Boltzmann

constant ant T is annealing temperature. k1 and k2 are the reaction rate constant

of the order and inverse reaction, respectively. The reaction rate constant kn (n =

1 or 2) can be expressed by the following equation,

kn = Anexp(−
En

kBT
) (n = 1 or 2) (5.5)

The A1 = 1.2 × 10−14 cm3/s, E1=0.12 eV, A2=72 s−1, and E2=0.76 eV are

used for the frequency factor and the activation energy derived in the previous
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study [36]. The actual activation energy of E1 for the inverse reaction in equation (1)

is estimated to be calibrated by using the experimental data of hydrogen diffusion at

high temperature. The activation energy of E1 is lower than the hydrogen diffusion

activation energy of 0.48 eV. Consequently, I consider that the attraction reaction

between hydrogen and C3I3 progressed during high temperature epitaxial growth.

In addition, the initial conditions of the simulation are CH : hydrogen concentration

after hydrocarbon-molecular-ion implantation, CC3I3 = 0, and CH-C3I3 = 0. I

assumed that a formation of C3I3 cluster and formation reaction of H-C3I3 progressed

at the same time during epitaxial growth. Furthermore, hydrogen does not diffuse in

a silicon wafer from an atmosphere during epitaxial growth in this TCAD simulation.

Consequently, I simulated only diffusion behavior of hydrocarbon-molecular-ion

implanted hydrogen. In this study, Si (100) n-type wafers were implanted with C3H5

cluster ions at room temperature. The C3H5 cluster dose was 1.6× 1014− 6.6× 1014

molecular ions/cm2. The implantation energy was 80 keV/molecular ion. After

hydrocarbon-molecular-ion implantation, epitaxial silicon layers of 4.0 µm thickness

were grown using a Si3HCl gas source at 1100◦C. The epitaxial growth rate was

1.0 µm/min. The samples were then annealed at 900◦C for 60 min in a nitrogen

atmosphere. The annealing temperature and time conditions are the same as those

of the TCAD simulation and experiment. The distribution of hydrogen in the

hydrocarbon-molecular-ion implanted region was analyzed by TCAD simulation and

SIMS.

68



CHAPTER 5. KINETIC ANALYSIS OF HYDROGEN DIFFUSION BEHAVIOR
WITH TCAD SIMULATION

Figure 5.1: The profile of carbon total (dotted line), C3I3 cluster (solid line), C3I2
cluster (solid line), and Ci (dashed line) after epitaxial silicon growth at 1100◦C
with C3H5 dose of 1.6× 1014 molecular ions/cm2 by TCAD simulation.
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5.3 Trapping and diffusion behavior of hydrogen

simulated by TCAD

Figure 5.2 shows the depth profiles of hydrogen after epitaxial silicon growth at

1100◦C with a C3H5 dose of 3.3× 1014 molecular ions/cm2 by the TCAD simulation

(solid line) and SIMS analysis (dotted line). The TCAD profile clearly agrees with

the SIMS profile after epitaxial growth. Furthermore, Figure 5.3 shows the hydrogen

profiles after 900◦C, 60-min annealing in a nitrogen atmosphere with a C3H5 dose

of 3.3× 1014 molecular ions/cm2. I calculated the dissociation behavior of hydrogen

after 900◦C, 60-min annealing by the reaction model of hydrogen and C3I3 and found

that the CI-cluster contributes to trapping and diffusion behavior of hydrogen in the

implanted region of the hydrocarbon-molecular ion ion-implantation. The epitaxial

growth temperature is 1100◦C at high temperature. Furthermore, the CI-cluster in

the implanted region of the hydrocarbon-molecular ion is stable after 900◦C, 60-min

annealing.

Figure 5.4 shows dependence on the C3H5 dose of the hydrogen peak

concentration with TCAD after epitaxial silicon growth at 1100◦C and after

annealing at 900◦. These investigation results demonstrate that trapping and

diffusion behavior of hydrogen is simulated by the reaction model in which hydrogen

was assumed to be bound to a CI-cluster. As shown in Figures 5.2 and 5.3,

the calculation results for the TCAD simulation provide the same hydrogen

concentration profile as results for the SIMS analysis after epitaxial growth and

annealing. Furthermore, the hydrogen peak concentration in the implanted region

of the hydrocarbon-molecular ion depends on the C3H5 dose after annealing at 900
◦C

for 60 min in a nitrogen atmosphere. Consequently, C3I3 is presumed to be thermally

stable. I define C3I3 as a CI-cluster in this study. Therefore, these results revealed

that thermal stability of the CI-cluster contributes to the trapping and diffusion

behavior of hydrogen.
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Figure 5.2: Depth profile of hydrogen after epitaxial silicon growth at 1100◦C
with SIMS analysis and TCAD simulation with C3H5 dose of 3.3 × 1014 molecular
ions/cm2.
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Figure 5.3: Depth profile of hydrogen after 900◦C, 60-min annealing in a nitrogen
atmosphere with SIMS analysis and TCAD simulation with C3H5 dose of 3.3× 1014

molecular ions/cm2.
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Figure 5.4: Dependence of hydrogen-peak concentration after epitaxial silicon
growth at 1100◦C and after annealing at 900◦C for 60 min in a nitrogen atmosphere
with TCAD simulation on C3H5 dose.
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5.4 Mechanism of hydrogen trapping and diffu-

sion behavior

Previous studies have demonstrated the binding state and diffusion behavior of

hydrogen in bulk Si [99–105]. They reported the analytical results of the binding

state and diffusion behavior after annealing below 700◦C. Other studies have

reported the C-H binding state in Si bulk [62, 64, 119, 120]. They also analyzed

the C-H binding state after low-temperature annealing below 700◦C. Hydrogen

diffuses easily at annealing above 700◦C [66, 89, 90]. However, I revealed that

hydrogen is trapped in the implanted region of a hydrocarbon-molecular ion after

epitaxial growth. In addition, I found that hydrogen in the implanted region of a

hydrocarbon-molecular ion gradually diffused after the subsequent annealing at high

temperature [36]. The carbon in the implanted region of the hydrocarbon-molecular

ion has extremely high or shallow peaks because a hydrocarbon-molecular ion

implantation is very low energy and can implant many carbon atoms simultaneously.

Thus, it seems likely that carbon in the implanted region of a hydrocarbon-molecular

ion contributes to the C-H binding formation. However, I speculate that the C-H

binding state in the implanted region is not simple during the high-temperature

annealing. Consequently, I suggest that the trapping and diffusion behavior

of hydrogen is caused by CI-cluster formation in the implanted region of the

hydrocarbon-molecular ion. As a result, SIMS analysis results agree with the TCAD

simulation results after epitaxial growth and annealing at high temperature, as

shown in Figures 5.2 and 5.3.

Therefore, I hypothesize that formation of a CI-cluster in the implanted region

strongly cause trapping and diffusion behavior of hydrogen. I used TCAD to

simulate the carbon (C), hydrogen (H), and Si-interstitial (I) profiles to confirm

the formation of a CI-cluster in the hydrocarbon-molecular ion implanted region.

Figure 5.5 shows the C, H, and I profiles after C3H5 implantation with a dose of

1.67 × 1014 (dashed line) and 3.3 × 1014 (solid line) molecular ions/cm2. The I

concentration is higher than C and H concentrations in the implanted region of the

hydrocarbon-molecular ion. Furthermore, I concentration peaked approximately 60

nm from surface, where its dependence on the C3H5 dose notably increased. Previous

section shows that the 60-nm-deep Si-interstitial peak corresponds to the carbon and

hydrogen peaks after annealing.

Consequently, I assumed that a CI-cluster is formed by carbon and silicon

interstitial due to hydrocarbon-molecular ion implantation in the implanted region

and binds to hydrogen implanted with a hydrocarbon-molecular ion during epitaxial

growth annealing. On the other hand, another possibility is that carbon and
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vacancy (V) form a complex in the implanted region of a hydrocarbon-molecular

ion. However, Shirasawa et al. used density functional theory (DFT) calculations to

demonstrate that a C-V complex is not a possible candidate for gettering sinks [44].

In contrast, they reported interstitial carbon and silicon interstitial complexes to be

effective gettering sinks.

In addition, it is reported that hydrogen is trapped in voids or {111} platelet

defects formed by phosphorus implantation [100, 121]. Therefore, I observed the

implanted region of the sample after annealing at 900◦C for 60 min for implantation

defect analysis by high-resolution transmission cross-sectional transmission electron

microscopy (HR-XTEM). Figure 5.6 (a) and (b) show HR-XTEM images of low

magnification and high magnification. Voids and platelet defects were not observed

in the implanted region, but a defect of approximately 5 nm was. I define C3I3 as

a CI-cluster. However, it seems likely that other CI-clusters are also formed in the

hydrocarbon-molecular-ion implanted region. Therefore, I inferred that the defects

observed in Figure 5.6 are an aggregate of a CI-cluster. Furthermore, the defects

were found to be stable after high-temperature annealing.

Consequently, if a larger CI-cluster is formed in the implanted region, I assume

that it will be more stable after annealing at high temperature. This suggests that

a stable trapping site with a CI-cluster contributes to trapping capability for the

hydrogen of the hydrocarbon-molecular-ion implanted silicon epitaxial wafer.

Figure 5.5: Simulated carbon (C), hydrogen (H), and silicon interstitial (I) profiles
of C3H5-molecular ion implantation by TCAD simulation.
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Figure 5.6: HR-XTEM images of (a) low and (b) high magnification with carbon
dose of 3.3 × 1014 atoms/cm2 after epitaxial growth and annealing at 900◦C for 60
min sample.
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5.5 Summary

I demonstrated that the trapping behavior of hydrogen in the implanted region of

a hydrocarbon-molecular-ion after epitaxial growth can be calculated by technology

computer aided design (TCAD) with a reaction model in which hydrogen binds to

a carbon and Si self-interstitial (CI)-cluster. The diffusion behavior of hydrogen

was also demonstrated after annealing using the same re-action model of hydrogen

and CI-cluster binding. This indicates that the CI-cluster in the implanted region

of the hydrocarbon-molecular ion significantly contributes to the trapping behavior

of hydrogen. The results after high-temperature annealing indicate that hydrogen

in the implanted region of a hydrocarbon-molecular ion must gradually be diffusing

out to the device active region during a device process. Consequently, interface state

density is seemingly passivated by hydrogen diffused from the implanted region of the

hydrocarbon-molecular ion. Such trapping and diffusion behavior of hydrogen has

not been reported in previous studies. I conclude that hydrogen diffusion behavior

in the implanted region of a hydrocarbon-molecular ion can contribute to the

fabrication process of CMOS image sensors to achieve high electrical performance.
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Chapter 6

Hydrogen diffusion behavior in

large thermal budget

6.1 Introduction

Previous chapter demonstrated the hydrogen diffusion behavior and the defects

morphology at small thermal budget in the hydrocarbon-molecular-ion implanted

region. In addition, the dissociation activation energy 0.76 eV of hydrogen

out-diffused from the hydrocarbon-molecular-ion implanted region was estimated

by reaction kinetic analysis. However, technical issues of CMOS image sensors,

including dark current, image lag and random telegraph signal (RTS) noise, should

be solved to achieve high electrical device performance [15, 24, 66, 92, 122–130].

The cause of dark current is the generation-recombination centers induced by deep

energy level defects in a silicon bandgap owing to metallic impurities generated

during various semiconductor fabrication processes [24,66,122–124]. Another source

of dark current is the junction leakage current components attributable to the

interface state defects at the SiO2/Si interface in isolation regions such as the

deep-trench isolation (DTI) region [15, 92, 127–129]. The image lag is caused by

carriers trapped in potential pockets owing to oxygen out-diffusing from the Si

substrate to a device active region [122, 123]. In addition, RTS noise is described

as a fluctuation in the current of a MOSFET that is randomly generated by the

trapping and emission of carriers in the MOSFET channel at the traps of silicon

and gate oxide-silicon interface defects [130, 131]. In recent years, the reduction

of dark current and RTS noise is particularly required for low-luminance imaging

with CMOS image sensors in, for example, automotive applications [14, 132, 133].

Therefore, the reduction in the density of interface state defects at the SiO2/Si

interface in the isolation region or transistor gate oxide is necessary for improving

the dark current and RTS noise characteristics of advance CMOS image sensors.
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Thus, the gettering technology that can solve the above technical issues of CMOS

image sensors must be developed. Previous chapter demonstrated that hydrogen

is trapped in the implanted region of a hydrocarbon molecular ion after epitaxial

growth [36]. This is an interesting diffusion behavior, because hydrogen after

monomer ion implantation has been conventionally considered to out-diffuse owing

to the high diffusion velocity of hydrogen in bulk silicon. Furthermore, the hydrogen

in the implanted region of a hydrocarbon molecular ion is released depending on the

subsequent annealing conditions. In addition, the molecular hydrogen diffusion from

the hydrocarbon-molecular-ion implanted regions has been studied on the basis of

the dissociation activation energy estimated by reaction kinetic analysis, as shown

in above section. Conventionally, low-temperature molecular hydrogen forming gas

annealing (FGA) after a CMOS device fabrication process electrically inactivates and

reduces the density of interface state defects by hydrogen passivation to terminate

the dangling bonds of silicon at the SiO2/Si interfaces [89,90,129,130,136]. However,

CMOS image sensors have been fabricated by forming multiple dielectric layers on

the silicon surface by chemical vapor deposition or atomic layer deposition before

low-temperature molecular hydrogen FGA [127, 128]. Thus, most of the molecular

hydrogen are trapped in these multiple dielectric layers during the low-temperature

molecular hydrogen FGA and they cannot diffuse into the active region of CMOS

image sensors [127, 128]. Therefore, this molecular hydrogen diffusion behavior

of the novel silicon epitaxial wafers can contribute to the effective reduction in

the density of interface state defects at the SiO2/Si interface. On the other

hand, interface state defects are generated by the dangling bonds of silicon at the

SiO2/Si interface [89, 90, 129, 130, 136]. However, since the dissociation reaction of

molecular hydrogen is necessary, two reactions, namely, Si + H2 → Si + H + H

and Si + H + H → Si − H + H are required in order to terminate a dangling

bond of silicon at the SiO2/Si interface [129]. In contrast, atomic hydrogen can

terminate a dangling bond of silicon via the reaction Si +H → Si −H. Actually,

regarding the passivation effect of molecular and atomic hydrogen annealing for

the reduction of interface state defects at the gate oxide-silicon of transistors, a

previous study have shown that atomic hydrogen annealing is more effective than

molecular hydrogen FGA [129]. Thus, atomic hydrogen also diffusing from the

hydrocarbon-molecular-ion implanted regions indicates a more effective passivation

effect, thereby reducing the density of interface state defects at the SiO2/Si interface.

Above section has shown the possibility of molecular hydrogen diffusion in the

hydrocarbon-molecular-ion implanted regions. However, no hydrogen diffusion has

been observed after a long high-temperature annealing. In addition, to the best

of our knowledge, the possibility of atomic hydrogen diffusion has never been

reported. Therefore, in this section, I investigated the hydrogen diffusion behavior

79



CHAPTER 6. HYDROGEN DIFFUSION BEHAVIOR IN LARGE THERMAL
BUDGET

in the hydrocarbon-molecular-ion implanted regions after large thermal budget of

a long high-temperature annealing. I found the possibility of both molecular and

atomic hydrogen diffusing from the hydrocarbon-molecular-ion implanted regions.

In this chapter, first, I describe the hydrogen diffusion behavior after a long

high-temperature annealing. Then, I present two dissociation activation energies

determined by reaction kinetic analysis using the results on the time dependence

of hydrogen diffusion. Finally, I discuss the mechanism of molecular and atomic

hydrogen diffusion on the basis of these dissociation activation energies estimated

by reaction kinetic analysis. I believe that molecular and atomic hydrogen diffusion

contributes to the high performance of CMOS image sensors by decreasing the

photodiode junction leakage current and RTS noise.
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6.2 Experiments and analysis methods

In this section, n-type Si (100) wafers were implanted with C3H5 at room

temperature. The C3H5 doses were 1.6 × 1014 - 6.6 × 1014 molecular ions/cm2.

The C3H5 doses converted into the amounts of carbon were 5.0 × 1014 - 2.0 × 1015

atoms/cm2 and those converted to the amounts of hydrogen were 8.3×1014 - 3.3×1015

atoms/cm2. The implantation energy was 80 keV/molecular ion. The implantation

energy of hydrogen was extremely low at 1.95 keV because the molecular ions

distributed the implantation energy. The C3H5 beam current was 800 µA. The

samples were epitaxially grown after molecular ion implantation. The epitaxial

layer thickness was 5.0 µm. The epitaxial growth temperature and growth rate were

approximately 1100◦C and 1.0 µm/min, respectively. Furthermore, the samples were

annealed from 600 to 1100◦C for 5 to 360 min to evaluate the diffusion behavior of

hydrogen in the C3H5-implanted region.

The distribution of hydrogen in the C3H5-implanted region was analyzed by

secondary ion mass spectrometry (SIMS) using an IMS7f model from CAMECA,

France. Cross-sectional transmission electron microscopy (XTEM) was used in order

to observe the implantation defects in the C3H5-implanted region after epitaxial

growth. Furthermore, the damage in the C3H5-implanted region was analyzed using

a technology computer-aided design (TCAD) with the TCAD Sentaurus process

simulator from Synopsys Inc. [51].
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6.3 Hydrogen diffusion behavior in hydrocarbon-

molecular-ion implanted regions after high-

temperature annealing

Figure 6.1 shows the depth profiles of carbon and hydrogen obtained by SIMS

analysis after (a) ion implantation and (b) 30 min annealing at 600◦C at the C3H5

dose of 6.6 × 1014 molecular ions/cm2. The hydrogen profile of C3H5 shows a

narrow projected range near the Si wafer surface. At the implantation energy

used in this study, the hydrogen implanted region was 40 nm in depth from the

Si wafer surface. Then, after annealing at 600◦C, the hydrogen peak concentration

decreased owing to out-diffusion during annealing. Although the diffusion velocity

of hydrogen is markedly high in a Si wafer, the hydrogen peak concentration was

observed in the implanted region of C3H5 after annealing at 600◦C. Above section

study has shown that the implanted monomer hydrogen ions diffused, resulting

in a hydrogen concentration that is below the detection limit of SIMS analysis

upon annealing at 600◦C. However, silicon epitaxial growth is performed using

high-temperature processes (> 1000◦C). Therefore, I conducted SIMS analysis of

the hydrogen concentration in the C3H5 implanted wafer after epitaxial growth.

Figure 6.2 shows the depth profiles of hydrogen after epitaxial growth at C3H5

doses of 1.6 × 1014 (dotted line) and 3.3 × 1014 (solid line) molecular ions/cm2. A

hydrogen peak was confirmed in the C3H5 implanted region. The hydrogen peak

concentrations of 1.6×1014 (dotted line) and 3.3×1014 (solid line) molecular ions/cm2

were 5.2 × 1017 and 1.2 × 1018 atoms/cm3, respectively. The epitaxial growth was

performed at a high temperature of 1100◦C. However, hydrogen was observed in

the implanted region of C3H5 after the epitaxial growth. Figure 6.3 shows the

dependence of hydrogen peak concentration after epitaxial growth on the C3H5 dose.

The hydrogen peak concentration increased linearly. Since the carbon concentration

also increases depending on the C3H5 dose, I consider that carbon is related to the

hydrogen trapping behavior.

I then evaluated the hydrogen diffusion behavior after the annealing of the

C3H5 implanted epitaxial wafer. Figure 6.4 shows the SIMS profiles of hydrogen

after epitaxial growth (solid line) and subsequent annealing for 30 min at 900◦C

(dashed line) and 1100◦C (dotted line) at the C3H5 dose of 3.3 × 1014 molecular

ions/cm2. As shown in Figure 6.4, the hydrogen concentration decreased depending

on the temperature. However, hydrogen remained in the C3H5 implanted region

after the annealing at 1100◦C. This unique hydrogen diffusion behavior has never

been reported. The hydrogen diffusion velocity is extremely high in bulk silicon. I

found that the hydrocarbon molecular ions in their implanted region exhibit a high
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Figure 6.1: Depth profiles of carbon and hydrogen by SIMS analysis after (a) ion
implantation and (b) 30 min annealing at 600◦C at the C3H5 dose of 6.6 × 1014

cluster atoms/cm2.

gettering capability for hydrogen.
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Figure 6.2: Depth profiles of hydrogen after epitaxial growth at C3H5 doses of
1.6× 1014 (dotted line) and 3.3× 1014 (solid line) cluster atoms/cm2.

Figure 6.3: Dependence of hydrogen peak concentration after epitaxial growth on
C3H5 dosage.
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Figure 6.4: SIMS profiles of hydrogen peak after epitaxial growth (solid line) and
subsequent annealing for 30 min at temperatures 900◦C (dashed line) and 1100◦C
(dotted line) at C3H5 dose of 3.3× 1014 cluster atoms/cm2.
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Figure 6.5 shows the density of hydrogen that out-diffused from C3H5 implanted

region after the annealing. I calculated the out-diffused hydrogen density from

the finite difference in integral values in a 1.0 µm region around the hydrogen

peak concentration before and after the annealing from 600 to 1100◦C for 30

min. The out-diffused hydrogen densities after annealing at 600 to 1100◦C were

approximately from 1.0 × 1012 to 1.0 × 1013 atoms/cm2. It is known that the

Si(100)/SiO2 interface state defect density is approximately from 1.0 × 1010 to

1.0×1011 atoms/cm2. From the results, the out-diffused hydrogen density was higher

than the interface state density. I assumed that the out-diffused hydrogen density is

sufficient for the passivation of interface state defects after a long high-temperature

annealing. Then, the time dependence of hydrogen diffusion was analyzed after a

long high-temperature annealing.

Figure 6.6 shows plots of hydrogen density in the C3H5 implanted region after the

annealing at 800 to 1100◦C with the annealing time on the horizontal axis and the

logarithm of hydrogen concentration on the vertical axis. Hydrogen concentration

decreased linearly. In addition, the result indicated a change in the slope at which the

hydrogen density gradually decreased with annealing time from approximately 100

min. If the reduction resulting in hydrogen dissociation from the C3H5 implanted

region is reversible reaction, the hydrogen density should reach equilibrium after

a long time of annealing. However, the hydrogen density decreased linearly even

after a long time of annealing. Hence, this result suggests that the dissociation of

hydrogen involves two reactions in the C3H5 implanted region.
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Figure 6.5: Plots of hydrogen density that out-diffused obtained by the finite
difference in integral values in a 1.0 µm region around the hydrogen peak
concentration before and after annealing from 600 to 1100◦C for 30 min.

Figure 6.6: Plots of hydrogen density in C3H5 implanted region after heat treatments
at 800 to 1100 ◦C with heat treatment time on the horizontal axis and logarithm of
hydrogen density on the vertical axis.
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6.4 Model of hydrogen diffusion by reaction

kinetic analysis

I inferred that the implanted region of C3H5 is related to two hydrogen dissociation

reactions, as shown in Figure 6.6. I assumed only a dissociation reaction, because

the density of hydrogen did not reach equilibrium even after a long high-temperature

annealing. Also, since the hydrogen diffusion velocity in bulk silicon is extremely

high, the possibility of reversible reaction is low. Thus, I calculated the dissociation

activation energy by reaction kinetic analysis assuming two dissociation reactions.

The hydrogen dissociation reactions can be expressed as

H1 → Ḣ1, (6.1)

H2 → Ḣ2. (6.2)

It was assumed that the H1 reaction occurred primarily during a short (<100

min) annealing and H2 reaction occurred during a long (>100 min) annealing, as

shown in Figure 6.6. Assuming that only reactions 6.1 and 6.2 are involved in the

dissociation, the following reaction formula can be obtained:

dDHn

dt
= −knDHn (n = 1 or 2), (6.3)

DHn = D0nexp(−knt) (n = 1 or 2), (6.4)

where D0n and DHn are the density of hydrogen trapped in the C3H5 implanted

region before and after the annealing, respectively. The annealing time is t. The

reaction rate constant is kn. Thus, the hydrogen density is shown in Figure 6.6 as

the sum of reactions 6.1 and 6.2. Consequently, assuming that the total hydrogen

density is DH and the initial concentration is D0, the ratio of DH to D0 is expressed

as

DH = DH1 +DH2, (6.5)

DH

D0

= αexp(−k1t) + βexp(−k2t), (6.6)

where α and β are the ratios of initial density for each annealing condition of H1

and H2, respectively. β was derived from the intercept of the slope for the long

annealing and the vertical axis in Figure 6.6. Then, α was calculated as 1 − β.

The curve fitting of equation 6.6 and Figure 6.6 was performed using k1 and k2.

Figure 6.7 shows the fitting results for the ratio of D0 to DH at 800 to 1100◦C. The
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Figure 6.7: Fitting results for the ratio of D0 to DH at 800 to 1100◦C.

reaction rate constants k at each annealing temperature can be obtained from the

fitting results. Figure 6.8 shows the Arrhenius plots of the reaction rate constants of

reactions 6.1 and 6.2. The dissociation activation energy was estimated to be 0.79

eV (reaction 6.1) and 0.42 eV (reaction 6.2) from the Figure 6.7. I discuss these

dissociation activation energies and binding states of trapped hydrogen in the next

section.
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Figure 6.8: Arrhenius plots of the reaction rate constants k1 and k2 of reactions
expressed in reactions 6.1 and 6.2.

90



CHAPTER 6. HYDROGEN DIFFUSION BEHAVIOR IN LARGE THERMAL
BUDGET

6.5 Mechanism of hydrogen diffusion in im-

planted region

First, I considered the activation energy of 0.79 eV for reaction 6.1 (short time

annealing). In the case of reaction 6.1, the dissociation activation energy of 0.79

eV is close to the diffusion activation energy of 0.78 eV of molecular hydrogen

[63, 99, 100]. Markevich et al. reported that the activation energy for the diffusion

of molecular hydrogen located at the Td site is 0.78 eV [63]. Another possibility

is a binding state in which hydrogen is trapped by the carbon impurities in

the hydrocarbon-molecular-ion implanted regions. Hourahine et al reported that

the energy of binding of a hydrogen molecule to a carbon impurity in a C-H2

defect is 0.8 eV [62]. Therefore, the C-H2 binding state and out-diffusion of

molecular hydrogen are indicated by the dissociation activation energy for reaction

6.1. However, previous studies investigated the hydrogen diffusion behavior after

low-temperature annealing up to 400◦C. In this study, hydrogen was trapped

in the implanted region of C3H5 after high-temperature annealing. Thus, it is

considered that the trapping sites where molecular hydrogen dissociates during high

temperature annealing are different from a simple C-H2 binding state. Therefore, I

speculated that the carbon complexes contribute to the trapping of hydrogen in the

hydrocarbon-molecular-ion implanted regions. Pinacho et al. demonstrated that

carbon and silicon self-interstitial complexes (CI clusters) are formed in carbon-rich

silicon with regard to the behavior of carbon complexes in bulk silicon [61]. I inferred

that CI clusters are formed in the implanted region of a hydrocarbon molecular ion

because the hydrocarbon-molecular-ion implanted regions is extremely narrow at

high concentrations of carbon, as shown in Figure 6.1. Furthermore, carbon profiles

were evaluated by SIMS analysis after epitaxial growth in order to confirm carbon

and hydrogen peak depths.

Figure 6.9 shows the carbon and hydrogen profiles after epitaxial growth at a

C3H5 dose of 1.6 × 1014 molecular ions/cm2 obtained by SIMS analysis. I found

that hydrogen was trapped in the region of the carbon peak concentration. The

sharp peak region was observed in the carbon profile. In addition, the carbon

profile was distributed in the 1.0 µm region around the peak region. Hydrogen was

trapped in the carbon sharp peak region but not around the peak region. To further

evaluate this carbon profile, I actually simulate a C3H5-implanted epitaxial wafer by

TCAD using the TCAD Sentaurus process simulator from Synopsys Inc. [51]. The

simulator has the model for the formation of CI clusters (CxIy) [52]. This cluster

model is described a complex of carbon and Si self-interstitials in the formation

of CxIy. Therefore, I simulated the C3H5 ion implantation and silicon epitaxial
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growth processes by using TCAD Sentaurus process to analyze the formation of CI

clusters. Figure 6.10 shows the profiles of total carbon (dotted line), C3I3 clusters

(solid line) and carbon interstitials (Ci) (dashed line) after epitaxial growth at a

C3H5 dose of 1.6 × 1014 atoms/cm2 by TCAD simulation. Silicon epitaxial layers

of 4.0 µm thickness were grown at 1100◦C. The results indicate that the peak of

carbon concentration in the C3H5-implanted region is mainly attributable to by C3I3

clusters. The C3I3 cluster size is maximum for the current TCAD model [51]. On the

other hand, Fukata et al. demonstrated that voids or platelet defects form complexes

and binding states with hydrogen in carbon-doped silicon after hydrogen atomic

treatment [113–115, 137]. Thus, it is observed by high-resolution cross-sectional

transmission electron microscopy (HR-XTEM) that voids or platelet defects were

formed in the implanted region of C3H5.

Figure 6.11 shows a (a) low-magnification XTEM image and an (b) HR-XTEM

image of an epitaxially grown sample. C3H5 implantation defects are observed in

the implanted region of C3H5 in Figure 6.11 (a). A defect of approximately 5 nm

was found to be formed in the implanted region of C3H5, as shown Figure 6.11

(b). As a result, no voids or platelet defects were observed in the implanted region

of C3H5. Thus, hydrogen in the implanted region of C3H5 was not in the binding

state trapped by voids and platelet defects. In addition, I simulated the hydrocarbon

molecular ion implantation and the silicon epitaxial growth process using the kinetic

Monte Carlo (KMC) code in the TCAD Sentaurus process simulator from Synopsys

Inc. in order to confirm the formation of CI clusters [62]. Figure 6.12 shows an (a)

HR-XTEM image of the C3H5 implanted region and the (b) KMC simulation result

of CI clusters. The distribution of carbon (black) and Si self-interstitials (red) is

shown in Figure 6.12 (b). Consequently, it is speculated that 5 nm defects may be

CI clusters. It is inferred that the CI clusters contribute to the trapping of molecular

hydrogen.
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Figure 6.9: Carbon and hydrogen profiles after epitaxial growth at C3H5 dose of
1.6× 1014 atoms/cm2 obtained by SIMS analysis.

Figure 6.10: Profiles of total carbon (dotted line), C3I3 clusters (solid line) and
carbon interstitials (Ci) (dashed line) after epitaxial growth at C3H5 dose of 1.6×1014

atoms/cm2 obtained by TCAD simulation.
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Figure 6.11: (a) low-magnification XTEM image and (b) HR-XTEM image of
epitaxially grown sample.

Figure 6.12: HR-XTEM image of C3H5 implanted region and (b) KMC simulation
result of CI clusters.
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I now discuss the activation energy of 0.42 eV for reaction 6.2 (long time

annealing). This activation energy is close to the commonly reported atomic

hydrogen diffusion activation energy of 0.48 eV [89,90]. Therefore, the out-diffusion

of atomic hydrogen is suggested by the dissociation activation energy for reaction

6.2. However, the binding state of the atomic hydrogen trapped in the implanted

region of C3H5 is unclear.

One possibility is a binding state in which atomic hydrogen is trapped by

vacancy-related complexes in the hydrocarbon-molecular-ion implanted regions.

Previous studies indicated that hydrogen in complexes with vacancies (e.g., VH4)

dissociated after annealing at 600◦C [113–115, 137]. In the case of hydrocarbon

molecular ion implantation, vacancies and interstitial silicon are generated during

molecular ion implantation. Since interstitial silicon forms a CI clusters with carbon,

it is presumed that the vacancies and hydrogen-related complexes are formed in the

hydrocarbon-molecular-ion implanted regions. Thus, it is considered that atomic

hydrogen out-diffuses from the vacancy-related complexes.

Other possibility is considered that oxygen trapped in the implanted region of

C3H5 may be bonded to hydrogen. The binding energy of oxygen and hydrogen (O-

H) in bulk silicon is reported to be 0.47 eV [137]. Previous studies have shown that

the implanted region of C3H5 also trapped oxygen. Figure 6.13 shows depth profiles

of carbon, oxygen and hydrogen obtained by SIMS analysis after epitaxial growth.

Furthermore, Onaka-Masada reported that the 5 nm defects observed by HR-XTEM

is a carbon aggregate and oxygen is trapped inside the 5 nm defects. Consequently,

it is considered that atomic hydrogen diffused after a long annealing because oxygen

and hydrogen are bonded inside the 5 nm defects. Therefore, it is inferred that

atomic hydrogen was released during a long high-temperature annealing. Finally,

these results suggest that hydrogen in the C3H5 implanted region out-diffuses as

molecular and atomic hydrogen. Therefore, molecular and atomic hydrogen diffusing

from the C3H5 implanted region can effectively passivate interface state defects at

the SiO2/Si interface.
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Figure 6.13: Depth profiles of carbon, oxygen and hydrogen by SIMS analysis after
epitaxial growth.
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6.6 Summary

I demonstrated the hydrogen diffusion behavior in the C3H5 implanted region. First,

hydrogen was observed after epitaxial growth. The hydrogen peak concentration

increased depending on the dose of C3H5 after epitaxial growth, but decreased

depending on temperature after annealing. The out-diffused hydrogen density

from 600 to 1100◦C was approximately in the range from 1.0 × 1012 to 9.0 × 1012

atoms/cm2. I assumed that this out-diffused hydrogen density range is sufficient for

the passivation of interface state defects. I also derived the dissociation activation

energy assuming two dissociation reactions. The activation energies of hydrogen

dissociation from the implanted region were calculated to be 0.79 and 0.42 eV. This

result suggests the possibility of molecular and atomic hydrogen diffusion from the

C3H5 implanted region. I conclude that hydrogen diffusion in the implanted region

of a hydrocarbon molecular ion can contribute to the high electrical performance

characteristics of CMOS image sensors.
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Chapter 7

Termination effect of hydrocarbon

molecular ion implanted silicon

wafers

7.1 Introduction

As shown in previous sections, CMOS image sensor has been widely used ubiquitous

devices such as smart-phone and smart-watch. Consumer market strongly demand

more high sensitivity and more high speed image data processing for achieving

fabricate high performance CMOS image sensors [24, 66, 122, 124–126]. However,

there are some serious technical issues for achieving fabricates high performance

CMOS image sensor manufacturing. Very important issue is dark current noise, fix

pattern noise and random telegraph noise generation from CMOS image sensor

circuits. It is well known that these noise origins are the transfer gate oxide

at SiO2/Si interface states, local oxidation of silicon (LOCOS), shallow trench

isolation (STI) and deep trench isolation (DTI) interface states defects [128–130].

The interface defects forms deep energy level in the silicon band-gap which can

act as generation-recombination (G-R) center. The G-R center strongly affects

electrical device performance of CMOS image sensor. Therefore, CMOS image

sensor manufacturer efforts reduction of various sensor circuit noises using optimum

circuit design and device fabrication process. In the past, some circuit design

researchers proposed new circuit design concept for reduction of noise from CMOS

image sensor circuit [132, 138]. As a result, it is not enough to improvement of

noise reduction performance. Other solution is low temperature hydrogen annealing

after back end of line (BEOL) [89, 130, 136]. I call them forming gas annealing

(FGA) treatment. FGA process is able to passivation of interface state defect by

diffusing hydrogen. However, recently year, multi-film deposition process has been
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widely by BEOL process using atomic layer deposition (ALD). Hydrogen does not

reach the interface state region for as acting diffusion barrier effect of multi-film

during the FGA process. In addition, the DTI structure to reduce in crosstalk has

increased the hydrogen consumption required for the reduction of interface state

density. Therefore, there is concern that the hydrogen termination effect may be

reduced. Consequently, it is essential to perform FGA treatment before BEOL

process. However, desorption of hydrogen from the SiO2/Si interface may occur

due to low temperature annealing during the BEOL process. FGA treatment is not

effective solution for above the technical issue.

Other previous studies has reported the reduction of interface state density (Dit)

at the SiO2/Si interface by forming a SiO2 layer after hydrogen ion implantation

[139, 140]. However, since the high temperature annealing is repeatedly performed

during the device process after the formation of SiO2 layer, there is a concern that

the interface state increases when hydrogen at the SiO2/Si interface is released again

during the high temperature annealing. In addition, the diffusion rate of hydrogen is

known to be large in silicon wafers, and hydrogen does not remain in the silicon wafer

after annealing. It is necessary to repeat the step of implanting hydrogen ions, which

increases the device fabrication cost. Thus, the reduction of Dit using hydrogen ion

implantation is difficult to apply to device process. Therefore, previous studies have

developed alternative solution for technical issue of CMOS image sensor fabrication

using hydrocarbon molecular ion implantation [30–36,134,135]. I demonstrated that

hydrocarbon molecular ion implanted silicon wafer has high gettering capability for

metallic impurity contamination during the CMOS image sensor fabrication process.

I also found that the novel silicon wafer has three unique silicon wafer characteristics

such as high gettering capability for metallic impurity, oxygen out-diffusion barrier

effect and hydrogen storage effect of hydrocarbon implanted region. I have already

reported our novel silicon wafer is dramatically improvement of CMOS device

key parameter such as dark current and white spot defect using CMOS image

sensor manufacturing line [31]. Above sections demonstrated that the diffusion

reaction kinetic of hydrogen from hydrocarbon ion implanted region after isochronal

annealing. However, they do not clearly show that hydrogen passivation mechanism

of SiO2/Si interface after isochronal annealing. Therefore, in this section, I focus on

hydrogen passivation mechanism of SiO2/Si interface state after isochronal annealing

analyzed by capacitance-voltage measurement (C-V) and electron spin resonance

(ESR) using MOS capacitance device structure.
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7.2 Experiments

Figure 7.1 shows schematic of sample flow and structure. A p-type (100) wafer

with a resistivity 10 ohm-cm was implanted with C3H5 as hydrocarbon molecular

ion at room temperature. The C3H5 implantation dose and energy were 3.3× 1014

molecular ion/cm2 and 80 keV, respectively. Then, a p-type epitaxial silicon layers

were grown with a resistivity 10 ohm-cm after C3H5 implantation. The epitaxial

layer thickness was 5 µm. Also, the same p-type epitaxial wafers without C3H5

implantation were prepared in order to compare the passivation effect. The 25-nm

SiO2 layers were thermally grown in dry oxygen at 900◦C for 100 min. Then, the

samples were irradiated into electron beam with 800 keV and 2.0 MGy due to

increase of interface state density at interface of SiO2 and silicon. The samples

irradiated by electron beam were isochronal annealed at 500, 600, 700, 800 and 900◦C

for 10, 30, 60 and 120 min in a nitrogen atmosphere. In addition, MOS structure

formed by deposition of Al contacts with thickness 100 nm onto the oxide surface

by electron beam evaporation using a mechanical mask for C-V measurement. Al

electrode area square was 6.4× 10−3 cm2. Post-metallization annealing was carried

out at 400◦C for 30min. The Dit at interface of SiO2 and silicon was measured using

the standard quasi-static technique [54, 55]. ESR analyzed the samples without Al

electrodes and derived the density of Pb center [56–59].
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Figure 7.1: Schematic of sample flow and structure.
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7.3 Hydrogen termination effect of hydrocarbon

molecular ion implanted wafer

Figure 7.2 shows the results of C-V curve with theoretic calculation (black dotted

line) and quasi static C-V measurement with the no annealed samples without C3H5

(blue dashed line) and with C3H5 (red solid line). The theoretical C-V curve and

the measurement C-V curve with and without C3H5 were found to be different in

Figure 7.2. These results indicate that Dit can be calculated using standard quasi

static method [54,55].

Figure 7.3 shows the calculation results of Dit without C3H5 (black circle) and

with C3H5 samples (blue square) after 700◦C annealing. The Dit at midgap of

C3H5 implanted wafer was lower than that without C3H5 after 700◦C annealing.

Previous study demonstrated that the Dit of hydrogen FGA sample increases with

annealing above 600◦C because hydrogen desorbed from a SiO2/Si interface during

high temperature annealing [129]. However, theDit with C3H5 decreased after 700◦C

annealing. The result demonstrated that the Dit with C3H5 implanted wafer may

be decreased by the hydrogen diffused from the C3H5-implanted region after high

temperature annealing. Then, the dependency of Dit on annealing temperature was

analyzed by quasi static C-V method.

Figure 7.4 shows the Dit at midgap with annealing temperature in without C3H5

and with C3H5 implanted wafer. The Dit without C3H5 wafer decreased once after

500◦C annealing, but increased after 900◦C annealing. On the other hand, the Dit

with C3H5 decreased depending on the annealing temperature. Previous study has

reported that the density of hydrogen dissociation from the C3H5-implanted region

increases depending on the annealing temperature. Thus, the Dit with C3H5 after

900◦C annealing decreased than that after 500◦C annealing. I consider that the

density of hydrogen dissociated from the C3H5-implanted region was higher than

the increase in the interface state density during 900◦C annealing. Consequently,

the reduction of Dit after 900
◦C annealing is considered to be the passivation effect

of C3H5 implanted epitaxial silicon wafer.
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Figure 7.2: C-V curve of theoretic calculation (black dotted line) and quasi static
C-V measurement with the unannealed samples without C3H5 (blue dashed line)
and with C3H5 (red solid line).
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Figure 7.3: Dit without C3H5 (black circle) and with C3H5 samples (blue square)
after 700◦C annealing.
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Figure 7.4: Dit at midgap with annealing temperature in without and with C3H5

implanted wafer.
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Then, I analyzed the C-V measurement samples by ESR in order to identify

the defects at SiO2/Si interface related the reduction of Dit. ESR can analyze Pb

centers known as interface state defects [56–58]. Most ESR studies of SiO2 and

silicon interface have dealt with the Pb center defects [58,59]. In this section, one of

the Pb center signal was observed as the Pb0 center near the g value 2.0060-2.0062 for

each annealed samples. Figure 7.5 shows ESR spectrum with C3H5 after annealing

at 500◦C for 30 min. In this study, electron beam irradiation was performed in

order to increase the Dit to clarify the passivation effect of C3H5 implanted epitaxial

wafer. There was a possibility that defects were also formed in the silicon bulk by

electron beam irradiation. However, the ESR results showed a signal with a g value

of 1.9996 due to hydrofluoric acid treatment and a signal with a g value of 2.0060 due

to the Pb0 center. The dangling bond densities in the silicon bulk were compared by

ESR spectra with and without C3H5 implantation after removing all SiO2, but no

difference was observed after each annealing condition. Therefore, it is considered

that dangling bonds in the silicon bulk formed by electron beam irradiation do not

affect the C-V measurement results.

Figure 7.5: ESR spectrum with C3H5 after annealing at 500◦C for 30 min.

It is known that the Pb0 center has a structure in which all three bonds of silicon

are silicon, and is represented by ·Si-Si3 [142]. In addition, in order to verify the

relation between the interface state and the Pb0 center, I have plotted in Figure 7.6

Dit vs density of Pb0 center each annealing temperature. The result indicate the

density of Pb0 center by ESR measurement is proportional to the Dit obtained by

C-V measurement.

Consequently, it was revealed thatDit and Pb0 center increased by electron beam

irradiation can be reduced by using a C3H5 implanted epitaxial wafer. Figure 7.6

shows that the Dit without C3H5 is also proportional with the density of Pb0 center.

Then, I discuss the increase or decrease in Dit and Pb0 center without C3H5 and

with C3H5 after isochronal annealing. Firstly, I consider the change of Dit without

C3H5. The decrease in Dit without C3H5 once at 500◦C may be a passivation effect

due to the nitrogen atmosphere. Previous studies have reported that Dit decreases
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in a nitrogen atmosphere at 500◦C [143]. However, it has been reported that the

Dit after hydrogen FGA is lower than that after nitrogen atmosphere anneal. The

increase in Dit without C3H5 at 900◦C can be explained by two possibilities.

One is the interface state defects generation due to Si-O bond breaking by

annealing and by the compressive stress [144]. Another is the dissociation of

hydrogen or nitrogen in the SiO2/Si interface during annealing [143]. On the

other hands, the Dit of C3H5 implanted wafer decreased depending on annealing

temperature. The results suggest that the hydrogen diffused from C3H5-implanted

region can terminate to dangling bonds of silicon at SiO2/Si interface during

annealing at 900◦C. Probably, the hydrogen terminated to interface state defects

should also desorb from the SiO2 and silicon interface of the C3H5 wafer. However,

it is considered that hydrogen density out-diffused from the C3H5-implanted region

more than dissociated hydrogen density during 900◦C annealing. In fact, previous

sections demonstrated the hydrogen density out-diffused from the C3H5-implanted

region at 900◦C is sufficient compared to the interface state density of SiO2 and

silicon. I analyzed the same condition samples that measured C-V characteristics

by ESR in order to explore the interface state defects at SiO2 and silicon interface

in this study. Figure 7.6 shows that the Pb center density by ESR measurement is

proportional to the Dit obtained by C-V measurement. Therefore, I consider that

the Dit obtained by C-V measurement was reduced by terminating the Si dangling

bond (·Si-Si3) at the interface of SiO2 and silicon with hydrogen diffused from

C3H5-implanted region. This result can be explained when the hydrogen diffused

from the C3H5-implanted region terminates the dangling bond at the interface

of SiO2 and silicon. Then, I consider how the diffused hydrogen terminated the

dangling bonds. Previous study have shown that two types of molecular and atomic

hydrogen are desorbed from the C3H5-implanted region. In this study, the SiO2

film was formed at 900◦C for 100 min, and then the sample irradiated with electron

beam was annealed at 500 and 700◦C for 30min. Previous study has been reported

that molecular hydrogen is first desorbed from the C3H5-implanted region [135].

In addition, it has been demonstrated that atomic hydrogen diffuse remarkably

by annealing at a temperature higher than 800◦C. For this reason, the molecular

hydrogen diffusion was dominant during subsequent annealing at 500 and 700◦C.
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Figure 7.6: Dit vs density of Pb0 center each annealing temperature in without and
with C3H5.
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7.4 Mechanism of hydrogen termination effect of

hydrocarbon molecular ion

Then, in order to analyze the mechanism of the hydrogen passivation effect of the

hydrocarbon-molecular-ion implanted wafer, the reaction at the SiO2/Si interface

was considered by analyzing with Dit decreasing with respect to the annealing time.

Therefore, the dependence of Dit of wafers with C3H5 on the annealing time for each

annealing temperature was evaluated using quasi-static C-V measurement. Figure

7.7 shows Dit at the midgap of wafer with C3H5 implantation after 500, 600, 700,

800 and 900◦C annealing. Dit of the wafer with C3H5 implantation decreased with

increasing annealing temperature and time. In the high-temperature annealing, Dit

decreased significantly in a short time. Previous studies have reported the effect

of hydrogen passivation by hydrogen FGA below 500◦C [143]. It has never been

reported that the time-dependent decrease in Dit during higher annealing at 500◦C,

as shown in this study. This is a unique Dit reduction behavior that has never

been seen in the previous study. Understanding the mechanism of Dit reduction due

to the hydrogen passivation effect of hydrocarbon-molecular-ion implanted wafers

is also an important factor for the application of CMOS image sensors to device

processing.

Therefore, I analyzed using the reaction kinetic analysis assuming a reaction

model in order to analyze the mechanism of Dit reduction by using a hydrocarbon

ion implanted wafer. The reaction equation for the time change of Dit obtained from

the assumed reaction model was derived, and fitted with the experimental results for

the annealing time dependence of Dit. Furthermore, the activation energy during

hydrogen passivation at the SiO2/Si interface was derived by obtaining the reaction

rate constant of the assumed reaction model from the fitting results. A reaction

model of the hydrogen passivation effect at the SiO2/Si interface was considered. The

reaction between hydrogen and a silicon dangling bond at the SiO2/Si interface is

expressed by the following equation 7.1. This is a reaction model in which hydrogen

bonds to silicon dangling bonds (·Si) to form Si-H. The reaction equation obtained

from equation 7.1 is shown in equation 7.2.

Si ·+H → Si−H, (7.1)

dSi·
dt

= −L1[Si·][H]. (7.2)

[Si·] corresponds to the interface state density (Dit) obtained in the experiment.

In the past, Reed et al. reported a model that considered the reaction related
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Figure 7.7: Dit at the midgap of wafer with C3H5 implantation after 500, 600, 700,
800 and 900◦C annealing.

to hydrogen during hydrogen passivation of Dit as a two reaction model when

considering the reaction model at the interface during hydrogen FGA at low

temperature [143]. The reaction model and reaction equation are as shown in the

following equations 7.3 and 7.4.

2H → H2, (7.3)

d[H]

dt
= −2L2[H]2. (7.4)

This reaction model is derived from experimental results on hydrogen passivation

at low temperatures. However, in order to consider the hydrogen passivation

mechanism at the interface during the high temperature annealing, the following

equation 7.5 was derived from the above reaction expressed by equations 7.1 and

7.2.

[Si·] = [Si·]0
(1 + 2L2[H]0t)

L1
2L2

. (7.5)

L1 and L2 are the reaction rate constants of reaction models 7.1 and 7.3. t is the

annealing time. [Si]0 is the initial density of Dit, and [H]0 is the initial concentration

of hydrogen out-diffused from the C3H5-implanted region. In addition, [H]0 is

expressed by the desorption activation energy and the initial hydrogen concentration
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in the C3H5-implanted region as follows:

[H]0 = 1.02× 1018exp(
−0.78

kBt
) [atoms/cm3]. (7.6)

L2 was expressed by the following equation:

L2 = 1.30× 10−12exp(
−0.75

kBt
) [atoms/cm3]. (7.7)

Using L1 in equation 7.5 as a parameter, I tried to derive L1 by fitting with the

experimental results of the annealing time dependence of Dit of wafer with C3H5

implantation. Figure 7.8 shows the result of fitting the Dit plot from equation 7.5.

In addition, Figure 7.9 shows the Arrhenius plot using L1 for each temperature. It

was shown that the reaction at the SiO2/Si interface can be expressed by a model

assuming L1 as a parameter obtained from the fitting results and the propotion of

the Arrhenius plot. The L1 obtained from the Arrhenius plot is shown below.

L1 = 7.03× 10−13exp(
1.67

kt
) [atoms/cm3]. (7.8)
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Figure 7.8: Fitting result of the Dit plot from equation 7.5.
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Then, I discuss the obtained activation energy of 1.67 eV. Stesmans reported

that the activation energy in the reaction where hydrogen molecules terminate the

Pb0 center at the SiO2/Si interface formed by dry oxidation on Si (100) is 1.51 eV

[145]. The following is a model of the reaction at the SiO2/Si interface by hydrogen

molecules.

Si ·+H2 → Si−H +H. (7.9)

Chapter 6 has demonstrated that hydrogen out-diffused from the C3H5-

implanted region is hydrogen molecule under the annealing temperature and time

below 900◦C and 120 min. In addition, it was clarified in the above section that the

change of Dit increased by electron beam irradiation has the proportion with the Pb0

center density obtained by ESR method. Therefore, I found that hydrogen molecules

out-diffusing from the implanted region of hydrocarbon-molecular-ion implantation

region can reduce the SiO2/Si interface state. Figure 7.10 shows a schematic diagram

where hydrogen molecules diffused from the wafer at the Pb0 center terminate. It

is known that the diffusion rate of hydrogen molecules in silicon wafers is also high,

and they can easily reach the SiO2/Si interface. In the past, hydrogen was easily

desorbed from the SiO2/Si interface at annealing temperature above 500◦C. The

analysis of hydrogen passivation was limited to low-temperature annealing below

500◦C. However, the activation energy for hydrogen passivation in high-temperature

annealing at above 500◦C has been derived assuming two reaction models for the

SiO2/Si interface and hydrogen. In addition, the hydrogen passivation effect of

the hydrocarbon molecular ion implanted wafer at the high annealing temperature,

which has not been reported before, was able to show the Dit reduction effect.

It was found that the activation energy of the hydrogen termination reaction for

the silicon dangling bond at the SiO2/Si interface by hydrogen molecules even at

the high temperature annealing is close to that of previous studies. The ability to

reduce Dit under annealing conditions at 500 to 900◦C is compatible with the device

process, which has recently been progressing to lower temperatures. The results

suggest that hydrogen molecules out-diffusing from the hydrocarbon-molecular-ion

implanted region of hydrocarbon molecular ion can efficiently passivate the SiO2/Si

interface. This is an important characteristic that contributes to the reduction of

the interface state of SiO2/Si, which is required for high performance CMOS image

sensors.
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7.5 Summary

I demonstrated that C3H5 ion implanted epitaxial silicon wafer can reduce the Dit

and Pb center density by C-V measurement and ESR, respectively. Dit and Pb

center density without C3H5 increased after 700◦C annealing. On the other hands,

Dit and Pb center density with C3H5 decreased after 700◦C annealing. These results

indicate that C3H5 ion implanted epitaxial silicon wafer has the passivation effect for

terminating the SiO2/Si interface state defects. In addition, I derived the activation

energy 1.67 eV of the hydrogen passivation reaction with hydrogen molecules and

Si dangling bond at SiO2/Si interface. Therefore, I found that hydrogen molecules

out-diffusing from the implanted region of hydrocarbon-molecular-ion implantation

region can reduce the SiO2/Si interface state. I conclude that the passivation effects

of the hydrocarbon molecular ion implanted epitaxial silicon wafer can contribute

to the high electrical device performance such as low noise or dark current due to

interface state defects at SiO2/Si of CMOS image sensor.
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Chapter 8

Conclusions

8.1 Thesis summary

This thesis related to the hydrocarbon molecular ion implanted epitaxial silicon

wafer with hydrogen storage effect that contributes to the performance improvement

of CMOS image sensors. Figure 8.1 shows the thesis approaches and solutions. This

thesis clarified the hydrogen diffusion behavior and hydrogen termination effect

of hydrocarbon-molecular-ion implanted wafers, which had not been previously

clarified. These characteristics are expected to have the function of reducing white

defect and noise by reducing the interface state density of CMOS image sensors.

In chapter 3 focused on the defect formation behavior after hydrocarbon

molecular ion implantation and after epitaxial growth. The difference in defect

formation between monomer carbon and hydrocarbon molecule ion implantation is

shown. In addition, the effect of the implantation dose of hydrocarbon molecular

ions on the defect formation behavior was clarified. Further, a defect of about 5 nm

was observed in the projection range of hydrocarbon molecular ion after the epitaxial

growth. It was analyzed by TCAD that they were formed as carbon-induced

complexes.

Target: Improvement of CIS 

Gettering ability

Reduction of Dit

• Analysis in previous studies
• Higher gettering ability

• No systematic analysis in previous study
• Analysis of hydrogen termination effect on

annealing condition

Figure 8.1: Thesis approaches and solutions.
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In chapters 4 and 5, the hydrogen profile after hydrocarbon molecular ion

implantation and the hydrogen diffusion behavior after epitaxial growth were

investigated by SIMS analysis. Furthermore, the diffusion behavior that hydrogen

is gradually re-released depending on the temperature and time conditions of the

subsequent annealing has been clarified. Assuming a desorption model for this

diffusion behavior, a dissociation activation energy of 0.76 eV was derived using

reaction kinetic analysis. This activation energy was close to the C-H2 binding

energy in silicon bulk, and it was found that molecular hydrogen have been

out-diffused from the projection range of hydrocarbon molecular ion. Furthermore,

this chapter demonstrated that the defects due to the complex related to carbon

having a size of 5 nm in chapter 3 are related to the binding state of hydrogen

molecule.

Chapter 6 demonstrated the hydrogen diffusion behavior after higher temper-

ature and longer time annealing than in chapter 4. It has been found that the

diffusion behavior of hydrogen changes by a long-time annealing. I found that

hydrogen desorbed from the projection range of hydrocarbon molecular ion may

include not only molecular hydrogen but also atomic hydrogen.

In chapter 7, I demonstrated that C3H5 ion implanted epitaxial silicon wafer can

reduce the Dit and Pb center density by CV measurement and ESR, respectively.

Dit and Pb center density without C3H5 increased after 700◦C annealing. On

the other hands, Dit and Pb center density with C3H5 decreased after 700◦C

annealing. These results indicate that C3H5 ion implanted epitaxial silicon wafer

has the passivation effect for terminating the SiO2/Si interface state defects. In

addition, I derived the activation energy 1.67 eV of the hydrogen termination

reaction with hydrogen molecules and Si dangling bond at SiO2/Si interface.

Therefore, I found that hydrogen molecules out-diffusing from the projection range

of hydrocarbon-molecular-ion implantation region can reduce the SiO2/Si interface

state.

I conclude that the hydrogen termination effects of the hydrocarbon molecular

ion implanted epitaxial silicon wafer can contribute to the high electrical device

performance such as low noise or dark current due to interface state defects at

SiO2/Si of CMOS image sensors.
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8.2 Future technologies and directions

To further enhance CMOS image sensors performance, new gettering technology

will have to introduce to complement the method of terminating the SiO2/Si

interface state. The new gettering technology uses not only hydrogen but also other

elements that can terminate the SiO2/Si interface state. This technology is called

multi-element molecular ion implantation. For example, CH3O added with oxygen

and CH4N added with nitrogen have been reported as multi-element molecular ions

implanted epitaxial wafers [146,147]. These multi-element molecular ion implanted

epitaxial wafers have the same three characteristics as hydrocarbon molecular ion

implanted wafers. In addition, the defect morphology in the projection range of

multi-element molecular ion are two types of defect. One of defect is the same

defect by the hydrocarbon molecular ion implantation. Another defect have been

reported the formation of a {111} stacking fault defect in the projection range of

multi-element molecular ion. Furthermore, the fundamental study have reported

that hydrogen has two peaks in the projection range of multi-element molecular ion

due to these two defects [141]. Therefore, multi-element molecular ion implanted

wafer is considered to have a higher hydrogen storage effect than hydrocarbon

molecular ion implanted wafer. This is likely to improve the hydrogen termination

effect. Furthermore, CH4N molecular-ion-implanted wafer added with nitrogen is

expected the higher termination effect, because Si-CN binding energy is higher than

Si-H binding energy. In chapter 7, there is concern that desorption of hydrogen

from the SiO2/Si interface may occur due to low temperature annealing during the

BEOL process. Thus, CH4N molecular-ion implanted wafer can be expected to

have thermal stability. Also, the projection range is deeply implanted in CH4N

implantation unlike C3H5, it is considered that the termination effect is not affected

because the epitaxial layer is thick.

Therefore, multi-element molecular ion implanted epitaxial wafer is also expected

to contribute to the high performance of advanced CMOS image sensors.
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8.3 Conclusions on this thesis

In the recent years, consumers require improvement the qualities such as high

resolution imaging. Additionally, stacked CMOS image sensors are remarkable

in terms of high resolution and integration compared to the conventional CMOS

image sensors. Conventional CMOS image sensors are fabricated by using one

wafer, which is formed logic circuit and pixel. On the other hand, multiple wafers

are used for the stacked CMOS image sensors. The wafers are formed pixel,

logic and memory, respectively and stacked by copper through-silicon via (TSV)

to connect the wafers electrically. In addition, the each wafer is prepared by

through different device fabrication processes, which is suitable for each purpose.

For instance, device fabrication process for pixels needs low noise and low leakage

characteristics. Whereas, device fabrication process for logic circuit needs high

speed signal transmission and low resistivity. Thus, an important technical issues is

known in the stacked CMOS image sensors. The issues is metallic impurities such as

copper contamination in device active region and the increase of interface state in the

stacked CMOS image sensors. In particular, copper is applied as TSV in stacked

CMOS image sensors. Copper contamination in the device active region should

be eliminated to improve the electrical performance of the stacked CMOS image

sensors. Therefore, the gettering technology for the metal impurities contamination

and the terminating of SiO2/Si interface state will be extremely important.

I must simultaneously investigate the materials and the architectures to increase

the performance of CMOS image sensors. Therefore, the silicon wafer design for

advanced CMOS image sensors must be supremely important, and will need a very

high level of technology. The imaging-devices contributed by our work has the

responsibility to drive all of industry even for the future. Therefore, I would need

to study and work aggressively for all happiness.
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