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ABSTRACT 

 

 The effects of implantation conditions and annealing conditions on the formation 

of buried oxide layers in the low-dose low-energy SIMOX materials were investigated 

using transmission electron microscopy (TEM), scanning electron microscopy (SEM),  

atomic force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), 

electron paramagnetic resonance spectroscopy (EPR). The electrical properties of the 

buried oxide layers were investigated using current-voltage (I-V) and capacitance-voltage 

(C-V) measurements.  

 The distribution of oxygen and defects in the as-implanted materials due to the 

implantation conditions (oxygen dose and energy) had significant effects on the 

formation of the buried oxide layer in low-dose low-energy SIMOX substrates. Multiply 

faulted defects (MFDs) and small oxide precipitates were observed in the projection 

range (Rp) in as-implanted samples. As increasing the dose, the mixture of silicon and 

oxide (silicon striations) also formed around Rp. The locations and shapes of the silicon 

striations control the density and size of silicon islands in the fully-annealed SIMOX at 

1350oC.  

Upon annealing, the buried oxide layers become stoichiometric. Also, different 

domains including round, square, and pyramid shapes with the step-terrace structure were 

observed at the top silicon and buried oxide interface. Round domains are observed in the 

early stage of the annealing process, while the square and pyramid domains are observed 

after the high temperature annealing. The mean RMS roughness decreases with 
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increasing time and annealing temperature and decreases with either increasing the 

implantation dose or decreasing implantation energy. Qualitative mechanisms of Si–SiO2 

surface flattening are presented in terms of the variations of morphological features with 

the processing conditions. 

In the fully-annealed SIMOX wafers, the silicon pipes and silicon islands were 

observed in the sample implanted with the dose below 3.0×1017 O+/cm2 and above 

3.5×1017 O+/cm2, respectively for the samples implanted at 100 keV. The presence of 

silicon pipes and islands degrades the quality of the buried oxide layer by reducing the 

breakdown field strength. It was found that proper annealing ambient and ramping rates 

would allow the formation of the buried oxide layer containing no silicon island. By 

controlling the oxygen content in the ambient, the growth of the buried oxide can be 

enhanced.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Silicon on Insulator (SOI) Materials 

Silicon-on-insulator (SOI) material, where a buried oxide layer insulates the 

silicon active layer from the silicon substrate is being utilized as the substrate component 

for ULSI (Ultra-Large Scale Integration) applications [1]. The SOI structure provides 

advantages over the bulk silicon substrate by increasing the speed of devices through the 

reduction of the parasitic capacitance, reducing the latch-up effect through the 

improvement of the device isolation, increasing the radiation hardness, and decreasing 

power consumption [2-4]. It is considered for low-voltage devices since the voltage 

reduction decreases device breakdown due to impact ionization and parasitic bipolar 

effects [5].  

Various techniques for fabricating SOI material include (1) bonded and etchback 

SOI (BESOI) [6], in which two oxidized wafers are bonded together followed by etching 

of one silicon substrate to a desired thickness; (2) zone-melting recrystallization (ZMR), 

a lateral epitaxy technique used to recrystallize polycrystalline silicon thin films on 

substrates; and (3) high-dose implantation of oxygen (Separation by IMplanted OXygen: 

SIMOX) or nitrogen (SIMNI), in which an insulator layer is implanted beneath the 

surface of a silicon substrate. The latest technology wafer bonding technique is called 

“smart cut” [7]. After bonding the oxidized silicon wafers, hydrogen ions were implanted 

into the wafer in order to create hydrogen micro-cavities. The wafers separated after 
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annealing at high temperature. It provides crystal quality of the active silicon layer as 

high as the starting silicon wafer. However, BESOI wafers have a problem with the 

thickness uniformity due to the intrinsic voids (water vapor) or extrinsic voids (particles) 

trapped between two wafers during the bonding process [8]. Also, the process involves 

with complex process and is relatively high cost. Therefore, a sufficient good clean room 

is necessary for this process. In the ZMR method, grain boundary-like defects are found 

in the recrystallized films.  

SIMOX process is one of the most promising processes of SOI materials due to 

the low-defect density and its relatively ease to control. Major steps of the SIMOX 

process are 1) ion implantation and 2) annealing at high temperature. High-dose high-

energy SIMOX materials implanted at 200 keV with the oxygen dose in the range of 

1.8×1018 O+/cm2 are widely used in the electronic industry [9]. During the implantation, 

the temperature was kept between 500oC to 700oC. After the implantation, the high 

temperature annealing at about 1350oC was performed for 4 to 6 hours in the Ar with 

small percentage of oxygen in the order to reduce the defects (pitting) in the top silicon 

layers and create continuous buried oxide layers.  

The implantation energy strongly controls the thickness of the top silicon layer, 

while the implantation dose controls the thickness of the buried oxide layer (BOX) layers. 

Recent developments have also shown that we can reduce the production cost by creating 

low-dose low-energy SIMOX materials [10]. Therefore, low-dose low-energy SIMOX 

materials implanted with high current density is an attractive option for fabricating low 

defect density SIMOX with shallow top silicon layer for Ultra Large Scale Integration 
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(ULSI) applications. However, it is more challenging to control the processing conditions 

since the resulting layers are much thinner than those of conventional SIMOX [11]. 

Several studies showed that the defects in the top silicon layer as well as in the buried 

oxide (BOX) layer were influenced by the growth of the oxide precipitates during the 

implantation and the annealing processes [12, 13].  

 

1.2 Motivation and Research Goals 

Conventional SIMOX materials require high-dose (~1.8×1017 O+/cm2) and high-

energy (200 keV) implantation of oxygen atoms in order to form a continuous buried 

oxide layer. The process takes relatively long time and is expensive. These technical and 

economical constrains can be improved by reducing the implantation dose and energy. 

The low-dose low-energy oxygen-implanted silicon offers the thinner active silicon layer 

compared to that of conventional SIMOX materials. The thin layer structure is suitable 

for fully-depleted electronic devices. In principle, the low-dose, low-energy SIMOX 

should contain lower defect density due to the reduction of implantation damage. 

However, it was found that the defect density in both the active silicon layer and the 

insulating layer are varied depending on processing conditions [14, 15].  

In low-dose low-energy SIMOX wafers, numerous oxide precipitates have been 

observed in the projection range (Rp). The depth from the surface of the top silicon layer 

to the peak oxygen concentration defines the projection range. Lower density of defects 

compared to high-dose high-energy has been observed in the top silicon layer [16]. Since 

the defects in the ultra-thin SIMOX wafers are different from the conventional SIMOX 
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wafers, it is expected that the formation mechanisms of these defects are different. Unlike 

the high-dose high-energy SIMOX substrates, the evolution of the low-dose low-energy 

SIMOX structure formation has been received little attention.  

In addition to the defects in the active silicon layer, another important parameter 

that could affect the yields of circuits built on SIMOX material is the quality of the buried 

oxide layer (BOX) layer. The integrity of buried oxide layer, i.e. the dielectric isolation 

efficiency of the BOX layer, becomes critical. The structure of oxide in BOX layers 

including silicon pipes (discontinuities of the buried oxide layer) and silicon islands 

(silicon inclusions in the buried oxide layer) as well as the chemistry of the silicon oxide 

(stoichiometry) can severely alter the insulating properties. Unlike thermally growth 

oxide, the buried oxide in the oxygen-implanted silicon substrate provides inferior 

electrical properties, especially lower breakdown voltage. The electrical breakdown field 

of the buried oxide under the appropriate processing conditions is about half of that of 

thermally-grown oxide (10 MV/cm) [17]. The structural properties, oxide stoichiometry, 

silicon pipes, silicon islands, point defects in the silicon oxide layer, and the roughness 

between the silicon and oxide interfaces influence the electrical properties of the wafers 

which will later control the performance of the microelectronic devices built on it. There 

are several investigations on the correlation between the overall microstructure and the 

processing conditions of low-dose low-energy SIMOX. However, the correlation 

between the physical and chemical structure of the buried oxide layer and its electrical 

properties in the ultra-thin SIMOX structure has not yet been well established. Therefore, 
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the knowledge of the processing-dependent structural transformation in SIMOX materials 

is required in order to optimize the quality of this material. 

 The objectives of this dissertation are to understand the effects of processing 

conditions on the formation of the buried oxide layer in low-dose low-energy SIMOX 

materials and determine the correlation between the electrical and the structural 

properties of the BOX layers. In order to achieve these objectives, the microstructures of 

the SIMOX specimens were characterized from the starting step of the implantation 

process through various stages of annealing process. 

In Chapter 2, background of the SIMOX process including the related 

characterization techniques are reviewed. In Chapter 3, the experimental procedures: 

implantation process, physical, chemical, and electrical characterizations are described. 

Chapter 4 describes the analysis of the physical characteristics of the SIMOX structure as 

a function of implantation and annealing conditions. Chapter 5 covers the chemical 

characteristics of the BOX layers from the Fourier Transform Infrared Spectroscopy 

(FTIR) measurements and Electron Paramagnetic Resonance (EPR). Chapter 6 reports on 

the electrical characteristics of the BOX layers from the current density-electric field (J-

E) and the capacitance-voltage (C-V) measurements.  In Chapter 7, the effects of 

processing conditions on the structural and chemical properties of the buried oxide layer 

as well as the correlation between the structure of BOX layers and the electrical 

properties of the buried oxide layer are discussed. The conclusions are presented in 

Chapter 8. 
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CHAPTER 2 

BACKGROUND 

 
 In 1973, Dexter et al. proposed the concept of using dielectric layers for device 

isolation [18]. In 1977, Badawi and Anand produced the first Buried Oxide (BOX) layer 

fabricated by ion implantation [19]. In 1978, Izumi reported the first electronic device on 

the Silicon-On-Insulator (SOI) substrates and named the SOI from the Separation by 

Implanted Oxygen process as SIMOX [20]. The first SIMOX substrate was implanted at 

200 keV with the oxygen dose of 1.8×1017 O+/cm2 (later called high-dose high-energy 

SIMOX). The structure consisted of approximately 0.2 µm top silicon layer and 0.4 µm 

buried oxide layer. The purpose of the SIMOX materials during that period of time was 

mainly for radiation-hardness devices. However, SIMOX process had a major draw back 

due to the long implantation time for the available low-current implanters. In 1985, the 

development of the first high current (100 mA) oxygen implanter (NV-200) made 

commercial SIMOX wafers possible and activated the research [21]. Also, at the same 

period of time, Stoemenos et al. performed the first-high temperature annealing (> 

1300oC) [22]. Under these conditions, the abrupt Si/SiO2 interfaces of SIMOX wafer and 

the top silicon free from SiO2 precipitates could be obtained. In 1995, an ion implanter 

(Ibis1000) was built with capability to controls the beam current and wafer temperature 

[23] allowing the implantation at low energies and low doses while keeping the wafer 

temperature above 500oC. The temperature control is important in order to maintain the 

crystallinity of the top silicon layer. 
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For high-speed and low-power consumption devices, the thinner top silicon layer 

is required. The thin top silicon layer in the order of 100 nm or less enables the 

fabrication of the fully depleted MOS transistors. Also, the thinner of the BOX layer 

allows the heat dissipation to be more efficient. To achieve the thin top silicon SIMOX, 

one way is to anneal SIMOX materials in oxygen ambient. This not only reduces the 

thickness of the top silicon layer, but also increases the thickness of the BOX layer. The 

process is known as internal oxidation (ITOX) process. Another way is to use a low-dose 

low-energy oxygen implantation. In the early 1990s, several researches showed that the 

thin SOI can be obtained from the low-dose low-energy SIMOX process. However, the 

high-density defects in the top silicon layers and the silicon islands in the BOX layer 

were major drawbacks for device applications. In the recent years, the technology moves 

to submicron devices. So, this opens up the opportunity of this low-dose low-energy 

SIMOX to become a main stream in the electronics industry. Thus, more research was 

carried out to reduce not only the defects in both layers, but also the interface roughness.  

 

2.1 Separation by Implanted Oxygen (SIMOX) Materials 

 The SIMOX process typically consists of three major steps: 1) implantation of 

oxygen, 2) thermal ramping with a constant ramp rate, and 3) isothermal annealing at 

temperature above 1300oC. During the implantation, a buried oxide forms around the ion 

projection range underneath the damaged silicon layers. A brief description of the ion 

implanter will be given in Chapter 3. During the thermal ramping, the precipitates 

nucleate and grow into larger precipitates. Then, the high-temperature annealing produces 
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a high quality silicon top layer. The schematic diagram of the SIMOX process is 

illustrated in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. The schematic diagram of the SIMOX process 
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2.1.1 Effect of the Processing Parameters on SIMOX Substrates 

 Numerous investigations have been reported that the implantation parameters 

(oxygen dose, energy, temperature, beam current density) as well as the annealing 

conditions (temperature, time, ramping rate and ambient) significantly impact the final 

SIMOX structure and its quality [17, 24-32].  

The implantation energy and the implantation dose determine the thickness of the 

active silicon layer and the buried oxide layer (BOX), respectively. Several studies 

showed that there is an optimum dose at a certain implantation energy level. The 

optimum dose is defined as the dose where a continuous buried oxide layer with low 

silicon island density is formed. Below the optimum dose, the BOX layers are 

discontinuous. Above this dose, the BOX layers contain silicon precipitates or commonly 

called “silicon islands”. Figure 2.2 shows examples of TEM micrographs of the SIMOX 

substrates implanted at 100 keV with the doses of 2.5×1017 O+/cm2, 3.5×1017 O+/cm2, and 

8.0×1017 O+/cm2 after annealing at 1350oC for 4 hours from our previous work [25]. At 

this implantation energy, the optimum dose is around 3.5×1017 O+/cm2. Silicon pipes and 

silicon islands form in the samples implanted below and above the optimum dose 

respectively, as shown in the Figure 2.2(a) and 2.2(c).  

The optimum dose strongly depends on the implantation energy. Table 2.1 

summarizes the optimum doses at different implantation energies from various 

references. Figure 2.3 shows a plot of the optimum doses at different implantation 

energies. In an implantation process, the number of ion collisions and energy transfer per 

collision are random. The ion distribution (N(x)), due to the implantation process can be 
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approximated by a simple Gaussian function, using two moments, the range of 

projection, (Rp), and the deviation of the projection range, (∆Rp), as showed in N(x) = 

NMAX exp[-(x-Rp)2/(2∆Rp
2)] [33]. NMAX is the peak concentration of implanted ions. 

Unfortunately, the oxygen concentration profile in silicon does not have an ideal 

Gaussian profile, but rather a skewed Gaussian profile. Rp depends on the energy and 

mass of the incident ions, while ∆Rp depends on the ratio of mass of the incident ion to 

that of the host lattice atom. As the implantation energy increases, Rp increases and the 

peak concentration decreases because of the increase of ∆Rp [33]. Therefore, higher 

implantation energies require higher doses in order to form the continuous buried oxide 

layer due to the increase of ∆Rp. As shown in Figure 2.3, the optimum dose increases 

with increasing implantation energy due to the increase of the deviation of ∆Rp and the 

decrease of the peak concentration, NMAX.  

 

 

 

 

 

 

 

Figure 2.2. TEM micrographs of 1350oC 4-hour annealed SIMOX substrates with the 

implantation dose of (a) 2.5×1017 O+/cm2 containing a silicon pipe, (b) 3.5×1017 O+/cm2 

showing a continuous BOX layer, and (c) 8.0×1017 O+/cm2 showing numerous silicon 

islands in the BOX layer [25]. 
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Figure 2.3. The relationship between the optimum oxygen dose and the implantation 

energy. 

 

Table 2.1. Optimum doses vs. implantation energies. 

Energy 

(keV) 
Dose (×1017 O+/cm2) Investigators 

20  1.5 [34] Meyyappen et al [34]. 

65 2.0 [24], 2.5 [25] Jiao et al. [24], Jeoung et al. [25] 

70 2.5 [35], 3.3 [36] Wang et al. [35], Robinson et al. [36] 

100 3.5 [25, 35] Jeoung et al. [25], Wang et al. [35] 

180 2.0 [27] , 3.5 [37], 4.0 [27, 38] , 

6.0 [27] 

Ogura et al. [27], Izumi et al. [38], 

Nakashima et al. [37] 

200 4.5 [28] Bagchi et al. [28] 
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Implantation temperature affects the type of defects and the crystallinity of the top 

silicon layer. In high-dose high-energy SIMOX, dislocation half loops (DHLs) were 

observed in the top silicon layer, whereas this type of defects is absent in the low-dose 

low-energy SIMOX. Figure 2.4 shows the schematics of the structure of high-dose high-

energy SIMOX wafers implanted with a dose of 1.8×1017 O+/cm2 at 180 keV (a) as a 

function of implantation temperature [8] and (b) at implantation temperature in the range 

of 550oC and 600oC [39]. Under these conditions, a distinct continuous buried oxide layer 

formed right after the implantation process. Below 500oC, the top silicon layer becomes 

amorphous. However, at higher temperature, SiO2 precipitates form in the top silicon 

layer close to the interface. Temperatures in the range between 600oC and 650oC have 

been commonly used. Nevertheless, defects, dislocation half loops (DHLs), staking faults 

i.e. multiple faulted defects (MFDs), and oxygen bubbles, are still observed in the top 

silicon layers as shown in Figure 2.4(b).  Defects found in low-dose low-energy SIMOX  

after the implantation will be discussed in the later sections. 
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Figure 2.4. The schematic structures of as-implanted SIMOX wafers with the dose of 

1.8×1017 O+/cm2 at the energy of 180 keV (a) as a function of implantation temperature 

[8] and (b) at implantation temperature in the range of 550oC and 600oC [39]. 
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Annealing parameters (temperature, time, ramping rate, and ambient), in addition 

to the implantation parameters,  impact on the final structure of SIMOX wafers [26, 27, 

29, 31, 32, 40, 41]. High annealing temperature (~1300oC – 1350oC) with the annealing 

times ranging from 4 to 6 hours has been employed to create the abrupt Si/SiO2 interfaces 

[29]. Kawazu et al. [31] suggested that a two-step annealing process, 600oC for 8 hours 

and 1350oC for 30 minutes, increases the dislocation density due to the presence of the 

nuclei of the oxide precipitates in the top silicon layer before the high-temperature 

annealing. Also, ramping rate and annealing ambient tremendously impact the final 

structure of SIMOX. By applying a suitable ramping rate, Ogura et al. [27] successfully 

widened the crossover dose range of samples implanted at 180 keV from 4.0±0.5×1017 

O+/cm2 to 2.0×1017 O+/cm2 - 6.0×1017 O+/cm2 as shown in Figure 2.2. It was found that 

the density of silicon islands in the final SIMOX structure increases with decreasing 

ramping rate because slow ramping rate provides enough time for oxide precipitates to 

grow [32]. Nakashima et al. [40] showed that the thickness of the buried oxide layer of 

the SIMOX substrate can be increased by thermal oxidation. The increase of the 

thickness of buried oxide layer is due to the contribution of the oxygen in the ambient. It 

was found that the buried oxide layer thickness is proportional to the inverted oxidation 

temperature at a constant thickness of the oxidized top silicon layer [40]. Also, even at 

180 keV implantation energy, Ono et al. [41] found that oxygen atoms diffuse out from 

the buried oxide layer of SIMOX wafer implanted with doses ranging from 1.0×1017 

O+/cm2 to 7.0×1017 O+/cm2 during the high temperature annealing process in the ambient 

of 0.5% O2 in Ar. Therefore, we expect that the low-dose low-energy SIMOX structure is 
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more sensitive to the annealing parameters due to the thinner top silicon layer. The 

exchange of oxygen between the buried oxide layer and the annealing ambient will 

become a significant factor controlling the formation of the buried oxide layer.  

 

2.1.2 Defects in SIMOX Materials 

During the implantation, two sources of point-defect generation are the knock-on 

process and the internal oxidation. The knock-on process generates silicon interstitials 

(SiI) and vacancies (V) as follows, Si → SiI + V. According to the oxidation equation, ySi 

+ O2 → SiO2 + (y-1)SiI, strain-free SiO2 formation requires y = 2.2 (the ratio between the 

molar volume of amorphous SiO2 and single crystal silicon). Silicon interstitials are 

products of the internal oxidation. Volume expansion required in the oxide formation 

creates strain in the matrix. This results in formation of stacking faults, dislocation loops, 

and eventually threading dislocations in the top silicon layer. Several explanations for the 

formation of the threading dislocations have been reported.  The first one is due to the 

accumulation of strain in the silicon matrix during oxide formation [31]. Another one is 

the expansion of the dislocation half loops creating during the implantation, and 

subsequently intersect the interface to form threading dislocations [30]. It was reported 

that the dislocation density increases from about 3×104 /cm2 to about 5×109 /cm2 with 

increasing implantation dose from 1.5×1018 O+/cm2 to 2.5×1018 O+/cm2 at a constant 

implantation energy of 180 keV. In contrast, the dislocation density decreases from about 

6×109 /cm2 to about 1×105 /cm2 with increasing implantation energy from 125 keV to 

190 keV at a constant implantation dose of 1.8×1018 O+/cm2 [42]. Moreover, it is 
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believed that the stress due to the supersaturation of SiI created stacking faults in the top 

silicon layer near Si/BOX interface. The buildup of SiI and the Si traps in the buried 

oxide layer are also sources of most defects in SIMOX structure. Threading dislocations, 

once formed, are very difficult to eliminate even in the high-temperature annealing.  In 

low-dose low-energy SIMOX materials, defects are mainly threading dislocation and 

stacking faults with a lower density (104 – 105 cm-2).  The formation of dislocations in 

low-dose low-energy SIMOX is different from the conventional one. The possible 

mechanism was suggested by Nakashima and Izumi [43]. The generation of threading 

dislocations is from the release of local stress built around the oxide precipitates.  

The dose dependence of defect density at 65 keV, 100 keV, and 180 keV was 

reported by Johnson et al. [15], Jeoung [25], and Nakashima et al. [44]. It was found that 

the threading dislocation density was lowest around the optimum dose. High density of 

defects was observed at above and below the optimum dose. This was explained by the 

preferential growth of oxide at the maximum damage region (Dp) and the range of 

oxygen projection (Rp). At the lowest threading dislocation density, the defects created 

from the oxide precipitates at the Rp region were pinned by the oxide precipitates at the 

Dp regions. Therefore, these defects then can not go to the surface.  In the case of the 

dose below the optimum dose, only small size oxide precipitates reside at the Dp region 

which can not block the defects from the oxide precipitates from the Rp regions. In the 

case of the dose above the cross over dose, the oxide precipitates themselves generated 

the threading dislocations which go through the surface. 
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Unlike the defects appearing in the top silicon layer, the defects in the buried 

oxide layers are caused by silicon excess due to the incomplete oxidation. Silicon islands 

are formed during the annealing process and trapped by the continuous BOX layers. In 

high-dose high-energy cases, the islands preferentially develop close to the bottom 

interface of BOX and top silicon layers. This is because the thin top silicon can 

accommodate the generation of silicon interstitials more easily than the thick silicon 

substrate. However, in the case of the low-dose low-energy SIMOX, the silicon islands 

are distributed throughout the BOX layers as shown in Jiao et al. [45], Johnson et al. [11], 

and Jeoung [25]. This is because the diffusivity of silicon in the oxide layer is very low as 

suggested by Jiao et al. [45].  

For the silicon clusters, Electron Paramagnetic Resonance (EPR) has been shown 

to be an effective tool to study the spatial average of the defect density in amorphous 

silicon oxide thin film [46] and in the buried oxide layer of SIMOX [47]. Upon the 

implantation process, two types of paramagnetic defects in SIMOX structure have been 

observed. The first EPR center, known as an a-center, having a g-value of 2.0055 is 

identical to Si dangling bonds which is usually observed in the amorphous silicon [46]. 

The second EPR center having a g-value of 2.0010, known as E′-center, corresponds to 

an unpaired electron residing on a silicon atom bonded to three other oxygen atoms in the 

buried oxide layer [46]. The exact g-values have been also observed in boron and argon 

implanted SIMOX wafers [48]. The g factor is defined as g = hν/βHr, where h is Planck 

constant; ν is the frequency of electromagnetic wave; β is Bohr magnetron; and Hr is the 
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magnetic field at resonance condition. This g-value is a characteristic parameter of each 

defect structure.  

Upon the high temperature annealing process, these defects become undetectable. 

However, upon vacuum ultraviolet (VUV) irradiations and hole injection into the oxide, 

three types of paramagnetic defects including Eγ′, Eδ′, and D centers have been observed 

[49]. The proposed models for (a) Eγ′, (b) Eδ′, and (c) D centers are shown in Figure 2.5. 

These defects are defined as silicon-related defects because their structures consist of 

extra silicon atoms. Devine et al. [50] have shown that charged paramagnetic oxygen 

vacancies (Eγ′, O3≡Si+ °Si≡O3) can be created by VUV radiation. Stesmans et al. [51] 

observed the delocalized spin centers (Eδ′) and modeled this center based on the existence 

of clusters of 5 silicon atoms in the buried oxide layer. Amorphous silicon D-centers 

(°Si≡Si3) were similar to ones demonstrated in the PECVD (plasma enhanced chemical 

vapor deposition) amorphous thin film (a-center). Since these defects are due to the 

excess silicon atoms, which become detectable after the irradiation, the information of the 

oxide structure in the BOX layer can be obtained from the irradiated samples. Moreover, 

Warren et al. [49] reported that there was a noticeable difference between the location of 

defects in bond-etchback silicon-on-insulator (BESOI) wafers and SIMOX wafers. The 

defects in BESOI wafers are located near the top Si/SiO2 interface, while those in 

SIMOX wafers are located throughout the buried oxide layer. The oxide layer in BESOI 

structure shows the similar properties to the thermally grown oxide because this structure 

consists of two oxidized silicon bonded together. Therefore, the defects are mostly found 
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at the interface. However, defects in SIMOX wafers distribute throughout the oxide layer 

due to the incomplete oxidation.  

 

 

 

 

  

Figure 2.5. The schematically models of paramagnetic defects in Si: (a) Eγ′, (b) Eδ′, and 

(c) D centers [49]. 

 

2.2 Electrical Properties of the Buried Oxide Layer 

The buried oxide layers served as the insulating layers separating the top silicon 

layers from the bottom substrates. Thin oxide layers with high-breakdown field are 

required for the heat dissipation purpose. Noncrystalline with a high degree of short-

range order and a low density of interfaces states at the Si/SiO2 interfaces are two basic 

characteristics of both buried oxide layer and thermally grown oxide [52]. However, 

buried oxide layer contains silicon islands and excess silicon atoms as discussed in the 

previous section, which are not presented in the thermally grown oxide. Therefore, the 

electrical properties of the buried oxide layer in SIMOX structure are inferior to 

thermally grown silicon dioxide. Breakdown field strength of the buried oxide layer is 

significantly reduced due to the presence of defects in the buried oxide layer. The high-
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field conduction in the oxide layer was suggested to be the method to quantitatively 

extract the information of the defects in the buried oxide layer.   

 

2.2.1 Breakdown-Field Strength of the SIMOX BOX Layers 

The electrical breakdown-field of the buried oxide layer is about half of that for 

thermally-grown oxide (10 MV/cm) [17]. Nakashima et al. reported that breakdown field 

of the device with an area less than 20 µm2 in the SIMOX wafer implanted at 4.5 ×1017 

O+/cm2 at the energy of 180 keV can be improved from 7 MV/cm to 8 MV/cm by 

increasing annealing time from 240 minutes to 2400 minutes at 1350oC [37]. Moreover, it 

was found that the breakdown field of the device with an area over 100 µm2 in the 

SIMOX wafer implanted at 180 keV with 2400 min-annealing at 1350oC can be 

increased by 2 MV/cm by increasing an oxygen dose from 3.5×1017 O+/cm2 to 4.5×1017 

O+/cm2 due to the decrease of silicon island density [37]. One of the important problems 

with the low-dose SIMOX is the presence of the buried oxide leakage due to the silicon 

pipes, which are the discontinuity of the buried oxide layer. The density of the silicon 

pipes in low-dose SIMOX is higher than that in high-dose SIMOX. It has been shown 

that the number of particles on the surface of silicon wafers during the implantation can 

be correlated to density of silicon pipes in the buried oxide layer which affects the 

increase of the leakage current of the buried oxide layer [42]. However, according to Anc 

et al., there is no correlation between the silicon pipes and a number of residual particles 

[53]. Imperfections such as silicon inclusions, excess silicon atoms in some forms, or 
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silicon islands in the buried oxide layer have the potential to decrease the electrical 

integrity of the BOX layer.  

 

2.2.2 Conduction in SIMOX BOX Layers 

 Ideally, insulators are assumed to be non-conductive (i.e. no leakage current). 

However, there is conducting current in real insulator at a certain electric field. Typically, 

high-field conduction happens at about 3 MV/cm to 5 MV/cm (or about 60 V to 100 V 

for the BOX layer thickness of 200 nm). Although this high voltage is not a normal 

operating condition, the high-field conduction would provide information of the non-

idealities of BOX layers (non-stoichiometry of the BOX layers and the silicon islands 

density). 

In this high-field conduction region, the Fowler-Nordheim (F-N) tunneling [54] 

and Frenkel-Poole conduction were proposed to be responsible for the current conduction 

through the SIMOX BOX layer. Frenkel-Pole conduction is due to the field enhanced 

thermal excitation of the trapped electron into the conduction bands. However, it was 

shown that the conduction in this region is not temperature dependent which is an 

important characteristic of the Frenkel-Pole conduction. The F-N tunneling is caused by 

the electrons tunneling from the Fermi level of the metal into the insulator conduction 

bands as shown in Figure 2.6.  
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Figure 2.6. The schematic diagram of the Fowler-Nordheim tunneling through a metal-

oxide interface over p-silicon. 

 

 In the high-field conduction, the characteristic of the current conduction in the 

MOS structure can be described using the Fowler-Nordheim (F-N) model [55, 56]. The 

measured current is due to charges tunneling through the insulator barrier. Under 

conventional conditions, the tunneling currents are very small.  However, electron 

tunneling from the metal Fermi level into the oxide conduction band becomes possible by 

pulling down the conduction band edge of the SiO2 with strong negative bias. The F-N 

theory explains the relationship of current and applied voltage under these circumstances. 

The current density (J) is given as [54] 
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and E is electric filed; m is the effective mass in metal; mox is the effective mass in oxide, 

q is the electronic charge, h and⎯h are the Planck’s constant and reduced Planck’s 

constant, respectively. φB is the barrier height. Due to the structural differences between 

thermally grown oxide and the buried oxide layer, the modified F-N equation for 

conventional SIMOX buried oxide high-field conduction was developed by Krska et al. 

[56]. The parameter A and B of the modified F-N equation for conventional SIMOX 

buried oxide high-field conduction is described as follows:  
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A0 (9.6 µA-eV/V2) and B0 (42 MV/cm-eV3/2) are physical constants; and E0, the applied 

macroscopic E-field, is approximately VBOX/tBOX (the ratio between the voltage across the 

BOX layer and its thickness). The parameter φB effective BOX barrier-height, describes 

the degree of substoichiometry of the buried oxide layer in case of negative bias. The 
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parameters ke and ka are defined as the E-field enhancement factor and the percentage of 

the silicon island area that injecting electrons at the maximum enhanced E-field. It has 

been shown that ka is proportional to the silicon island density.  

In the conventional SIMOX substrate, a high density of silicon islands 

(approximately 1019 cm-2) has been found close to the bottom interface. Nevertheless, 

because of their locations and their sizes, these islands do not make remarkable changes 

of the electrical properties of BOX layers with a thickness of 400 nm or more. Even 

though, a much lower density of silicon islands (lower than 108 cm-2) has been found in 

the low-dose low-energy SIMOX structure, their locations and their sizes relative to the 

BOX thickness degrade the electrical integrity of the buried oxide layer. However, types, 

sizes, and distribution profiles of defects in the low-dose low-energy SIMOX substrate 

and the conventional SIMOX substrate are different. In addition to silicon islands, defects 

from excess silicon atoms will affect the properties of buried oxide layer differently from 

that of thermally grown oxide. Therefore, it is expected that the impact of 

substoichiometry and the defects in the buried oxide layer might not follow the high-field 

conduction model of a thick buried oxide structure.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

  

This chapter will describe the preparation and characterizations of SIMOX 

substrates. The processing conditions (implantation and annealing conditions) will be 

described in a general manner. Later, the characterizations of microstructures and 

electrical properties of SIMOX substrates will be detailed. 

 

3.1 Fabrication of the SIMOX Substrates 

3.1.1 Oxygen Implantation 

Oxygen implantation is the first process step to fabricate the SIMOX wafers. The 

Ibis 1000 high-current oxygen implanter, from the Ibis Technology Corporation, Denver, 

Massachusetts, has been used as an implanter for the SIMOX wafers in this study.  The 

implanter consists of an ion source, an analyzer magnet, a beam scanner and, a vacuum 

load lock robotic handler. The implantation apparatus is shown in Figure 3.1 [23]. The 

Ibis 1000 uses a microwave electron cyclotron resonance (ECR) ion source operating at 

2.45 GHz in order to produce O+. The mass analyzer is a 3-segment magnet. The beam is 

scanned with the scan rate of 150 Hz across the circular array of the wafers. 30-degree 

bending magnet was used to separate the neutral beams from the desired charged beam. 

The collimator deflects the beam such that the beam is parallel to the axis of the rotating 

disk station. In the end station system, the wafer can be heated up to 600oC using an array 
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of quartz halogen lamps encapsulated in a quartz tube to ensure the contamination free 

operation.  

For this study, the p-type Czochralski <100> 200-mm silicon wafers were 

implanted at 65 keV and 100 keV with the doses of 2.5, 3.5, 4.5, 6.0, and 8.0×1017 

O+/cm2. During implantation, the wafer temperature was kept at about 560oC and the 

beam current was adjusted to 55 mA for an opening aperture of 2×6 cm2 corresponding to 

the current density of 4.6 mA/cm2. 

 

 

 

 

Figure 3.1. The schematic of the Ibis 1000 implantation [23] 
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3.1.2 Thermal Annealing 

After the implantation, a high temperature annealing was performed in order to 

remove the defects in both top silicon and BOX layers. The rough Gaussian profile of the 

oxygen atoms in the silicon matrix redistributed and formed the Si/SiO2 layer on both 

side of the BOX layer. The microstructure of the SIMOX samples was strongly 

influenced by the annealing conditions. Therefore, the study matrix was designed to study 

the effect of annealing temperature, annealing times, temperature ramping rate, and the 

concentration of oxygen in Ar ambient. The summary of the preparation conditions was 

listed in Table 3.1. 

The sample sets for the study of the effect of implantation dose and energy and 

the structural evolution were implanted and annealed at Ibis Technology Corporation. 

The ramping rate, controlled by the computers, was set at 10oC/min. The intermediate 

anneal temperature set was annealed in 0.5% O2  in Ar  after the temperatures had 

reached 1100oC, 1200oC, 1300oC, and 1350oC, and one set of samples was removed from 

the furnace (0 hour holding) while the other set was annealed at these temperatures for 4 

hours with the ramping rate of 10oC.  

For the sets for the study of the effect of annealing ambient and the effect of 

ramping rate were carried out at the University of Arizona. The as-implanted SIMOX 

samples were cut into 1.5×3 cm2 and annealed in a quartz tube. The temperature was 

monitored with R-type thermocouples. Before the annealing, the samples were inserted in 

the furnace and the annealing gas was flowed into the tube with a constant rate of 0.5 

liters/min about 10 minutes before starting to ramp up the temperature. The temperature 
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was increased from 350oC to the set point of 1350oC with ramping rates of 5oC/min, 

10oC/min, and 40oC/min in an Ar ambient containing O2 of 0% and 1%. The temperature 

set points was adjusted to 1350oC and held for 4 hours. Due to the limitation of the 

annealing furnace, the ramping rate was limited to about 10oC/min after the temperature 

reached 1100oC.  

 

Table 3.1. The preparation parameters of SIMOX wafers used in this study to investigate 

effects of (1) implantation dose and energy; (2) annealing temperature and time; (3) 

annealing ambient; and (4) ramping rate. 

 
Implantation process Annealing process 

Energy 

(keV) 

Dose 

(×1017 O+/cm2) 

temperature 

(oC) 

time 

(hours) 

Ambient 

(%O2 in Ar ) 

Ramping 

(oC/ min) 

65 
2.0 

4.5 

100 

2.5 

3.5 

4.5 

6.0 

8.0 

As-implanted 

1100 

1200 

1300 

1350 

0 

4 

0 

0.5 

1.0 

5 

10 

40 
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3.2 Microstructural Characterization of the SIMOX Substrates  

The effects of the processing parameters on the microstructures of SIMOX 

materials were subsequently investigated using transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), and atomic force microscopy (AFM) at 

Department of Materials Science and Engineering and the Department of Physics at the 

University of Arizona.  

 

3.2.1 TEM Analysis 

 Transmission electron microscopy was used as the primary experimental 

technique to characterize the SIMOX substrates. Structural properties of the buried oxide 

layer prepared under different conditions were characterized by a Hitachi 8100 TEM 

operating at 200 keV.  Conventional bright-field images provide the overall information 

of the SIMOX structure, thickness of the top silicon and BOX layer, the locations and 

sizes of the silicon islands, and the roughness of the Si/SiO2 interfaces. The cross 

sectional TEM samples were prepared by conventional dimpling and Ar milling [57].  

Figure 3.2 illustrates the preparation procedure of the TEM cross-section sample. 

Samples were cleaved along <110> into rectangular pieces and glued together by having 

the interested area at the center using M-bond adhesive. After putting them in a metal 

vice and heating at about 100oC for 1 hour , they were cut into about 1-mm thick 

sandwiches using diamond blade saw and mechanically thinned down to 150 µm using 

fine sandpaper. The thinned samples were dimpled with 6-µm, 3-µm, and 1-µm diamond 

paste with the Gatan dimple grinder, respectively. The sample was cleaned after 
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removing from the dimpling machine and glued to a single-hole microscopy copper grid. 

Finally, the samples were ion milled to make a thin area electron transparently using 

Gatan Duo Ion Miller. Ions were provided by the discharge of Ar gas. 

 

 

 

 

 

Figure 3.2. The preparation of the TEM cross-section samples [57] 
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3.2.2 SEM Analysis 

          Field Emission Scanning Electron Microscopy (FESEM) was used to evaluate 

quantitatively the density of silicon islands and silicon pipes in the BOX layer. The 

presence of silicon islands in the BOX layer is undesirable since it affects the 

characteristics of devices built on the SIMOX wafers. All samples were characterized 

using a Hitachi S-4500 FESEM and prepared by wet chemical etching. The native oxide 

on the surface was removed by HF solution. Subsequently, a KOH solution was used to 

remove the top silicon layers. The etch rate of silicon in the <110> direction in 44 weight 

% KOH aqueous solution is about 130 nm/min [58]. After that, the BOX layer was 

removed to about 50% of the initial thickness using buffer HF solution. The etching rate 

of 10:1 buffered HF is approximately 100 nm/min. The density of silicon islands were 

calculated from the observation area of about 1 µm2. Also, a metal coating was applied to 

this surface to prevent the charging effect on the surface before the SEM imaging. 

 

3.2.3 AFM Analysis 

 The Si-SiO2 interface topographies were analyzed using a Digital Nanoscope III 

AFM. For the AFM samples, the native oxide and the top silicon layers were etched 

using 5% HF solution at room temperature and 22% solution of tetramethyl ammonium 

hydroxide (TMAH) heated to 90oC, respectively. The etching rate of the TMAH was 

about 1 µm/min for Si and about 0.2 nm/min for SiO2 [59]. The native oxide was etched 

until the surface became hydrophobic. The etching time for the top silicon layer is two 
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times of the calculated value using the above etching rate and the thickness of the top 

silicon layers obtained from TEM images.  

The AFM measurements were carried out in air and utilized the contact mode 

with the adjusted scan rate and the set point yielding the best quality of the images. The 

height profiles of each measurement were acquired for 512×512 pixels. The scan rotation 

and the physical rotation of specimens were used in order to verify that the surface 

morphology was not an artifact.  

Images for the scaling analysis were only flattened using the AFM software [60] 

to remove the tilting from each scan line without any further process. The flattening 

procedure fits the first order line to each scan line, subsequently subtracted from each 

scan line. Then, the flattened profiles were divided into n2 segments of 512/n×512/n 

pixels, where n ≤ 256. For each n value, the calculated root mean square (RMS) 

roughness from each segment was averaged over the whole image. The RMS roughness 

and the relationship between the RMS roughness and the scan size (L) were calculated 

from the AFM height profiles by adapting the method from Yoshinobu et al. [61] and 

Chakrapani et al. [62]. A correlation length and a roughness exponent were obtained from 

a series of the RMS roughness calculated from one scan scale of a single AFM image. 

Then, the average correlation lengths and the average roughness exponents were obtained 

from several series of interface width evaluated from various scan scales of several AFM 

images. The details of the scaling analysis will be presented again in Section 4.3 in 

Chapter 4.  
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3.3 Stoichiometry of Silicon Oxide and the Points Defects  

3.3.1 FTIR Analysis 

FTIR was used for nondestructive monitoring of Si-O bonding characteristics in 

the SIMOX materials as a function of implantation dose, implantation energies, and 

annealing conditions. After removing the native oxide from the SIMOX wafers using a 

10% HF solution, the measurements were performed at room temperature using a Fourier 

transform infrared spectrometer (Perkin Elmer 1725X FTIR, Boston, MA). All of the IR 

spectra were subtracted from that of the bare silicon wafer to isolate the absorption of 

relevant vibrations from oxygen interstitials presented in the wafers.  

Figure 3.3 illustrates the IR spectra of the SIMOX wafers implanted with 

8.0×1017 O+/cm2 at 100 keV (dotted line), the reference silicon wafer (solid line), and the 

subtracted one (dashed line). The peak at 1107 cm-1 of the reference spectrum 

corresponds to the oxygen interstitials presented in the silicon wafer [63]. Note that, the 

peak is overlapped by the Si-O-Si stretching band. After the subtraction, the remaining 

spectrum shows three distinct peaks at about 1050 cm-1, 820 cm-1, and 460 cm-1, which 

correspond to the Si-O bond stretching, bending, and rocking, respectively [63]. The 

change of the stretching band was monitored due to its highest intensity. 
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Figure 3.3. The spectra of the as-implanted SIMOX sample at the dose of 8.0×1017 

O+/cm2, the reference silicon wafer, and the difference showing the absorption peaks of 

Si-O-Si vibrations. 

 

3.3.2 EPR Analysis 

Electron paramagnetic resonance spectroscopy (EPR) was used to obtain 

information on the paramagnetic defect centers and the nature of the atomic structures in 

the buried oxide layers of the as-implanted and the annealed SIMOX substrates. All 

samples were cut into about 0.2 x 1 cm2. Three sets of samples; (1) as-implanted samples, 

annealed samples (2) with and (3) without the X-ray irradiation, were studied. For the X-

ray irradiated samples, the top silicon layers were removed using the TMAH solution at 

about 90oC after removing the native oxide using the HF solution. The purpose of these 

A subtracted 
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etchings is to remove the effect of the top silicon layers from the defects in the BOX 

layers. The samples were irradiated using 10 keV X-ray for 30 minutes. Then, EPR was 

conducted at room temperature using a commercial continuous wave (CW) X-band (9-10 

GHz) Bruker EPR spectrometer ESP-300 E at Department of Chemistry at the University 

of Arizona. 

 

3.4 Electrical Measurements 

3.4.1 Preparation of the Test Structure 

The electrical properties of the buried oxide layer are evaluated using 

capacitance-voltage and current-voltage measurements. Capacitance-voltage curves are 

measured on MOS (Metal-Oxide-Silicon) capacitor. A schematic of the sample is shown 

in Figure 3.4. The top silicon layers were etched off using the TMAH solution (22 wt% in 

H2O) at 90oC. After rinsing and drying, the substrates were sputter-coated with aluminum 

for the back contact and the patterned aluminum electrode on the BOX layer was 

deposited using a conventional thermal evaporation process. The diameter and the 

thickness of the aluminum contacts are 4 µm and 400 nm, respectively. After the 

electrode deposition, the devices were annealed in the forming gas for 30 min at 450oC in 

order to obtain the ohmic contact at the back electrode. The test structure (Al/BOX/Si 

substrate/Al) is shown in Figure 3.4.   
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Figure 3.4. A cross-sectional schematics of the SOI MOS capacitors 

 

3.4.2 I-V Measurements and High-frequency C-V Measurements 

Electrical measurements were performed at the Department of Electrical and 

Computer Engineering, the University of Arizona and at the Embedded System Research 

Laboratory, Motorola in Tempe, Arizona. The major DC characteristic i.e. the current-

voltage (I-V) characteristic will be measured from different SIMOX wafers. I-V 

measurements were performed by using an HP 4145B Semiconductor Parameter 

Analyzer. From the I-V measurement, leakage current density and the breakdown field 

strange can be extracted. This information combined with the microstructure including 

defects and stoichiometry of the buried oxide layer will be used to explain the conduction 

characteristics in the BOX layer of in low-dose low-energy SIMOX. 
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Ramp and static I-V measurements were used to characterize the conduction in BOX 

layers. In the ramp I-V case, the current swept until the BOX broke down. In case of the 

static I-V, voltage was constant and the current was measured from 0 to 60 seconds with 

an interval of 1 second. The I-V measurements were re-plotted into current density and 

electric field (J-E) curve, and the parameters A and B from equation 2.1 can be obtained 

from the plot of log J/E2 versus 1/E.  

High-frequency capacitance-voltage (C-V) measurements were performed at 1 MHz 

with a DC bias sweeping from +1 V to -2V using Agilent 4284A LCR meter. The sweep 

step was 0.1 V. The fixed charge in the BOX layer is calculated from the following 

equation   Vfb = φMS-QF/Cox where, ΦMS is the work function between the aluminum gate 

and the silicon substrate; and Cox is the oxide capacitances. The net positive charge in the 

BOX layer can be deduced when a negative shift of the flatband voltage is observed, and 

vice versa. DC characteristics such as leakage current and breakdown voltage of the 

buried oxide layers will be measured using current-voltage measurement.  
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CHAPTER 4 

EFFECT OF PROCESSING CONDITIONS ON SIMOX STRUCTURES 

 

As pointed out in the first part of this thesis, the first step of the fabrication of 

SIMOX exposes a wafer of single crystalline silicon to a beam of high-energy oxygen 

ions. The particles penetrate through the front surface of the wafer, colliding with the 

atoms of the substrate and heavily perturbing the initial crystalline order. Their energy, 

typically in the order of 100 kV upon entry, is reduced through the collisions, until they 

come to rest, leaving the desired layer of silicon oxide behind them. The spatial 

distribution of the implanted oxygen ions follows a Gaussian distribution whose exact 

shape depending on the initial energy of the ions, and their density, the dose. This profile 

can be modified by a post-implantation anneal that redistributes the density of the oxygen 

over the penetration depth. The effectiveness of the annealing depends on the anneal 

temperatures, its time profile (temperature ramp rate and duration) and the gaseous 

ambient.  

The performance of the device that is built on this structure depends on the 

dimensions of the top layer-BOX layer-substrate sandwich, and the structural properties 

of its components. The control of these properties is consequently of great importance in 

the fabrication process. The results of studies aimed at the control of these properties as a 

function of the preparation conditions is reported in this study. A set of samples prepared 

under a variety of implantation densities and energies was subjected to a variety of anneal 

conditions, and the resulting properties of the multilayer structure were studied. 
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 In this study, The microstructures of as-implanted and annealed SIMOX 

substrates implanted at 65 keV and 100 keV in the dose range from 2.0×1017 O+/cm2 to 

8.0×1017 O+/cm2 with the temperature ramp rate range from 5oC/min to about 40oC/min 

and in the Ar ambient with and without oxygen content were investigated. The objective 

of this study is to determine the optimum dose at both energies and study the possibility 

to widen the dose window. In addition, not only the continuous BOX layer without 

silicon islands but also the uniformity of the silicon layer is important. A small roughness 

of the upper Si-SiO2 interface might affect the performance of the electronic devices due 

to the thinner active silicon (<100 nm) compared to those in the conventional SIMOX 

substrates. Therefore, one important aspect of the study is to determine the flattening 

process of the top Si-SiO2 interface. 

 

4.1 Effect of Implantation Conditions 

Implantation dose and implantation energy are two main parameters controlling 

the final structures of the SIMOX substrates. In this section, TEM, SEM, and AFM 

analysis will reveal the effect of these two factors on the formation of the BOX layer and 

the Si-SiO2 interface characteristics.  

 

4.1.1 Effect of Implantation Dose 

 The samples implanted at 100 keV with oxygen doses of 2.5, 3.0, 3.5, 4.5, 6.0, 

and 8.0×1017 O+/cm2 were used to study the effect of implantation dose on the 

microstructure of the SIMOX substrates. The microstructures and the Si/SiO2 interfaces 
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were revealed primarily using TEM, SEM, and AFM analysis. The details are described 

in the following paragraphs. 

TEM micrographs of the SIMOX substrates were taken in order to reveal the 

microstructure of the as-implanted and annealed SIMOX substrates. Cross-sectional TEM 

micrographs of as-implanted SIMOX samples at 100 keV with doses of 2.5, 4.5, 6.0, and 

8.0×1017 O+/cm2 from our previous work [25] are illustrated in Figure 4.1(a-d), 

respectively. The structures of SIMOX wafers change with increasing oxygen dose. At 

the dose of 2.5×1017 O+/cm2, no well-defined BOX layer is observed. However, a number 

of small SiO2 precipitates are observed around the projection range. With increasing 

oxygen dose, the laminar structures of silicon in the BOX layer are observed. In the 

samples implanted at 6.0 and 8.0×1017 O+/cm2, the laminar structures are more visible, as 

shown in Figure 4.1(c) and Figure 4.1(d).  It is also observed that the oxygen bubble 

density increases with increasing oxygen due to the higher vacancy density at the region 

close to the surface.  

After annealing at 1350oC for 4 hours, the resulting microstructures are shown in 

Figure 4.2 (a-d) for the cross-sectional TEM micrographs of the annealed samples with 

doses of 2.5, 4.5, 6.0, and 8.0×1017 O+/cm2, respectively. The BOX layer in the 2.5×1017 

O+/cm2 sample was discontinuous because of the insufficient of oxygen. At the dose of 

3.0 and 3.5×1017 O+/cm2, continuous BOX layers with low density of the silicon islands 

were obtained (not shown here). However, the silicon island density increases with 

increasing doses beyond 4.5×1017 O+/cm2. The thickness of BOX layer increases with 

increasing oxygen doses. In contrast, the thickness of top silicon layer decreases with 
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increasing oxygen doses since the oxidation from the implanted oxygen ions consumes 

the top silicon layer. It is also obviously shown that the density of silicon islands 

increases with increasing dose.  

Even though, the continuous BOX layers are created in the dose range above 

3.0×1017 O+/cm2, the defects in the BOX layers and the uniformity of the top silicon layer 

become critical to the properties of the BOX layer. The silicon islands densities in the 

BOX layers were obtained using SEM microscopy after removing the top silicon layers 

and about 50% of the BOX layer. Figure 4.3(a-d) show plan-view SEM micrographs of 

4-hour annealed SIMOX samples at 1350oC with doses of 2.5, 4.5, 6.0, and 8.0×1017 

O+/cm2, respectively. Figure 4.3(a) shows the etching pyramid features of a discontinuous 

BOX layer of the 2.5×1017 O+/cm2 sample. In this figure, the four sides on the base of the 

pyramid are along [110] directions and the direction of the triangular side walls are along 

[111] directions. From Figure 4.3(b-d), it was observed that while their sizes decrease 

with increasing oxygen doses, the silicon islands density increases.  
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Figure 4.1. TEM micrographs of as-implanted SIMOX wafers implanted at 100 keV with 

doses of (a) 2.5, (b) 4.5, (c) 6.0, and (d) 8.0×1017 O+/cm2, respectively [25].  

 

 

 

 

 

 

 

 

 

Figure 4.2. TEM micrographs of 1350oC 4-hour annealed SIMOX wafers implanted at 

100 keV with doses of (a) 2.5, (b) 4.5, (c) 6.0, and (d) 8.0×1017 O+/cm2, respectively [25]. 
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Figure 4.3. SEM plan-view micrographs of the BOX layers of 1350oC 4-hour annealed 

SIMOX wafers implanted at 100 keV with doses of (a) 2.5, (b) 4.5, (c) 6.0, and (d) 

8.0×1017 O+/cm2, respectively. 
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Figure 4.3. (Continued) SEM plan-view micrographs of BOX layers of 1350oC 4-hour 

annealed SIMOX wafers implanted at 100 keV with doses of ((a) 2.5, (b) 4.5, (c) 6.0, and 

(d) 8.0 )×1017 O+/cm2, respectively.  

 (c) 

 (d) 

500 nm 
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Figure 4.4. Calculated and measured thicknesses of BOX layers. 

 

 

 

 

 

 

 

 

 

Figure 4.5. Density of silicon islands and their volume fraction in BOX layers of 1350oC 

4-hour annealed SIMOX wafers implanted at 100 keV. 
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To correlate the Si island density and volume fraction to the BOX layer thickness, 

the theoretical thickness (T) of BOX layers is calculated using the oxygen dose (φ) 

divided by the density of the SiO2 (4.4×1022 atoms/cm-3 [7]). Figure 4.4 shows the 

comparison between the calculated thickness of BOX layers and thickness obtained from 

TEM. The calculated thickness is lower than the measured ones due to the presence of 

silicon islands in the BOX layers. Figure 4.5 shows the number density and the volume 

fraction of silicon islands in BOX layers. It suggests that the density of silicon islands 

increases with increasing oxygen dose while the volume fraction of silicon islands is 

highest at the dose of 6.0×1017 O+/cm2. Note that the density of silicon islands was 

derived based on SEM of only the middle of the BOX layer, it should be noted that the 

distribution of the Si island is not uniform throughout the BOX layer, particularly the 

8.0×1017 O+/cm2. TEM and SEM micrographs strongly suggest that the formation of 

silicon islands in the BOX layer is related to the striation in the as-implanted samples. 

In order to obtain the information on the uniformity and the morphology of 

Si/SiO2 interfaces, the top silicon layers were removed. Subsequently, AFM 

measurements were performed on the SiO2 surfaces. The AFM images of the Si-SiO2 

interfaces of the SIMOX substrates implanted at 100 keV with (a) 2.5, (b) 3.0, (c) 3.5, (d) 

4.5, (e) 6.0, and (f) 8.0×1017 O+/cm2 after annealing at 1350oC for 4 hours are shown in 

Figure 4.6. The discontinuous BOX layer similar to Figure 4.3(a) is shown in Figure 

4.6(a). However, at the area where there are silicon pipes, the square domains can be 

observed. The small square domains appear close to the silicon pipes (indicated by a 

white arrow). In contrast, the large squares appear elsewhere indicated by a black arrow. 
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 Figure 4.6(b) and 4.6(c) show the SiO2 surface topography of the SIMOX samples 

implanted at 3.0×1017 O+/cm2 and 3.5×1017 O+/cm2, respectively. These samples 

correspond to the SIMOX substrates having continuous BOX layers without silicon 

islands. The sizes of the square domains on the SiO2 surface in these samples vary from 

~50 nm to ~250 nm. The square domains also can be observed in the sample implanted 

with 4.5×1017 O+/cm2. It is obvious that the sizes of the domains become smaller with a 

very narrow width distribution compared to the previous two samples. In the case of the 

samples implanted at 6.0×1017 O+/cm2 (Figure 4.6(e)), the small square domains have 

been observed on the large square domains. The small domains with the step-terrace at 

their edges appear in smaller sizes than the large square domains without the step-terrace 

structure. The samples implanted at 8.0×1017 O+/cm2 shows a very flat surface (±3 nm of 

the Si-SiO2 interface roughness) consisting of the small amount of the small square 

domains with the step-terrace structures at their edges. The step profiles and detail 

flattening mechanisms of these interfaces will be presented later.  
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Figure 4.6. AFM images of the Si-SiO2 interfaces of the SIMOX substrates implanted at 

100 keV with (a) 2.5, (b) 3.0, (c) 3.5, (d) 4.5, (e) 6.0, and (f) 8.0×1017 O+/cm2 after 

annealing at 1350oC for 4 hours. White arrows indicate small square domains. The dark 

arrow shows a big square domain. 
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4.1.2 Effect of Implantation Energy 

Effect of two different implantation energies of 65 keV and 100 keV at a fixed 

dose of 4.5×1017 O+/cm2 were investigated. Wafers were subsequently annealed in order 

to form a continuous BOX layers.  Figure 4.7 shows cross-sectional TEM micrographs of 

the as-implanted and 4-hour 1350oC annealed SIMOX substrates with 4.5×1017 O+/cm2 at 

(a, b) 65 keV and (c, d) 100 keV [25]. In these figures, the Dp and Rp represent the 

damage peak and the highest oxygen concentration peak. In the as-implanted samples, 

continuous BOX layer were created after the implantation for the energy of 65 keV due 

to the narrower oxygen distribution range in the BOX layer. In contrast, no continuous 

BOX layer was formed after the implantation in the samples implanted at 100 keV.   

After annealing at 1350oC for 4 hours, the continuous BOX layers were formed in 

both samples implanted with 65 keV and 100 keV. The top silicon layers of the annealed 

samples get thinner than those in the as –implanted ones due to the oxidation of the top Si 

with the 0.5% of oxygen in the Ar ambient. However, in both cases the BOX layers 

contain silicon islands. In the 65 keV case, 3-4 layers of silicon islands were found in the 

BOX layer suggesting that the silicon islands are related to the silicon striations trapped 

in the BOX layer after the implantation. Due to the low diffusivity of the silicon 

interstitials in the BOX layers, the silicon once trapped into the BOX layers will become 

the silicon islands after annealing. However, the small silicon islands were observed 

closer to the upper Si and BOX interfaces and larger silicon islands were found in the 

bottom interfaces between the BOX and silicon substrate. This is because the ejection of 

the silicon interstitial due to the oxidation can be easier accommodated by the thin layer 
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of the top silicon than the thick substrates. Unlike 65 keV samples, only one layer of 

silicon islands was formed in the BOX layer in the 100 keV sample. This is because the 

oxide precipitates preferentially grew at the Dp and Rp regions and trapped the silicon in 

between and generated the silicon islands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Cross-sectional TEM micrographs of the as-implanted and 4-hour 1350oC 

annealed SIMOX substrates with 4.5×1017 O+/cm2 at (a, b) 65 keV and (c, d) 100 keV 

[25]. 
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 In addition, AFM measurements were employed to study the surface morphology 

and roughness of the upper interface between the top silicon layers and the BOX layers.  

Figure 4.8 shows the AFM images of the Si-SiO2 interfaces of 1350oC 4-hour annealed 

SIMOX with the oxygen dose of 2.0×1017 O+/cm2. The surface morphology of the 

annealed samples implanted at 100 keV was shown in Figure 4.6(d). The square domains 

were observed in this sample.  In case of the samples implanted at 65 keV, the oxide 

surface without square-shaped domains could be seen in Figure 4.8(b). The Si-SiO2 

interfaces of the discontinuous BOX layers containing silicon pipes (where the top silicon 

layer connects to the silicon substrate) also can be observed in the images (where marked 

by arrows). In addition, it is observed that the thickness of the BOX layer at the locations 

of the silicon pipes is thicker than the area without silicon pipes.  

The relationship between the RMS surface roughness of the Si-SiO2 interface 

obtained from the scan area of 5×5 µm2 and its implantation dose is shown in Figure 4.9. 

For both energies, the RMS roughness decreases with increasing implantation dose. The 

discontinuous buried oxide layer in the 4-hour annealed samples implanted at 100 keV 

with 2.5×1017 O+/cm2 provides the highest RMS roughness of about 7.5 nm due to the 

silicon pipes, and the roughness decreases to about 1 nm for samples implanted with 

8.0×1017 O+/cm2.  
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Figure 4.8. AFM images of the Si-SiO2 interfaces of the SIMOX substrates implanted at 

65 keV with (a) 2.0×1017 O+/cm2, (b) 4.5×1017 O+/cm2.  
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Figure 4.9. The RMS roughness of the Si-SiO2 interface of the 1350oC 4-hour annealed 

SIMOX substrates implanted with the dose range from 2.0×1017 O+/cm2 to 8.0×1017 

O+/cm2 at 65 keV and 100 keV. The RMS is obtained from the scan scale of 5×5 µm2. 
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4.2 Effect of Annealing Conditions 

In this section, the effects of annealing conditions (annealing temperature, 

annealing time, ramping rate, and oxygen content in the annealing ambient) on the 

formation of the BOX layer were studied using TEM and AFM. Also, the scaling analysis 

has been employed to quantitatively study the formation of the Si-SiO2 interfaces.  

 

4.2.1 Effect of Intermediate-temperature Annealing 

To investigate the effect of intermediate temperature annealing, a set of samples 

implanted at 65 keV and 100 keV with the oxygen dose of 4.5×1017 O+/cm2 after 

annealing at different temperatures and times were analyzed. The cross-sectional TEM 

images were obtained to examine the overview microstructures. Figure 4.10 and 4.11 

show TEM micrographs of the SIMOX substrates implanted at 65 and 100 keV with 

4.5×1017 O+/cm2 annealed at various annealing conditions, respectively. The 65 keV 

sample annealed at 1100oC without holding time (Figure 4.10(a)) does not show any 

significant changes from the as-implanted sample (Figure 4.7(a)). However, after holding 

for 4 hours at this temperature (Figure 4.7(b)), the size of oxide precipitates in the top 

silicon layer becomes larger and the silicon striations in the BOX layers become thicker. 

As increasing the annealing temperature and time, the well-defined BOX layer 

developed. Trapped silicon striations in the BOX layer become silicon islands as shown 

in Figure 4.7(d).  

The oxide precipitates in the top silicon layer are clearly visible in the samples 

annealed below 1200oC without holding time. The Si-SiO2 interface becomes smoother 
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(±10 nm of the interface roughness) without any visible oxide precipitates after annealing 

at 1200oC for 4 hours or above 1300oC without holding time. On the other hand, the 

samples implanted at 100 keV requires a higher annealed temperature up to 1300oC for 4 

hours or at 1350oC without holding time in order to create a relatively smooth Si-SiO2 

interface without overhangs as shown in Figure 4.11(d) and 4.11(e), respectively. From 

these results, only selected AFM images were taken. The SiO2 surface of annealed 

samples from 1200oC 4 hours for the samples implanted at 65 keV and of annealed 

samples from 1300oC 4 hours for the samples implanted at 100 keV were chosen in order 

to study the Si-SiO2 interface formation.  

From the AFM analysis, three main types of the structures were observed on the 

SiO2 surface, including I: round shape (examples in Figure 4.12(a), 4.12(b), 4.13(a)), II: 

square shape (marked by an arrow in Figure 4.6(d)), and III: pyramid shape with a step-

terrace structure (marked by arrows in Figure 4.12(c) and Figure 4.6(f)). The SiO2 surface 

images of the annealed SIMOX wafers implanted at 65 keV with the oxygen doses of 

4.5×1017 O+/cm2 at (a) 1200oC for 4 hours, (b) 1300oC for 0 hour, (c) 1300oC for 4 hours, 

(d) 1350oC for 0 hour, and (e) 1350oC for 2 hours are shown in Figure 4.12. After 

annealing at 1200oC for 4 hours, Figure 4.12(a) shows that the Si-SiO2 interface contains 

small round-shape domains (type I) with sizes varying from ~50 nm to ~120 nm 

distributed uniformly over the surface. This structure is related to the roughness of the top 

interface which could be seen in Figure 4.10(d). 
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Figure 4.10. TEM micrographs of the SIMOX substrates implanted at 65 keV with 
4.5×1017 O+/cm2 after (a) 1100oC 0 hour, (b) 1100oC 4 hours, (c) 1200oC 0 hour, (d) 
1200oC 4 hours, (e) 1300oC 0 hour, (f) 1300oC 4 hours, (g) 1350oC 0 hour, and (h) 
1350oC 4 hours [14]. 
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Figure 4.11. TEM micrographs of the SIMOX substrates implanted at 100 keV with 

4.5×1017 O+/cm2 after (a) 1200oC 0 hour, (b) 1200oC 4 hours, (c) 1300oC 0 hours, (d) 

1300oC 4 hours, (e) 1350oC 0 hours, and (f) 1350oC 4 hours [14]. 
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 The Si-SiO2 surface morphology of the sample annealed at 1300oC without 

holding (Figure 4.12(b)) is similar to that annealed at 1200oC for 4 hours. However, the 

average size of the normal domains increases due to the joining of small domains and the 

growth of the oxide precipitate in the top silicon layer. After holding for 4 hours at 

1300oC (Figure 4.12(c)), the small domains disappear and the surface appears as the 

pyramid-type structure (type III) with the distinct step-terrace structure at the edges. It 

was found that the sides of the domains are oriented along <110> direction of the silicon. 

 Increasing the annealed temperature from 1300oC to 1350oC, the size of the 

domains becomes larger (from ~200 nm to ~500 nm) and the domains change into the 

square shapes (Figure 4.12(d)). However, after holding for 2 hours at 1350oC, the 

domains disappear and the step-terrace structure can be observed. This observation is 

different from previous works by Guilhalmenc et al. [64] and Ishiyama et al. [65]. They 

reported that the samples implanted with the dose of 4.0×1017 O+/cm2 at 120 keV and 180 

keV contained the square-domain structure at the SiO2 surface after annealing for 6 hours 

at 1320oC and 4 hours at 1350oC, respectively. In addition, the step-terrace structure was 

observed after annealing for 18 hours for the sample implanted at 120 keV and for 40 

hours for the sample implanted at 180 keV. In other words, they suggested that the 

additional annealing changes the interface topography from the square-domain structure 

to the step-terrace type [65]. In our case, both types of topography are observed in the 

samples annealed at 1300oC for 4 hours and at 1350oC for 2 hours. The square domains 

contain the step-terrace structure at their edges. This might indicate that a lower 

annealing time at 1350oC might be sufficient for the surface morphology to transform 
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from the square-mosaic structure to step-terrace structure. In addition, after holding at 

1350oC for 4 hours, the SiO2 surface contains pyramid-type domains as shown in Figure 

4.8(b). 

The SiO2 surface AFM images of the annealed SIMOX wafers implanted at 100 

keV with the oxygen doses of 4.5×1017 O+/cm2 at (a) 1350oC without holding time and 

(b) 1350oC for 2 hours are shown in Figure 4.13. The round domains (type I) with the 

sizes varying from ~50 nm to ~200 nm are observed in the sample annealed at 1350oC 

without holding similar to the domains observed in the sample implanted at 65 keV after 

annealing at 1200oC for 4 hours (Figure 4.12(a)), or after the ramping up of the 

temperature to 1300oC without holding time (Figure 4.12(b)). After holding for 2 hours at 

1350oC, the width of the domains is two to five times larger and becomes square shape 

(type II) as shown in Figure 4.13(b). Unlike the sample implanted at 65 keV, there is no 

step-terrace structure observed in the samples implanted at 100 keV at the same 

annealing temperature of 1350oC for 2 hours. There are only larger square domains 

without the step-terrace at their edges. This result suggests that the flattening mechanism 

of the surface between these two implantation conditions is different. 
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Figure 4.12. AFM images of the Si-SiO2 interfaces of the SIMOX substrates implanted at 

65 keV with 4.5×1017 O+/cm2 after annealed at (a) 1200oC for 4 hours, (b) 1300oC for 0 

hour, (c) 1300oC for 4 hours, (d) 1350oC for 0 hours,  and (e) 1350oC for 2 hours. Insets 

in (a) and (b) are larger magnified images. 
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Figure 4.13. AFM images of the Si-SiO2 interfaces of the SIMOX substrates implanted at 

100 keV with 4.5×1017 O+/cm2 after annealed at (a) 1350oC for 0 hour and (b) 1350oC for 

2 hours. 
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Figures 4.14(a) and 4.14(b) shows the typical scan lines of the Si-SiO2 interface 

of the 65 keV and 100 keV SIMOX substrates at various annealing conditions. The width 

of each peak corresponding to that the domains on the surfaces becomes larger with 

increasing annealing time. This is also visible from the AFM images (Figure 4.12 and 

Figure 4.13). The sizes of the domains in both samples implanted at 65 keV and 100 keV 

when annealed at 1350oC without holding are equivalent. The height ranges of both 65 

keV and 100 keV samples decreases with increasing annealing time. After annealing at 

1350oC for 4 hours, the Si-SiO2 interfaces of the 65 keV samples have height range in the 

order of a few nanometers, while the 100 keV samples have the heights range about five 

times higher. The different between the roughness of these two sets of samples will be 

discussed later in the chapter. 

In addition, the relationship between the RMS roughness of the Si-SiO2 interface 

and the annealing conditions is illustrated in Figure 4.15. It was shown that RMS 

roughness decreases while the sizes of the domains increase with increasing temperature 

and time. It also shows that the RMS roughness of the Si-SiO2 interface of samples 

implanted at 100 keV decreases faster than that of samples implanted at 65 keV. 

However, the roughness of the sample implanted at 65 keV is smaller than that of the 

sample implanted at 100 keV after annealing at 1350oC for 4 hours. 
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Figure 4.14. Typical scan lines of the Si-SiO2 interfaces of the SIMOX substrates 

implanted with 4.5×1017 O+/cm2 at (a) 65 keV and (b) 100 keV after annealed at 1350oC 

for 0 to 4 hours, respectively. 

(a)
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Figure 4.15. The saturated RMS roughness of the Si-SiO2 interface of the SIMOX 

substrates implanted with 4.5×1017 O+/cm2 at 65 keV and 100 keV subjected to different 

annealing conditions. 
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Implantation energy has significant effects on the domain structures of the Si-

SiO2 interface. Differences could be seen from the 4-hour 1350oC annealed samples 

which were implanted at 65 keV and 100 keV. For the samples implanted at 65 keV 

(Figure 4.8(b)), there is no square domain (type II) but only domains with the step-terrace 

at their edges (type III). In contrast, the samples implanted at 100 keV with the same dose 

show the square domain (type II) structures spreading all over the SiO2 surfaces (Figure 

4.6(d)). To explain this observation, we refer to the concentration profiles and the damage 

profiles as a function of the implantation energy and the growth of the oxide precipitates 

as critical factors to determine the morphology on the surface. Figure 4.7(a) and 4.7(c) 

show the cross sectional TEM micrographs of the as-implanted SIMOX substrates with 

4.5×1017 O+/cm2 at 65 keV and 100 keV, respectively. In the as-implanted samples at 65 

keV, the oxide precipitates in the top silicon layer are close to the BOX layer as shown in 

Figure 4.10(b, c).  Upon the annealing process, their curvatures contacted to the BOX 

layer and incorporated into the BOX layer within a short period of time. Therefore, the 

surface shows the smaller domains. In the as-implanted samples at 100 keV (Figure 4.7), 

the higher deviation of the range of projection (∆Rp) and the spread out of the damage 

peak (Dp) from the oxygen concentration peak (Rp) cause the oxide precipitates to grow 

into layers (Figure 4.11(a)). From the TRIM calculation [66], the Dp peak and Rp of the 

samples implanted at 65 keV are located at the depth of 130 nm and 170 nm from the top 

silicon surfaces, while the Dp and Rp for samples implanted at 100 keV are located at 200 

nm and 260 nm. Due to the spread of the oxygen profile in the samples implanted at 100 

keV, the oxide precipitates in the top silicon layer grow separately before incorporating 
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into the BOX layer. These precipitates are believed to be sources of the square domains 

after 1350oC for 4 hours. Therefore, the SiO2 surface of the 100 keV samples shows 

larger domains. This is confirmed by the continuous BOX layers without overhangs 

formed at higher temperature than that of the sample implanted at 65 keV. It is suggested 

that the flattening process of the Si-SiO2 interfaces could be divided into 3 steps: 1) due 

to the growth and coalescence of the oxide precipitates to the BOX layers; 2) the growth 

and the smoothening of the square domains on the Si-SiO2 interfaces; and 3) the growth 

of the pyramid type structure. The summarized analysis results of these annealed SIMOX 

samples including the Si film thickness are presented in Table 4.1. 

 

Table 4.1. Analysis results of the intermediate-annealed SIMOX samples with the dose of 

4.5×1017 O+/cm2. 

Annealing Si film Si-SiO2 Energy 
Temperature 

time Figure Domain 
thickness roughness 

(keV) (oC) (h)  Type(a) Ø(b) (µm) (nm) (nm) 
65 1200 4 4.12(a) I 0.05 – 0.12   33 ± 10 
 1300 0 4.12(b) I 0.05 – 0.12   53   ± 5 
  4 4.12(c) III  0.20 – 0.50   32   ± 2 
 1350 0 4.12(d) I 0.05 – 0.25   40   ± 4 
  2 4.12(e) step-terrace structure   40   ± 2 
100 1350 0 4.13(a) I 0.05 – 0.20 165 ± 10 
  2 4.13(b) II 0.20 – 0.50 156 ± 10 
 

(a) I: round domain, II: square domain, and III: pyramid shape with the step-terrace 

structure. 

(b) The diameter of round domains, or the width of the square and pyramid-shaped 

domains. 
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4.2.2 Effect of Ramping Rate 

The SIMOX samples implanted with does of 2.5, 3.5 and 4.5×1017 O+/cm2 at 100 

keV were annealed (separately from the earlier set) at 1350oC for 4 hours in pure Ar 

ambient with the ramp rates of 5, 10, 40oC/min in the quartz tube at the University of 

Arizona. Then, the structures were examined by TEM. Figure 4.16 shows cross-sectional 

TEM micrographs of the 4-hour 1350oC annealed SIMOX substrates with implantation 

doses of (a-c) 2.5, (d-f) 3.5 and (g-h) 4.5×1017 O+/cm2 with the ramping rates of 5, 10, 

40oC/min, respectively. In case of the sample implanted at 2.5×1017 O+/cm2, continuous 

BOX without silicon islands formed in all three ramp rates. However, the top silicon 

layer of the annealed sample with the ramp rate of 40oC/min contains SiO2 precipitates. 

Note that the 40oC/min ramp rate is actually a two-step annealed process (i.e. the ramp 

rate of 40oC/min from 350oC to 1100oC and the ramp rate of ~10oC/min 1100oC to 

1350oC). In case of the samples implanted at 3.5×1017 O+/cm2, the structures of the 

annealed samples in all three ramp rates are similar except that the larger size of silicon 

islands in the BOX layer of the annealed samples with ramp rate of 40oC/min were 

observed. In case of the samples implanted at 4.5×1017 O+/cm2, the roughest bottom 

SiO2-Si interface was observed in the sample with the ramp rate of 5oC/min due to the 

incorporation of the islands into the silicon substrate, while the other two samples provide 

the similar SIMOX structure containing silicon islands in the middle of the BOX layers.  
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Figure 4.16 Cross-sectional TEM micrographs of the SIMOX substrates implanted at 100 

keV with (a-c) 2.5×1017 O+/cm2, (d-f) 3.5×1017 O+/cm2, and (g-i) 4.5×1017 O+/cm2 after 

annealed at 1350oC in Ar with ramping rates of 5oC/min, 10oC/min, 40oC/min. 
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4.2.3 Effect of Oxygen Content in the Annealing Ambient 

Two different annealing ambients (pure Ar and 1% O2 in Ar) were studied to 

investigate the effect of oxygen content. The SIMOX samples were implanted with does 

of 2.5, 3.5 and 4.5×1017 O+/cm2 at 100 keV and annealed at 1350oC for 4 hours in the 

above two ambients with the ramp rates of 10oC/min. The structures were examined by 

TEM as shown in Figure 4.17. The thickness of the top oxide layer, the top silicon layer, 

and the BOX layer are listed in Table 4.2.  

In general, oxygen content in Ar ambient causes the oxidation of the top silicon 

layer, thus, reducing the thickness of the top silicon layers. As shown in Figure 4.16(a) 

and 4.17(a), the top silicon layers decrease from ~176 nm to ~85 nm, while the BOX 

layer increases from ~62 nm to ~88 nm with increasing the oxygen content ratio from 0 

to 1% in Ar ambient. The oxygen diffusion into the wafer causing the thickening of the 

BOX layers was suggested. From the observation, silicon islands remained in the buried 

oxide layer, for example in the sample implanted with 4.5×1017 O+/cm2 at 100 keV 

(Figure 4.17(c)). However, the distance from the top Si-BOX interface to the silicon 

island in this sample increases from ~46 nm to ~58 nm. The results suggest that the 

oxidation process consumed the top silicon not only at the top silicon surface but also at 

the Si-BOX interface which is similar to the ITOX process.  
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Figure 4.17. Cross-sectional TEM micrographs of the SIMOX substrates implanted at 

100 keV with (a) 2.5×1017 O+/cm2, (b) 3.5×1017 O+/cm2, and (c) 4.5×1017 O+/cm2 after 

annealed at 1350oC in 1%O2 in Ar with ramping rates of 10oC/min. 

 

Table 4.2. Analysis results of the intermediate-annealed SIMOX samples with the doses 

of 2.5, 3.5, and 4.5×1017 O+/cm2 after annealing for 4 hours at 1350oC in Ar and 1% O2 in 

Ar ambient. 

Ambient Oxide Top Si BOX layer Dose 
%O2 in Ar thickness thickness thickness 

(×1017O+/cm2)  (nm) (nm) (nm) 
2.5 0 167     176 62 

 1 350 85 88 
3.5 0 170     141 88 

 1 350 53       114 
4.5 0 168 97       119 

 1 343 31       167 
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4.3 Formation of the BOX layers in Thin SIMOX  

 In this section, the flattening process of the Si-SiO2 interfaces is discussed. The 

scaling analysis was applied to quantitatively describe the Si-SiO2 interfaces. Based on 

the analysis results, the qualitative flattening mechanisms of the BOX layer were 

suggested.  

 

4.3.1 Characteristics of Si-SiO2 Interfaces and scaling Analysis 

The relationship between the interface width (w, RMS roughness value of Si-SiO2 

interface) on the scan size (L×L) of the samples in the previous sections can be presented 

as [65] 

⎩
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where Lc is the correlation length, α is the roughness exponent and C is a constant. The 

calculated interface width (w), was described as [67] 
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where hi is the height value and h is the average height over the AFM image with n × n 

pixels.  The interface width is a function of the scan size (L).  

In the case of L<Lc, w(L) increases as a power of L with the roughness exponent 

ofα. In this region, the interface roughness is described as a self-affine fractal. The self-

affine surface is rescaled in a different transformation horizontally and vertically:  if r is 

rescaled to br (r → br), the h has to be rescaled to bαh (h →  bαh), where r and h are 
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horizontal and vertical scales, and b is a dimensionless rescaling factor [67]. The self-

similar is a special case of the transformation where α = 1. In the case of L> Lc, w(L) 

becomes saturation at a constant value (C). The roughness exponent can be obtained from 

the slope of the Log-Log plot of the interface width and the scan scale, while the 

correlation length can be obtained from the turn over point of the same curve. 

Figure 4.18 shows the example of the relationship between the RMS roughness 

and the scan scale of the sample implanted at 100 keV at 4.5×1017 O+/cm2 after annealing 

at 1350oC for 0 hour (without holding), 2 hours, and 4 hours. These curves are separated 

into two regions by the correlation length. Above this point, the RMS roughness is scale 

independent. The saturation of the surface width (wsat) is the primary index to describe 

how flat the surfaces are, while the correlation length and the roughness exponent are 

related to the kinetics of the surface formation [68]. The maximum distance between two 

points whose heights correlate to each other is determined by the correlation length, while 

the anisotropy of scaling in vertical and horizontal directions is determined by the 

roughness exponent. The scaling parameters and the annealing parameters of samples 

implanted at 65 keV and 100 keV with the dose of 4.5×1017 O+/cm2 are summarized in 

Table 4.3 The table indicates that while the Si-SiO2 interfaces are self-affine with the 

roughness exponent above 0.5, the correlation length of both samples implanted at 65 

keV and 100 keV increases while the saturated RMS surface roughness decreases 

significantly with increasing annealing temperature and time.  
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Figure 4.18. An example of the relationship between the RMS roughness and the scan 

scale of Si-SiO2 interface of the sample implanted at 100 keV with 4.5×1017 O+/cm2 after 

annealing for 0 to 4 hours. 



 92
 

Table 4.3. Summary of results from the scaling analysis of the SIMOX substrates 

implanted with 4.5×1017 O+/cm2 at different processing conditions. 

 

Energy Temperature Time Saturation RMS Roughness Correlation length 
(keV) (oC) (hours) (nm) Exponent (µm) 

65 1200 4 1.89 ± 0.08 0.69 ± 0.03 0.17 ± 0.01
 1300 0 1.66 ± 0.05 0.69 ± 0.03 0.17 ± 0.01
  4 1.24 ± 0.07 0.65 ± 0.05 0.58 ± 0.09
 1350 0 1.35 ± 0.03 0.73 ± 0.05 0.27 ± 0.04
  2 0.82 ± 0.13 0.51 ± 0.02 0.78 ± 0.23
  4 0.93 ± 0.05 0.50 ± 0.07 0.81 ± 0.17
100 1350 0 6.05 ± 0.20 0.72 ± 0.01 0.16 ± 0.01
  2 3.72 ± 0.22 0.87 ± 0.01 0.41 ± 0.03
  4 1.79 ± 0.45 0.54 ± 0.11 2.48 ± 0.92

 

In case of the intermediate-annealed samples, the decrease of the roughness 

exponent at 1350oC from about 0.73 to about 0.50 with increasing the annealing time 

from 0 hour to 4 hour was observed in the samples implanted with 4.5×1017 O+/cm2 at 65 

keV. The same trend reported by Ishiyama et al. [65] where the roughness exponent 

decreasing from 0.71 to 0.52 was observed at the same annealing temperature but with 

increasing annealing time from 4 hours to 40 hours for the SIMOX substrates implanted 

with 4.0×1017 O+/cm2 at 180 keV. In case of the thermal oxide, the roughness exponents 

of the SiO2-Si interfaces have been reported in the range from 0.2 to 0.5 [69, 70]. The 

simulated roughness exponent from well-know Kardar-Parisi-Zhang growth model is 

approximately 0.4 [71]. It was also suggested that the change of the exponent index might 

indicate the change of the growth mechanism of the Si-SiO2 interfaces as the process 

proceeds [65]. However, in the case of the annealed SIMOX substrates implanted with 
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4.5×1017 O+/cm2 at 100 keV, the trend of the roughness exponent is different from that of 

65 keV samples which probably dues to the differences of the flattening process of the 

Si-SiO2 interfaces.  

As discussed earlier, the Si-SiO2 interface morphology is controlled by the 

oxygen profile in as-implanted samples. Since the oxygen concentration profile increases 

with increasing implantation dose, it takes shorter time to form a smooth surface for high-

dose samples compared to low-dose samples. Therefore, at the same annealing condition, 

the surface roughness decreases with increasing the implantation dose as previously 

shown in Figure 4.15. Moreover, at the same dose, the sample with lower implantation 

energy requires shorter time to create a smooth surface due to the decrease of the distance 

between Rp and Dp profiles. However, the sample implanted at 100 keV with 4.5×1017 

O+/cm2 shows a relatively high RMS roughness among samples having continuous buried 

oxide layers after annealing. This sample contains a number of oxide precipitates in the 

top silicon layers (close to the Dp region) as well as layers of silicon inclusions in the 

buried oxide layer upon an annealing process as shown in our previous work [25].  The 

growth and coalescence of oxide precipitates upon the annealing process obstructs the 

flattening process of the Si-SiO2 interface. Consequently, this sample contains the highest 

surface roughness. The schematic diagram of the cross-sectional view of the SIMOX 

structures with the above implantation conditions during the intermediate annealing is 

illustrated in Figure 4.19(a).  
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Figure 4.19. Schematic diagrams of the cross-sectional views of the SIMOX substrates 

implanted at 100 keV during the annealing process with the doses of (a) 4.5×1017 O+/cm2 

and (b) above 6.0×1017 O+/cm2. 

DP 

RP

DP 

RP

a 

b 

Si substrate 

SiO2 

Oxide precipitates 

Si 



 95
 

  Samples implanted with doses below 4.5×1017 O+/cm2 contain much lower 

density of the oxide precipitates around the Dp regions than that of 4.5 ×1017 O+/cm2. In 

this case, the coalescence of the oxide precipitates around the Dp region does not 

significantly affect the construction of the surface. Figure 4.6(b)–4.6(d) show the evident 

that the density of the square domains (which resulted from the growth and coalescence 

of the oxide precipitates from the Dp regions) on the Si-SiO2 interface increases as the 

dose increase from 3.0×1017 O+/cm2 to 4.5×1017 O+/cm2. For the sample implanted at 

2.5×1017 O+/cm2 where there is no continuous BOX layer, the highest RMS roughness is 

due to the presence of silicon pipes (the insufficient coalescence of the oxide 

precipitates). 

Above 4.5×1017 O+/cm2, the RMS roughness decreases to about half of the value 

at 4.5×1017 O+/cm2 when the oxygen dose increases to 8×1017 O+/cm2 as shown in Figure. 

4.9. The same reason given for the sample implanted at 65 keV with 4.5×1017 O+/cm2 

could be used to explain the lower roughness of the Si-SiO2 interfaces. Due to the high 

concentration of the oxygen, the continuous buried oxide layers were created right after 

the implantation. Therefore, only small oxide precipitates around the Dp region 

incorporated into the BOX layer.  For 6.0×1017 O+/cm2 sample (Figure 4.6(e)), the larger 

square domains stacked over one another on the SiO2 interfaces might be from the 

precipitates close to the Rp regions, while the small ones are from the lower concentration 

close to the surfaces.  For 8.0×1017 O+/cm2 sample (Figure 4.6(f)), only small square 

domains with the step-terrace structure and the pyramid-shaped domains on their edges 

could be seen. The large domains caused by the oxide precipitates close to the Rp region 
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might have already merged and formed a flat surface. The schematic diagram of the 

cross-sectional SIMOX substrates under the intermediate annealing process at this dose 

range is shown in Figure 4.19(b). Note that the surface feature become similar to the 

sample implanted at 65 keV with 4.5×1017 O+/cm2. 

 

4.3.2 Flattening Mechanism of Si-SiO2 Interfaces 

As presented in the previous section, the Si-SiO2 interface roughness is subjected 

to the scaling behavior experienced in Equation (4.1). The profile structure of the Si-SiO2 

interface of the implanted SIMOX substrates is modified by the implantation and 

annealing process. It is also found that the sizes of the square domains are directly 

connected to the correlation length obtained from the scaling analysis as provided in 

Table 4.3. The correlation length increases when the sizes of the domains on SiO2 

surfaces increase with increasing temperature and time. However, the saturation interface 

width of the SiO2 surfaces decreases. In addition, the roughness exponent changes while 

the annealing proceeds. It is suggested that there is different flattening mechanism of the 

Si-SiO2 interfaces in samples implanted at different implantation energy of 65 keV and 

100 keV.  

For the samples implanted at 65 keV, the oxide precipitates in the top silicon layer 

started coalescing and incorporating into the BOX layer as shown in Figure 4.10(a) at 

1200oC without holding time. The coalescence is expected to be also dominant at this 

temperature after holding for 4 hours and at the annealing temperature as high as 1300oC 

and 1350oC without holding time since it took 10 minutes and 15 minutes longer to reach 
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these temperatures than the samples implanted at 1200oC without holding time. The 

coalescence of oxide precipitates might be also dominant in the 100 keV sample after the 

temperature reached 1350oC (Figure 4.13(a)) since the structures of those samples are 

similar as shown in Figures 4.12(a), 4.12(b), 4.12(d), and 4.13(a). However, the Si-SiO2 

interfaces change drastically after the further annealing for both 65 keV and 100 keV 

samples. In the case of 65 keV (Figure 4.8(b)), the Si-SiO2 interface becomes smooth 

with a significant change in the shapes of the domain from small round domains to 

pyramid-shape domains. In contrast, larger square domains have been found on the SiO2 

surfaces in the case of 100 keV (Figure 4.6(d)) 

According to Table 4.3, one could categorize the roughness exponents of the 

sample implanted at 65 keV into two sets. One group consists of the roughness exponents 

from 0.69 to 0.73. It was suggested that the coalescence of small oxide precipitates into 

the BOX layer is a dominant factor affecting the Si-SiO2 flattening process at this range 

of roughness exponent. The other group of the roughness exponents consists of the 

roughness exponents about 0.50. This group of samples contain flat surface with small 

domains having the step terrace at their edges. Based on this observation, it is suggested 

that the coalescence is dominant to the flattening process in the early stage of the Si-SiO2 

interfaces where the roughness exponent is about 0.70. The decrease of the roughness 

exponent with increasing annealing time and temperature might be due to that fact that 

the coalescence losing its dominant and the process has taken over by the reconstruction 

of the silicon surfaces by the silicon interstitials ejected from the growth of the buried 

oxide layers.  
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  For 100 keV set, the roughness exponent increases from 0.72 to 0.87 after 

annealing at 1350oC for 2 hours but decreases to 0.54 after further annealing for 2 hours 

at 1350oC. At the roughness exponent of 0.72, the coalescence of the small oxide 

precipitates is considered to be a main factor affecting the smoothing process and 

probably in the same manner as the 65 keV set in the early stage of the annealing process 

(1300oC and 1350oC without holding time). After annealing for 2 hours at this 

temperature, the roughness exponent increases to about 0.87. This is in contrast to the 

samples implanted at 65 keV where both the roughness exponent and the RMS roughness 

decrease at the same time. Also, the surface morphology is significantly different from 

the 65 keV samples. The size of the square domains is about 5 times larger than the 

domains in the sample annealed at 1350oC without holding time. Therefore, the growth of 

the square domains in 100 keV samples is probably an important factor causing the 

increase of the roughness exponent in this region, and the growth of these domains are 

suggested to be due to the differences of the oxygen profiles as discussed earlier. The 

domains have a square-shaped structure with the surface parallel to {100} plane and the 

sides are along the <110> direction. The growth of this domain is probably similar to the 

growth of oxide precipitates in Czochralski silicon with low oxygen concentration as 

reported by Wada et al. [72]. It was reported that the sizes of the platelet oxide 

precipitates with its plate oriented along the same direction as our results, increased with 

increasing temperature and time. After annealing for 4 hours, the roughness exponent 

becomes smaller to about the same value of the 65 keV samples where the step-terrace 

structure could be observed. Figure 4.20 shows an example of the AFM image of the 
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square domain and its cross-sectional profile with step-terrace structure at its edges on the 

Si-SiO2 interface of the sample implanted with 4.5×1017 O+/cm2 at 100 keV. It is 

observed that the steps are found to be the multiples of the Si lattice constant (a=0.543 

nm) as previously reported by Guilhalmenc et al. [64].  

 

 

 

 

 

 

 

 

 

Figure 4.20. An example of (a) the AFM image of the square domain and (b) its 

corresponding cross-sectional profile of the sample implanted with 4.5×1017 O+/cm2 at 

100 keV. 

 

In summary, the structure of the BOX layers and the top oxide interfaces of low-

dose low-energy SIMOX subjected to different processing conditions were investigated 

using scanning electron microscopy, transmission electron microscopy, and atomic force 

microscopy.  The continuous BOX layers were obtained with the dose of 3.0 and 3.5 × 

1017 O+/cm2 at the implantation energy of 100 keV after annealing at 1350oC for 4 hours 

a b
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in the 0.5% O2/Ar ambient with the ramping rate of 10oC/min. At the same condition but 

at the dose below 3.0×1017 O+/cm2, the discontinuous BOX layers were observed. The 

silicon islands were observed at the dose above 3.5×1017 O+/cm2. The density of silicon 

islands increases with increasing dose which corresponds to the number of silicon 

striations in the BOX layers after the implantations. In addition, it has been found that the 

annealing conditions (ramping rate and the oxygen content in the annealing ambient) 

strongly affect the structure of the SIMOX substrates. The lower ramping rate is 

recommended for obtaining continuous BOX layers in low-dose low-energy SIMOX 

materials.  The thickness of the top silicon layer and the thickness of the BOX layers can 

be easily controlled by varying the oxygen content in the annealing ambient.  
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CHAPTER 5 

STOICHIOMETRY OF SILICON OXIDE AND POINT DEFECTS IN  

THE BURRIED OXIDE LAYERS 

 

In this chapter, the effects of the processing conditions on the stoichiometry of 

BOX layers in low-dose low-energy SIMOX materials were investigated by using 

Fourier transform infrared spectroscopy (FTIR). It has been shown that the IR absorption 

spectroscopy is a competitive and nondestructive tool for obtaining the Si-O bonding 

information of the BOX layers through the various types of bonding vibrations. In 

addition, the infrared absorption characteristics to the microstructures of the as-implanted 

and annealed SIMOX wafers obtained from TEM is correlated. The points defects in the 

BOX layers were also investigated using Electron Paramagnetic Resonance (EPR). The 

stoichiometry, the point defects, and TEM micrographs will provide the insight 

information of the formation of the BOX layers in thin SIMOX layers.  

 

5.1 Infrared Spectroscopy of Si-O Bonding in BOX Layers 

In this section, the Si-O bonding formation in these SIMOX materials was 

evaluated based on their infrared absorption characteristics using FTIR.  The 

relationships of Si-O bonding characteristics and the processing conditions have been 

previously studied for SIMOX materials implanted with a relatively high implantation 

energy ranging from 150 keV to 400 keV [73-77]. Therefore, the present study focuses 

on the combination of low oxygen doses ranging from 2.0×1017 O+/cm2 to 8.0×1017 
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O+/cm2 and low implantation energies of 65 keV vs. 100 keV with the very high beam 

current of 55 mA (corresponding to the current density of approximately 4.6 mA/cm2). 

Also, effects of various annealing conditions on the characteristics of the Si-O bonds in 

the as-implanted and annealed SIMOX samples were also investigated. 

 

5.1.1 Effect of Implantation Dose and Energy 

The entire infrared absorption spectra of all as-implanted SIMOX samples 

implanted with the dose ranging from 2.0 – 8.0×1017 O+/cm2 with the implantation 

energy of 65 keV and 100 keV were acquired. However, only the Si-O absorption spectra 

of samples with the implantation doses of 3.5, 6.0, and 8.0×1017 O+/cm2 at 100 keV are 

shown in Figure 5.1(a). The results indicate clearly that the intensities of the absorption 

peaks at about 1050 cm-1 and the left shoulders at about 1150 cm-1 increase with 

increasing implantation doses. The ratio of the absorption at 1150 cm-1 and the peak 

absorption of the Si-O-Si stretching frequency (about 1050 cm-1) increases from 0.18 to 

0.26 with increasing dose from 2.5 - 8.0×1017 O+/cm2. This ratio is defined as R by Pai et 

al. [78] to quantify the characteristics of deposited amorphous SiO2 prepared by plasma 

enhance chemical vapor deposition (PECVD); and the R value of 0.4 is the minimum 

value that can be achieved for stoichiometric oxides. The peak near 1050 cm-1 and the 

shoulder at 1150 cm-1 are due to the motions of oxygen atoms. The low frequency 

component (about 1050 cm-1) is an in-phase motion of oxygen atoms accompanied by 

silicon motions. In contrast, the high frequency component (1150 cm-1) is an out-of-phase 

motion of oxygen atoms [78]. In our observation, the R ratio which is lower than 0.4 
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might indicate the presence of substoichiometric silicon oxide. In addition, the increase of 

the R factor might be related to the structural changes due to the differences of structures 

of the ion beam synthesized as-implanted oxide, in relation to the thermal or deposited 

ones. 

Figure 5.1 (b) shows the relationship between the Si-O-Si stretching frequency (ν) 

and the oxygen dose for implantation energy of 65 keV and 100 keV. The Si-O-Si 

stretching frequencies of the as-implanted SIMOX wafers shift toward lower frequencies 

compared to that of typical thermal oxide (~1080 cm-1 [76]). However, the absorption 

frequency increases with increasing implantation dose and seems to form a plateau at a 

certain dose (3.5×1017 O+/cm2 for 65 keV and 6.0×1017 O+/cm2 for 100 keV). The similar 

trend was reported by Ono et al. [76] for 180 keV except with a larger magnitude of 

change compared to 65 keV and 100 keV samples. In other words, the dose at which the 

frequency forms a plateau increases with increasing implantation energy. 

Chemical environment of each silicon atom in the Si-O-Si linkages induces 

changes of the Si-O-Si vibrations. Two factors can contribute to the changes of the 

vibration frequency, the compressive stress on the Si-O bond and the presence of 

substoichiometric SiOx when x <2  [73, 79]. The first factor, the compressive stress on 

Si-O bonds, has an impact on the Si-O bond angle [73]. When the compressive stress 

increases, the mean of Si-O-Si bond angle (θ) decreases. As a result, the Si-O-Si 

stretching frequency becomes lower as expressed in term of the force constant model 

shown below in Equation 5.1 [79]. 
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Figure 5.1. (a) Normalized IR absorption vs. wave number of the as-implanted SIMOX 

implanted at 100 keV with the various oxygen doses. The relationship between (b) the  

Si-O-Si stretching frequency, (c) the peak width, (d) the integrated absorbance and the 

oxygen dose with two different implantation energy levels: 65 and 100 keV. In (b), 

information of the sample implanted at 180 keV [76] is included for comparison.  
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ν2 = (k/mo)[sin2(θ /2)]      (5.1) 

 

where k is a nearest-neighbor effective force constant which is varied inversely with the 

Si-O bond length (ro); and mo is the mass of an oxygen atom. The second factor is due to 

the presence of substoichiometric SiOx. In contrast to the compressive stress, the 

chemical composition of the oxide which is closer to that of stoichiometric oxide 

precipitates in BOX layer increases the Si-O-Si stretching frequency. Therefore, the fact 

that the Si-O-Si frequency increases with increasing the implantation dose as shown in 

Figure 5.1(b) indicates a stronger effect of the increase of BOX stoichiometry rather than 

the increase of the compressive stress. 

However, Figure 5.1(b) also shows that the frequency reaches a plateau at a 

certain dose for each implantation energy. Note that the initial implantation doses causing 

plateaus of the stretching frequency (about 3.5×1017 O+/cm2 for 65 keV and about 

6.0×1017 O+/cm2 for 100 keV) are lower than the doses creating the stoichiometric 

oxygen concentration in amorphous SiO2 at the peak concentration (about 4.8×1017 

O+/cm2 for 65 keV and about 6.2×1017 O+/cm2 for 100 keV). These critical doses were 

obtained from the Secondary Ion mass spectroscopy analysis or TRIM [66]. TRIM 

calculation provides the value of the concentration of the implanted ions (atoms/cm3) 

normalized to the implanted dose (atoms/cm2) versus depth. The critical dose is directly 

calculated from the stoichiometric concentration of oxygen in amorphous SiO2 (4.4×1022 

atoms/cm3) divided by the peak value obtained from TRIM. Since the doses causing a 
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plateau of the stretching frequency are slightly lower than the doses creating the 

stoichiometric SiO2 at a peak concentration, it is confirmed that the increase of the Si-O-

Si stretching frequency is because the composition of the oxide tends to be 

stoichiometric. However, the plateau frequencies could be observed at 3.5×1017 O+/cm2 

for 65 keV and about 6.0×1017 O+/cm2 for 100 keV as shown in Figure 5.1(b). It is 

believed that it is due to the impact of the increase of the compressive stress. The build-

up of the compressive stress in the BOX layer is due to the change of the volume between 

the Si crystal and the oxide layer at low implantation temperature. The molar volume of 

the amorphous SiO2 is 2.2 larger than that of the crystalline silicon. Therefore, with 

increasing implanted oxygen, the volume expansion of SiO2 increases and causes the 

increase of the compressive stress in the BOX layer. It is suggested that there is a dose 

corresponding to a plateau frequency at a given implantation energy, below which the 

substoichiometry of SiOx plays a dominant role and above which the compressive stress 

in BOX layer becomes critical.  At the dose corresponding to a frequency plateau, the 

effect of the substoichiometric SiOx is balanced out by the compressive stress on the Si-

O bonds. 

In addition, note that at the same implantation dose (lower than the dose 

corresponding to a frequency plateau), samples implanted at lower energy have higher Si-

O-Si stretching frequency than those implanted at higher energy. This could be explained 

by the chemical composition of the oxide closer to that of the stoichiometric SiO2 in the 

BOX layer with lower implantation energy. At the same implantation dose, decreasing 

the implantation energy reduces the deviation of the projection range (∆Rp), and 
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consequently increases the oxygen peak concentration at the projection range (Rp). As a 

result, the oxide in the BOX layer of lower energy samples is closer to the stoichiometry 

than that of high-energy samples at the same implantation dose. 

Figure 5.1(c) shows the relationship between the peak widths of the Si-O-Si 

stretching absorption band of the as-implanted SIMOX wafers and the oxygen doses for 

two implantation energies of 65 keV and 100 keV. The results show that peak widths of 

SIMOX wafers implanted at both energies decrease with increasing oxygen dose. The 

peak width of the SIMOX wafer implanted at 65 keV decreases faster than that of the 

wafer implanted at 100 keV. It is believed that the decrease of the peak width is because 

the chemical composition tends to be more homogeneous and more compressive stress. 

Pai et al. [78] suggested that the decrease of the peak width of PECVD oxide films was a 

result of the increase of the stoichiometry of the oxide films. Also, Fitch et al. [80] 

suggested that the increase of the intrinsic stress in a very thin thermal oxide film (with 

the thickness below 80 nm) contributed to the decrease of the spread in Si-O-Si bonding 

angles at the Si-SiO2 interfaces and the decrease of the peak width. In our case, the BOX 

layers in as-implanted layer have a thickness of about 100 nm, but contain a number of 

silicon striations which increases the Si-SiO2 interfaces. Therefore, it is suggested that not 

only the oxide chemical composition which is closer to stoichiometric SiO2 but also the 

increase of the compressive stress contributes to the decrease of the peak width. 

However, the peak width of the 65 keV sample is wider than that of the 100 keV 

sample at the dose below 4.5×1017 O+/cm2. This could be explained by considering the 

variation of oxygen distributed in silicon matrix. As shown in the inset of the upper right 
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of Figure 5.1(c), the peak oxygen concentration (obtained from TRIM calculation) of the 

65 keV implanted sample is higher than that of the 100 keV sample. This indicates a 

larger variation of x in SiOx in the 65 keV sample compared to the 100 keV sample and 

may explain the wider peak width of the 65 keV sample because the peak width increases 

with increasing variation of x [78]. In contrast, when the doses are higher than 4.5×1017 

O+/cm2, the peak width of 65 keV are smaller than the samples implanted with 100 keV. 

Therefore, it is suggested that the decrease of the peak width in this dose range might be 

due to a more homogeneous composition of SiOx precipitates in the implanted layers in 

the 65 keV sample compared to that in the 100 keV sample, and the lowest values of the 

peak width in the samples implanted at 65 keV (for the highest implanted doses) would 

be due to the lower threshold dose at this energy for the formation of a continuous 

stoichiometric SiO2. 

Figure 5.1(d) shows the increase of the integrated absorbance of Si-O-Si 

stretching bands (areas under the peak) when the implantation dose increases from 

2.0×1017 O+/cm2 to 8.0×1017 O+/cm2 of the as-implanted SIMOX samples. The peak 

height (not shown here) also increases with increasing dose. However, both increments 

become less sensitive when the doses are above about 3.5×1017 O+/cm2 for 65 keV and 

above about 6.0×1017 O+/cm2 for 100 keV. As shown in previous works [63, 76], the 

peak height and the integral of absorbance of the Si-O-Si stretching peaks increase 

linearly as the oxygen dose increases. Also, the peak heights show the linear relationship 

with the oxide thickness for the thermally grown oxide [81]. In our case, the integration 

as well as the absorbance peak might not be used directly to monitor the amount of 
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oxygen atoms in the BOX layers because BOX layers are under the substoichiometry and 

the compressive stress. Our data suggests that the change of the absorption integration 

might be a result of the differences in Si-O bonding configurations. 

Two factors might reduce the sensitivity of the integrated absorbance as 

implantation dose increases. The first factor is the change of the properties of the BOX 

layers due to the combination of compressive stress and stoichiometry of SiO2. As shown 

in Figure 5.1(b), It is believed that above the dose corresponding to the plateau (about 

3.5×1017 O+/cm2 for 65 keV and about 6.0×1017 O+/cm2 for 100 keV), the compressive 

stress becomes a dominant factor controlling the IR characteristics of the BOX layers. 

The stress not only decreases the Si-O-Si stretching frequency [73] but also decreases the 

full width at half maximum of Si-O-Si stretching band, which was also suggested by 

Fitch et al. [80]. In addition, the decrease of peak width might be due to a more 

homogeneous composition of the SiOx precipitates which is closer to stoichiometric SiO2. 

The reduction of the peak width might cause the decrease of the area under curve, which 

suppresses the increment of the integration. 

The second factor is due to the increase of unbonded oxygen to silicon, in which 

oxygen filled cavities is formed. It has been shown that a number of vacancies created 

during the implantation can form the oxygen filled cavities close to the top silicon surface 

[82]. As shown in TEM micrographs (Figures 5.2(e) and 5.2(f)), numerous trails of the 

oxygen filled cavities were generated close to the surface in the samples implanted above 

6.0×1017 O+/cm2 at 100 keV. It is obvious that the density of these cavities increases with 

increasing implantation dose. Therefore, the integral of the Si-O-Si stretching band 
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becomes less sensitive at higher dose since O2 molecules can not be detected by the FTIR 

technique.  

On the other hand, Ono et al. [76] reported that the decrease of the integrated 

absorbance was due to out diffusion of oxygen atoms during the high temperature 

annealing process. As a result, they observed the decreases of the integrated absorbance 

of Si-O-Si stretching band with increasing annealing temperature. However, in our case, 

the out diffusion should not be a significant factor due to the small diffusion length of 

oxygen at relative low implantation temperature of 560oC. The diffusion length (L) and 

diffusion coefficient of oxygen in silicon (D) can be calculated using [83] 

 

           L = (Dt)1/2         (5.2) 

and 

     D = 0.17 exp(-2.54/kT)        (5.3) 

where t is the diffusion time (s). At 560oC (implantation temperature), D is approximately 

7.30×10-17 cm2/s. The implantation time is 110 minutes for the dose of 3.0 ×1017 O+/cm2 

[84]. Therefore, the diffusion length is about 7 nm which is relatively small compared to 

180 nm and 260 nm which are the depth of peak concentration in 65 keV and 100 keV 

implanted samples, respectively. For the ease of comparison, TEM micrographs of the 

corresponding signals in Figure 5.1 are again present in Figure 5.2. 

Figure 5.2 illustrates the cross-sectional TEM micrographs of as-implanted 

SIMOX samples at 65 keV with doses of (a) 2.0×1017 O+/cm2, (b) 3.5×1017 O+/cm2, and 

(c) 5.0×1017 O+/cm2 and at 100 keV with doses of (d) 3.5×1017 O+/cm2, (e) 6.0×1017 
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O+/cm2, and (f) 8.0×1017 O+/cm2, respectively. It shows that the microstructure of 

SIMOX wafers changes with increasing oxygen dose. At the dose of 2.0×1017 O+/cm2 at 

65 keV and at the dose of 3.5×1017 O+/cm2 at 100 keV, no well-defined BOX layer is 

observed. A number of small SiO2 precipitates are observed around the projection range. 

With increasing oxygen doses to 3.5×1017 O+/cm2 for the 65 keV sample and to 6.0×1017 

O+/cm2 for the 100 keV sample, the laminar structures of silicon in BOX layers are 

observed. Above these doses, a numerous trails of oxygen filled bubbles are found near 

the surface in the top silicon layers. The plateau positions of the Si-O-Si stretching 

frequency in Figure 5.1(b) of the 65 keV and 100 keV samples correspond to the samples 

implanted with the doses of about 3.5×1017 O+/cm2 and 6.0×1017 O+/cm2, respectively.  

These samples contain visible silicon striations in the BOX layer compared to those at 

lower doses. Therefore, it is suggested that the compressive stress becomes dominant for 

the changes of the IR characteristics of the BOX layer when Si striations start to be 

visible in the BOX layers. 
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Figure 5.2. TEM micrographs of as-implanted SIMOX wafers implanted at 65 keV with 

doses of (a) 2.0×1017 O+/cm2, (b) 3.5×1017 O+/cm2, and (c) 5.0×1017 O+/cm2 and wafers 

implanted at 100 keV with doses of (d) 3.5×1017 O+/cm2, (e) 6.0×1017 O+/cm2, and  

(f) 8.0×1017 O+/cm2, respectively. 
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5.1.2 Effect of the Ramping and Annealing  

In this section, the results of the FTIR analysis of the annealed SIMOX are 

presented. The SIMOX samples implanted with an oxygen dose of 4.5×1017 O+/cm2 at 65 

keV and 100 keV were annealed at 1100oC, 1200oC, 1300oC, and 1350oC without 

holding (0 hour) and with 4-hour holding. The infrared absorption spectra of all SIMOX 

samples and in the microstructures of the SIMOX samples of the second set were 

acquired. The correlation between the microstructure and the FTIR analysis is discussed. 

The FTIR characteristics of these wafer set are presented in Figure 5.3. The partial 

corresponding TEM micrographs in Figure 5.4 of the samples analyzed in this section are 

presented again for the ease of comparison.  

Figure 5.3(a) shows the IR spectra of the samples corresponding to the 100 keV 

samples in Figure 5.4(b), 5.4(d) and 5.4(f), respectively.  The Si-O-Si stretching peak 

frequency of the as-implanted sample shifts from about 1050 cm-1 to about 1080 cm-1 

after ramping the temperature up to 1100oC without any holding time. The same trend 

(not shown here) was observed in the case of the 65 keV samples. However, there was no 

significant change of the microstructures of the 65 keV as-implanted sample and the 

sample annealed at 1100oC with 0-hour holding as shown in Figure 5.4(a) and 5.4(c), 

respectively. Figure 5.3(a) also shows that the IR spectra of 100 keV samples annealed at 

1100oC without holding, and the samples annealed at 1350oC for 4 hours are similar to 

that of thermally grown oxide. Moreover, the R ratio of 100 keV as-implanted samples 

increases from 0.22 to 0.36 after annealing at 1350oC for 4 hours. This also indicates that 
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annealing up to 1350oC creates oxide layers that are similar to thermally grown oxide 

with R ratio of 0.4. 

Figure 5.3(b) shows the relationship between the Si-O-Si stretching frequency and 

the annealing temperature as well as the annealing time of the samples implanted with a 

dose of 4.5×1017 O+/cm2 at 65 keV and 100 keV. After ramping the temperature up to 

1100oC, this frequency shifts to the wave number of about 1080 cm-1. This is a large 

increase from the 1050 cm-1 of the as-implanted sample. The large shift of this stretching 

frequency is a result of the relief of the compressive stress [73, 85, 86]. However, another 

factor that may contribute to the increase of the Si-O-Si stretching frequency during the 

annealing process is the chemical change of substoichiometric SiOx to SiO2 as observed 

by Pai et al.[78] and Morimoto et al. [46]. Pai et al. observed that the Si-O-Si stretching 

frequency in SiOx alloy film increased from about 940 cm-1 to about 1080 cm-1 as x 

increased from 0 to 2.  In addition, Morimoto et al. reported that the Si-O-Si stretching 

frequency increases as the annealing temperature of the thin substoichiometric SiOx film 

increases. This is because the randomly mixed silicon and oxygen in as-deposited film 

segregate into two phases of Si and stoichiometric SiO2 clusters which are comparable to 

our case of silicon islands dispersing in the BOX layer as shown in Figure 5.4(e) and 

5.4(f). Above 1100oC, the stretching frequency tends to decrease with the annealing 

temperature and time. As shown in the previous work [14], the dislocations pinned by 

oxide precipitates could be observed in the SIMOX substrates during the annealing 

process. In addition, the local stress built around the precipitates was suggested to be the 

cause of these defects. Therefore, the decrease of the Si-O-Si stretching frequency is 
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possibly because of the small increase of the compressive stress due to the growth of the 

oxide precipitates. However, It is believed that the reduction of the Si-O-Si stretching 

frequency above 1100oC is primary due to the change of the composition to 

stoichiometric SiO2 for the entire BOX layers as suggested by Harbeke et al [87]. 

Figure 5.3(c) shows the relationship between the peak width of Si-O-Si stretching 

and the annealing conditions. It is observed that all peak widths of annealed samples are 

narrower than that of the as-implanted sample (about 120 cm-1). The peak width 

decreases to about 80 cm-1 with increasing annealing temperature and time. It is believed 

that the decrease of the peak width might be mainly due to the chemical change of 

substoichiometric SiOx to SiO2. Figure 5.3(d) shows the relationship between the 

integrated absorbance of annealed SIMOX samples implanted with a dose of 4.5×1017 

O+/cm2 at 65 keV and 100 keV which are normalized to their as-implanted integral and 

the annealing temperatures with two different holding times (0 and 4 hours). Two factors 

might contribute to the decrease of the integral of the Si-O-Si stretching band with 

increasing annealing temperature and time. The first factor is the out diffusion of oxygen 

atoms at high temperature. Ono et al. [76] reported that the integral of the absorbance 

decreased with increasing annealing temperature and time due to the out diffusion of 

oxygen atoms at the temperature above 1000oC. Form Equation 5.3, the diffusivity of 

oxygen in silicon becomes higher with increasing temperature (8.07×10-11 cm2/s at 

1100oC and 2.20×10-9 cm2/s at 1350oC). The oxygen atoms can migrate throughout the 

samples easily at these particular temperatures when there is no capping layer. 

Consequently, the out diffusion of oxygen decreases the absorption signal. The second 
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factor is due to the properties of the BOX layers. It was discussed in the previous section 

that the changes of integration of Si-O-Si band as a function of the implanted oxygen 

dose might be due to the changes of stoichiometry of SiO2 and the compressive stress. 

The decrease of the peak width in Figure 5.3(c) might be due to more homogeneous 

silicon oxide in the BOX layer. Therefore, our results suggest that the decrease of the 

integrated absorbance along with the increase of annealing temperature over 1100oC 

might be due to the combination of the out diffusion of oxygen and the change of the 

properties of SiO2 in the BOX layers. 
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Figure 5.3. (a) Normalized IR absorption vs. wave number of the as-implanted and 

annealed SIMOX implanted at 100 keV with the oxygen doses of 4.5×1017 O+/cm2. The 

relationship between (b) the Si-O-Si stretching frequency, (c) the peak width, (d) the 

integrated absorbance and the oxygen dose of as-implanted SIMOX wafers and the 

annealing time and temperature. 
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Figure 5.4. TEM micrographs of (a), (b) as-implanted SIMOX wafers at 65 keV and 100 

keV with the dose of 4.5×1017 O+/cm2; (c), (d) annealed at 1100oC without holding; and 

(e), (f) annealed at 1350oC for 4 hours, respectively.
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5.2 Point Defects in Thin Buried Oxides 

 The Electron Paramagnetic Resonance (EPR) method was employed to 

investigate point defects produced from the implantation process and the subsequent 

annealing process in SIMOX substrates. The purpose of the EPR study is to obtain the 

information of the defects induced from the implantation which will be later correlated to 

the processing conditions. The EPR spectra are plots of derivative resonance intensity of 

the sample with respect to the applied magnetic field. Changes in response at relative low 

magnetic field, called a-center, corresponds to Si dangling bonds and at relatively higher 

magnetic field, called E′-center, corresponds to an unpaired electron residing on a silicon 

atom bonded to three other oxygen atoms in the buried oxide layer [46] in the BOX layer.  

 

 5.2.1 In the As-Implanted Samples 

Figure 5.5 shows (a) the EPR spectra of 8.0×1017 O+/cm2 as-implanted sample; (b) 

the isolated a-center; and (c) the isolated E′-center. The figure illustrates that there are 

two kinds of centers. The a-center having a g-value of 2.0055 corresponds to the Si 

dangling bonds which is usually observed in the amorphous silicon; and the E′-center 

having a g-value of 2.0010 corresponds to an unpaired electron residing on a silicon atom 

bonded to three other oxygen atoms in the buried oxide layer [46] or can be referred to as 

silicon dangling bonds in SiO2.   

Figure 5.6 illustrates EPR spectra of as-implanted samples with the doses of 2.5, 

3.0, 3.5, 4.5, 6.0, 8.0×1017 O+/cm2. Only a-center is clearly seen in the sample implanted 

with the dose below 4.5×1017 O+/cm2. It implies that energetic implanted oxygen ions 
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destroyed some of the Si crystalline order and created amorphous Si, thus the presence of 

Si dangling bonds in the Si substrate (a-center). The E′-centers (silicon atoms bonded to 

three other oxygen atoms) started to be observed when the dose increases to 4.5×1017 

O+/cm2. Also, a number of E′-centers increase with increasing the oxygen dose as shown 

in Figure 5.7, a plot of the total spin density (the a-centers and the E′-centers) as a 

function of dose. Overall, trend indicates that the spin density increases with increasing 

implantation dose.  

However, the ratio between the E′-center density to the a-center density increases 

from about 0.04 to about 0.31 with increasing the implantation dose from 4.5×1017 

O+/cm2 to 8.0×1017 O+/cm2. The results suggested that the implantation of high-energy 

oxygen ion mainly amorphized the silicon substrates at the dose below 4.5×1017 O+/cm2. 

After the dose reach 6.0×1017 O+/cm2, the E′-centers are clearly seen in the EPR spectra 

(Figure 5.6). This dose is close to the critical dose at 6.2×1017 O+/cm2 for 100 keV where 

the highest oxygen concentration in the BOX layer becomes stoichiometric. The 

observation of the E′-center indicates the presence of the silicon oxide in the silicon 

substrates. On the other hand, the ratio between the E′-centers to the a-centers decreases 

from 0.18 to 0.04 with increasing the implantation energy from 65 keV to 100 keV. The 

results show that the higher implantation energy amorphized silicon substrate more than 

the lower implantation energy did.  
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5.2.2 In the Annealed Samples 

After annealing above 1100oC for 4 hours, the point defects were completely 

removed. As expected, the both defects decrease after the annealing process. Chowdhury 

et al. [88] reported that the a-center density in SIMOX substrates decreases as the 

annealing temperature increases. Also, the a-center becomes stable after annealing above 

700oC. Their results were from the implantation of the As+ ions into the annealed 

SIMOX substrates. However, the Eδ′-center defects in the buried oxide layer of the 

annealed samples can be induced by the X-ray radiation.  It was attempted to find the Eγ′ 

center and the Eδ′-center (corresponding to the structure of O3≡Si+ °Si≡O3 and the 

existence of clusters of 5 silicon atoms in the buried oxide, respectively) in the buried 

oxide layer. However, there is no significant of changes observed in the virgin SIMOX 

and the irradiated samples.  

 

 

 

 

 

 

 

 

Figure 5.5. The EPR spectra of as-implanted samples at (a) 8.0×1017 O+/cm2, (b) a-center, 

(c) E′-center. 
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Figure 5.6. (a-f) The EPR spectra of as-implanted samples as a function of implantation 

dose and (g) the sample implanted at 4.5×1017 O+/Cm2 at 100 keV after annealed at 

1100oC for 4 hours. 
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Figure 5.7. The relationship between the EPR density and the implantation dose in as-

implanted SIMOX substrates. 

 

In summary, the Si–O bonding characteristics and the point defects in the low-

dose low-energy SIMOX were investigated using FTIR and EPR. In the as-implanted 

samples, the substoichiometry of SiOx and the compressive stress in BOX layers are 

critical factors controlling the change of the Si–O–Si stretching peak position. We can 

identify the dose corresponding to a plateau of Si–O–Si stretching frequency at a certain 

implantation energy, below which the substoichiometry of SiOx plays an important role 

and above which the compressive stress in the BOX layer becomes critical. In addition, 

the increase of the E′-center to a-centers obtained from the EPR measurement 
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SiO2. As the implantation energy increases, the Si-O-Si stretching frequency is shifted 

away from that of the stoichiometric SiO2 due to the wider spread of the oxygen profile in 

the SIMOX structure. Also, this corresponds to the decrease of the E′-centers to a-centers 

ratio. The changes of the integral of the Si–O–Si stretching absorption band depending on 

the changes of the oxygen dose as well as annealing temperature and time are due to the 

out diffusion of oxygen atoms during the annealing process and the changes of the 

bonding configurations of the SiO2 in the BOX layers caused by the substoichiometry of 

oxide and the compressive stress during the implantation and the annealing process. 

Substoichiometric SiOx in the as-implanted sample becomes more like thermally grown 

oxide after annealing up to 1100 °C. 
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CHAPTER 6 

ELECTRICAL CHARACTERIZATION OF THE BOX LAYER 

  

The physical characterizations of the SIMOX structures are presented in Chapter 

5. In this chapter, the electrical properties of the BOX layer are reported. It is very 

important to characterize the electrical properties of the BOX layer since it is significant 

responsible for the performance of devices built on it. In low-dose low-energy SIMOX 

substrates, the interest is not only for the cost reduction, but also for improving the 

integrity of the BOX layers. In most cases, the BOX layers of low-dose low-energy 

SIMOX containing numerous silicon inclusions distributing throughout the BOX layers 

which are very different from the high-dose high-energy SIMOX and low-dose high-

energy SIMOX materials in which the silicon inclusions are usually located near the 

bottom interface. As a consequence, the mechanism responsible for the conduction in this 

structure might be different from those reported in the previous studies. The aims of this 

study are to correlate the structural and electrical properties of the BOX layers and to 

identify defects that are responsible for the breakdown in this substoichiometric oxide 

and establish correlations with the processing conditions. 

This chapter reported the characteristics of SIMOX BOX capacitors (SIMOX 

BOXCAP) of samples implanted with oxygen doses ranging from 3.5×1017 to 8.0×1017 

O+/cm2 and annealed from 0 to 4 hours at the temperature of 1300oC and 1350oC. The 

breakdown field strengths were extracted from the current density-electric field (J-E). 
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Based on the high-field conduction region, the degree of oxide stoichiometry can be 

described using a modified Fowler-Nordheim (F-N) model.  

 

6.1 Current Density-Electric Field Characteristics of the BOX Layer 

 As described in Chapter 3, two main types of the defects corresponding to the 

electrical breakdown of the SIMOX BOXCAP are 1) silicon pipes and 2) silicon 

inclusions in the BOX layers. Current-voltage (I-V) measurements were performed in 

order to obtain the breakdown field and the high-field conduction characteristics which 

later will be related to the stoichiometry and the presence of silicon islands in the buried 

oxide layers. The I-V characteristics were converted to the current density-electric field 

(J-E) curves and plotted for the ease of comparison. 

 

6.1.1 Effect of Implantation Doses 

 As shown in Figure 6.1(a), the currents started exponentially increasing at an 

electric field about 2.9 MV/cm, which is called the onset electric field (TE). Then the 

current abruptly increased at the breakdown electric field (BE) about 3.6 MV/cm. The 

region between the TE and BE is normally called the high-field conduction region. Figure 

6.1(a) to 6.1(d) show the J-E curve of a sample implanted at 100 keV with 3.5, 4.5, 6.5, 

and 8.0×1017 O+/cm2, respectively. From the J-E curves, the breakdown field strength 

dispersed with structures of the buried oxide and from one capacitor to another. As 

shown in Figure 6.1(a), the breakdown filed of the BOXCAP of the sample implanted 

with 3.5×1017 O+/cm2 at 100 keV varied from about 3.4 MV/cm to about 3.8 MV/cm with 
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the average of 3.6 MV/cm. In case of the sample implanted at 4.5 ×1017 O+/cm2, no 

breakdown characteristics is observed. In the case of the sample implanted at 6.0×1017 

O+/cm2, the breakdown field varied from about 1.0 MV/cm to 1.8 MV/cm with the 

average of 1.5 MV/cm. The breakdown field strength varied from about 3.5 MV/cm to 

about 4.5 MV/cm with the average of 3.8 MV/cm for the sample implanted at 8.0×1017 

O+/cm2. The summary of the breakdown field strength are listed in Table 6.1. The 

corresponding TEM micrographs were shown in Figures 4.2.  

The comparison between the average J-E characteristics of the BOXCAP of the 

samples implanted from 3.5×1017 O+/cm2 to 8.0×1017 O+/cm2 can be made easily from 

Figure 6.2. The breakdown field strength changes with the microstructural differences 

due to the varied doses. The BOXCAP of the sample implanted at 3.5×1017 O+/cm2 

provides almost the highest breakdown field strength due to the continuous BOX layer 

with small amount of silicon islands. However, the observed variation of this breakdown 

filed strength on each sample is probably due to the variation of the surface roughness of 

the BOX layer. The roughness of the BOX layer surfaces was reported in Figure 4.9. In 

the case of the 4.5×1017 O+/cm2 samples, the low breakdown field is due to the presence 

of large silicon islands in the buried oxide layers reduces the effective thickness of the 

dielectric layers. This is similar to the sample implanted with 2.5×1017 O+/cm2 (not show 

here) where the top silicon and the substrates are connected by silicon pipes. The similar 

reason in the case of the 4.5×1017 O+/cm2 sample also applies to the samples implanted 

with 6.0×1017 O+/cm2 where the breakdown field is about 1.5 MV/cm. However, the 

sample implanted with 8.0×1017 O+/cm2 contain high density of the silicon islands at 
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different depth from the top silicon and BOX layer interface but exhibit the highest 

breakdown field strength. This result suggests that the small silicon islands at different 

depths have less effect on the breakdown field strength than the only one layer of large 

silicon islands in the buried oxide layers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. J-E curve of a sample implanted with (a) 3.5×1017 O+/cm2, (b) 4.5×1017 

O+/cm2, (c)  6.0×1017 O+/cm2, (d) 8.0×1017 O+/cm2 at 100 keV. 
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Table 6.1. Summary of the breakdown field of the SIMOX BOXCAP as a function of 

dose and energy 

Breakdown-field Energy Dose 
strength 

(keV) (×1017 O+/cm2) (MV/cm) 
65 2.0 - 
 4.5 1.61 ± 0.09 
100 2.5 - 
 3.5 3.61 ± 0.06 
 4.5 - 
 6.0 1.50 ± 0.05 
 8.0 3.89 ± 0.09 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Summary of J-E curves of samples implanted with doses ranging from 3.5 to 

8.0×1017 O+/cm2 at 100 keV. 
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6.1.2 Effect of Annealing Temperature and Time 

 Figure 6.3(a) to 6.3(d) show the J-E characteristics of the SIMOX BOXCAP of 

the samples implanted with the 4.5×1017 O+/cm2 at 65 keV after annealing at 1300oC and 

at 1350oC for 0 and 4 hours. The breakdown filed of the BOXCAP of the sample 

annealed at 1300oC for 0 hour varied from about 0 MV/cm to about 2.7 MV/cm with the 

average of about 1.1 MV/cm. After annealing at 1300oC for 4 hours, the breakdown field 

significantly increases to about 3.6 MV/cm. This could be due to the oxide becomes 

similar to the thermally grown SiO2. As shown in the figure, the deviation of the 

breakdown field becomes narrower than the sample annealed at 1300oC for 0 hour. The 

variation of the breakdown field decreases from about 10% to 5% after annealing for 4 

hours at this temperature is probably due to the reduce in the RMS roughness of the 

interface from 1.7 nm to 1.2 nm as shown in Table 4.3.  

 In case of the sample annealed at 1350oC for 0 hour (Figure 6.3(c)), the average 

breakdown field is about 3.3 MV/cm. The increase of the breakdown field strength from 

about 1.1 MV/cm (Figure 6.3(a)) to this value after ramping the temperature from 1300oC 

to 1350oC is probably due to the decrease of the surfaces roughness of the BOX layer and 

the changes of the silicon island density in the BOX layer. After annealing at 1350oC for 

4 hours, the average breakdown field strength of the BOXCAP decreases to about 1.8 

MV/cm.  The decrease of the breakdown field strength is probably due to the increase of 

the size of the silicon islands in the BOX layer reducing the effective thickness of the 

BOX layers. The summary of the breakdown field strength is shown in Table 6.2. 
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Figure 6.3. J-E characteristics of  SIMOX BOXCAP of samples implanted with 4.5×1017 

O+/cm2 at 65 keV after annealing at (a) 1300oC for 0 hour, (b) 1300oC for 4 hours, (c) 

1350oC for 0 hour, and (d) 1300oC for 4 hours. 
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Table 6.2. Summary of the breakdown field of the SIMOX BOXCAP as a function of 

annealing temperature and time 

Annealing Breakdown-field RMS roughness Energy Dose 
and time strength of SiO2-Si interface 

(keV) (×1017 O+/cm2)  (MV/cm) (nm) 
65 4.5 0 h – 1300oC 1.10 ± 0.11 1.66 ± 0.05 
  4 h – 1300oC 3.52 ± 0.18 1.24 ± 0.07 
  0 h – 1350oC 3.29 ± 0.12 1.35 ± 0.03 
  4 h - 1350oC 1.61 ± 0.09 0.93 ± 0.05 

 

 

6.2 Capacitance-Voltage Characteristics of the BOX Layer 

6.2.1 Effect of Implantation Dose 

Figure 6.4(a) and 6.4(b) show the C-V characteristics and the normalized C-V 

characteristics of the SIMOX BOXCAP of the samples implanted with 3.5×1017 O+/cm2 

and with 8.0×1017 O+/cm2. The SIMOX samples implanted with 3.5×1017 O+/cm2 

contains very low density of the silicon islands, while high density of silicon islands has 

been found in the sample implanted with 8.0×1017 O+/cm2. The Cmax decreases with 

increasing oxygen dose from 3.5×1017 O+/cm2 to 8.0×1017 O+/cm2. It indicates that the 

increase of an effective oxide thickness corresponding to the increase of buried oxide 

layer thickness obtained from the TEM micrographs (Figure 4.4), eventhough the buried 

oxide layer of the sample implanted with  8.0×1017 O+/cm2 contains numerous silicon 

islands. 
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Figure 6.4. (a) C-V and (b) normalized C-V characteristics of the SIMOX BOXCAP of 

samples implanted with 3.5×1017 O+/cm2 and with 8.0×1017 O+/cm2. 
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The relationship of the dielectric constant of the oxide thin film can be obtained 

from the capacitance in the accumulation region of the high frequency C-V curve. The 

dielectric constant is calculated from the equation Cox = εrεoA/t where Cox is obtained 

from the high-frequency C-V curve in the accumulation region, εr is relative dielectric 

constant of the oxide thin film, εo is the permittivity in vacuum, A is the area of capacitor, 

t is the thickness of the oxide film. From the relation above, the decrease of the Cox as the 

dose increases indicates that the dielectric thickness increases with the dose (with the 

assumption that assuming the εr for both cases are constant). However, due to the 

structure of the oxide film, the εr might not be the same value. Instead, it was found that 

the relative dielectric constants of the BOX layers in both cases are above the 3.9 (the 

relative dielectric constant for SiO2) by calculating from the BOX thickness obtained 

from the TEM micrographs. (about 83 nm and about 217 nm for the samples implanted 

with 3.5×1017 O+/cm2 and 8.0×1017 O+/cm2, respectively). The increase of the dielectric 

constants was also found in the silicon-rich oxide obtained by PECVD method which was 

shown by Yokoyama et al. [89].  Also, it is observed in Figure 6.4(b) that the C-V 

slightly shifts to the positive voltage with the increasing dose.  It will be shown in the 

following section that the C-V shift is more affected by the annealing temperature and 

time.  

 

6.2.2 Effect of Annealing Temperature and Time 

Figures 6.5(a) and 6.5(b) show the C-V characteristics and the normalized C-V 

characteristics of the SIMOX BOXCAP of the samples implanted with 4.5×1017 O+/cm2 
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at 65 keV after annealing at 1300oC for 0 and 4 hours and at 1350oC for 4 hours.  The 

figure shows that the Cmax increases with increasing annealing temperature and time. The 

increase of Cmax indicates that the oxide dielectric thickness decreases (with the 

assumption that the εr is constant). The results support the data obtained from Figure 

6.3(c-d) where the breakdown field strength decreases due to the thick silicon islands in 

the bottom of the BOX layer after annealing at 1350oC for 4 hours as shown in Figure 

4.10(h) causing the reduction of the effective oxide thickness. It is also observed in 

Figure 6.5(b) that the C-V shifts to the positive voltage with significantly increasing 

annealing temperature and annealing time. The positive shift indicates the generation of 

negative charges to compensate the existing positive charges in the buried oxide layer. 
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Figure 6.5. (a) C-V and (b) normalized C-V characteristics of the SIMOX BOXCAP of 

samples implanted with 4.5×1017 O+/cm2 at 65 keV after annealing at 1300oC for 4 hours, 

at 1350oC for 0 hour and 4 hours. 
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6.3 High-Field Conduction Characteristics of the BOX Layer 

 The sharply rise of the current density (for examples the range of current density 

between the TE and BE in Figure 6.1(a)) is defined as the high-field conduction regime. 

As shown in Figure 6.1(a), the TE and BE are varied with the implantation doses. The J-

E of the previous results shows only negative bias (electron emission from the Si 

substrate). However, the TE is polarity dependent. In the conventional SIMOX, TE for 

the case of positive bias is lower than the negative bias. The results in the Section 6.1 

show that the TE of low-dose, low-energy SIMOX in the negative bias is significant 

lower than the TE of the thermal oxide (6 MV/cm).    

 Figure 6.6(a) and 6.6(b) show the high-field conduction regime of the SIMOX 

BOXCAP of the samples implanted at 3.0×1017 O+/cm2 and 8.0×1017 O+/cm2 after 

annealing at 1350oC for 4 hours. In both cases, the similar structure devices were tested. 

The only difference is the change of the bias polarity (either emission from silicon or 

metal electrode). The Figures show that the onset electric field (TE) for the negative bias 

in both cases is about 3.3 MV/cm. However, when the positive bias (electron emission 

from the Si substrate) was applied, the TE onset of the sample implanted at 3.0×1017 

O+/cm2 shifts to about 2.0 MV/cm, compared to 1.0 MV/cm for 8.0×1017 O+/cm2. In the 

case of the sample implanted at 6.0×1017 O+/cm2 where numerous silicon islands are 

presented in the middle of the BOX layers (Figure 4.2(c)), the onsets of both positive and 

negative bias are lower than those of 3.0×1017 O+/cm2 and 8.0×1017 O+/cm2 samples (not 

shown here).  
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Figure 6.6. Comparison of the polarity dependent J-E characteristics in the high-field 

regime of the SIMOX samples implanted with (a) 3.0×1017 O+/cm2 and (b) 8.0×1017 

O+/cm2. 
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Lenzling and Snow [54] observed the shift of the current density versus electric 

field on the thermally grown oxide while varying the type of metals and applying positive 

and negative bias. The current in this regime was suggested to be electrode limited [54].  

However, in our case the shift is suggested to be mainly from the structure of the BOX 

layer, since all tested devices had the same configuration and subjected to the same 

process. In the thermally grown oxide capacitor, the onset high-field conduction electric 

field (TE) is about 6 MV/cm (where aluminum is the top electrode)  

In the high-dose high-energy SIMOX, two major factors are the causes of 

lowering the TE, including the non-stoichiometric oxide and the silicon islands. They 

reduce the barrier-height and enhance the silicon-island-induced cathode E-field [90]. 

The position of the silicon islands in the BOX layer enhances the polarity dependence 

observed in the high-field regions. In the continuous low-dose low-energy SIMOX BOX 

layer with low density of the silicon islands, the TE onsets of the negative bias was 

observed to be about 3 MV/cm which are similar to the case of high-dose high-energy 

SIMOX. However, this is lower than that of the thermally grown oxide. Either barrier-

height lowering or barrier-width narrowing (shown in Figure 6.7) probably caused by the 

oxide sub-stoichiometry, and subsequently resulting in the reduction of the TE onset. 

Even though the TE onset of low-dose low-energy sample is about the same as 

that of the high-dose high-energy SIMOX, its breakdown electric field (BE) is still lowers 

than the high-dose high-energy case. The poor dielectric properties of the low-dose low-

energy BOX layer is due to either the non-stoichiometry in the case of 3.0×1017 O+/cm2 
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implanted sample or the presence of silicon islands in the 8.0×1017 O+/cm2 implanted 

sample. 

 In case of the positive polarity conduction, the TE of the SIMOX BOX of the 

sample implanted at 3.0×1017 O+/cm2 shifts to about 2.0 MV/cm, while the TE onset of 

the 8.0×1017 O+/cm2 shifts to 1.0 MV/cm. This could be explained by a two-step Fowler-

Nordheim tunneling with cathode electric-field enhancement as observed in the high-field 

conduction regime of the high-dose high-energy SIMOX containing the silicon islands 

[90]. At low electric field, electron first tunnels to the Si islands, and then tunneled across 

the rest of the BOX layer from the silicon islands. The electric field is enhanced by the 

presence of the silicon islands. Therefore, the onset in the case of the sample implanted at 

8.0×1017 O+/cm2 is lower than that of the sample implanted at 3.0×1017 O+/cm2 because 

of the presence of the large silicon islands at the bottom interfaces.   

 

 

 

 

 

 

  (a)    (b)    (c) 

Figure 6.7. (a) Fowler-Nordheim tunneling of the insulator, and the lower of the 

tunneling due to (b) barrier-width lowering, (c) barrier-height narrowing  

EF EF EF 
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  In addition, the microstructure of the electrode after the breakdown was examined 

in SEM and shown in Figure 6.8. It was found that the breakdown points were discrete 

and probably related to the presence of large silicon islands close to the Si substrates. 

This is in agreement with the suggestions of Wainwright and Hall [56, 91] as well as 

Krska et al. [56]. For the sample implanted at 100 keV, the negative-bias breakdown 

points were observed on the samples implanted at 8.0×1017 O+/cm2 after annealing 4 

hours but not on the samples implanted at 3.5×1017 O+/cm2 and 6.0×1017 O+/cm2.  

In summary, the electrical characteristics of the BOX layers of SIMOX materials 

prepared at different processing conditions were reported. The highest breakdown field 

strength was obtained from the SIMOX wafers with continuous BOX layers without 

silicon islands and from the wafers with very small silicon islands (with Si island 

thickness << thickness of the BOX layers). In contrast, the discontinuous BOX layers and 

the BOX layers with large silicon islands (with thickness > ½ of the thickness of the 

BOX layers) show poor breakdown field strength. In addition, the breakdown field 

strength could be improved by increasing the annealing temperature and time where the 

roughness of the top Si/SiO2 interface decreases. However, the breakdown field again 

could be reduced by the decrease of the effective dielectric thickness from the presence of 

the silicon islands at the final stage of the annealing process. The onset of the positive 

polarity conduction of samples containing silicon islands is less than that of the samples 

without silicon islands due to the presence of silicon islands close the bottom interfaces 

causing the two-step FN tunneling.  
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Figure 6.8. The SEM micrograph of the top electrode of a circular capacitor from the 

sample implanted with (a) 4.5×1017 O+/cm2 at 65 keV after annealing at 1300oC for 4 

hours and (b) 8.0×1017 O+/cm2 at 100 keV after annealing at 1350oC after the breakdown 

with a negative bias and (c) the magnified image of the break-down point in the square 

inset of (b) image.   
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CHAPTER 7 

DISCUSSION 

  

The results presented in the previous chapters show that the microstructure of 

low-dose low-energy SIMOX strongly depends on the processing conditions. The 

observations provide guidelines to obtain the optimum processing conditions in order to 

achieve the thin SIMOX substrates with minimum defects in the BOX layers. The 

purpose of this chapter is to discuss the relationships between the processing conditions 

and the resulting SIMOX microstructures and the relationships between the electrical 

properties and the structures of the BOX layers.  

 

7.1 Effects of Processing Conditions on the Formation of the BOX Layers 

In general, SIMOX wafers implanted at high implantation energy require high 

implantation dose to create continuous BOX layers because of the decrease of the peak 

concentration and the increase of the straggle. In case of low-energy SIMOX, the process 

produces a lower concentration peak and a lower straggle. Because of low-energy, the 

damage peak (Dp) and the oxygen concentration peak (Rp) move closer with deceasing 

implantation energy. It was observed that the microstructure of annealed SIMOX samples 

strongly depend on the microstructure of as-implanted samples. In addition, the formation 

of silicon islands in BOX layers is related to the striation structures in as-implanted 

samples. When the oxidation takes place, excess silicon atoms are generated and trapped 

in the BOX layers. Because the low diffusivity of silicon in a BOX layer, it is difficult for 
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silicon atoms to move toward the surface or the substrate sides which are believed to be a 

natural sink [15].  In the following sections, the effects of processing conditions on the 

microstructure of the SIMOX substrates will be discussed.  

   

7.1.1 Effect of Implantation Dose and Energy 

The final structure of SIMOX substrates is strongly affected by structure of 

SIMOX samples after the implantation. In as-implanted samples, the structures of the 

BOX layer could be categorized into 3 main categories. The schematic diagram of the 

SIMOX substrates in 3 categories is illustrated in Figure 7.1. 

The first group is the SIMOX with only numerous small oxide precipitates in the 

range of projection (Rp). The samples in the first category are the SIMOX substrates 

implanted with the dose below ~3.5×1017 O+/cm2 at 65 keV (Figure 4.1(a) and Figure 

4.1(b)) and the samples implanted with the dose below ~4.5×1017 O+/cm2 at 100 keV. 

The second group is categorized by the appearance of the silicon striations in the buried 

oxide layer in the buried oxide layer. The samples in this group are the SIMOX substrates 

implanted with the dose ranging from ~3.5×1017 O+/cm2 to ~6.0 - 7.0×1017 O+/cm2 at 65 

keV [11] and the samples implanted with the dose ranging from ~4.5×1017 O+/cm2 to 

~8.0×1017 O+/cm2 (Figure 4.1(c) and Figure 4.1(d)). These silicon striation retains the 

crystal structure [11]. Finally, the third category consists of the continuous BOX layers 

without or with silicon striations only at the bottom interface of buried oxide layer and 

silicon substrate.  
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A minimum critical dose (QC
A) and a critical dose (QC

I) are two doses separating 

the first SIMOX category from the second one and the second from the third one. QC
A is 

the minimum dose required to form a continuous buried oxide layer after high 

temperature annealing (above 1300oC), while QC
I is the minimum dose required to form a 

continuous buried oxide layer after the implantation. The semi-empirical model 

developed by developed by Li and Kilner [92] showed that QC
A = (αRp)No

SiO2 where α = 

(Rp-Dp)/Rp, Rp is the projection range, Dp is damage peak, and No
SiO2 is oxygen atoms per 

unit volume of the stoichiometry SiO2 (4.48×1022 /cm3). From the relation above, QC
A are 

~2.0×1017 O+/cm2 and ~3.5×1017 O+/cm2 for 65 keV and 100 keV samples. It is in 

agreement from the observation in the sample implanted for both cases. In the case of 

QC
I,  QC

I = 2.5 No
SiO2∆Rp, where ∆Rp is the straggle of the oxygen profile. The increase of 

implantation energy causes the increase of the critical dose. QC
I are ~6.0×1017 O+/cm2 and 

~8.0×1017 O+/cm2 for samples implanted at 65 keV and at 100 keV, respectively.  

Under the same annealing conditions, the first group tends to form a continuous 

BOX layer without silicon islands or a discontinuous BOX layer. The second group tends 

to form BOX layers with silicon islands. The density of silicon islands is affected by the 

number of Si striations presented in the BOX layers of the as-implanted SIMOX. The 

third group tends to form a BOX layer with a small amount of silicon islands at the 

bottom BOX/Si substrate interfaces. 
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Figure 7.1. The correlation between as-implanted SIMOX wafers and annealed SIMOX 

wafers as a function of implantation dose.  
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our cases, the stress was determined by the characteristics Si-O-Si stretching frequency. It 

has been found that stress increased with increasing implantation dose. Also, the EPR 

analysis shows the a-centers from amorphous silicon were observed in the lowest dose 
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formed. This supported the observation in the shift of the Si-O-Si frequency toward that 

of the stoichiometric oxide.  

 The microstructure of the as-implanted samples at 65 keV and 100 keV were 

shown in Figure 4.7. The corresponding oxygen and vacancy concentration profiles are 

shown in Figure 7.2. As discussed earlier, QC
A is proportional to the distance between Rp 

and Dp. The higher the energy, the larger the dose is required to form a continuous BOX 

layer. As shown in Figure 7.2, the Rp-Dp increases from ~40 nm to ~60 nm with 

increasing the energy from 65 keV to 100 keV. Note that the ratio between the number of 

the vacancies (defects) per oxygen ion (the areas under curves) increases with increasing 

implantation energy. This is in agreement with the observation from the EPR 

measurement where the a-center (corresponding to the amorphous silicon) to E′-center 

ratio increases with the increase of the implantation energy.  

In the samples fully-annealed at 1350oC for 4 hours, the BOX layer thickness 

increases with increasing implantation dose. The continuous BOX layers were obtained 

from the samples implanted with the doses of 3.0×1017 O+/cm2 and 3.5×1017 O+/cm2. The 

silicon pipes formed at the dose of 2.0×1017 O+/cm2, whereas the silicon islands formed 

above the dose of 3.5×1017 O+/cm2. From Figure 4.5, it is clearly shown that the 

difference between the calculated and the measured thickness of the BOX results from 

the presence of the silicon islands in the BOX layers. The highest volume fraction of the 

of the silicon islands in the BOX layers appears in the sample implanted with the dose of 

ranging from 4.5×1017 O+/cm2 to 6.0×1017 O+/cm2 due to the growth of silicon islands in 

the BOX layer.  
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Figure 7.2. The oxygen and vacancy concentration profiles of the as-implanted SIMOX 

substrates implanted at (a) 65 keV and (b) 100 keV 
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7.1.2 Effect of Annealing Temperature and Time 

The effect of annealing temperature and time was evaluated at temperatures 

ranging from 1100oC to 1350oC with 0 and 4-hour holding times on the samples 

implanted with 4.5×1017 O+/cm2 at 65 keV and 100 keV.  

In the case of samples implanted at 65 keV (Figure 4.10(f-h)), no significant 

difference on the top and bottom Si/BOX interface roughness among the samples 

annealed at the temperature above 1300oC were observed. However, in the case of 

sample implanted at 100 keV (Figure 4.11(d-f)), the top and bottom Si/BOX interfaces 

showed a significant change in roughness among the samples with same conditions. Also, 

The RMS roughness of these two set of samples (Figure 4.15) decreases with increasing 

annealing temperature and time. RMS roughness decreases from about ~6 nm to about ~2 

nm and from ~1.5 nm to ~1nm with increasing the annealing time at 1350oC for the 

samples implanted at 65 keV and 100 keV, respectively. These results implied that 

different process controls the growth and flattening of the BOX layers.  

It is well known that large precipitates grow during the high-temperature 

annealing due to a process known as Ostwald ripening [93]. Two competitive 

coalescence processes (1) at the oxygen concentration peak (Rp) and the (2) at the 

damage peak (Dp) control the growth of the BOX layer. Normally, the larger oxide 

precipitates appear in the Rp (lower) region due to the highest oxygen concentration, 

while the number of oxide precipitates formed in the Dp (upper) region because the 

defects accommodated more oxide nucleation sites. The upper precipitates can be 

dissolved and incorporated into the lower regions during the annealing, or the upper ones 
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can grow and incorporated into the lower regions. In Figure 7.3, two preferential sites (Rp 

and Dp) were observed in the sample implanted at 100 keV with the dose of 4.5×1017 

O+/cm2, while no distinct preferential sites are observed in the case of the samples 

implanted at 65 keV with the dose of 4.5×1017 O+/cm2 and the samples implanted at 100 

keV with the dose of 8.0×1017 O+/cm2.  

The formation of the BOX layers occurs through various processes. (1) The oxide 

which is smaller than the critical radius dissolved, while (2) the larger ones grew at 

expense of the smaller ones. (3)  The precipitates coalesced to form larger precipitates, 

and (4) they incorporated into the BOX layer. For the samples implanted at 65 keV, it 

was found that the oxide precipitates in the top silicon started to incorporate into the 

buried oxide layer at ~1200oC shown in Figure 4.10(d). On the other hand, the similar 

phenomena happened at 1300oC for the sample implanted at 100 keV shown in Figure 

4.11(c). The morphology of the silicon-BOX interface was strongly affected by the sizes 

of the precipitates and the distance from the precipitates to the silicon-BOX interfaces. In 

the sample implanted at 65 keV (Figure 4.11), the small oxide precipitates incorporate 

into the buried oxide layer at the early stage of the annealing. Consequently, small round 

domains were observed. In case of the sample implanted at 100 keV, larger domains 

observed on the silicon-BOX interface because the oxide precipitates were far away from 

the silicon-BOX interface. The precipitates grew to a certain size before incorporating 

into the buried oxide layer. As a result, the roughness of the silicon-BOX interface was 

improved as decreasing implantation energy. 
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The growth of silicon islands was also clearly observed as increasing temperature 

and holding time. As presented in the TEM micrographs in chapter 4, the size of Si 

islands increases with increasing annealing temperature and time. Figure 4.10 strongly 

suggests that the silicon striations in the BOX layers are the precursors for the Si islands 

in the final annealed samples. The growth of silicon islands in this range of dose 4.5×1017 

O+/cm2 – 6.0×1017 O+/cm2 strongly depends on the coalescing of Si striations in the 

vertical direction. The silicon islands appeared in one layer in the fully annealed SIMOX 

substrates, while many layers of silicon islands were observed in the SIMOX samples 

implanted with 8.0×1017 O+/cm2. The number of layers of Si islands is determined by the 

number of Si striations in the as-implanted samples and the distance among the striations 

(h) and the length of the striation (l) as shown in the schematic diagram Figure 7.4. From 

the observation in Figures 4.10 and 4.11, the ratio between the thickness (t) and the 

length (l) of the Si Striations increases with increasing annealing temperature and time 

(t2/l2 > t1/l1) to reduce of the surface energy. Silicon striations coalesced and formed the 

thicker Si islands. The larger islands were found close to the bottom BOX-Si interfaces as 

shown in Figure 4.10. This is a result of the high-density Si striations in the as-implanted 

and the injection of Si interstitials during the oxidation process without the sink sites. 
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Figure 7.3. Cross-sectional TEM micrographs of the SIMOX substrates implanted (a-c) at 

65 keV, at (d-f) 100keV with 4.5×1017 O+/cm2, at (g-i) at 100 keV with 8.0×1017 O+/cm2 

with  after annealed at 1150oC in Ar for 4 hours, 8 hours, 16 hours. 
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Figure 7.4. Schematic diagram showing microstructure of early annealed and fully 

annealed samples at (a, b)  the dose of 4.5 ×1017 O+/cm2 , (c, d) above  the dose of 6.0 

×1017 O+/cm2 at 100 keV, and (e-f) magnified image of the break-down point in the 

square from Figure (a, b) 
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7.1.3 Effect of Ramping Rate 

Ramping rate and oxygen content in the annealing ambient was found to be 

significant factor shifting the optimum dose. It was found that the increase of the oxygen 

content in the annealing ambient caused the increase of the thickness of the BOX layers. 

In general, the slow ramp rate allows oxide precipitates to grow and increases the 

survived nucleation sizes that could contribute to the growth of the buried oxide layer, 

while fast ramp rate eliminated the small precipitates through dissolution. In the case of 

silicon islands in the buried oxide layer, Tan [94] suggested that the density of silicon 

islands was also affected by the ramp rate. The slow ramp rate reduces the nucleation 

sites which causes a lower density of silicon islands.  

As shown in Figure 4.16, an oxide precipitate was present in the top silicon layer 

in the sample implanted at 2.5×1017 O+/cm2 after annealing at 1350oC for 4 hours with 

the highest ramp rate of 40oC/min, while no oxide precipitates were observed in the 

samples with the ramp rate of 5oC/min and 10oC/min. This is probably due to the two-

step ramp (i.e. rate ~40oC/min from 350oC to 1000oC and ~10oC/min from 1000oC to 

1350oC). The ramp rate in the first step may not fully eliminate the oxide precipitates. 

The remaining oxide precipitates in the upper region then continue to grown in the 

second step of the annealing. In contrast, the slow ramp rates (5oC/min and 10oC/min) 

enhance the growth of the oxide precipitates. Therefore, the oxide precipitates 

incorporated into the buried oxide layer. Also, due to the longer pre-annealing time for 

the slower ramp rate (5oC/min), silicon islands incorporated in the substrate. A longer 

annealing time could create a continuous buried oxide layer in this case.  
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Ogura et al. [27] showed that the dose window can be extended by applying rapid 

ramp rate for the dose above the window and slow ramp rate for doses below the window 

in case of low-dose high-energy SIMOX. It was also reported that the optimum dose at 

180 keV is about 4.0×1017 O+/cm2 with the temperature ramp rate of 20oC/min. In 

addition, in order to create a continuous BOX layer at the dose of 3.0×1017 O+/cm2 

(below the optimum dose), the temperature ramp rate has to be lower to about 0.7oC/min. 

The ramp rate at 200oC/min can create a continuous BOX in the case of the dose of 

6.0×1017 O+/cm2. In our case, a higher ramping rate (>40oC/min) might have to be 

applied to our sample implanted with 4.5×1017 O+/cm2 at 100 keV in order to create a 

continuous buried oxide layer without silicon islands. 

Continuous BOX layers were created in the sample implanted at 2.5×1017 O+/cm2 

with the temperature ramp rate of 5oC/min and 10oC/min (Figure 4.16(a) and 4.16(b)) 

instead of the silicon pipes which is different from the SIMOX substrate obtained from 

Ibis where the silicon pipes were found at the dose of 2.5×1017 O+/cm2 with the 10oC/min 

ramp rate (Figure 4.1(a)). The main different in the process is the starting temperatures. 

The starting annealed temperature for Ibis samples is ~800oC, whereas the samples 

shown in Figure 4.16 had the starting temperature of ~350oC. The higher pre-annealing 

time in our cases might enhance the growth of the buried oxide layer and shifts the 

optimum dose to 2.5×1017 O+/cm2. 
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7.1.4 Effect of Oxygen Content in Annealing Ambient 

As shown in Table 4.2, the thickness of the BOX layers increases with increasing 

oxygen content in the annealing ambient from 0 to 1%. Wada et al. [72] observed the 

growth of the oxide platelet in Cz-silicon after annealing at high-temperature. The 

volume of the oxide platelet was described as following 
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=      7.1 

where CI is the initial oxygen content, CE is the equilibrium oxygen content at a certain 

temperature, and CS is the oxygen content in the precipitate, D is the oxygen diffusion 

coefficient, and t is time. It is suggested that the increase in thickness of the BOX layers 

is due to the increase of the CI from the oxygen diffusion into the SIMOX substrates. 

Also, the similar results were demonstrated by Nakashima et al [44]. The fully-annealed 

SIMOX substrate implanted with 4.0×1017 O+/cm2 at 180 keV were subjected to the 

oxidation at 1350oC in Ar-O2 gas mixture. The process is called Internal Thermal 

Oxidation (ITOX). It was found that the thickness of the BOX layer increases after the 

oxidation process.  

The increase of the oxygen in the ambient showed no significant effect on 

removing the silicon islands since the silicon islands are still observed in the sample 

implanted with 4.5×1017 O+/cm2 at 100 keV. This is because the internal oxide formed at 

the top silicon and the BOX layer interfaces. Also, the distance between the silicon 

islands and the top silicon layers increases with increasing oxygen content. As shown in 

Figure 4.10, no significant change of BOX layer thickness was observed among the 
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sample implanted with 4.5×1017 O+/cm2 at 65 keV after annealing at 1300oC for 0 and 4 

hours and at 1350oC for 0 and 4 hours in the 0.5% O2 in Ar. This suggested that the 

oxygen below 0.5% O2 in Ar might be too low to contribute to the growth of the BOX 

layers and out diffusion of the oxygen from the substrates was also expected. The 

deficiency of oxygen is due to the post annealing in the inert gas. The increase of oxygen 

ratio in the ambient slows down the out diffusion process. 

 

7.2 High-Field Conduction in the Buried Oxide Layer 

From the J-E characteristics in chapter 6, the breakdown electric field (BE) varied 

with the structures of the BOX layers and also varied from one device to another. The BE 

is calculated from the breakdown voltage divided by thickness of the buried oxide layer 

obtained from the TEM analysis. The field-assisted tunneling (Fowler-Nordhiem current) 

is suggested to be a typical mechanism of leakage current through thin oxide film after 

the TE onset. The silicon inclusions in the BOX layers cause the reduction of the 

effective dielectric thickness. Consequently, the decrease of the BE and the increase of 

the current densities have been observed. The presence of large silicon islands in the case 

of sample implanted at 4.5×1017 O+/cm2 and 6.0×1017 O+/cm2 (Figure 4.2(b) and 4.2(c)) 

might cause the lower of the breakdown field as shown in Figure 6.2 compared to the 

samples implanted at 3.5×1017 O+/cm2 and 8.0×1017 O+/cm2. The BE is determined by the 

thinnest dielectric where the largest silicon island appearing in the capacitor.  So, 

variation of the BE is due to the variation of the thickness of the silicon islands in the 

buried oxide layers. The observation is similar to that was reported by Meda et al. [95] in 
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the sample implanted 200 keV with dose of 5.5×1017 O+/cm2 which the variation of the 

breakdown was observed due to the changes of sizes of capacitor. The variation of the 

breakdown voltage increases with increasing the sizes of the capacitor. They suggested 

that this variation was from the non-uniformity of the silicon islands in the buried oxide 

layer.  

Two main effects in buried oxide conduction are 1) the modification of the 

effective barrier-height due to the oxide non-stoichiometry and the E-field enhancement 

due to the presence of the silicon islands [96]. Lowered tunneling onset from the top 

electrode injection (negative bias) is caused by the oxide non-stoichiometry, whereas the 

lowered tunneling onset from the substrate injection (positive bias) is due to the presence 

of silicon islands. The information of the excess silicon density in the buried oxide layer 

can be extracted from the F-N tunneling from the top electrode injection tunneling. From 

Equation 2.1, ka was suggested to be related to the silicon island density in the buried 

oxide layer in case of the high-dose high-energy SIMOX [90] and to density of the 

asperities along the interface [97]. Parameter ke
 is called the cathode field enhancement 

factor. The ka, ke, and φB could be extracted from the intercept of the lnJ/E2 versus 1/E 

plot. The slope of the plot equals –(B0φB
3/2)/ke and the intercept equals ln(A0kake

2/φB). It 

was suggested that ke could be assumed a unity for the case of samples without silicon 

islands and for the negative bias. From the above assumption, the barrier-height for the 

case of sample implanted at 3.0×1017 O+/cm2 is ~0.64 eV. The similar result was 

observed in the case of Si-rich oxide with φB is 0.6 eV. φB of the sample implanted with 

8.0×1017 O+/cm2 is ~2.94 (with the assumption that only the large silicon islands close to 
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the bottom interfaces are contributed to the ke factor). The plausible explanation of the 

higher φB in case of the sample implanted with 8.0×1017 O+/cm2 is because the presence 

of the silicon islands keeps the oxide close to the interface stoichiometric.  
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CHAPTER 8 

CONCLUSION 

  

The study presents the effect of processing conditions on the formation of the 

buried oxide layer in the low-dose low-energy SIMOX substrates implanted with doses 

ranging from 2.0×1017 O+/cm2 to 8.0×1017 O+/cm2 at the energies of 65 keV and 100 keV.  

The microstructural and electrical properties of the buried oxide layers in low-dose low-

energy SIMOX were studied. 

In the as-implanted samples, a large number of precipitates of various sizes 

formed around the projection range (Rp) in the silicon wafer during the low-dose 

implantation. Silicon striations were observed in the as-implanted samples with the dose 

ranging from 4.5×1017 O+/cm2 to 8.0×1017 O+/cm2. Also, by observing the Si-O-Si 

stretching peak in the infrared absorption, the substoichiometry of SiOx and the 

compressive stress in BOX layers were detected. The increase of stress in the buried 

oxide layer with increasing dose was observed and was suggested to be the cause of the 

generation of {113} defects. Also, it is found that the oxygen and vacancy distribution 

profiles during the implantation are critical to determine the final SIMOX structure.  

In the intermediate-annealed samples, the formation of oxide precipitates depends 

on oxygen and defect redistribution. Higher annealing temperature and longer annealing 

time result in smoother silicon-buried oxide interfaces. The oxide precipitates 

preferentially grew at Rp and in damage region (Dp). Reducing implantation energy and 

increasing implantation dose decreases the distance between the upper precipitates and 
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the lower ones. Therefore, a continuous buried oxide layer developed at lower annealing 

temperature and times for the sample implanted at lower energy. Also, the morphology of 

silicon-buried oxide layer interfaces subjected to the annealing at various annealing 

temperature ranging from 1200oC to 1350oC were investigated. According to the scaling 

analysis, it is determined that the Si-SiO2 interfaces of the intermediate-annealed SIMOX 

substrates are self-affine with the roughness exponent (α) above 0.50. According to the 

change of α, the qualitative flattening mechanism of Si-SiO2 interfaces could be separated 

into 3 phases. At the early stage of the annealing process where α is about 0.70, the 

coalescence of the oxide precipitates is dominant, and round domains (type I) in both 

samples implanted at 65 keV and 100 keV were observed. However, in case of the 100 

keV sample, after the annealing proceeded where α increases to about 0.87, the square-

shaped domains (type II) were observed. The growth of the square-shaped domains is 

probably the factor controlling the flattening mechanism of the Si-SiO2 interfaces. For 

further annealing at 1350oC, α decreases to about 0.54 where the pyramid-shaped 

domains (type III) with the step-terrace structure and the square-shaped domains are both 

present. In contrast, in the case of 65 keV samples, α continuously decreases from about 

0.70 to about 0.50 without the presence of the square-shaped domain but only the 

pyramid-shaped domains with the step-terrace structure after annealing at 1350oC for 4 

hours. This is probably due to the reconstruction of the silicon interstitials ejected from 

the growth of BOX layers.  

In the fully-annealed samples, the silicon pipes and silicon islands were observed 

in the sample implanted with the dose below 3.0×1017 O+/cm2 and above 3.5×1017 
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O+/cm2 respectively. The buried oxide layer thickness increases with increasing 

implantation dose. It was also found that the annealing ambient and ramping rate were 

critical to the growth of the buried oxide layer. Slower ramping rate allows the 

continuous buried oxide layer to create lower than the usual optimum dose because it 

oxide precipitates to grow larger than the minimum size and increases the survived 

nucleation sizes. Increasing the oxygen content in the argon ambient increases the 

thickness of the BOX layer while reducing the top silicon layers.  In addition, the 

presence of silicon islands degraded the integrity of the buried oxide layers. The 

breakdown electric field of the buried oxide is lower than that of the thermally grown 

oxide (about 10 MV/cm). The presence of the silicon islands in the buried oxide layers 

and the silicon inclusions are suggested to be the cause of the decreasing of the 

breakdown electric field of the buried oxide layers. From the high-field conduction 

regions, the lowering of the tunneling onset due to the modification of the effective-

height and the E-field enhancement were suggested.  

In summary, this study provides a better understanding of the formation and 

characteristics of the BOX layers in low-dose low-energy SIMOX materials as a function 

of the processing condition including the implantation dose, the implantation energy, the 

annealing temperature, the annealing time, the temperature ramp rate, and the oxygen 

content in the annealing ambient.  With a ramping rate of 10oC/min and 1%O2 in Ar 

ambient, the optimum dose for the implantation energy of 100 keV is at 3.0×1017 O+/cm2 

and at 3.5×1017 O+/cm2 with no observation of Si islands and a minimal Si/SiO2 RMS 

roughness. The pin holes at the BOX layers and the Si islands formed at the doses above 
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and below these optimum doses. The improvement of the BOX layers of the low-dose 

low-energy SIMOX materials was achieved by decreasing the temperature ramp rate. 

With a ramping rate of 5oC/min, the optimum dose could be found at 2.5×1017 O+/cm2 for 

the implantation energy of 100 keV. Also, the thickness of the top silicon layers can be 

also easily controlled by changing the oxygen content in the annealing ambient. 

  

 

 



 164
 

REFERENCES 

 

[1] A. Auberton-Herve, A. Wittkower, B. Aspar, Nucl. Inst. and Meth. Phys. Res. B96, 
420  (1995). 

[2] R. Datta, L. P. Allen, R. P. Dolan, K. S. Jones, M. Farley, Mat. Sci. Eng. B46, 8 
(1997). 

[3] H. L. Ho, M. D. Steigerwalt, B. L. Walsh, T. L. Doney, D. Wildrick, P. A. 
McFarland, J. Benedict, K. A. Bard, D. Pendleton, J. D. Lee, S. L. Maurer, B. Corrow, D. 
K. Sadana, IEDM Tech. Dig. 22 (2001).  

[4] T. Mizuno, R. Ohba, K. Ohuchi, Appl. Phys. Lett. 69, 106 (1996). 

[5] M. Alles, W. Krull, 1993 IEEE SOI Conf Proc., Palm Spring, CA., 102 (1993). 

[6] U. Gosele, M. Reiche, Q.-Y. Tong, Microelectron. Eng. 28, 391 (1995). 

[7] M. Bruel, Nucl. Inst. and Meth. Phys. Res. B108, 313 (1996). 

[8] J.-P. Colinge, Silicon-on-insulator technology: materials to VLSI., Kluwer Academic 
Publishers, Boston, 1997 

[9] K. Izumi, Y. Omura, S. Nakashima, Mater. Res. Soc. Symp. Proc. 23, 443 (1984). 

[10] A. Auberton-Herve, A. Wittkower, B. Aspar, Nucl. Inst. and Meth. Phys. Res. B96, 
420  (1995). 

[11] B. Johnson, J. S. Jeoung, P. Anderson, S. Seraphin, J. Mater. Sci.: Materials in 
Electronics. 13, 303 (2002). 

[12] J. Stoemenos, K. J. Reeson, A. K. Robinson, P. L. F. Hemment, J. Appl. Phys. 69, 
793 (1991). 



 165
 

[13] Y. Ishikawa, N. Shibata, Nucl. Inst. and Meth. Phys. Res. B91, 520 (1994). 

[14] J. S. Jeoung, PhD Dissertation, University of Arizona, 2004. 

 [15] B. Johnson, PhD Dissertation, University of Arizona, 2001. 

[16] B. Johnson, Y. Tan, P. Anderson, S. Seraphin, M. J. Anc, J. Electrochem. Soc. 148, 
G63 (2001). 

[17] S. Nakashima, K. Izumi, J. Mater. Res. 8, 523 (1993). 

[18] R. J. Dexter, S. T. Picraux, S. B. Watelski, Appl. Phys. Lett. 23, 455 (1973). 

[19] M. H. Badawi, K. V. Anand, J. of Phys. D. 10, 1931 (1977). 

[20] K. Izumi, M. Doken, E. Yamamoto, Y. Irita, Denshi Tsushin Gakkai Ronbunshi, C. 
J62-C, 818 (1979). 

[21] J. P. Ruffell, D. H. Douglas-Hamilton, R. E. Kaim, K. Izumi, Nucl. Inst. and Meth. 
Phys. Res. B21, 229 (1987). 

[22] J. Stoemenos, C. Jaussaud, M. Bruel, J. Margail, J. Cryst. Growth. 73, 546 (1985). 

[23] G. Ryding, T. H. Smick, M. Farley, B. F. Cordts, R. P. Dolan, L. P. Allen, B. 
Mathews, W. Wray, B. Amundsen, M. J. Anc, Ion Implantation Technology. Proc. 11th, 
436 (1996). 

[24] J. Jiao, B. Johnson, S. Seraphin, M. J. Anc, R. P. Dolan, B. F. Cordts, Mat. Sci. Eng. 
B72, 150 (2000). 

[25] J. S. Jeoung, P. Anderson, S. Seraphin, J. Mater. Res. 18, 2177 (2003). 

[26] A. Ogura, H. Ono, Appl. Surf. Sci. 159, 104 (2000). 



 166
 

[27] A. Ogura, J. Electrochem. Soc. 145, 1735 (1998). 

[28] S. Bagchi, S. J. Krause, P. Roitman, Appl. Phys. Lett. 71, 2136 (1997). 

[29] B. Johnson, J. S. Jeoung, P. Anderson, S. Seraphin, J. Mater. Sci.: Materials in 
Electronics. 13, 303 (2002). 

[30] R. Datta, L. P. Allen, R. P. Dolan, K. S. Jones, M. Farley, Mat. Sci. Eng. B46, 8 
(1997). 

[31] S. Kawazu, H. Miyatake, Y. Yamaguchi, T. Nishimura, H. Koyama, Jpn. J. Appl. 
Phys. Pt1. 30, 112 (1991). 

[32] Y. Tan, B. Johnson, S. Seraphin, J. Jiao, M. J. Anc, L. P. Allen, J. Mater. Sci.: 
Materials in Electronics. 12, 537 (2001). 

[33] B. El-Kareh, Fundamentals of semiconductor processing technology, Kluwer 
Academic Publishers, Boston, 1995. 

[34] N. Meyyappan, T. Nakato, J. Blake, F. Sinclair, 1993 Proc. IEEE SOI Conf. Palm 
Spring, CA., October (1993).  

[35] X. Wang, M. Chen, Y. M. Dong, J. Chen, X. H. Liu, Surface & Coatings 
Technology. 158, 180 (2002). 

[36] A. K. Robinson, Y. Li, C. D. Marsh, R. J. Chater, P. L. F. Hemment, J. A. Kilner, G. 
R. Booker, Mat. Sci. Eng. B12, 41 (1992). 

[37] S. Nakashima, M. Harada, T. Tsuchiya, 1993 Proc. IEEE SOI Conf. Palm Spring, 
CA., 14-15 (1993). 

[38] K. Izumi, M. Doken, H. Ariyoshi, 6th Int. Symp. Ultralage Scale Integration Sci. 
&Tech., vol PV 97-3, Pennington, NJ, 221, (1997). 

[39] S. Krause, M. Anc, P. Roitman, Mrs Bulletin. 23, 25 (1998). 



 167
 

[40] S. Nakashima, T. Katayama, Y. Miyamura, A. Matsuzaki, M. Imai, K. Izumi, N. 
Ohwada, 1994 IEEE SOI Conf. Proc., Nantucket Island, MA, 75-76 (1994).  

 [41] H. I. Ono, Taeko Ogura, Atsushi, Appl. Phys. Lett. 72, 2853 (1998). 

[42] J. Margail, J. M. Lamure, A. M. Papon, Mat. Sci. Eng. B12, 27 (1992). 

[43] S. Nakashima, K. Izumi, Report of Research Center of Ion Beam Technology, Hosei 
University, Supplement. 8, 67 (1990). 

[44] S. Nakashima, T. Katayama, Y. Miyamura, A. Matsuzaki, M. Kataoka, D. Ebi, M. 
Imai, K. Izumi, N. Ohwada, J. Electrochem. Soc. 143, 244 (1996). 

[45] J. Jiao, B. Johnson, S. Seraphin, M. J. Anc, R. P. Dolan, B. F. Cordts, Mat. Sci. Eng.  
B72, 150 (2000). 

[46] A. Morimoto, H. Noriyama, T. Shimizu, Jpn. J. Appl. Phys. Pt 1. 26, 22 (1987). 

[47] W. L. Warren, M. R. Shaneyfelt, J. R. Schwank, D. M. Fleetwood, P. S. Winokur, R. 
A. B. Devine, W. P. Maszara, J. B. McKitterick, IEEE Trans. Nucl. Sci. 40, 1755 (1993). 

[48] E. A. Chowdhury, T. Seki, T. Izumi, H. Tanaka, T. Hara, Appl. Surf. Sci. 159-160, 
231 (2000). 

[49] W. L. Warren, M. R. Shaneyfelt, J. R. Schwank, D. M. Fleetwood, P. S. Winokur, R. 
A. B. Devine, W. P. Maszara, J. B. McKitterick, IEEE Trans. Nucl. Sci. 40, 1755 (1993). 

[50] R. A. B. Devine, J. Appl. Phys. 70, 3542 (1991). 

[51] A. Stesman, R. Devine, A. G. Revesz, H. Hughes, IEEE Trans. Nucl. Sci. 37, 2008 
(1990). 

[52] A. G. Revesz, H. L. Hughes, Microelectron. Eng. 36, 343 (1997). 



 168
 

[53] M. J. Anc, W. A. Krull, Microelectron. Eng. 28, 407 (1995). 

[54] Lenzling.M, E. H. Snow, IEEE Transactions on Electron Devices. ED15, 686 
(1968). 

[55] Y. L. Chiou, J. P. Gambino, M. Mohammad, Solid-State Electronics. 45, 1787 
(2001). 

[56] J. H. Y. Krska, J. U. Yoon, J. T. Nee, P. Roitman, G. J. Campisi, G. A. Brown, J. E. 
Chung, IEEE Trans. Nucl. Sci. 43, 1956 (1996). 

[57] G. M. Ma, S. Chevacharoenkul, Mater. Res. Soc. Symp. Proc. 199, 235 (1990). 

[58] D. E. Kendal, Ann. Rev. Mat. Sc. 9, 373 (1979). 

[59] O. Tabata, R. Asahi, H. Funabashi, K. Shimaoka, S. Sugiyama, Sensors and 
Actuators A. 34, 51 (1992). 

[60] Digital Instruments, D3000 Command Reference Manual, Santa Babara, CA, 1996, 
p. 

[61] T. Yoshinobu, A. Iwamoto, K. Sudoh, H. Iwasaki, J. Vac. Sci. and Technol. B13, 
1630 (1995). 

[62] M. Chakrapani, S. J. Mitchell, D. H. Van Winkle, P. A. Rikvold, Journal of Colloid 
and Interface Science. 258, 186 (2003). 

[63] K. Kajiyama, T. Yoneda, Y. Fujioka, Y. Kido, Nucl. Inst. and Meth. Phys. Res. 
B121, 315  (1997). 

 [64] C. Guilhalmenc, H. Moriceau, B. Aspar, A. J. Auberton-Herve, J. M. Lamure, Mat. 
Sci. Eng. B46, 29 (1997). 

[65] T. Ishiyama, M. Nagase, Y. Omura, Appl. Surf. Sci. 190, 16 (2002). 



 169
 

[66] J.F. Ziegler., Handbook of ion implantation technology, Ion implantation 
technology., North-Holland, Amsterdam ; New York, 1992.  

[67] A.-L. Barabasi, Fractal concepts in surface growth., Press Syndicate of the 
University of Cambridge,New York, NY, USA, 1995 

[68] T. Yoshinobu, A. Iwamoto, H. Iwasaki, Jpn. J. Appl. Phys. Pt 2. 33, L67(1994). 

[69] T. Yoshinobu, A. Iwamoto, H. Iwasaki, Jpn. J. Appl. Phys. Pt 1. 33, 383 (1994). 

[70] X. H. Liu, J. Chen, M. Chen, X. Wang, Appl. Surf. Sci.  187, 187 (2002). 

[71] M. Kardar, G. Parisi, Y. C. Zhang, Phys. Rev. Lett. 56, 889 (1986). 

[72] K. Wada, H. Nakanishi, H. Takaoka, N. Inoue, J. Cryst. Growth. 57, 535 (1982). 

[73] E. F. Steigmeier, G. Harbeke, K. J. Reeson, P. L. F. Hemment, A. K. Robinson, 
Nucl. Inst. and Meth. Phys. Res. B37-38, 304 (1989). 

[74] L. R. Zheng, D. T. Lu, Z. L. Wang, B. Zhang, P. L. F. Hemment, Nucl. Inst. and 
Meth. Phys. Res. B55, 754 (1991). 

[75] D. T. Lu, L. R. Zheng, Z. L. Wang, P. L. F. Hemment, Nucl. Inst. and Meth. Phys. 
Res. B55, 705 (1991). 

[76] H. Ono, T. Ikarashi, A. Ogura, Appl. Phys. Lett. 72, 2853 (1998). 

[77] M. J. Kim, D. M. Brown, M. Garfinkel, J. Appl. Phys. 54, 1991 (1983). 

[78] P. G. Pai, S. S. Chao, Y. Takagi, G. Lucovsky, J. Vac. Sci. and Technol. 4, 689 
(1986). 

[79] G. Lucovsky, M. J. Manitini, J. K. Srivastava, E. A. Irene, J. Vac. Sci. and Technol. 
B5, 530 (1987). 



 170
 

 [80] J. T. Fitch, G. Lucovsky, E. Kobeda, E. A. Irene, J. Vac. Sci. and Technol. B7, 153 
(1989). 

[81] N. Nagasima, Jpn. J. Appl. Phys. 9, 879 (1970). 

[82] M. K. Elghor, S. J. Pennycook, F. Namavar, N. H. Karam, Appl. Phys. Lett. 57, 156  
(1990). 

[83] M. Stavola, J. R. Patel, L. C. Kimerling, P. E. Freeland, Appl. Phys. Lett. 42, 73  
(1983). 

[84] J. Blake, S. Richards, Proc. Int. Conf. Ion Implantation Technology. 2002. 14th. 391, 
(2002). 

[85] J. Takahashi, T. Makino, J. Appl. Phys. 63, 87 (1988). 

[86] A. Perez-Rodriguez, A. Romano-Rodriguez, J. Macia, J. R. Morante, E. Martin, J. 
Jimenez, Nucl. Inst. and Meth. Phys. Res. B84. 275 (1994). 

[87] G. Harbeke, E. F. Steigmeier, P. Hemment, K. J. Reeson, L. Jastrzebski, Semi. Sci. 
and Tech. 2, 687 (1987). 

[88] E. A. Chowdhury, T. Seki, T. Izumi, H. Tanaka, T. Hara, Appl. Surf. Sci. 159, 231 
(2000). 

[89] S. Yokoyama, D. W. Dong, D. J. Dimaria, S. K. Lai, J. Appl. Phys. 54, 7058 (1983). 

[90] J.-H. Y. Krska, J. U. Yoon, J. T. Nee, P. Roitman, G. J. Campisi, G. A. Brown, J. E. 
Chung, IEEE Transactions on Electron Devices. 43, 1956 (1996). 

[91] S. P. Wainwright, S. Hall, Semi. Sci. and Tech. 8, 1854 (1993). 

[92] Y. Li, J. A. Kilner, Mat. Sci. Eng. B12, 77 (1992). 



 171
 

[93] C. Jaussaud, J. Margail, J. Stoemenos, M. Bruel, Mater. Res. Soc. Symp. Proc. 107, 
17 (1988). 

[94] Y. Tan, Master Thesis. The University of Arizona, 2000. 

[95] L. Meda, S. Bertoni, G. F. Cerofolini, H. Gassel, Nucl. Inst. and Meth. Phys. Res. 
B84, 270 (1994). 

[96] J.-H. Y. Krska, J. U. Yoon, J. T. Nee, P. Roitman, G. J. Campisi, G. A. Brown, J. E. 
Chung, IEEE Transactions on Electron Devices. 43, 1956 (1996). 

[97] S. Hall, S. P. Wainwright, J. Electrochem. Soc. 143, 3354 (1996). 
 

 


