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ABSTRACT 

The effects of implantation dose, energy, and annealing conditions on the 

microstructure and the formation and evolution of defects in the low-dose, low-energy 

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

scanning electron microscopy, scanning electron microscopy (SEM), optical microscopy 

secondary ion mass spectroscopy (SIMS), and Rutherford backscattering spectrometry 

(RBS). The quality of top Si layer and buried oxide layer (BOX) was also characterized 

with the electrical measurements. 

Implantation conditions such as implantation energy and dose had significant 

effects on the microstructures and the defect density. In the as-implanted samples, the 

main crystallographic defects were MFD in the top Si layer and [113} defects in the 

substrate region just below the BOX/Si interface. Although dislocation-precipitate 

complexes were generated at the annealing temperature between 1100 and 1200 °C, they 

were completely annihilated by dissolution and incorporation into BOX layer during 

annealing at 1350 °C. 

The main crystallographic defects in the SIMOX structure after final annealing at 

1350 °C for 4 hrs were threading dislocations, parallel dislocations, and stacking fault 

pyramids, During the ramping and annealing process, the oxide precipitates in the top Si 

layer played a key role for reducing the defect density by pinning the dislocations which 

prevented the extension of dislocations to the wafer surface. In this study, two different 

formation mechanisms of threading dislocation are proposed to explain dose dependency 

of defect in low-dose low-energy SIMOX. From the structural characterization, it was 



found that the optimum dose window to forai a continuous BOX layer after annealing 

was 3.0 to 3.5 xio'^ OVem^. 

In the electrical characterization, the Hg-based pseudo-MOSFET technique was a 

very effective in-situ technique to evaluate the electrical quality of low-dose low-energy 

SIMOX. Based on the comparisons of device parameters of low-dose low-energy 

SIMOX and commercial SIMOX samples, we found that the quality of top Si layer of 

SIMOX sample prepared at 100 keV with a dose of 3.5xlO'^ OVcm^ was excellent. 

However, the interface properties (interfacial trap density) needed to be improved. The 

dielectric quality of low-dose low-energy SIMOX evaluated by breakdown voltage 

measurements showed a strong dependency on the microstructure of samples. 
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CHAPTER 1 

INTRODUCTION 

Silicon-on-Insulator (SOI) as a substrate material for applications such as high end 

logic, microprocessors and low-power low-voltage devices for portable applications 

provides many advantages over the bulk silicon including low parasitic capacitance, high 

resistance to transient, complete elimination of latch-up, high packing density and low-

power consumption in complementary metal-oxide-semiconductor circuits (CMOS). 

These advantages come from the embedded buried oxide layer (BOX) which provides 

total dielectric isolation of active device regions from the substrate. Thus, SOI-based 

devices function at significantly higher speeds while reducing electrical losses \ Using 

the basic advantage of the SOI structure, new SOI-based devices have been developed for 

a large variety of applications as shown in Figure 1.1. 

Developments in Silicon-on-Insulator (SOI) technology during the last few years 

have shown that SOI substrates are entering mainstream for Integrated Circuit (IC) 

production. Many significant worldwide chipmakers including IBM, Motorola, Samsung, 

Mitsubishi, Sharp and Honeywell are choosing SOI substrates to produce high 

performance microprocessors and advanced integrated circuitry In the race for faster 

microprocessors, fully depleted designs are being targeted to sub-90 nm devices, 

requiring a need of ultra-thin SOI material. When operating in fully depleted mode, 

transistor threshold voltage is directly linked to the SOI film thickness. As a result, the 

thickness uniformity of the SOI film is a critical parameter to guarantee threshold voltage 

control. According to The International Technology Roadmap for Semiconductors (ITRS) 



guidelines by 2004, SOI wafers will be produced in large volume with diameter increased 

from 200 mm to 300 mm while the thicknesses of silicon film and BOX layer will 

decrease to 20 nm and 45 nm, respectively The manufacturability of the ultra-thin SOI 

materials with high quality is critical to meet those extreme specifications. 

Among several techniques for fabricating SOI wafers, there are two techniques 

(UNIBOND and SIMOX) that are in competition to meet the required layer thickness less 

than 50 nm. The newer one is the UNIBOND® technique which uses the implantation 

of hydrogen to generate micro-cavities. After bonding of an oxidized Si wafer and a 

hydrogen-implanted Si wafer, the wafers separate at a depth defined by the location of 

hydrogen micro-cavities during high temperature annealing through cleavage mechanism 

referred to as "Smart-Cut" The UNIBOND® process is completed by polishing the 

bonded wafer to desired thickness of the top Si layer. This process involves complex 

process steps and relatively high processing cost compared to the other technique. The 

SIMOX (Separation by IMplanted OXygen) process is more mature technology. The 

original SIMOX process for the manufacture of SOI wafers was developed over twenty 

years ago. In the SIMOX technology, SOI structures were formed by implanting high-

dose oxygen (about 2.0xl0"* OVcm^) at an elevated temperature (500 °C to 600 "C) with 

high implantation energy (150-200 keV) followed by high temperature annealing (1350 

°C, 4 to 6 hrs). This results in the SOI wafers having 200 nm of top silicon layer and 400 

nm buried oxide (BOX) layer. Through the precise control of the implantation dose and 

energy, this method can offer a control of thickness and uniformity of the silicon film and 

the BOX layer. In early 1990's, most of the commercial SIMOX wafers contained a high 
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density of threading dislocations (about lO"' to lO^cm'^). A great deal of effort was aimed 

at improving the quality of the top silicon layer and the BOX layer by using a higher 

beam current, a higher implantation temperature, and sequential implantation and 

annealing techniques The defect densities such as dislocation in the top silicon layer 

and pinholes in the BOX in the high-dose high-energy SIMOX materials have been 

drastically reduced over the past ten years. 

The current emphasis of research on the SIMOX technique has moved to achieve 

high quality of thin film silicon layer (< 50 nm) with a thin buried oxide (BOX) layer 

(<100 nm) for fully depleted complementary metal oxide semiconductor (FD CMOS) 

devices. Note that the layers are about four time thinner than those of the high-dose, high 

energy mentioned previously. In the early 1990's, a number of investigations have been 

reported on low-dose, low-energy SIMOX prepared by the following implantation 

energies and doses: 20-80 keV, dose range of 2.0 to S.Oxlo'^ O^/cm^ 40 keV, a dose 

range of 2.0 to 8.0x10'" OVcm"^'^', 50 and 70 keV, a dose range of 2.0 to lOxlo'^OVcm^ 

and 70 and 90 keV, a dose range of 3.0 to 6.0xl0'' 0"^/cm^ All of these 

investigations used relatively low beam current density (about 200 jiA/cm^ to a few 

mA/cm ) during implantation. It has been found that the discontinuity of the BOX layer 

and the formation of Si islands in the BOX layer were serious problems in the low-dose, 

low energy SIMOX and only a small "dose window" guaranteed a continuous BOX layer 

after annealing. The low-dose, low-energy implantation reduces processing cost and time, 

thus increasing throughput and reducing defects in the top Si layer. However, details 

about the formation of the BOX layer and defects during the ramping and annealing 



process have not been clarified. In addition, several challenges have been arisen due to 

the thin layers. Process parameters must be tightly controlled since the position of the 

peak of the oxygen distribution moves closer to the surface and the value of the full-

width at the half-maxima is smaller than those in the conventional SIMOX. The diffusion 

of oxygen becomes significant as implantation energy decreases and will change the 

distribution profiles of the implanted oxygen and the microstructures during annealing. 

Recently, Anc et al. and our group investigated the effects of the implantation dose 

(from 1.5 to 7.0x10'^ 0'*"/cm^) and annealing conditions (with and without surface 

capping) for 65 keV with a higher beam current (» 40 mA), a much higher value than 

previously reported. The optimum doses for the formation of a continuous BOX layer 

containing no Si islands were identified to be 2.0x10" OVcm^ to 2.5x10'^ 0^/cm" It 

was shown that the presence of a protective capping layer on the Si film surface during 

annealing increases the defect density in the top Si layer, and the defect density of those 

samples was about 10^ /cm' So far the systematic studies on the formation of defects 

and their evolution during annealing process in the low-dose low-energy SIMOX had not 

been performed. In addition, the electrical characterization of thin film SIMOX and BOX 

layer is necessary to guarantee the performance and reliability of device. In order to meet 

an increasing demand for the production of next generation super-high speed and low-

power consumption CMOS devices using SOI wafer, further effort should be made to 

improve the quality of thin film SIMOX by the fundamental understanding of the 

correlation between the processing conditions and the physical, chemical and electrical 

properties of the low-dose low-energy SIMOX materials. 
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The overall objective of this study was to develop a guideline to produce high quality 

thin film SOI wafers using the low-dose low-energy SIMOX technology. In order to 

achieve our goal, a fundamental knowledge is required regarding the formation and 

evolution of BOX layer, tlie formation mechanisms of defects in top Si layer and the 

BOX layer, and the correlation between microstructure and electrical properties of the 

low-dose low-energy SIMOX. The formation of the SOI structure in low-dose low-

energy SIMOX was investigated from the as-implanted to the final annealing steps. In 

addition, the effect of intermediate annealing on the evolution of defects and the electrical 

properties of the top Si layer and the BOX layer of fully annealed samples were also 

studied. An improved fundamental understanding in the low-dose low-energy SIMOX 

process will lead to a significant progress in the production of low-cost high-quality SOI 

wafers for the application of fully depleted devices. 

In chapter 2 of this dissertation, theoretical background of ion implantation and 

literature relevant to this study are reviewed. Chapter 3 describes the experimental 

procedures and charactcrization techniques used in this work. Chapter 4 covers the effect 

of ion dose on the microstructure of as-implanted and annealed samples, on the oxygen 

distribution, and on the damage profile. In chapter 5, the effect of intermediate annealing 

process on the microstructure is presented. Chapter 6 describes the defects in the low-

dose low-energy SIMOX material and their formation mechanisms. In Chapter 7, the 

electrical characterization of the SIMOX wafer using I-V and Pseudo-MOSFET 

technique is presented. In chapter 8, the work is summarized and the conclusions are 

presented. 
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Figure 1.1 Characteristics of SOI material for different SOI device applications. The two 

main parameters of SOI wafers which determine their applications are Si film thickness 

and the buried oxide film thickness 
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CHAPTER2 

BACKGROUND AND LITERATURE REVIEW 

2.1. A Theoretical Background of Ion Implantation 

A brief description on the ion implantation process and a few definitions used in ion 

implantation are given in this section. In oxygen ion implantation, oxygen gas (O2) is 

ionized to oxygen ions (0+) in ion source chamber and extracted as ion beam through a 

rectangular or circular slit and then accelerated to the desired implantation energy by an 

accelerator. Since the ion beam contains some impurities generated in the ion source 

chamber, the ion beam is purified by a magnetic-sector mass separation and then directed 

to a target (silicon wafer). During ion implantation, the ion beam is scanned across a 

circular array of the wafer. When the oxygen ions enter into the Si crystal lattice, they 

collide with the host atoms (Si atoms), lose their energy, and finally come to rest at some 

depth within the Si crystal. Each implanted oxygen ion travels a random path as it 

penetrates the Si crystal, losing energy by nuclear and electronic stopping'^''. Nuclear 

stopping is caused by elastic collisions between the incident oxygen atom and the Si 

lattice atom, and so energy lost by the incoming oxygen ion is transferred to the Si lattice 

atom that is subsequently recoiled away from its lattice site, thus creating damages or 

defects. Electronic stopping is caused by the inelastic interaction between incoming 

oxygen ion and electrons in the Si crystal and the energy loss by incident ions is 

dissipated through the thermal vibration of the Si lattice; this process is manifested as 

heating of the Si crystal. 
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The detailed ion trajectories can be predicted by employing Monte Carlo 

Calculation (a computer simulation program called TRIM (TRansport of Ions in the 

Matter)) It was developed for determining ion range and damage distributions as well 

as angular and energy distributions of backscattered and transmitted ions. It has been 

demonstrated that the results of TRIM calculations have a good agreement with 

experimental measurements. 

The average penetration depth is determined by implantation energy. Some TRIM 

simulation results on the oxygen ion implantation with a given dose at different energy 

into Si wafer are shown in the chapter 4. The average depth of the implanted ions is 

called the projected range Rp, and the distribution of implanted ions as a function of depth 

can be approximated as Gaussian with a standard deviation ARp called the range of 

straggle. The ion concentration at depth x can be given as: 

C ( x )  =  C„ exp 
2M; 

2.1 

where is the peak concentration at the projected range Rp and given by following 

expression when the total implanted ion dose is 

C ^ ~ 0-4^ 22 
" AR, 

An accurate determination implantation dose is done by measuring the ion beam current. 

The total dose (j) is the number of ions per square centimeter implanted and is given by 

1 V 9 
<p = \ldt ions/cm 2.3 

ZqA J 



where Z is charge state of ion, q is the electron charge, A is the implanted area on the 

target, t is implantation time, and I is the beam current (Amps). 

As each oxygen ion penetrates the target, it undergoes a series of collisions 

displacing Si lattice atom along the way. Both the oxygen ion and dislodged Si atoms can 

continue the collisions and cause further damage so the energy spread over many moving 

particles. Finally, the energy per particle becomes too small and the collision cascade 

stops. Therefore, an initial crystalline Si will be quite damaged when many ions have 

been implanted. If the target temperature is sufficiently high, the compensating process 

called "self annealing" can occur to restore some of the damage generated during 

implantation. 

During the oxygen ion implantation, two major sources of point defects have been 

identified The first source of point defects is collision cascades occurred during the 

oxygen ion implantation lead to formation of vacancies (Vsi) and interstitial silicon atoms 

(Si,): 

Si(elastic collision) Si, + Vsi (Frankel pair) 2.4 

The second source of point defects is the internal oxidation of silicon. The precipitation 

of oxygen to form SiOa in the silicon crystal matrix requires an accommodation volume 

because the molar volume of SiOi molccule is about 2.2 times larger than that of Si atom. 

When this accommodation volume is not available, a significant stress will be created in 

the Si matrix. This accommodation volume can be provided by emitting the interstitial Si 

atoms; 

(1+xjSi + 20, -> xSi, +Si02 2.5 



For the formation of stress free Si02, the value of x should be 1.2. Since the vacancies 

created during implantation can be used as accommodation volume for forming SiOi, the 

oxygen precipitation under irradiation condition can be written by combining Eq. 2.4 and 

2.5 as: 

(l+x)(Si, + Vsi) +20, —> xSi, +Si02 2.6 

By assuming that all vacancies created by the elastic collisions during oxygen ion 

implantation are consumed as accommodation volume for the internal oxidation, the 

emission of 0.6 Si, per implanted ion is required to complete internal oxidation. From the 

consideration of the sources of point defects, one should notice that the oxygen ion 

implantation into Si crystal may result in super-saturation of the Si interstitial atoms in 

the Si crystal. 

2.2. Literature Review 

2.2.1 Formation of SIMOX Material with Low-Dose and Low-Energy 

In the history of SIMOX wafer development, high-dose (1.8 xio'^ OVcm^) 

SIMOX wafers prepared at 200 keV were first introduced by Izumi et in 1978 and 

commercialized for radiation-hardened devices for aircraft or military applications. Later, 

I R 
low-dose SIMOX wafers which manufactured with an oxygen dose of 4.0-4.5 x l O  

OVcm' at 180 keV were developed by Nakashima and Izumi Low-dose SIMOX 

wafers were very attractive because of a significant reduction of threading dislocation 

density in the top silicon (from lO'/cm^ to about 10^/cm') and production cost by 

reducing the oxygen ion dose. In order to overcome the drawback in the BOX properties 
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in the low-dose SIMOX a modified SIMOX, technology called "Internal Thermal 

oxidation (ITOX)" were introduced by Nakashima et al. The ITOX process led to an 

increment of BOX thickness and improved BOX properties with reducing pinhole density 

and increasing dielectric breakdown voltage. Furthermore, the ITOX process improved 

the micro-roughness of Si film/BOX interface and controllability of the top Si layer 

thickness with excellent thickness uniformity 

On the other hand, an alternative way to achieve ultra-thin film SOI structure were 

explored in the early 1990 using a low-dose, low-energy oxygen ion implantation after 

recognizing the potential success of SOI wafer for the fully depleted submicron CMOS 

applications With a low ion implantation energy, it was possible to synthesis the 

buried oxide layer close to the surface due to reduced the oxygen ion range of projection. 

Therefore, a thinner top Si layer could be achieved by controlling the ion implantation 

energy and dose. Followings are summary of the researches on the low-dose, low-energy 

SIMOX performed in the early 1990's. 

Robinson et al.''"*^ reported the formation of thin film SIMOX substrate by 

1R 
implanting oxygen ion at 50 keV and 70 keV with a dose range of 0.2 to 1.0 xlO 

0"^/cm~. The resulting structures were studied by RES, SIMS and TEM. They identified 

the presence of high density of threading dislocations (10^-10^ /cm"). They proposed that 

r 
the thin film SIMOX structures with low defects density (<10 /cm ) can be achieved by 

the optimization of the implantation energy, dose and substrate temperature. 

The characteristics of the formation of the buried oxide layers formed by oxygen 

ion implantation into silicon at lower ion implantation energies (50, 70, 90, and 140 keV) 



have been studied by Li et al. using SIMS, RBS and TEM. They found that the 

thickness of BOX layer linearly depends on the dose but is independent of the 

implantation energy, and the critical doses to form a continuous buried oxide after 

implantation () and after annealing ('4)^) decreased with decreasing implantation 

energy. Based on the results of experimental measurement and a computer simulation 

(TRIM), they proposed a set of semi-empirical formulas for quick calculation of the 

critical doses and thickness of the annealed SIMOC structure and demonstrated a good 

agreement between the calculated and experimental data. 

A direct formation of thin film SIMOX structures by single oxygen ion 

implantation at 70 and 90 keV with a dose range of 3.0 to 6.0x10'^ O'^/cm' has been 

reported by Nejim et al. Although they identified the optimum doses to form a 

continuous BOX layer after annealing at 1320 °C for 6 hrs under Ar + 0.5% O2 ambient 

were 3.3xlO'^ 0^/cm^ at 70 keV and 3.8 to 4.5 xlO'^ OVcm" at 90 keV with 680 °C 

implantation temperature, the defect density in the top Si layer was still high (about 

lOVcm^). 

From several studies on the low-dose low-energy in the early 1990s, the high 

density of defects in the top Si layer and the formation of Si islands in the BOX layer 

have been identified as the major problems for COMS device applications. It was 

proposed several possibilities to produce device worthy thin film SIMOX by optimization 

of processing parameters including ion implantation energy, dose and wafer temperature. 

In the late 1990s, the COMS technology moved toward a deep submicron node. The bulk 

CMOS technology showed limitations for the low-voltage, low-power and high 
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perfomance device applications. This trend opened a new opportunity for the SOI 

technology to becoming a mainstream in CMOS IC industry and re-activated research 

on the low-dose low-energy SIMOX process which is one of the most cost effective 

methods for achieving thin film SOI structure. In addition, the progresses in the design of 

implanters and in the implant process control such as dose uniformity, reproducibility, 

reducing channeling effects enabled systematic studies of the thin film SIMOX. In the 

following, the studies on the low dose low energy SIMOX process from the late 1990's to 

the present are described. 

Anc et al. reported a basic material characteristics of SIMOX wafers which were 

produced at 65 keV in a dose range of 1.5 to 7.0x10'^ OVcm^ using the Ibis 1000 high 

current oxygen implantcr. The optimum dose at 65 keV was 2.0^10'^ OVcm" with the 

BOX layer thickness of 56 nm and the breakdown field strength of 6 MV/cm. The defect 

density evaluated with SECCO etch method was found to be 1.95x10^ OVcm^ and the 

pin hole (Si pipe) density was 2.3/cm . 

The formation and microstructure of ultra thin film SIMOX structure produced at 

the implantation energy of 65 keV with a dose range of 1.5-7.0 xlO'^ OVcm^ have been 

extensively studied by Jiao et al.''^' and Johnson et They reported the 

microstructural changes during the annealing studied using RBS, AES and TEM. The 

defects (stacking faults and {113}) present in the as-implanted structure were eliminated 

and the crystallinity of the Top Si layer was significantly restored after annealing at 1100 

°C for 2 hrs. The crystallinity of top Si layer of the SIMOX was fully restored by 

annealing at 1300 "C for 6 hrs and was comparable to that of bulk Si. They also studied 
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the effect of a protective capping layer on the formation of SIMX structure. The existence 

of protective capping layer on the sample surface during annealing suppressed the 

annihilation of the extended defects and the final SIMOX structure resulted in a slightly 

higher defect density in the top Si layer compared that of uncapped ones. The density of 

the Si islands in a BOX layer of capped sample found to be slightly higher than that of 

uncapped ones due to blocking effect of the capping layer for the oxygen diffusion from 

the annealing ambient to BOX layer. At 65 keV oxygen ion implantation, the required 

oxygen doses to form a continuous BOX layer without Si islands after annealing was 

17 "1̂   ̂ 17 "I"  ̂found to be 2.0x10 O /cm witliout protective capping layer and 2.5x10 O /cm with 

protective capping layer. However the defect density in the top Si layer was still high 

c ^ 
(about 10 /cm ) and further studies needed to improve the quality of thin film SIMOX. 

Another recent study on the formation of ultra-thin SIMOX by low-dose low-

energy oxygen implantation has been reported by Wang et al. The thicknesses of top 

Si layer and BOX layer after annealing at 1320 "C for 5 hrs were 70 and 40 nm, 

respectively, for the sample implanted with dose of 1.8x10'^ O^'cm" at the implantation 

energy of 45 keV at the wafer temperature of 680 "C. Although they found the excellent 

uniformity of thicknesses of the top Si layer and the BOX layer over the whole wafer, 

detailed results of the characterization of the quality of SIMOX have not been reported. 

2.2.2 Effects of Processing Parameters 

The processing parameters that control the final microstructure and the quality of 

SIMOX materials can be classified into two groups, the implantation processing 
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parameters and the annealing processing parameters. The implantation processing 

parameters are ion implantation energy, dose, wafer temperature, and beam current 

density. The annealing process parameters are ramping rate, annealing temperature and 

time, and annealing ambient. Since the optimization of processing parameters was the top 

priority in the development of the conventional SIMOX, a great number of researches has 

been performed and well documented. In this section, some key parameters to form high 

quality thin film SIMOX are reviewed here. 

The ion implantation energy and dose have been known to define the thickness of 

top Si layer and the thickness of BOX layer, respectively. In the conventional SIMOX, 

18 "1" 2 the oxygen dose for implantation at 180 or 200 keV was chosen at 1.8x10 O /cm 

which is above the critical dose (1.4xl0'^OVcm^) to form a continuous BOX layer. As a 

consequence, a continuous BOX layer is formed during implantation. In the low-dose 

low-energy SIMOX, a very low oxygen doses (1.5- 4.0x10'^ 0^/cm^) are implanted at 

the range of 30 keV to 120 keV. Therefore in the low-dose low-energy SIMOX, the 

implanted oxygen atoms form SiOa precipitates first by aggregating at the nucleation sites. 

After subsequent oxygen ion implantation, a numerous oxide precipitates will be formed 

around the depth of oxygen projection range. It has been known that a continuous BOX 

layer is formed by the growth and coalescence of oxide precipitates during high 

temperature annealing In the low-dose low-energy oxygen implantation, there is a 

optimum dose at given implantation energy to form a continuous BOX layer without Si 

islands after high temperature and the optimum dose decreases as decreasing 

implantation energy order to produce a very thin film SIMOX, the ion 
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implantation energy must be chosen as low as possible. However, in a very low energy 

implantation, the energy loss mechanism of implanted ion by the nuclear stopping 

becomes dominant and a thin band of heavily damaged region is formed very close to the 

surface. This may result in high density of defect in the top Si layer because the defects 

generated at the upper interface of Si/BOX can be easily extended to the surface during 

the annealing. Therefore, the optimization of the implantation energy and dose must be 

accomplished to produce high quality thin film SIMOX. 

The implantation temperature during oxygen ion implantation alTects the level of 

radiation damage, the concentration of point defects, the oxygen depth profile, and the 

m i c r o s t r u c t u r e  o f  a s - i n i p l a n t e d  a n d  a n n e a l e d  s a m p l e s .  T h e  i m p l a n t a t i o n  t e m p e r a t u r e  ( I f )  

dependence of the crystallinity and microstructure of a conventional SIMOX has been 

well studied by Reeson et al. using RBS and TEM analysis. They found that the extent 

of damage region increase as decreasing implantation temperature and amorphous 

material was being produced at the depth corresponding to the peak of the damage profile. 

However, the implantation temperature at 550 °C, no amorphous layer was observed in 

the top Si region. The increase in the extent of the damage introduced into the structure 

with decreasing Ti was correlated with the lower diffusivity of vacancies and interstitials. 

In the low-dose low-energy SIMOX, a strong temperature dependence of the distribution 

of oxygen profile has been reported As increasing the implantation temperature, the 

oxygen profiles were shifted to surface and the dose window to form a continuous BOX 

was sensitive to the implantation temperature. 
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The ramping rate controls the kinetics of the dissolution and growth of the oxide 

precipitates in the Si matrix. It is well understood that the growth of oxide precipitates are 

proceeded by the "Ostwald ripening" process The oxygen precipitates smaller than 

the critical size will dissolve into Si matrix and the larger ones will grow at the expense 

of smaller ones. Ogura succeeded in extending the oxygen dose window at 180 keV 

from an existing dose window of 4.0±0.5xl0'^07cm^ to a new extended dose window of 

2.0 to 6.0x10" OVcm^ by varying the ramp rate during annealing process. He found that 

at the oxygen dose above the existing dose window, many large Si islands and pipes were 

formed due to insufficient coalescence of the oxide precipitates. The oxygen dose below 

the existing dose window resulted in the formation of independent oxide island instead of 

a continuous BOX layer. By applying a rapid ramp rate (200 "C/niin.) and a slow ramp 

(0.1 "C/min.) to encourage the coalescence of oxide precipitates and the growth of oxide 

precipitate, respectively, a complete SIMOX structure were successfully formed at the 

dose window above and below the existing dose window. 

The annealing ambient during a high temperature annealing in the low-dose, low-

energy SIMOX becomes more important parameter since the SOI structure are formed 

very close to the surface. In the conventional SIMOX fabrication, the argon ambient 

containing less that 1% of oxygen is generally adapted to avoid the formation of pits 

during high temperature annealing However, in the low-dose, low-energy SIMOX, 

the diffusion of oxygen from ambient through a thin Si layer to BOX layer is more 

feasible during high temperature annealing and will affect the formation characteristics of 

the BOX layer and the properties of the BOX layer and Si/BOX interfaces. Recently, in-
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and out-diffusion of oxygen during BOX formation in the oxygen implanted silicon have 

been reported The implanted oxygen density decreased by out-diffusion of oxygen 

after very short time at an elevated temperature and is suppressed when the 02/Ar ratio 

increased. The in-diffosion of oxygen took place after a long time at the same 

temperature and the in- and out-diffusion behavior clearly depended on the annealing 

atmosphere (Oa/Ar ratio). 

2.2.3 Defects in the Top Si Layer in SIMOX Material 

In the mid-1980s one of the most important progresses in conventional SIMOX 

materials was the identification of remaining defects in the SOI structure: SiOa 

precipitates and crystalline defects such as threading dislocation and stacking faults. The 

problem of the residual oxide precipitates in the top Si layer was solved by applying high 

temperature annealing However, the remained crystalline defect in the top Si layer 

of conventional SIMOX after annealing was very high (10^/cm^). Until early 1990s, great 

amount of effort had been made in order to achieve low dislocation density SIMOX 

materials by investigating important process parameters include implantation dose, beam 

current and annealing conditions. For studies in which dislocation was reduced to less 

thanlO^/cm^, the conditions include; sequential implantation the formation of a 

band of small order oxide precipitate and the formation of cavities close to surface 

The generally accepted fonnation mechanisms of threading dislocation in 

conventional SIMOX are the expansion of dislocation half loop during high temperature 

annealing and the formation and propagation of dislocation at the interface of Si/oxide 
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precipitates due to stress generated by the growth of oxide precipitate The major 

processing parameters which determine the steady state concentration point defects 

during implantation are implantation energy, implantation dose, wafer temperature and 

beam current density. However, the defect density can be significantly reduced by 

chousing proper aimealing conditions. The type of defects and possible sources of defects 

in the top Si layer in conventional SIMOX have been well discussed in the literature 

The type of defects in top Si layer in low-dose, low-energy SIMOX materials found 

to be threading dislocation and stacking faults which are as same as that of conventional 

SIMOX. However, the density of threading dislocation in the top Si layer was 

significantly reduced to a level of lO'^ -10^ cm"~ due to reduced radiation damage with low 

dose implantation The characterization of defect by TEM in the low-dose, low-

energy becomes very challenging due to lower defect density below the reliability limit 

of transmission electron microscopy (10^/cm^ for XTEM and 10'/cm^ for PTEM). For the 

evaluation of defect density in the top Si layer, several chemical etching methods which 

have been used in bulk Si wafers A studyreported that those chemical etching 

methods was not reliable to evaluate defect density when the thickness of the top Si layer 

of SOI structure was less than 1000 A, and proposed a new chemical etch for defect 

studies in thin film SIMOX materials. Consequently, the defects in the low-dose low-

energy SIMOX material and their formation mechanisms have not been studied well. 

Therefore, the systematic studies on defects and their formation mechanisms in the low-

dose low-energy SIMOX material are necessary to improve the quality of a thin film Si 

layer. 
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2.2.4 Electrical Characterization of SIMOX 

The quality and uniformity of SIMOX materials have great impact on the 

performance, yield, and reliability of the VLSI circuits. Therefore, the electrical 

characterization of starting SIMOX materials is essential in the development of new-

process and in the wafer screening for quality control. In this section, recent literatures 

related to electrical characterization on the SIMOX wafers using the breakdown and 

pseudo-MOSFET technique are reviewed. 

The BOX Breakdown Voltage of SIMOX wafer is a measure of an insulating 

layer's ability to withstand a high electric field stress without breaking down. If the 

voltage across a dielectric material becomes too great, that is, if the electrostatic tield 

becomes too intense, the material will suddenly begin to conduct current. This 

phenomenon is called "dielectric breakdown". In electronic devices built on SIMOX 

material, the BOX layer provides a vertical electrical isolation from the substrate. In 

order to assure high perfonnance and reliability of devices, excellent electrical integrity 

of BOX layer is prerequisite. It has been reported that the electrical properties of buried 

oxide differ from those of thermally grown oxide. For instance, the breakdown field 

strength of BOX in low-dose SIMOX and thermal oxide were 5 MV/cm and 10 

MV/cm respectively. For the buried oxide in the SIMOX wafer, it has been known 

that the breakdown behavior is sensitive to the processing conditions such as oxygen 

implantation dose and energy, annealing temperature, time and ambient 

Low-dose SIMOX wafers fabricated by the internal thermal oxidation (ITOX) 

process have been analyzed by Kawamura et al.'^'"' using 1-V measurements on the MOS 
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capacitors with BOX layer as a dielectric. The BOX layer breakdown behavior was found 

to be deteraiined by the electrically weak spots (EWSs) distributed randomly in the BOX 

layer. From a correlation between the density of EWSs and Si islands, they concluded 

that Si islands in the BOX layer were a main cause of the BOX breakdown. By 

combining the dose reduction and ITOX enhancement, a remarkable improvement of the 

BOX breakdown characteristic comparable to that of thermally grown oxide was 

achieved. Most of early researches in the low-dose, low-energy SIMOX were focused on 

the physical characterization of SIMOX wafer for the optimization of processing 

parameter to form a continuous BOX layer, and only a few case studies on the breakdown 

behavior of thin BOX were reported. Anc et al.'''"' reported the breakdown field strength 

of a 50 nm BOX layer produced at 65 keV with a dose of 2.0x1O Vcm~ found to be in 

the range of 4 to 6 MV/cm. 

Pseudo-MOSFET technique, also called point contact transistor, is an in situ 

electrical characterization method especially based on the unique SOI wafer 

configuration. In general, the electrical parameters of as-grown SOI wafer have been 

inferred from C-V and I-V characteristics of MOS transistor. Tlierefore, the evaluation of 

the electrical properties of as-grown SOI wafers was tedious and time consuming work. 

In pseudo-MOSFET technique, low pressure two probes are placed on the silicon film 

forming source and drain point contacts and a conduction channel is induced at the Si 

film/BOX interface by biasing the substrate. From this configuration a typical transistor

like characteristic can be obtained and the device parameters are extracted. More detailed 

description on this technique is presented in the chapter 5. 



The pseudo-MOSFET technique has been successfully applied to the electrical 

characterization of SIMOX wafers They reported that the electron and hole 

mobilities of SIMOX material were at the range of 500-700 cm^A/'s and 120-250 cm^A^s, 

respectively. The interfacial trap density at the BOX interface was found to be high (2 to 

5xlO" eV'cm"^) compared to that of thermal oxide interface (about lO"' eV'cm"^). The 

carrier generation lifetime was about 10 |.is. An interesting finding was the possible 

conversion of conductivity type during the fabrication of standard-dose SIMOX 

(l.SxlO'^OVcm'). While the origin Si wafer are p-type, pseudo-MOSFET data indicating 

that Si film in SIMOX structure becomes n-type. The conversion of conductivity type 

found to be caused by "thermal oxygen donor" 

Recently, a slightly different setup, based on circular mercury (Hg) probe has been 

proposed by Hovel who demonstrated that Hg pseudo-MOSFET is a reliable 

technique to characterize the electrical properties of the Si film in SOI substrate. The 

electrical properties include carrier mobility, threshold and flat band voltage, BOX 

charge, and interface trap density. This new setup provides many advantages over point 

contact method including reduced series resistance and damage to the Si film, uniform 

current flow between source and drain, and no pressure dependence of the contacts. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 SIMOX Sample Fabrication Process 

All samples used in this study were p-type Si wafers grown by the Czochralski 

technique in the <100> direction. The diameter and sheet resistivity of wafers were 200 

mm and 10-20 Ohm-cm, respectively. These wafers were implanted with at 65 and 

100 keV with an Ibis 1000 ion implanter by Ibis Technology Corporation based in 

Danvers, Massachusetts. The wafer temperature was kept 560 °C ± 10 "C with the beam 

current of 55 mA (equivalents to a beam current density of about 5.6 mA/cm ) during the 

implantation. 

A set of single implants were performed at 100 keV with total doses of 2.5, 3.0, 3.5, 

4.5, 6.0, and 8.0x10'^ OVcm^ to investigate structural evolution and mechanism of the 

defect formation at low-dose, low-energy SIMOX as a llinction of oxygen dose. To study 

the effect of ion implantation energy on the microstructure and defect density another set 

of single implants were made at 65 keV with total doses of 2.0 and 4.5 x lO'^ O Vcm'. 

After oxygen implantation, high temperature annealing was performed to remove 

implantation damage and defects formed in the top silicon layer, and to achieve a well 

defined high quality BOX layer. Most of annealing experiments of SIMOX wafers were 

perfonned at Ibis Technology Corporation. The annealing process consisted of a ramp 

from 25 °C to 1350 °C at 10 "C/min. and a hold at 1350 "C for 4 hours. During the high 

temperature anneal, the ambient is Ar + < 1% oxygen. The intermediate annealing at a 
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relatively low temperatures including 900, 1068 and 1150 °C, and at relatively high 

temperature including 1100, 1200, 1300 and 1350 °C were carried out at Arizona 

Materials Laboratory (AML) and at Ibis Technology Corporation, respectively, to study 

evolution of defects and oxide precipitates. The intermediate annealing matrix in this 

study was designed to examine the effect of annealing temperature and holding time on 

the evolution of microstructure and defects. The processing conditions used in this study 

are shown in Table 3. 1. 



Table 3.1 Specific processing conditions used in this study. All samples were implanted 

at beam current of 55 mA with wafer temperature of 550 ±10 °C. The ramp rate at the 

annealing step kept constant at 10 °C/min for all experiments. 
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8 hrs or 
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3.2 Characterization of SIMOX Samples 

3.2.1 Structural Analysis 

3.2.1.1 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) was used as a major characterization 

technique in this study to analysis the microstructure of SIMOX samples fabricated over 

the range of the processing parameters. Using TEM techniques the overall structure of 

SIMOX samples including the thickness of each layer, type and size of defects and their 

location, and the shape and size of oxide precipitates was investigated. The TEM 

techniques used in the study were a) conventional diffraction contrast imaging of cross-

section view and plane view for the general over view of microstructure and b) high 

resolution electron microscopy (IIRTEM) using the phase contrast to study atomic 

structure of defects and interfaces between BOX and Si matrix. Electron microscopy was 

performed using a Hitachi 8100 transmission electron microscope equipped with a side 

entry goniometer specimen stage operating at 200 keV. The electron source (filament of 

the electron gun) was a single crystal LaBe filament. The instrumental point-to-point 

resolution is about 2.3 A with double-tilt (±30°) specimen stage. 

In the bright imaging (diffraction contrast), a small objective lens aperture was 

inserted to the back focal plane of the objective lens to enhance the contrast of the image. 

The specimens were tilled so that the zone axis is coincident with the electron beam using 

Kikuchi pattern in the diffraction mode. The zone axis of <110> and <100> are used in 

cross-section view and plane view, respectively. All high resolution images were 

obtained from cross-section samples which showed two set of {111} planes. 
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The sample preparation for TEM is a critical step to obtain a high quality image for 

the subsequent analysis. It is a very time-consuming work and requires a great deal of 

caution and patience. The procedure for TEM sample preparation for SIMOX materials 

can be found in many literatures a brief description of plane-view TEM sample 

preparation is presented here. 

Plan-view TEM samples of the conventional SIMOX materials were usually 

obtained by HF floating-off method since tlie thickness of the top Si layer was in the 

range of 200 to 350 nm. However, this method does not work for the low-dose, low-

energy SIMOX samples such as as-implanted or partially annealed ones because the 

presence of discontinuous BOX layer prohibits the floating of Si layer. Therefore, plane-

view samples were prepared by the back-ion-milling method. 

3.2.1.2 Scanning Electron Microscopy and Optical Microscopy 

Scanning Electron microscopy (SEM) and Optical Microscopy (OM) were used to 

perform statistical analysis of crystallographic defects in the top Si layer of SIMOX 

materials. Threading dislocations and stacking faults are the dominant crystallographic 

defects in the top Si layer. In the conventional SIMOX, the defect density in the top Si 

layer is very high (10^-10^ /cm^), therefore a plane view TEM provides a relatively 

accurate defect density. When the defect density is lower than 10 \''cm*. it is difficult to 

characterize the defect density with a TEM technique. In this study, a chemical etching 

method based on HFiHNOjiHaO system presented by Giles et al.'^^' was used to delineate 

defects in the top Si layer. The formula of etching solution was 50 ml HF (40%) : 70ml 
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HNOb (70%) : 170 ml H2O (L.Og KaCr.Ov + 4.0 g Cu(N03)-3H20). Using this etching 

solution which produces etch pits where dislocations and stacking fault are present, 

crystallographic defects in a top Si layer thinner than 100 nm were reliably delineated. 

The proposed etching rate of this solution as a function of temperature and the etching 

conditions are shown in Figure 3.1 and Table 3.2, respectively.. 

For the etching experiment, the SIMOX wafer was cleaved along the <110> with a 

diamond pen and cut into several pieces of size about 20mm x 20mm with a low-speed 

diamond saw. After cutting, the individual pieces were cleaned with acetone and 

isopropyl alcohol in the ultra sonic bath and dried with N2 gas. The etching of specimen 

was carried out by immersing specimen into etching solution with a gentle agitation at the 

room temperature. The etching time was determined in order to remove half of the top Si 

layer. For the calculation of etching time, the thickness of the top Si layer obtained from 

TEM analysis and Si etching rate (0.75 nm/sec) estimated from the Figure 3.1 were used. 

After etching, specimens were rinsed with de-ionized water and dried in the air. 

For the SEM imaging, all specimens were coated with very thin layers of platinum 

using a sputter coater to minimize charging effect. The SEM imaging was performed with 

a Hitachi S-4500 FESEM at the accelerating voltage of 25 keV. When etch pit density is 

lower than 10'^/cm", an Optical Microscope was used to count etch pits. 
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Figure 3.1 The etch rate of Si in a etching solution (50 ml HF (40%): 70ml HNO3 (70%) 

170 ml H2O (l.Og KoCriOv + 4.0 g Cu(N03)-3H20) proposed by Giles et al. 



Table 3.2 The etch conditions for the defect density analysis. 
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Sample I.D Si film thickness (nm) Etch time (sec) 

HE 2.5 191 127 

HE3.0 186 124 

HE3.5 174 116 

HE4.5 165 110 

HE6.0 122 81 

HE8.0 95 63 

LE 2.0 104 69 

LE4.5 33 22 

* In the sample I.D. notation, HE and LE correspond to implantation energy 100 keV and 

65 keV, respectively. The following number indicates the does (x lO'' O Vcm"). 
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3.2.2 Determination of Oxygen Profiles 

Secondary ion mass spectroscopy (SIMS) was used to determine the distribution of 

implanted oxygen of the samples as a function of depth from the surface due to its 

inherent sensitivity. In SIMS, an energetic focused ion beam is directed to the sample 

surface in an ultra-high vacuum environment. The transfer of momentum from the 

impinging primary ions to the sample surface cause sputtering of surface atoms. Some of 

the sputtered species are ejected with positive or negative charges. These particles are 

called "secondary ions". The secondary ions are then collected and analyzed using an 

energy filtered quadrupole mass spectrometer. The intensity of one or more of the peaks 

in the mass spectrum can be continuously recorded at higher sputtering rate to provide an 

in-depth concentration profile of the near surface region. 

The oxygen depth profiles of as-implanted samples were determined by a secondary 

ion mass spectroscopy (CAMECA IMS3F) located at SIMS Laboratory in Arizona State 

University. Positive argon ions (Ar"^) were used as the primary beam with incident ion 

energy of 12.5 keV and a beam current of 75 nA. In the depth profiling mode, the 

secondary ion intensity of the ""O' ions coming from the sputtered area of about 250 fim 

x250 fim was recorded as a function of sputter time. After SIMS analysis, the sputter rate 

was obtained by measuring the depth of the crater with a surface profilometer (Alphastep 

200, TENCOR) and then the sputter time was converted to depth using a determined 

sputtering rate. Finally, SIMS data were presented as depth profiles (secondary ion 

intensity versus depth). 



3.2.3 Determination of Implantation Damage Profiles 

Rutherford back scattering spectrometry (RBS) was used to identify the crystalline 

disorder near at the surface region due to damages from oxygen implantation. The 

implantation damage plays an important role on the formation and evolution of defect 

and the growth of oxide precipitate during subsequent high temperature annealing. A 

combination of Rutherford backscattering spectrometry with the channeling technique 

has been widely used to probe depth distribution of the lattice disorder generated during 

the implantation and the restoration during annealing. The source radiation in RBS is a 

helium ion beam accelerated by a Van de Graff accelerator to the energy of 2.0 MeV was 

used to perform RBS analysis with channeling mode. A size about 15 mm x 15mm 

specimen was mounted on a goniometer so that the crystal axis direction (<100>) can be 

aligned with the incident beam. The aligning procedure was carried out with measuring 

the channeling dip in the angular distribution. After aligmnent, 2.0 MeV collimated 

helium ion beam was directed to the sample. Ions backscattered from the sample were 

detected and analyzed using a multi-channel analyzer. For the evaluation of the crystal 

disorder parameters of specimen, RBS spectra at random mode were also recorded. 
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3.2.4 Electrical Characterization 

Electrical characterization of SIMOX wafer must be curried out to estimate the 

electrical properties of top Si layer and the BOX layer because the electrical properties of 

those layers in SIMOX materials have great impact on the performance, yield, and 

reliability of the VLSI circuits built on SIMOX wafer. In addition to structural 

characterization, electrical characterization of SIMOX wafers provides good information 

to optimize process parameter for achieving high quality thin film SIMOX. The BOX 

layer in the VLSI circuits provides vertical electric isolation of devices from the substrate. 

The ability of an insulating layer for withstanding a high electric field stress without 

breaking down was evaluated by measuring breakdown voltage. The electrical properties 

of Si film and interface between Si film and BOX were analyzed with Hg-based pseudo-

MOSFET technique. 

3.2.4.1 Breakdown Field Strength 

Electrical integrity of the buried oxide is a prerequisite to assure high performance 

and reliability of the integrated circuit built in SIMOX material. In order to evaluate the 

quality of BOX layer, breakdown voltage measurements (/-F) were performed on the test 

capacitors built on the SIMOX samples. To make test capacitors, the top Si layer was 

etched off completely using 8% tetramethyl ammonium hydroxide (TMAH) solution and 

then cleaned and rinsed with deionized water and dried in the air. Before A1 deposition, 

wafer surfaces was cleaned very carefully with diluted HF using cotton tipped 

applicators. A screen mask which is a stainless steel plate having an array of holes was 
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placed on the oxide siirface and then loaded to the sputtering chamber to deposit. Ai 

dots with Ijim thickness of Al dots was deposited on the oxide surface of samples by 

plasma sputtering. To provide electric contact to the Si substrate about 1 jLim thickness of 

Al film was also deposited on the backside of the Si substrate by Al sputtering deposition 

without screen mask. After finishing Al deposition, simple Metal Oxide Semiconductor 

(MOS) capacitors were produced on the SIMOX samples. To ensure very good electric 

contacts samples were annealed in the quartz tube furnace at 320 "C for 30 minutes under 

Ar atmosphere. The number of MOS capacitors prepared on the each SIMOX wafer was 

about 50 and the area of a MOS capacitor was 0.008 cm^. Current-voltage {1-V) 

characteristics of the capacitors were measured at room temperature using a probe station 

connected to an HP4145B semiconductor parameter analyzer. The schematic of a MOS 

capacitor and measurement setup is shown in the Figure 3.2. From the 1-V curve, the 

breakdown voltage was obtained and the breakdown field (MV/cm) was calculated using 

the thickness of a buried oxide layer measured from the cross-sectional TEM 

micrographs. 

3.2.4.2 Fig-based Pseudo-MOSFET 

Point-contact pseudo-MOSFET technique has been widely used to characterize the 

electrical properties of Si film and interface of Si/BOX in SOI wafers.. In this technique, 

silicon substrate is biased, through the metal support, as gate. According to the polarity of 

the gate voltage (Vg) an inversion or an accumulation layer is formed at the upper 

interface of the buried oxide. Two probes, placed on the metal electrodes formed on the 
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silicon film, act as the source and the drain terminals. From this structure, pure transistor

like characteristics are obtained and the electrical parameters of the Si film, buried oxide, 

and interface can be extracted. However, point contacts are actually Schottky barriers and 

MOSFET characteristics are pressure sensitive with high series resistance. The current 

flow between the source and the drain is geometrically very non-uniform and requires 

geometric analysis. Therefore, in this study we used Hg-based pseudo-MOSFET 

technique which was recently proposed by Hovel Figure 3.3 shows the configuration 

of the device, in which about 1 mm diameter Hg mesa acts as the drain and is surrounded 

by a ring of horse-shoe shape Hg acting as the source. Since the source is grounded, the 

device is effectively isolated from the rest of the wafer. The advantages of Hg-based 

pseudo-MOSFET technique compared to point contact pseudo-MOSFET technique are 

1) The device requires no processing except HF treatment to remove native oxide on 

the SOI wafer surfaces, whereas point contact requires more processing to form 

metal electrodes on the Si film. 

2) Electrical behavior of both electrons and holes can be obtained using one device 

3) Hg-MOSFET device shows a very low series resistance, a well-defined current 

flow, and no pressure dependence. Therefore, it reduces errors in the parameter 

extraction. 

Hg-based pseudo-MOSFET measurements were performed at the Center for Solid 

State Electronics Research (CSSER) in the Arizona State University. Prior to the 

measurement, the Si surface was treated with a diluted HF solution to remove the native 

oxide. Upon a HF treatment, H"^ ions are adsorbed onto the Si surface and significantly 
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lower the surface state density. The ion-Hg combination acts as a low barrier height 

and allows a quasi-ohmic contact. As time goes on, the charge dissipates and the device 

properties changes accordingly, reaching a steady state after about 12 hours. The sample 

was mounted on the Hg probe immediately after rinsing and blow-drying, and the 

inversion layer characteristics were measured using a Four Dimensions CV MAP-92B. 

Since the ion dissipation and oxide reformation speed depend on the humidity in the 

atmosphere around probe, the accumulation layer parameters were measured 12 hours 

after HF treatment. For the comparison purpose, of Hg-based pseudo-MOSFET analysis 

was performed on the some commercial SIMOX wafer. The specifications of commercial 

SIMOX wafers used in this study is shown in the Table 3.3. 

Table 3.3 The specifications of commercial SIMOX wafers. 

Sample I.D Si film thickness (nm) BOX thickness (nm) Wafer type 

SIMOX 1 171 151 
P <100> 

14-22 Qcm 

SIMOX 2 181 110 
P <100> 

14-22 Qcm 

SIMOX 3 169 370 
P <100> 

8.5- 11.5 Qcm 

SIMOX 4 60 151 
P <100> 

14-22 Qcm 
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Figure 3.2 The structure of tested BOX capacitors and experimental setup for the 1-V 

measurements on a capacitor. 
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Figure 3.3 Configurations of a horse-shoe shape electrode and a pseudo-MOSFET device. 
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CHAPTER 4 

EFFECT OF IMPLANTATION DOSE 

Among the processing parameters for SIMOX fabrication, implantation dose is one 

of the most important processing parameters and determine the thickness of the buried 

oxide layer. In this study, we have examined the effect of implantation dose on the 

microstructure of SIMOX wafer implanted at 100 keV over the dose ranging from 

2.5xl0'^ 0^/cm' to S.OxlO'^ OVcm^. The objectives of this work described in this 

chapter were a) to determine an optimum dose to form a continuous buried oxide layer 

without any Si inclusions (also called Si islands); b) to investigate the effect of dose on 

the microstructure and the depth profile of the implanted oxygen for as-implanted 

samples; c) to study the dose dependence of defect density in the top Si layer of the 

annealed samples. 

4.1 Microstructure of As-Implanted Samples 

Figure 4.1 shows cross-sectional TEM (XTEM) micrographs of SIMOX samples 

implanted at 100 keV. With the doses of 2.5, 3.0, 3.5, 4.5. 6.0 and 8.0x10'^ 07cm~, the 

microstructure of as-implanted samples can be described by three distinct regions labeled 

I, II, and III as shown in Figure 4.1. Region I is the top Si layer which contains a great 

number of small oxygen precipitates, cavities and multiple faulted defects (MFDs). 

Region II is a broad band of highly defective silicon which contains a high density of 

oxygen precipitates. Region III is the silicon substrate. At the dose ranges from 2.5 to 
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6.0x10'' 0"^/cm^, no continuous buried oxide layer is formed after implantation (Figure 

17 
4.1 (a)-(e)). A continuous buried oxide layer started to form with a dose of 8.0x10 

0"^/cm^ (Figure 4.1 (f)). The surface roughness of the as-implanted samples increased 

with increasing dose due to the surface sputtering during ion implantation. Spherical 

cavities were observed in the near surface region and were more distinct as the oxygen 

dose increases. The cavities were aligned on columns parallel to the implanted ion beam 

direction. These columns extend from the surface to a depth of 50 nm. El-Ghor et al.'"*^^ 

proposed that the cavities were filled with oxygen. They also found that the cavities have 

minimized the nucleation of dislocations and blocked their propagation to the surface 

during subsequent annealing. No dislocation half-loops, which have been believed to be 

the precursor of the threading dislocations in the conventional SIMOX, were observed in 

any of the as-implanted wafers. The size of oxide precipitates in the top Si region 

gradually increases with increasing depth from the surface. Many multiple faulted defects 

(MFDs) indicated by arrows in the micrographs are observed around the depth 

corresponding to 100-160 nm from the surface for all as-implanted samples (region II). 

Ishimura et al.^^'^ reported that the defects (MFDs) in the 180 keV as-implanted samples 

are located around the damage peak (Dp=330 nm). However, in our samples the location 

of MFDs does not correspond to the damage peak. The location of MFDs is slightly 

shifted from the damage peak toward the surface. The damage profiles (indicated as 

vacancies) and the oxygen distribution profiles from TRIM calculation for oxygen 

implantation at 65 and 100 keV are shown in Figure 4.2. For 100 keV, the damage peak 

(Dp) and the projected range (Rp) are located at the depth of 200 nm and 260 nm from 



the surface, respectively. The accurate density determination of MFDs in the as-

implanted samples was a challenge due to their small length and very complicated 

contrast in the plane view TEM image as shown for example in the Figure 4.3. However, 

we were able to observe a tendency of decreasing defect density as increasing doses from 

the cross-section TEM micrographs. At the dose of 4.5xl0'^ OVcm^ (Figure 4.1 (d)) a 

multilayered striation structure (a mixture of SiOa and Si layers) has started to form 

around the projected range (Rp). With increasing doses a multilayered structure is more 

visible in the region II (Figure 4.1 (e) and (f)). This multilayered structure is closely 

related to the formation of Si islands in the BOX layer after annealing. 



60 

2.5x10^' 07c 

(b) 

S 
w 

1 
^b • 

• 
t^:ii 

• 

3.0x10" 07cm 
III 

Figure 4.1 Cross-sectional TEM micrographs of SIMOX samples implanted at 100 keV 
with the oxygen doses of (a) 2.5xl0'^ 07cm*, (b) 3.0xl0"^ 0^/cm^, (c) 3.5xl0'^ OVcm^, 
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Figure 4.2 Oxygen ion and vacancy (implantation damage) distribution profiles obtained 

by the TRIM calculations of the oxygen ion implantation into a Si matrix at 65 keV and 

100 keV. 
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Figure 4.3 A plane-view TEM micrograph of the as-implanted SIMOX sample implanted 

at 100 keV with oxygen dose of 2.5^10" O Vcm". 
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4.2 Oxygen Depth Profiles in As-implanted Samples 

The concentration depth profile of implanted oxygen ions in a Si matrix is primarily 

determined by the implantation energy and dose. It is well known that the implantation 

energy determines the depth of the maximum concentration called the range of projection 

(Rp), and the range of straggle (ARp), a standard deviation of the distribution of the 

implanted ions. Thus, the thickness of the top Si layer can be adjusted by the selection of 

the implantation energy at a given implantation dose. The oxygen depth profiles of as-

implanted samples implanted at 100 keV and at 65 keV with various doses were 

determined by SIMS, and the results are shown in Figure 4.4. The oxygen depth profiles 

of as-implanted samples with a dose range of 2.5 to 4.5xl0'^ OVcm^ implanted at 100 

17 "i" ^ 
keV show "a skewed Gaussian" distribution. Above the dose of 4.5x10 O /cm , the 

shape of the profile becomes flat topped. With increasing dose, the peak concentration of 

oxygen increases and the overall profile broadens while the Rp remains at the same 

position. The depths of the maximum oxygen concentration at the implantation energy of 

100 keV and 65 keV are 240 and 170 nm, respectively. These values are in good 

agreement with values of 260 nm for 100 keV and 180 nm for 65 keV oxygen 

implantations obtained from the TRIM calculation (Figure 4.2). For the highest dose, 

8.0xl0''07cm^, the oxygen profile is fiat-topped which corresponds to the formation of 

a continuous BOX layer. When the implantation energy decreases from 100 keV to 65 

keV at the same dose of 4.5xl0'^ OVcm^, the range of projection decreases, and the peak 

concentration increases because the range of straggle decreases with decreasing 

implantation energy. This indicates that more oxygen will be distributed in a narrower 
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region around the projected range. The oxygen profile for the 65 keV as-implantation 

sample is flat-topped due to the smaller range of straggle compared to that of 100 keV. 

This implies that a critical dose to form a continuous BOX layer after implantation moves 

to a lower dose regime. A more detailed description about the effects of implantation on 

the microstructural evolution during annealing is given in the chapter 5. 
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Figure 4.4 SIMS profiles of as-implanted SIMOX samples implanted at 100 keV with the 

doses of 2.0xl0'^ OVcm^, 3.5xl0'^ 0'*"/cm~, 4.5x10'"' OVcm^, 6.0xl0'^ OVcm^, and 

8.0x10'^ O^/cm^ and at 65 keV sample with a dose of 4.5xl0'^ OVcm^. 
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4.3 Damage Profile of As-implanted Samples 

The channeled RBS spectra along the <100> axis of as-implanted samples of 100 

keV with the doses of 2.5, 3.5, 6.0, and 8.0x10'^OVcm" are shown in Figure 4.5. The 

random and channeled RBS spectra of <100> virgin Si single crystalline wafers are 

added as references. All channeled RBS spectra of the as-implanted samples from the 

surface to the depth about 160 nm exhibit higher yields compared to that of virgin Si and 

the intensities increase as dose increases. This indicates a considerable degree of 

implantation damage in the top silicon region and the degree of damage increases with 

increasing dose. 

The extent of ion implantation of the wafer can be qualified by the crystal disorder 

parameter which is defined as 

Backscattered Ion Yield at Channelling , 
X (%) = —xlOO 4.1 

Backscattered Ion Yield at Random 

The crystal disorder profiles of as-implanted samples obtained from the RBS spectra are 

shown in Figure 4.6. The region I and the region II correspond to the top Si layer and a 

heavily precipitated region in the as-implanted structure shown in Figure 4.1, respectively. 

The crystalline damage during ion implantation occurs due to atomic displacement 

which is the dominant source of point defects (Si interstitials and vacancies). The steady 

state point defect distribution (see Figure 4.2), controlled by the processing variables such 

as implantation energy, implantation dose, substrate temperature, and beam current 

density will change microstructure of as-implanted sample. In the top Si region, the 
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damage increased with increasing depth and with increasing implantation dose. The main 

structural defects shown in TEM images in the Figure 4.1 which may cause the crystal 

disorders in the as-implanted SIMOX include oxide precipitates, cavities, and MFDs. 

However the most significant one is oxide precipitates since their density is higher than 

others. In the heavily precipitated region (region II), the crystal disorder parameter 

decreased with increasing oxygen dose which is a opposite trend from that of region I. 

Generally, the more oxide is formed as the more oxygen available by the increased 

implantation dose and become more disordered structure. This discrepancy can be 

explained by the formation of a multilayered striation structure (a mixture of SiOa and Si 

layers) as shown in the Figure 4.1. This striation structure becomes more distinct as 

increasing dose. The presence of Si crystalline layer in the region 11 reduces the 

backscattered ion yield and therefore the crystalline disorder decrease. The same dose 

dependency of implantation damage behavior has been reported by several groups 
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4.4 Microstructure of Annealed Samples 

Figure 4.7 shows the microstructures of samples after annealing at 1350 °C for 4 hrs. 

It is evident that an oxygen dose of 2.5xl0'^ OVcm^ is not high enough to form a 

continuous BOX layer. With a dose of3.Oto3.5xlO'' OVcm^, a well defined continuous 

BOX layer is formed. No Si islands are observed in the BOX layer. Continuous BOX 

layers were formed with numerous Si islands at doses above 3.5xlO''oVcm^ (Figure 4.7 

(d), (e) and (f)). The density of Si islands increases but the mean size decreases with 

increasing dose. Notice that with doses of 4.5 and 6.0x10'^ OVcm^. the thickness of a 

silicon island is about 70-80 % of that of the BOX layer (Figure 4.7 (d) and (e)). This will 

significantly reduce the breakdown field strength of BOX layer. It has been suggested 

that the formation of Si islands is closely related to the multi layered striation structure in 

the as-implanted samples Since the diffusion coefficient of Si atoms in the SiOi is 

very small, Si atoms entrapped between oxide layers can not migrate to the surface or to 

the substrate which are natural sinks during the annealing process. Therefore, the trapped 

Si atoms will coalesce and form Si islands in the BOX layer. 

The thickness of the top Si layer and the BOX layers in the annealed samples was 

measured from the TEM images. The average values are listed in Table 4.1. The 

thickness of the BOX layer increase as increasing implantation dose as expected from the 

SIMS profile of oxygen shown in Figure 4.4. For the samples with oxygen dose above 

3.5xl0'^ OVcm^, the pure thickness of BOX layer was not able to measure due to the 

presence of Si island in the BOX layer. 
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No crystallographic defects were found in the top Si layer in the TEM cross-section 

view of annealed samples, plane view images were required to provide wider observation 

area. Figure 4.8 shows plane view TEM micrograph obtained at the multi-beam image 

condition. With a dose of 2.5x10'^ O'/crn^, many rectangular grey features called "Si 

pipes'" were observed (Figure 4.8 (a)). These correspond to un-oxidized Si areas that 

connect top layer to the substrate. Their average size was about 0.1 jam. The distribution 

of those pipes was quite localized. At the dose range 3.0 to 3.5xlO'^ OVcm^, neither Si 

islands nor threading dislocations were observed (Figure 4.8 (b) and (c)). Some stacking 

fault pyramids (SFPs) were also observed in most of the samples. With a dose of 

4.5X10'^ O'/cm" (Figure 4.8 (d)), irregular or hexagonal shaped large silicon islands were 

observed and their size were in the ranges from 0.2 to 0.6 |Lim. The average number 

density of Si islands in the BOX, namely the number of Si islands in the unit volume of 

the BOX, were estimated to 2.7x10'"7cm^. As dose increase, the average size of Si islands 

decreased and the average number density of Si islands in the BOX layer increased to 

l.lxio'^'/cm' for 6.0xl0'' OVcm^ sample and to 4xl0'''/cm"^ for 8.0xl0'^ OVcm^ sample, 

respectively (Figure 4.8 (e) and (f)). The density of SFPs of all samples was about 

10'^/cnr and was not showed a correlation with implantation dose. Threading dislocations 

in the top Si layer were observed by TEM only in the two samples with oxygen doses of 

2.5xlO''oVcnr and 8.0xl0'^ OVcm^. This means that the threading dislocation density 

of samples with a dose range of 3.0x10'^ OVcm^ to 6.0xl0'^ OVcm^ is lower than 

lOVcm". For the more accurate determination of the defect density, a wet chemical 

ctching method was used and the etch pit density was determined with a FESEM or an 
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optical microscope. The results are listed in Table 4.1. Figure 4.9 shows FES EM 

micrographs of the annealed 100 keV samples ((a) 2.5x1 o'^(T/cm^, (b) 3.5xlO'^OVcm^ 

and (c) 8.0x10'^ OVcm"). Figure 4.9 (a) and Figure 4.9 (c) indicates a defect density of 

SxloVcm^ and 3xl0^/cm", respectively. Figure 4.9 (b) shows no etch pits indicating a 

very low defect density. Notice that the smaller white dots are not etch pits and generated 

by edge effect of rough surface. In this case we used an optical microscope to confirm the 

low etch pit density which was found to be less than 300 pits/cm^. It is noted that samples 

17 ^ 17 ^ * with oxygen doses below 3.0x10 O /cm and above 6.0x10 O /cm contained high 

defects. The defect density in SIMOX samples as a function of oxygen dose is shown in 

Figure 4.10. The similar trend for 65 keV and 180 keV implantations were reported 

and also presented in Figure 4.10 for comparison. Note that the dose window for a low-

defects density becomes narrow as decreasing the ion implantation energy. This means 

that the dislocation density is more sensitive to the dose as decreasing the implantation 

energy. Notice that the minimum defect density implanted at 100 keV sample is one 

order smaller that those of 65 keV and 180 keV samples. The damage level at the depth 

of maximum defect in the defect distribution at a given dose increases as decreasing ion 

implantation energy as shown in the results TRIM calculation (Figure 4.2). The defects 

generated by implantation damage should be annealed out to the surface during annealing 

process. If one assumes that the rate of annihilation of defects controlled by migration 

distance of defects to the surface it will increase with decreasing implantation energy. By 

considering above two opposite tendencies of defect density on ion implantation energy, 

it is reasonably expected that there is an optimum implantation energy at a given oxygen 



dose for minimum defect density in SIMOX materials. At the same time, the critical dose 

to form a continuous BOX layer after annealing decreases with decreasing energy due to 

the reduced range of oxygen straggle during implantation. 

It is proposed here that the combination of proper implantation energy and ion dose 

will result in high quality thin film SIMOX, which turns out the implantation energy of 

100 keV with a dose ranges from 3.0 to 3.5xl0''0^/cm~ in this study. Although the 

thicknesses of Si film of annealed SIMOX samples prepared under those conditions are 

quite thick for the fully depleted CMOS applications, it can be easily reduced to desired 

thickness by thermal oxidation of Si surface during annealing process. Since the 

formation of thick thermal oxide on the Si surface in the early stage of annealing process 

reduce the recombination rates of defects at the surface, the thermal oxidation of Si 

surface should be performed at the very end of annealing process by introducing more 

oxygen into annealing ambient. 



Figure 4.7 TEM micrographs of samples implanted at 100 keV and annealed at 
1350 °C for 4 hrs. (a) to (f) correspond to the implantation dose of 2.5xl0'^ OVcm^, 
3.0x10" OVcm^ 3.5x10'^ OVcm^ 4.5xl0'^ OVcm^ 6.0x1 o'U,)Vcm^ and 8.0xl0'^ 

I ^ O /cm , respectively. 



Figure 4.7 Continued. 
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Figure 4.7 Continued. 
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Table 4.1 Layer thicknesses (silicon film( ) and the BOX layer( )) and etching pit 

densities (Dp)  in the top silicon layers of anneal SIMOX samples. All samples were 

implanted at 100 keV and annealed at 1350 "C for 4 hrs in the Ar ambient containing less 

than I % of oxygen. 

Sample Dose Energy Annealing 4 T  ̂BOX Dp , 

l.D. (xlO'^OW^) (keV) Condition (nm) (nm) (cm"') 

HE2.5 2.5 191 Discontinuous 5x10^ 

ME3.0 3.0 Ar Ambient 186 68 146 

HE3.5 3.5 
100 

containing 

< 1% Oxygen, 
174 80 93 

HE4.5 4.5 1350 "C, 4 hrs. 165 126* 150 

HE6.0 6.0 122 174* 175 

HE8.0 8.0 95 217* 3x10' 

* The BOX layer contains entrapped silicon islands; therefore they are not an absolute 

dielectric thickness. 
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Figure 4.8 Plane view TEM micrographs of samples implanted at 100 keV and 

annealed at 1350 °C for 4 hrs. (a) to (f) correspond to the doses of 2.5x10'^O7cm', 

3.0x10'^ 07cm% 3.5x10'^ 07cm^ 4.5x1 o'^ 07cm^ 6.0xl0'' OVcm\ and 8.0x10'^ 
j ^ 

O /cm , respectively. 
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Figure 4.8 Continued. 



Figure 4.8 Continued. 



Figure 4.9 FES EM micrographs of annealed SIMOX samples etched in a chemical 

solution (a) 2.5xl0'^ OVcm^, (b) 3.5xl0'^ 0^'cm', and (c) 8.0x10*^ OVcm^ 

implanted at 100 keV. 
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Figure 4.9 Continued. 
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Figure 4.10 Dose dependence of threading dislocation density in SIMOX materials 

formed at 65 keV, 500 °C, 40 mA (Johnson et al.''^'); 100 keV, 560 "C, 55 mA (present); 

and 180 keV, 550 °C, 70 mA (Nakashima et al.'^^''). 
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CHAPTER 5 

EFFECT OF INTERMEDIATE ANNEAL 

After a heavy dose of oxygen ion is implanted, a lot of damages and defects have 

been created in the top Si layer and substrate due to numerous collision cascades 

displacing host atoms. In addition to crystalline damages, a zone of numerous oxide 

precipitates is formed around range of projection in the low-dose SIMOX while a 

continuous buried oxide layer is formed in the high dose SIMOX. A well defined SIMOX 

structure with a continuous buried oxide layer can be achieved only by a suitable high 

temperature heat treatment. During ramping to the final annealing temperature, a 

significant change occurs in the microstructure. Therefore, it is critical to understand the 

development of microstructure during annealing for achieving a good quality SIMOX 

material. In order to study the development of microstructure of SIMOX samples, 

implanted at 65 keV with dose of 4.5x10'^ OVcm^and samples implanted 100 keV with 

doses of 2.5xl0'^ OVcm" and 4.5xio'^ OVcm^, the ramping and annealing were 

performed on each set of samples at the temperature of 1100, 1200 and 1300 °C each for 

0 hr holding and 1350 "C for 0 hr and 2 hrs. In this chapter, the effect of the implantation 

energy on the microstructural development during the ramping and annealing process is 

presented. 

5.1 Microstructural Development during the Annealing 

The development of microstructure of SIMOX samples implanted at 65 keV and at 

100 keV with a dose of 4.5x10*'' 07cm' during the ramping process was studied using 
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cross-section and plane-view TEM images. The results are shown in Figure 5.1 and 

Figure 5.2, respectively. In the 65 keV as-implanted sample (Figure 5.1 (a) and (b)), a 

continuous BOX layer contained a multilayered striation structure of elongated Si layers. 

Numerous spherical oxide precipitates were formed around BOX layer. The average size 

of oxide precipitates in top Si layer of 65 keV sample was larger than that of 100 keV 

sample (compare Figure 5.1 (b) and Figure 5.2 (b)) due to the high concentration of 

oxygen in the top Si layer as shown in the SIMS results (Figure 4.4). The effect of 

implantation energy on the oxygen distribution investigated using TRIM calculation was 

also presented in the Chapter 4 (Figure 4.2). As the temperature increases to 1100 °C 

during the ramping process (Figure 5.1 (c) and (d)), the oxide precipitates in the top Si 

layer were expected to grow through the "Ostwald ripening" process. However, there was 

almost no change in size while the density of oxide precipitates in the top Si region 

significantly decreased. This could be due to the out-diffusion of the implanted oxygen 

from the wafer during the ramping to 1100 "C. By taking consideration of a calculated 

diffusion length of oxygen atoms (sfDt, D = 0.77exp(-2.44/kT) '^'^^) in the Si wafer, for 

example -JWt = 400 nm at 1000 °C for 100 second, one can notice that the out-diffusion 

of oxygen is highly feasible during the ramping to the temperature of 1100 "C. The out-

diffusion of implanted oxygen from the wafer at temperature over 1000 "C also has been 

reported by Ono et al.'"l The loss of implanted oxygen by out-diffusion will reduce the 

growth rate of oxide precipitates in the top silicon layer and the oxide precipitates may 

not grow enough to survive at high temperature. Therefore, a complete dissolution of the 

oxide precipitates in the top Si region at a higher temperature may be accelerated due to 
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their smaller size. At 1200 °C, the oxide precipitates in the top Si layer were coalesced 

and began to incorporate into the BOX layer (Figure 5.1 (e) and (f)). At 1300 °C, a 

multilayered striation structure evolved to a BOX layer containing numerous Si islands 

(Figure 5.1(g)). No oxide precipitates were observed in the top Si layer at the temperature 

of 1300 "C and high density of threading dislocations indicated by arrows (Figure 5.1 (h) 

were generated in the top Si layer during the ramping at the temperature between 1200 "C 

and 1300 °C. Notice that in the 100 keV samples (Figure 5.2 (g) and (h)) the generated 

dislocations are effectively pinned by oxide precipitates. As the temperature increases to 

1350 °C, the interfaces become smoother. After annealing at 1350 °C for 2 hrs, a very 

thin SIMOX structure was formed with flat interfaces between the BOX layer and Si 

(Figure 5.1 (i)). However this sample had a high density of threading dislocations (about 

10^/cm^, see Figure 5.1 (g)) in the top Si layer and a numerous silicon islands in the BOX 

layer. 

In the 100 keV as-implanted samples, no continuous BOX layer was formed (Figure 

5.2 (a)). However, a multilayered striation stmcture was visible around the range of 

projection (Rp). From the PTEM image of an as-implanted sample (Figure 5.2 (b)) and 

the electron diffraction pattern of the area (not shown here), it was suggested that the 

growth of oxide precipitate around the depth of Rp occurred along the two <100> 

directions which are perpendicular to the direction of the incident ion beam. At 1100 °C 

during the ramping process, a multilayered structure was more distinct than in the as-

implanted sample and numerous oxide precipitates were present above and beneath a 

multilayered structure (Figure 5.2 (c)). The preferential growth of precipitates along 
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<100> directions is still present although it was less obvious in the as-implanted sample 

(Figure 5.2 (d)). At 1200 °C, the thickness of oxide layers in the multilayered structure 

was increased, and the number of the oxide precipitates around the multilayered structure 

was considerably reduced while the size of the precipitates increases (Figure 5.2 (e) and 

(f)). The oxide precipitates in the top Si layer are visible up to 1300 °C, and the pinning 

of dislocations by the oxide precipitates is indicated by arrows (Figure 5.2 (g) and (h)). 

After annealing at 1350 "C for 2 hrs, the oxide precipitates and pinned dislocations at the 

top Si layer were disappeared completely and a continuous BOX layer containing a small 

number of Si islands with a larger average size compared to in the 65 keV sample was 

formed (Figure 5.2 (i) and (j)). The front and back interfaces were very uneven. The 

stacking fault pyramids (SFPs) were observed only in the PTEM which means the density 

of stacking fault pyramids is higher than lOVcm^. However, no threading dislocations 

were observed in both XTEM and PTEM images. 

In summary, we found that during the ramping process the oxide precipitates 

presented in the top Si layer play a key role in reducing the density of threading 

dislocations. In 65 keV samples, the distribution of oxide precipitates was in narrow 

range and was close to the surface compared to that of 100 keV samples due to the 

reduced range of oxygen projection (Rp) and oxygen straggling (ARp) as decreasing 

implantation energy. During the ramping to the 1100 °C, there was a significant amount 

of oxygen out-diffusion which hinders the growth of oxide precipitates to a stable size. 

Those unique oxygen distribution and out-diffusion lead to the early dissolution of oxide 

precipitates into Si matrix and the dislocations generated at the upper interface of the 
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BOX layer were easily extended to the surface during ramping to 1300 °C. Once they 

reach the surface, they are stable and can not be removed easily. This resulted in high 

density of threading dislocations in the top Si layer after annealing at 1350 °C. However, 

in the 100 keV sample, oxide precipitates which survived at the higher temperature have 

effectively pinned the dislocations during the ramping to 1300 °C. The dislocations 

pinned by the oxide precipitates were easily removed through annihilation when the 

oxide precipitate dissolve and incorporated into BOX layer after annealing at 1350 °C for 

2 hrs. This resulted in a low density of dislocations in the top Si layer in 100 keV sample. 



91 

As-Implanted 

Figure 5.1 XTEM and PTEM micrographs of SIMOX samples implanted at 65 keV with 

a dose of 4.5x10^/cm^ which showing microstructural evolution during ramping and 

annealing (a)-(b) as-implanted; (c)-(d) 1100 "C, for 0 hr; (e)-(f) 1200 °C, for 0 hr; (g)-(h) 

1300 °C, for Ohr; and (i)-(i) 1350 "C for 2 hrs. 
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Figure 5.1 Continued. 
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Figure 5.1 Continued. 
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Figure 5.1 Continued. Arrows indicate threading dislocations. 



Figure 5.1 Continued. Arrows indicate threading dislocations. 
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As^implanted 

Figure 5.2 XTEM and PTEM micrographs of SIMOX samples implanted at 100 keV with 

a dose of 4.5xl0'^ OVcm^ which showing microstructural evolution during ramping and 

annealing (a)-(b) as-implanted; (c)-(d) 1100 °C, for 0 hr; (e)-(f) 1200 °C, for 0 hr; (g)-(h) 

1300 °C, for Ohr; and (i)-(i) 1350 °C for 2 his. 
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1100 °c 

Figure 5.2 Continued. 
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Figure 5.2 Continued. 



99 

Figure 5.2 Continued. Arrows indicate partial dislocations pinned by oxide precipitates. 
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Figure 5.2 Continued. 
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5.2 Oxygen Redistribution during the Ramping and Annealing 

The oxygen distributions of samples implanted with a dose of 4.5x10'"' OVcm^ at 

implantation energy of 65 keV and 100 keV during the ramping and annealing measured 

by SIMS are shown in Figure 5.3 and Figure 5.4, respectively. In 65 keV sample (Figure 

5.3), the oxygen profile of as-implanted sample was flat-topped which reflects the 

formation of a fairly continuous BOX layer after ion implantation. At the sample ramped 

up tol 100 °C, the profile developed a dip in the middle and the dip became more distinct 

at the samples ramped up to 1300 °C. By comparing the TEM micrographs (Figure 5.1 (b) 

and (c)), it is suggested that the dip in the middle of the distribution is caused by the 

formation of Si islands in the BOX layer. A significant redistribution of oxygen in the top 

Si layer, which correspond the changes on the left wing of the profiles, occurred at the 

ramping temperature between 1200 °C and 1300 °C. At the temperature of 1300 °C, the 

distribution showed a step shape with a dip in the middle. This indicates the formation of 

fairly sharp interface between Si and BOX. 

In 100 keV samples (Figure 5.4), oxygen profile deviates from the skewed Gaussian 

shape of the as-implanted sample as the sample is ramped up to 1200 "C. A step is 

developed on the left side of the profile, which corresponds to a significant buildup of the 

oxygen concentration due to a preferential growth of the oxide precipitates in the top 

silicon layer (Figure 5 (c)). At 1300 "C, the profile is fiat-topped with a dip in the middle 

and a distinct step on the left side of the profile. A dip in the middle of the profile 

indicates the formation of silicon islands in the middle of the BOX layer. Drastic oxygen 

redistribution occurred at temperature between 1300 °C and 1350 °C. The oxygen profile 
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of sample after annealing at 1350 °C for 4 hrs, showed a step shape. This indicates that a 

sharp interface between the top Si layer, and the oxygen precipitates in the top Si layer 

are completely dissolved and incorporated into the BOX layer. 

In the comparison of oxygen redistribution in 65 keV and 100 keV samples, the 

oxygen distribution profile of the as-impianted sample at 65 keV was quite shifted to the 

surface due to the reduced projection range and straggling compared to that of at 100 keV. 

It is noted that the oxygen redistribution during ramping and annealing is completed by 

dissolving of all residual oxide precipitates around the BOX layer into Si matrix and 

strongly dependent the oxygen distribution of as-implanted sample, namely the 

implantation parameters which determine the size and the density of oxide precipitates in 

as implanted samples. It has been known that the dissolved oxygen atoms in the top Si 

layer of a conventional SIMOX preferentially diffuse into BOX layer However, the 

out-diftusion of oxygen atoms during ramping in the low energy implanted samples 

becomes significant due to the shift of the oxygen profile close to the surface. The loss of 

implanted oxygen by out-diffusion during annealing can degrade the quality of the BOX 

layer. Since the dissolution rate of oxide precipitates in the top Si layer can be controlled 

by the ramp rate, the annealing temperature, and oxygen contents in annealing ambient, 

further research should be performed on these topics to clarify the effect of annealing 

process parameters on the quality of the BOX layer in the low-dose, low-energy SIMOX. 
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Figure 5.3 SIMS profiles of SIMOX samples showing redistribution of oxygen during the 

ramping and annealing. Samples were implanted at 65 keV with an oxygen dose of 

1V "4" ^ 
4.5x10 O /cm and heat treated at various temperatures. 
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Figure 5.4 SIMS profiles of SIMOX samples showing redistribution of oxygen during the 

ramping and annealing. Samples were implanted at 100 keV with an oxygen dose of 

4.5x1 o'^O Vcm" and heat treated at various temperatures. 
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5.3. Implantation Damage Recovery during the Ramping and Annealing 

The characteristics of damage recovery of SIMOX samples during the ramping and 

annealing process were analyzed using Rutherford Backscattering Spectrometry (RBS) 

and the results are shovra in Figure 5.5. The random and channeled RBS spectra of 

<100> virgin Si single crystalline wafers are added as references. The yield of 

backscattered ions of the as-implanted samples at 65 kev and 100 keV in channeling 

mode drastically increased with increasing the depth from the surface and reached 

maximum at the depths of lOOnm and 250 nm, respectively, in the top Si region. This 

indicates that a considerable degree of crystal disorder, namely implantation damage 

occurs at the near-surface region. From the comparison of RBS spectra of the as-

implanted samples implanted at 65keV and 100 keV with a dose of 4.5xlO'^ OVcm^, it is 

suggested that the damage level increases as the depth from surface increases and reaches 

the maximum at the depth of maximum peak of RBS spectra and the damage distribution 

also shifts to the surface as the implantation energy decreases as expected from TRIM 

calculation. Notice that the depths at the maximum peak of damage obtained from the 

TRIM calculation for the oxygen implantation at 65 keV and 100 keV were 110 nm and 

220 nm, respectively (Figure 4.2 in the chapter 4). 

During the ramping and annealing process, oxygen and silicon atoms are 

redistributed, and the channeled backscattering yield decreased with increasing 

temperature due to the progressive recovery of implantation damage in the sample. After 

annealing at 1350 °C for 4 hrs, the channeled back scattering yield at the near surface 

region of 100 keV sample was reduced significantly, and was comparable to that of a 
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virgin Si sample. This indicates that the implantation damage at the top Si layer is almost 

folly recovered after annealing at 1350 °C for 4hrs. However in the 65 keV sample, the 

back scattering yield was quite high compared to that of 100 keV which reflects a high 

density of threading dislocations in the top Si layer. The threading dislocation density in 

the top Si layer of 65 keV annealed sample obtained from PTEM micrograph (Figure 5.1 

(i)) was about 10^/cm^ which is about seven orders magnitude higher than in 100 keV 

sample (about 150/cm^). The crystal disorder parameter, Xmin (the ratio of the channeled 

to random backscattering yield in the near-surface region) was calculated from the RBS 

spectra of the samples to evaluate the crystallinity of the top Si layer. After annealing at 

1350 °C for 4 hrs, the crystal disorder parameters (Xmin) of the 100 keV and 65 keV 

samples were 5.3 % and 22 %, respectively. The Xmin of 100 keV sample was comparable 

to that of a virgin single crystal Si wafer (4.1 %) used in this experiment. 
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Figure 5.5 Channeled RBS spectra of SIMOX wafers showing damage recovery during 

ramping and annealing process (a) implanted at 65 keV and (b) 100 keV. All samples are 

implanted with a dose of 4.5xl0" OVcm'. 
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Figure 5.5 Continued. 
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CHAPTER6 

DEFECTS IN LOW-DOSE LOW-ENERGY SIMOX 

6.1 Defects in the As-Implanted Samples 

The main defects in the top Si layer of as-implanted samples were cavities, multiple 

faulted defects (MFDs) and oxide precipitates, and in the substrate side were {113} 

defects as shown Figure 4.2 in the chapter 4. Unlike in the conventional SIMOX, the 

dislocation half loops in the low-dose low-energy SIMOX were not observed under the 

TEM. This may be due to the reduced density of dislocation half loop below the detection 

limit of TEM (around 10"/cnr) or due to the insufficient implantation damage, causing 

the dislocation half-loop to form. As mentioned in the chapter 4, the dislocation half loop 

is one of the main causes of high defect density in the top Si layer of the annealed 

conventional SIMOX wafers The spherical cavities near the surface has been reported 

by several research groups They found that such cavities were only observed under 

some specific implantation conditions, and their size and density depend on the ion dose, 

the beam current and the scanning frequency during implantation The images of the 

cavities appear clearer when the microscope was slightly under focused. It is generally 

accepted that their formation is caused by an excess of vacancies that condensate near the 

surface. In the investigation on the kinetics of defect migration during annealing of an ion 

implanted Si wafer, Bedrossian et al. demonstrated that the number of vacancies 

reaching the surface is greater than the number of interstitials. From their result we can 
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expect the super-saturation of vacancies near the surface if the recombination rate of 

vacancies is smaller than their arrival rate. 

MFDs observed in the defect rich zone have the length of 40-60 nm with density 

1 ') 0 
about 10 cm" which is two orders smaller than that of conventional SIMOX (about 10 

cm"). This would be due to reduced implantation dose which create less point defects. A 

lattice image of MFD in the top silicon layer is shown in the Figure 6.1. The MFD was 

planar defects on {111} planes and consisted of one or two discontinuous extrinsic 

stacking faults. Visitsemgtrakul et al. have shown that the MFDs in the conventional 

SIMOX were composed of overlapping extrinsic and intrinsic stacking faults randomly 

spaced between 2 and 8 atomic layers apart. Based on the coexistence of extrinsic and 

intrinsic stacking faults they proposed that MFDs are shear loops formed to relieve the 

stress created by the volume changes at the boundaries of oxide precipitates. 

When the concentration of oxygen in the silicon during the ion implantation 

becomes larger than the solid solubility limit, the precipitation of oxide will take place. 

This phenomenon is also called "internal oxidation". The formation of oxide precipitate 

requires an accommodation volume because the molar volume of SiOa is about 2.2 times 

that of the silicon. This accommodation volume can be created by the emission of Si 

atom, and the emission of Si atom is 0.63 Si per implanted oxygen when no vacancies are 

available Therefore, numerous point defects (Si interstitials) are created during the 

oxygen precipitation. It is well known that the distribution of precipitates and their sizes 

are detennined by the implantation conditions In the low-dose low-energy SIMOX, 

the oxygen projection range moves close to the surface compared to that of the high-



I l l  

energy SIMOX. Thus, numerous tiny oxide precipitates were formed in the top Si layer 

and their average sizes increased as increasing depth from the surface. A more detailed 

description on the quantitative analysis of the oxygen precipitates can be found elsewhere 

The key role of the oxide precipitates during the annealing process in reducing the 

defect density will be discussed in the next section. 

The {113} defects are often called "rod-like defects" and well known to the 

Si/TEM community. They lie on the {113} planes and typically stretch along every 

<110> type direction. In the SIMOX materials, the {113} defects have been observed on 

the substrate region just below the lower Si/BOX interface. Figure 6.2 is a high resolution 

TEM image of a cross-sectional view of a {113} defect in a low-dose low-energy 

SIMOX wafer. This defect was an extrinsic defect which might be created by the 

precipitation of supersaturated Si self-interstitial atoms, which is very probable because 

the silicon interstitial atoms created by the internal oxidation are not easy to migrate 

through the SiOa precipitate layer due to the very small diffusion coefficient of silicon in 

SiOa. A detailed discussion on the structural properties of {113} defects can be found in 

an article by Kim and co-workers 

Although the formation mechanisms of the extended defects such as stacking faults 

and dislocations during the ion implantation have been intensively studied during the last 

30 years, there still exist the problems of interpretations of the origin of defects due to the 

complex nature of the kinetics and the reactions between the point defects. There are two 

main sources of the point defects during the ion implantation: 1) the vacancies and the 

silicon interstitials created by collision cascades, 2) the silicon interstitial atom ejected by 
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the internal oxidation. The steady-state concentration and the distribution of those defects 

determine the type and the density of extended defects. 

Figure 6.1 A HRTEM image of Multiple Faulted Defect (MFD) in top Si layer of the as-

implanted low-dose low-energy SIMOX sample. 



Figure 6.2 A HRTEM image of a {113} defect in the as-implanted low-dose low-energy 

SIMOX sample. 
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6.2 Defects in the Intermediate Temperature Annealed Samples 

In order to study the evolution of extended defects during the annealing process, the 

intermediate annealing was performed at various temperatures. Figure 6.3 is a XTEM 

micrograph of 3.5x10^'^ OVcm^ SIMOX sample annealed at 900 °C for 10 minutes. As 

shown in the micrograph the average size of cavities increased while the density 

decreased through the coalescence of the adjacent cavities compared to those of in as-

implanted sample (Figure 4.1 (c)). Some of the cavities near the surface were opened and 

create rough surface. There was almost no change in the density and size of MFDs. The 

{113} defects in the Si substrate region were not observed at 900 °C sample. It is 

proposed that most of the {113} defect were dissolved into the matrix as increasing 

annealing temperature. The completed dissolution of the {113} defects at the annealing 

temperature around 900 C has been reported in the dopant implant in Si wafer. A very 

impressive quantitative study of the evolution of {113} defects in B implanted Si has 

been conducted by Eaglesham et al.'**'^^ using TEM under weak beam dark field (WBDF) 

condition. They found that upon annealing from 670 "C to 815 °C the {113} defects grow 

in size and decrease in density. This behavior is very similar to what is observed during 

the so-called "Ostwald ripening" of precipitates of a second phase materials in a matrix. 

The implantation energy dependence of the {113} defect dissolution in the Si"^ implanted 

Si wafer has been reported by Saleh and co-workers The dissolution time of {113} 

defects was shown to increase with increasing implantation energy which indicating that 

surface recombination plays a key rule in the annihilation of the implantation damage. 

When the {113} defects dissolve, Si interstitials are released into Si matrix. In order to 
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maintain perfect crystalline, those interstitials should diffuse out to the surface and must 

be annihilated by the recombination reaction at the surface. In the SIMOX, however, the 

diffusion of Si interstitials toward the surface is significantly hindered by the presence of 

a numerous oxide precipitates. Therefore, the excess Si interstitials in the substrate region 

would be consumed either by generating new defects or by incorporating into Si matrix at 

the interface between Si and oxide precipitates. 

Figure 6.4 shows an overview of 3.5x10" OVcm^ SIMOX sample annealed at 1068 

"C for 2 hrs. Upon annealing at 1068 "C, the density of MFD was slightly reduced and 

many MFDs were pinned by SiOa precipitates which were preferentially nucleated and 

grown on the top of the MFDs. The preferential nucleation and growth of oxide 

precipitates may be due to the gettering of oxygen atoms at the edges of the defect. Since 

the oxide precipitates on the MFDs are larger than those of homogeneously nucleated in 

the Si matrix, they are stable and will grow through absorbing oxygen from the small 

oxide precipitates upon further higher temperature annealing. A HRTEM image of a 

MFD pinned by an oxide precipitate is shown in the Figure 6.5. The precipitates observed 

in the specimen with (110) section were hexagonal and were bounded by two {100} and 

four {111} silicon planes. Tiller and co-works have shown that the quasi-equilibrium 

morphology of oxide precipitates in Si is mainly determined by the interfacial energy and 

strain energy. At a low temperature, the strain energy is dominant term. However, the 

interfacial energy becomes dominant as temperature increases. In the bulk silicon, the 

precipitate structure evolves from coesite rod, to vitreous silica disc, and finally to silica 

polyhedra at low. intermediate, and high temperature, respectively. In SIMOX, the 
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morphology of oxide precipitate evolves from spherical to polyhedral shape and no disk 

shaped precipitates were observed in the as-implanted samples. It is suggested that in 

SIMOX, the dominant factor which determines the shape of the precipitates is the 

interfacial energy. 

Overviews of 3.5x10^^ OVcm^ SIMOX samples annealed at 1150 °C for 2 hrs and 8 

hrs are shown in Figure 6.6. It should be noted that the length of MFDs has been 

shortened while oxide precipitates grow on both ends of the MFD (Figure 6.6 (a)). The 

result indicates that further annealing causes annihilation of MFDs when the oxides 

dissolve and incorporate into the BOX layer. In addition, partial dislocations pinned by 

oxide precipitate were observed in the PTEM micrograph of the sample annealed at 1150 

°C for 2 hrs (Figure 6.6 (b)) and the density of partial dislocations decreased as 

increasing holding time to 8 hrs (Figure 6.6 (d)). It is suggested that the partial 

dislocation pinned by oxides are annihilated when the smaller oxide precipitates dissolve 

and incorporated into a larger oxide precipitates. 
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Figure 6.3 XTEM micrograph of 3.5x10*^ O'/cm^ SIMOX sample annealed at 900 "C for 

10 minutes. 
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Figure 6.4 (a) XTEM and (b) PTEM micrographs of 3.5x10*' 07cm~ SIMOX sample 

annealed at 1068 °C for 2 hrs. 
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Figure 6.5 A HRTEM micrographs of MFD pinned by the octahedral oxide precipitate, 

which is bounded by four {111} and two {100} planes. 
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Figure 6.6 XTEM and PTEM micrographs of 3.5xl0'^ O'Vcrn^ SIMOX samples annealed 

at 1150 °C for 2hrs ((a)-(b)), and for 8 hrs ((c)-(d)). Arrow heads in (b) indicate partial 

dislocations pinned by the oxide precipitates. 
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Figure 6.6 Continued. 
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There were different kinds of defects emerging during the intermediate aimealing of 

2.5 X lO'^ 0^/cm^ SIMOX samples as shown in Figure 6.7. Those defects were not 

observed in the cross-section view micrograph of sample annealed at 1100 °C for 4 hrs 

(Figure 6.7 (a)) due to the smaller density below the detection limit. However they were 

observed in the plane view micrograph of sample (Figure 6.7 (b)) because of a much 

broader scope of view compared to that of XTEM. Those defects were identified to be 

extrinsic stacking faults (SFs) in the top silicon and were not observed in any other 

samples used in this study. The SFs were located on <110> direction parallel to the 

surface and bounded by two Frank partial dislocations. The density of the defects was 

approximately 10'* cm"' and the average size was about 0.8 |.un. It is most likely that those 

extrinsic stacking faults are formed by the aggregation Si interstitials created during ion 

implantation process and all SFs larger than the critical size will grow upon annealing as 

long as the excess amount of Si interstitials are available around them. It has been known 

that the growth of SFs in the bulk Si was proceeded by capturing Si interstitials at the 

core of the partial dislocations ' 

According to Tsamis et al. the steady-state value of ACi defined as the uniform 

excess interstitial concentration during oxidation of thin film Si is given b 

KC,=—^— 6.1  
CT, + kjt 

where g/ is a generation flux of Si interstitial at the surface, o/ is an interface 

recombination rate defined as the sum of the recombination rates at the surface and at the 

back interface, kj is a bulk recombination rate and t is film thickness. In the case of 
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SIMOX, some portion of top Si layer will be oxidized during the annealing under Ar 

ambient containing less than 1 % oxygen. However, the flux of the Si interstitials toward 

Si matrix created by the surface oxidation is insignificant due to very slow oxidation rate. 

Therefore, the main source of Si interstitials in the SIMOX samples comes from the 

dissolution of small stacking faults and Si interstitial clusters in the top Si region. Form 

the Eq. 5.1 it can be seen that the influence of the recombination of Si interstitials at the 

interfaces becomes more important when the film thickness is small. In the SIMOX, the 

recombination of Si interstitials at the surface which is natural sink of the point defects 

will be the key to suppress the growth of SFs during the annealing under Ax atmosphere. 

The diffusion length of the Si interstitial in a bulk Si at 1100 is quite large (about 8 |im 

for 1 second) Although in SIMOX sample numerous oxide precipitates piled up in the 

top Si region tend to block migration of Si interstitials toward surface, still a significant 

amount of Si interstitials can migrate toward the surface as temperature increase. Because 

the growth of oxide precipitates by "Ostwald Ripening" process will reduce the density 

oxide precipitate in the top Si region. Therefore the recombination of Si interstitials is not 

a diffusion limited process. It is well known that the recombination rate of Si interstitials 

at the surface strongly depends on the chemical state of surface In particular, 

surface capping and contamination have played an important role. The effect of surface 

capping with SiOi was well studied by Benedict and co-workers ''''I They found that the 

dislocation density of capped SIMOX was much higher compared to that of uncapped 

one. Their results can be explained by a low recombination rate of Si interstitials at the 
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surface capped with oxide during annealing. The recombination of Si interstitials at the 

Si/SiOi interface can be described as the following reaction 

Si (interstitial) + SiOa - 2SiO 6.2 

The SiO molecules will diffuse through the capped oxide and evaporate at the surface to 

the annealing atmosphere. The rate of above reaction was known to be controlled by the 

diffusion of SiO molecule through the SiOa layer When the thickness of the capped 

oxide is large, the rate of recombination of Si interstitials at the interface will be very low. 

This will result in the stabilization of defects created by the super-saturation of Si 

interstitials. The recombination of Si interstitials at the Si/ BOX also follows the above 

reaction. The SiO molecules can diffuse through the BOX layer to the back 

BOX/substrate interface where the recombination would be expected to occur by the 

reverse reaction 2SiO = SiOi + Si if the concentration of Si interstitials is low in the 

substrate region. However in the SIMOX samples without any capping layer, the 

recombination of Si interstitials at the surface will be dominated over the recombination 

at the Si/BOX interface. 

After annealing at 1200 °C for 4 hrs, no extrinsic stacking fault were observed in 

the plan-view TEM image as shown in the Figure 6.7 (c). Similar results have been 

observed in the low-dose, high energy SIMOX samples (2.25x lO'^O Vcm^, 200 keV) by 

Bagchi and co-workers This means that the SFs were annihilated during the annealing 

between 1100 and 1200 "C. We can consider here two competing annihilation 

mechanisms of the SFs during the annealing process. The first one is the elimination of 

stacking faults by the "retrogrowth" at a high temperature. The retrogrowth of oxidation 
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stacking faults (OSFs) in the bulk Si has been widely observed by many research groups 

[87,92-97]^ As temperature increases Si interstitials continuously annihilated from the Si 

matrix by the recombination at the surface and interface of Si/BOX. When the 

concentration of silicon interstitials in the Si matrix becomes below the equilibrium 

concentration of Si interstitial in the stacking faults, the Si interstitials will be emitted 

from the stacking faults, and the shrinkage of SFs will take place. This process is so 

called "retrogrowth" of stacking fault and strongly depends on the rate of surface and 

interface recombination. The other mechanism proposed by Bagchi et al. is the 

elimination of SFs by unfaulting of the entire area of the stacking fault through 

continuous glide of the Shockley partials. The unfaulting reaction of stacking fault leaves 

two threading dislocations at both ends of the fault. It is clear that the second mechanism 

is not benefit for producing a high quality SIMOX because it leaves threading 

dislocations which can not be annihilated by high temperature annealing. Therefore the 

annealing process must be designed to enhance the first mechanism in order to minimize 

defect density in the SIMOX wafer. 

XTEM and PTEM observation of 2.5 x lO'^ O'/cm^ SIMOX samples annealed at 

1200 °C for 4hrs (Figure 6.7 (c) and (d)) showed that the partial dislocations connecting 

laterally between the oxide precipitates formed around the peak of damage in the middle 

of the top Si layer and also bridging between the oxide and the large-sized oxide 

precipitates formed around the range of projection. Those defects are called "precipitate-

dislocation complexes" (PDCs) The density of partial dislocations was about 10^/cm^. 

The formation of precipitate-dislocation complexes can be understood by the following 
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mechanism. 1) The preferential oxide precipitation takes place around the peak of the 

damage and the range of projection; 2) The oxide precipitates around the peak of the 

damage continuously grow to polyhedral shaped precipitates upon annealing; 3) A local 

stress is built up between preferentially grown precipitates as the size of the polyhedral 

precipitates increase; 4) When the size of precipitates are larger than the critical size, the 

partials dislocations will be created at the interface between Si matrix and precipitates to 

release the stress built between large oxide precipitates. As the annealing temperature 

increases to 1350 °C, the preferentially grown oxide precipitates starts to dissolve and 

incorporated to the BOX layer as shown in Figure 6.7 (e) and (t). 
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Figure 6.7 XTEM and PTEM micrographs of 2.5 x lo'^ OVcm^ SIMOX samples 
annealed at various temperatures, (a)-(b) 1100 °C, for 4 hrs; (c)-(d) 1200 °C for 4 hrs; and 
(e)-(f) 1350 °C for 0 hr. 



Figure 6.7 Continued. Arrow heads indicate dislocation-precipitate complexes. 
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Figure 6.7 Continued. Arrows indicate dislocation-precipitate complexes 
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6.3 Defects in High Temperature Annealed Samples. 

The main crystallographic defects observed in the annealed low-dose, low- energy 

SIMOX samples are dislocations in the top Si layer; the stacking fault pyramids in the 

substrate; and silicon pipes and silicon islands in the BOX layer. Detail features and 

formation mechanisms of stacking faults and dislocations are described in the next 

section. 

6.3.1 Stacking F aults 

The stacking faults observed in the samples found to be the stacking fault pyramids 

denoted as SFP in the Figure 6.8. The stacking faults were observed in all the samples 

used in this study. Although it was a challenge to determine the density of stacking fault 

pyramid accurately with PTEM images (Figure 6.8 (c)) due to their small size and low 

density, it was estimated to be about 10 /cm . In the conventional SIMOX, the stackmg 

fault pyramids were located at the upper interface between the top silicon layer and BOX 

layer However, in the low-dose, low-dose SIMOX, most of the stacking faults 

pyramids were found at the lower interface between the BOX layer and the substrate as 

shown in the Figure 6.8 (a). This may be due to the shift of damage distribution profile 

closer to the range of projection as decreasing the ion implantation energy. Since the 

location of stacking faults is just below the box layer, those defects will not affect the 

performance of device built on the top silicon layer. A high resolution image of a 

stacking fault pyramid (Figure 6.8 (b)) illustrates an extrinsic nature of the fault. The 

sizes of stacking faults were in the range of 40 nm to 100 nm. A 3-D schematic of a 
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stacking fault pyramid is shown in the Figure 6.9. Two possible formation mechanisms of 

these stacking faults are as follows; 

Mechanism 1 : Re-precipitation of Si interstitials at the BOX/substrate interface 

Mechanism 2 : The transformation of small stacking faults pinned by residual oxide 

precipitates around BOX/substrate interface to the stacking fault pyramids during 

intermediate annealing, and then dragged to the BOX/substrate interface by the oxide 

precipitates which incorporated to the BOX layer during high temperature annealing. 

Mechanism 1 is feasible if the Si interstitials emitted by the dissolution of {113} 

defects during intermediate annealing are preferentially migrate to the interface and the 

recombination rate of Si interstitials at the BOX/substrate is very low to achieve the 

super-saturation of Si interstitials. It has been known that the Si/BOX and BOX/substrate 

interfaces are not effective sinks of point defects Therefore, the super-saturation of 

silicon interstitials is possible and the interface of the BOX/substrate becomes good 

nucleation site for stacking faults. The formation of the tetrahedral stacking faults by the 

mechanism 2 is also possible since the pinning of small stacking faults by residual oxide 

precipitates around the BOX/substrate interface is observed in the samples annealed at 

the intermediate temperature as shown in Figure 6.8 (a). Those small stacking faults are 

relatively stable unless the oxide precipitates do not dissolve to the matrix. During the 

active dissolution and incorporation of oxide precipitates into buried oxide at the high 

temperature, most of the small stacking faults will dissolve and those surviving can be 

dragged to the interface of the BOX/substrate by oxide precipitates and then form 

stacking fault pyramids. 
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Figure 6.8 Crystallographic defects in the annealed low-dose low-energy SIMOX; (a) A 

XTEM image of SIMOX sample showing a stacking fault pyramid located in the bottom 

interface of BOX layer, (b) HRTEM image of a stacking fault pyramids, and (c) PTEM 

image of a stacking fault pyramid. 
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Figure 6.9 A three-dimensional schematics of stacking fault pyramid. 
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6.3.2 Dislocations 

Two types of dislocations observed in the TEM micrographs are threading 

dislocations and parallel dislocations. They are denoted as TD and PD, respectively, in 

Figure 6.10. The threading dislocations run from the BOX interface and punch to the 

surface. The parallel dislocations run laterally to the wafer surface within the top Si layer. 

1 7 ^ ^ I 
Threading dislocations were only observed in the 2.5 x 10 O /cm and 8.Ox 10 O /cm 

SIMOX samples annealed at 1350 °C for 4 hrs. In the other samples (3.0, 3.5, 4.5 and 

6.Ox lO^'oVcm^), no threading dislocations were observed, which may be due to the low 

dislocation density below the detection limit of TEM analysis. The parallel dislocations 

in the top silicon were only observed in the 100 keV, 2.5 x lo'^ SIMOX sample, 

which do not form a continuous BOX layer. The size distribution of the parallel 

dislocations was quite broad from 0.2 [im to 16 }xm. Those parallel dislocations were also 

observed by another research group in the low-dose high-energy SIMOX, which also did 

not form a continuous BOX layer 

It is well known that the threading dislocations once generated are very difficult to 

be eliminated by high temperature annealing, in contrast to other defects such as stacking 

faults and {113} defects, which can be eliminated by annealing As discussed in 

the chapter 3, one of the main causes of the generation of threading dislocations in the 

conventional SIMOX was the dislocation half-loops formed during the ion implantation 

process due to stress built in the top Si region. However, in the low-dose low-energy 

SIMOX, no dislocation half-loops were observed, still some of samples have relatively 

high density of threading dislocations (about 10^ to loVcm^). This means that the 



formation mechanisms of dislocation in the low-dose, low-energy SIMOX are different 

from the conventional SIMOX. Two possible mechanisms for the formation of threading 

dislocations are described as follows; 

Mechanism 1: The evolution of stacking fault formed in the top Si layer during the 

intermediate annealing to the threading dislocation by unfaulting of stacking faults as 

described in the section 5.2.2. 

Mechanism 2 : The generation of dislocations at the oxide precipitate larger than critical 

size proposed by Nakashima and Izumi According to their critical size model, there is 

a critical size of an oxide precipitate (larger than 100 nm) in the silicon matrix which 

generates dislocations to release local stress built around the precipitate. When the size of 

the precipitate is larger than the critical size, the generated dislocations are stable and can 

grow upon farther annealing. The generation of the parallel dislocations can be easily 

explained by mechanism 2 as well since a discrete box layer is actually a large oxide 

precipitate. 

The dose dependence of the defect density in the 100 keV SIMOX samples was 

presented in the chapter 4 (Figure 4.9). For a detailed discussion, a series of schematic 

diagrams of cross-sectional views of low-dose low-energy SIMOX wafers is presented in 

Figure 6.11. The diagrams illustrate the defects generation and evolution during 

annealing as a function of dose. These diagrams constructed based on the TEM 

observations suggest possible defect generation mechanisms. When a very low oxygen 

ions dose (2.5 x lO'^ 07cm") are implanted into Si wafer, no continuous buried oxide 

layer is formed (Fig. 6.11 (a)). Several types of defects arc present including cavities. 



MFDs, {113} defects. After annealing at intermediate temperature around 1150 °C, the 

MFDs are pinned by the preferentially grown oxide precipitates around the depth of the 

maximum damage (Dp). The elongated-shape of large oxide precipitates are formed 

around the range of oxygen projection (Rp). When the precipitates grow larger than the 

critical size, dislocations are generated between oxide precipitates. However, those 

dislocations arc pinned by oxide precipitates. The cavities and {113} defects are 

annihilated and new stacking faults are generated in the top silicon region and at the 

bottom interface region. Upon annealing at high temperature, the preferentially grown 

oxide precipitates at the depth of Dp dissolve into Si matrix, and the dissolved oxygen 

atoms migrate mainly to the larger precipitates located at the deptli of Rp. During the 

formation of the discrete BOX layer, dislocations are generated at the large oxide 

precipitates and grow into threading dislocations and parallel dislocations to reduce the 

stress around precipitates. Some of the threading dislocations in this sample can be also 

generated by the unfaulting reaction of stacking faults which formed during intermediate 

annealing. During the incorporation of residual oxide precipitates to the BOX layer, very 

small-sized stacking faults pyramids are formed at the bottom interface of the BOX by 

the transformation of small stacking faults pinned by oxide precipitates located around 

the bottom interface. 

At a dose range of 3.0 to 3.5lO'^ O'/cm'. no buried oxide layer is formed after 

oxygen ion implantation (Figure. 6.11 (b)). After annealing at intermediate temperature 

around 1150 °C, octahedral oxide precipitates and elongated oxide precipitates appear at 

the depth of Dp and Rp, respectively. Since the size of elongated oxide precipitates is 
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larger than the critical size, dislocations are generated around them. However the 

generated dislocations are effectively pinned by the high density of oxide precipitates 

existing at the depth around Dp and can not grow to the surface. At high annealing 

temperature, the elongated precipitates grow and a continuous BOX layer was formed by 

absorbing oxide precipitates around the depth of Dp and oxide precipitate around the 

bottom interface. Through the dissolution process of oxide precipitates, the existing 

dislocations are annihilated. Therefore, the density of threading dislocation in the top Si 

layer of the samples is very low (less than 300/cm') after full annealing. 

When a relatively high oxygen dose (8.Ox lO'^ O'/cm^), a buried oxide layer is 

formed after implantation (Figure 6. 11 (c)). At this dose most of silicon atoms at the 

depth of Dp region are oxidized. After annealing at intermediate temperature around 

1150 °C, octahedral oxide precipitates appear above the upper interface of the BOX layer. 

However, the density of oxide precipitates is very low compared to that of low-dose 

samples. Once dislocations are generated at the upper interface of the BOX layer, a large 

number of dislocations can grow to the surface without pinning by any oxide precipitates, 

and they become the threading dislocations. Those threading dislocations survive even 

after high temperature annealing resulting in a high density of threading dislocations in 

the top Si layer of a relatively high dose SIMOX sample. 
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Figure 6.10 Crystallographic defects in the annealed low-dose low-energy SIMOX; (a) 

A PTEM image of high density threading dislocations in the top Si layer of SIMOX 

sample implanted 65 keV, and (b) A PTEM image of 100 keV, 2.5x lO'^ OVcm^ sample 

showing threading dislocations (TD) and parallel dislocations (PD). 
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(a) : Low Dose (2.0 x OVcm') 
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Figure 6.11 Schematic diagrams of cross-sectional views of SIMOX wafers illustrating 
the evolutions of microstructure and defects as a function of dose during annealing, (a) 
low dose, (b) relatively low dose, and (c) high dose. Dp and Rp are the peak of damage 
and the range of projection, and SF and SFP are stacking fault and stacking fault 
pyramids, respectively. 
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(b) : Relatively Low Dose (3.0 to 3.5 x lO'^ O^/cm^) 
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Figure 6.11 Continued. 
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(c): High Dose (8.0 xlO^OVcm^) 
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Figure 6.11 Continued. 
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CHAPTER 7 

ELECTRICAL CHARACTERIZATION OF SIMOX MATERIALS 

As more and more systems become portable, the deep-submicron SOI CMOS 

emerges as a dominant technology toward the reduction of supply voltage and the power 

consumption of the integrated circuits. Keys to the success of SOI CMOS technology will 

depend greatly on the quality of SOI wafers that should meet the severe requirements of 

low power, low voltage circuits. Therefore, there is a need for detailed characterization 

and quality control of the SIMOX wafer as a starting material in order to obtain high 

performance CMOS devices. Much of the characterization commonly used relies on 

physical properties such as layer thickness and uniformity, defect density and surface 

roughness. However, the evaluation of electrical properties of the Si film and the BOX 

layer is very important because they are directly related to the operation and performance 

of integrated circuits. In this chapter, we present the electrical characteristics of the Si 

film and the BOX layer and their interfaces in thin film SIMOX samples with a 

comparison to that of commercial conventional SIMOX wafers. The results were 

obtained from I- Vmeasurements and a Hg pseudo-MOSFET technique. 

7.1 Breakdown Field Strength of the BOX Layer 

To achieve the high performance and reliability of integrated circuits built on 

SIMOX substrate, a high degree of electrical integrity of the buried oxide layer is a 

prerequisite. It has been reported that there are two types of conducting defects in the 
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buried oxide of low-dose SIMOX One type is silicon pipes which provide 

conducting paths through the buried oxide. The other is silicon islands in the buried oxide 

which reduce the effective thickness of the BOX layer. The presence of either type of 

defects will drastically alter the current-voltage characteristics. The silicon pipes can be 

caused by the particle screening of the ion beam or by an insufficient oxygen dose during 

implantation. The formation of the silicon islands was presented in the previous chapter. 

In order to evaluate the integrity of the buried oxide layer in SIMOX samples, time-

zero dielectric-breakdown measurements IL-V) were performed on the annealed samples 

of various dose and implantation energy. The measured I-V characteristics of samples are 

re-plotted as the current density (the measured gate current / the metal gate area of MOS 

structure) versus the oxide field strength (the measured gate voltage / the oxide layer 

thickness) for the ease of reading the electric field strength of BOX breakdown. The 

results are shown Figure 7.1. The breakdown field strength of BOX layer was defined as 

applied gate electric field strength corresponding to the abrupt jump (about 3 to 5 orders 

of magnitude) of the current density in the Jox-Eox plot. The breakdown field strengths of 

capacitors in the sample prepared at the implantation energy of 100 keV with a dose of 

3.0 X 10*' OVcm^ (Figure 7.1 (a)) were in a broad range of 2.7 MV/cm to 9.4 MV/cm. 

This might be due to the local variations in the quality or in the thickness of the BOX 

layer. For 3.5 x lo'^ OVcm^ sample (Figure. 7.1 (b)), however, most of the capacitors 

showed breakdown field strength of 2.3 MV/cm to 3.7 MV/cm. Although the samples 

with the doses of 3.0 x lO'^ OVcm^ and 3.5 x lo'^ OVcm^ formed a continuous BOX 

layer as shown in the TEM analysis (Figure 4.6 (b) and (c)) in the previous chapter, the 
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breakdown field strength was quite small compared to that of the conventional SIMOX 

(8-10 MV/cm) The possible causes are 1) the presence of non-stoichiometric oxide 

clusters of SiOx, where 1< x <2, in the BOX layer, 2) the presence of Si clusters which 

are not oxidized, 3) the presence of the Si islands which was not detected by TEM due to 

a very low density. 

In the 100 keV sample with a dose of 4.5xl0'^ 0"/cm^, most of the capacitors 

showed very low field breakdown (< 1 MV/cm). This extremely low breakdown behavior 

is due to the presence of large size Si islands in the BOX layer which reduce the effective 

thickness of the dielectric layer. As shown in the TEM image (Figure 4.6 (d)), the 

thickness of large size Si islands in the BOX was about 75-85 % of the thickness of BOX 

layer. In the samples 100 keV, 6.0xl0'^ 07cm~ (Figure 7.1 (d)), the breakdown field 

strengths were in the range of 1 MV/cm to 5 MV/cm. This variation is strongly depends 

on the local Si islands density and possibly Si clusters. A similar Jox-Eqx characteristics 

with those of the 100 keV, 6.0x10'^ 0^/cm^ samples were observed in the 65 keV 

samples implanted with a dose of 4.5 xlO'^ OVcm^ (Figure 7.1 (f)), which contain 

numerous Si islands in the BOX layer. Most of the capacitors built on the SIMOX sample 

prepared at the implantation energy of 65 keV with a dose of 2.0 x lO'^ 0^/cm^ (Figure 

7.1 (e)) showed short (failure) due to the presence of Si pipes which provide conduction 

paths between Si film and substrate. Combining the TEM analysis (Figure 4.6) and I-V 

measurements, it is suggested that the breakdown field strength of the BOX layer 

significantly reduced as the density of Si islands increase due to the reduction the 

effective thickness of dielectric layer. 
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The dielectric field strength of low dose, low energy SIMOX showed a strong 

dependency on the ion implantation dose and energy which determines the final the 

microstructures of samples as shown in the TEM analysis. Even in the samples which 

form a continuous BOX layer without silicon islands, the dielectric quality of BOX layer 

(3 MV/cm) was not comparable with a conventional SIMOX (8-10 MV/cni) possibly due 

to the presence of un-oxidized silicon clusters or Si islands which may not be detected in 

the TEM analysis. 
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Figure 7.1 Current density-Oxide field strength (Jox-Eox) characteristics of SIMOX 
samples, (a) 100 keV, 3.0x10'^ 0*/cm\ (b) 100 keV, 3.5xlO'^ O'/cml (c) 100 keV, 
4.5x10'^ 07cm^ (d) 100 keV, 6.0x10'^ OVcm^ (e) 65 keV, 2.0xl0'' OVcm^ and (f) 65 
keV, 4.5x10'^ 07cm'. 

Energy: 100 keV 

Dose : 3.0x1 o" 0*lcm 

Energy : 100 keV 

Dose : 3.5x1 o" 0*lcm^ 



1.0E-01 

1.0E-02 

1.0E-03 

1.0E-04 

1.0E-05 

< 1.0E-06 

1.0E-07 

1.0E-08 
Energy : 100 keV 

1.0E-09 Dose : 4.5x1 o" 0*lcnf 
1.0E-10 

1.0E-11 

Eox (xlO" V/cm) 

1.0E-01 

1.0E-02 

1.0E-03 

1.0E-04 

1.0E-05 

1.0E-06 

1.0E-07 

1.0E-08 

Energy: 100 keV 

Dose : 6.0x1 o" 0*lcn\ 
1.0E-09 

1.0E-10 

1.0E-11 

1.0E-12 

0 1 2 3 4 5 6 

Eox (xlO® V/cm) 

Figure 7.1 Continued. 



148 

1.0E+01 

1.0E+00 

1.0E-01 

1.0E-02 

I 1.0E-03 

§" 1.0E-04 

1.0E-05 

1.0E-06 

1.0E-07 

1.0E-08 

' (e) ; ; i 
i i 1 

J0' ! 
' ' |. 1 1 \ 

jf ' a 1 
s ' » / 1 

r J ' f ' 
/ ' 

- / ' / 1 

^iin"w^ 1 
/ 1 

1 Energy : 65 keV 

.j 

" / i 
- / ' / 1 

j Dose: 2.0x1 o" 0+/cm^ 

:| 1 ! 1 1 1 
1 1 1 : 1 ! 
if 1 ; 1 ; 1 
k ' ' ' ' ' 

Eox(x10® V/cm) 

1 .OE+00 

1.0E-01 

1.0E-02 

1.0E-03 

1.0E-04 

< 1.0E-05 

1.0E-06 

1.0E-07 

1.0E-08 Energy : 65 kev 

Dose : 4.5x1 o" O^lcnf 1.0E-09 

1.0E-10 

Eox (x10® V/cm) 

Figure 7.1 Continued. 



149 

7.2 Hg-based Pseudo-MOSFET 

7.2.1 Pseudo-MOSFET I-VCharacteristics in SIMOX 

It has been demonstrated that the pseudo-MOSFET is a very efficient technique for 

the in-situ characterization of SOI wafers As described in the chapter 3, it is based on 

the vertical MOS-like configuration of SOI structure. The silicon substrate is biased as a 

gate to induce a conduction channel at the interface between the buried oxide and the top 

Si layer. The top Si layer plays the roles of transistor body serving simultaneously for the 

drain and the source probe-contact. Depending on the positive or negative gate bias, the 

accumulation or the inversion channel can be induced. Since all SIMOX sample 

investigated in this study are P-type, the accumulation channel is formed when the gate 

(substrate) is negatively biased and the inversion channel is formed when the gate is 

positively biased. The drain current-gate voltage (Id-Vg) characteristics at the inversion 

region and at the accumulation region were obtained immediately after HF dipping and 

24 hrs exposure to the air after HF dipping, respectively. In the measurements, the drain 

currents were recorded under a constant bias between the source and the drain while the 

gate voltage swept from 0 to positive or negative 10 volts. The drain voltages were also 

changed from 0.2 to 1 volt by 0.2 volt step after each gate voltage sweeping. 

A li-Vg characteristic of a SIMOX sample (100 keV, 3.5xlO'' OVcm", and annealed 

at 1350 "C for 4 hrs) in the accumulation region and in the inversion region are shown in 

the Figure 7.2 (a) and (b), respectively. When gate voltage swept from 0 to negative 

direction, the hole channel is gradually activated in the accumulation region for Vg < -2V 

and the drain current increases with increasing the applied gate voltage under a constant 



bias between the source and the drain (Figure 7.2 (a)). On the other hand, the electron 

channel was activated rapidly in the inversion region for Vg> 1 V when the gate vohage 

swept from 0 to positive direction (Figure 7.2 (b)). Those Id-Vg characteristics confirm 

that the Si film in the sample is p-type semiconductor. Subthreshold characteristics are 

plotted for n-channel in Figure 7.2 (c). It shows a very good linear relationship between 

log(/rf) and Vg in the weak inversion region. The effectiveness of the gate voltage in 

control of the drain current is given by the transconductance (g,„). The gm is the change in 

the output current (1^) with respect to the change in the input voltage (Vg). The 

corresponding g,,, curves of both regions arc reproduced in Figure 7.2 (d). From the Id-Vg 

characteristics including the subthreshold characteristics and the transconductance, a 

variety of device parameters such as electron/hole mobility, flat band voltage, threshold 

voltage and interlace trap level density were extracted. A detailed device parameter 

extraction is described in the following section. For the comparison purpose, the I^-Vg 

characteristics of four commercial SIM OX wafers are shown in Figure 7.3. The device 

parameter extractions for these four SIMOX wafers (P-type, 14-22 Ocm) were also 

performed after measuring the Id-Vg characteristics. SIMOX samples containing 

numerous Si islands or pipes in the buried oxide layer did not show the pure transistor 

characteristics due to severe current leakage from the gate (substrate). Therefore, the 

further analysis using this technique is confined to the samples which have a continuous 

buried oxide layer. 
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7.2.2 Device Parameter Extraction 

A. Basic Model 

When Si film is fully depleted, the pseudo-MOSFET characteristics of Id-Vg in the 

accumulation or in the inversion region can be described using the following MOSFET 

equations: 

where //«is the carrier mobility, fg is a geometric coefficient which determined by the 

configuration of the pseudo-MOSFET device and given to be 4.77 by the manufacturer, 

Cox is the buried oxide capacitance, Vg is gate voltage, Vth is threshold voltage, Va is 

voltage between source and drain, and 6 is the mobility attenuation factor. The 

capacitance of buried oxide is given by 

C„=:^ = ̂  (CvVm-^) 7.2 
' BOX BOX 

where Sox is the dielectric constant of buried oxide (CV'cm"') , £„ is the permittivity of 

the vacuum (= 8.85x10"''* CV'cm"'), and TBOX are the thickness of buried oxide. The 

mobility attenuation factor which measures the reduction of the electron/hole mobility {po} 

with the vertical field is given by 

e = 73 

where O J  is intrinsic value of 0  and R S D  is series resistance. In practice, (9 is a function of 

oxide capacitance and series capacitance, and lies between 0.005 and 0.02. 
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For the ideal oxide, the gate potential Vg = at the threshold is sum of the 

potential drop across the semiconductor(^s)- the potential drop across the oxidc(Fox)and 

the work difference between gate metal and semiconductor (ideal flat-band voltage, ): 

7.4 

However, in an actual MOSFET, there may be charges within the oxide or at amorphous 

SiOj and Si interface. The charges in the oxide and at SiOa and Si interface cause the flat-

band voltage shift (AV/TB) which is given by the difference between the flat-band voltage 

of non-ideal oxide( Vfs) and the flat-band voltage of ideal oxide( ): 

7.5 

Therefore the non-ideal threshold voltage V,/ ,  is given by 

V„=V^+AV„+f>,+K, 7.6 

The threshold voltages of both at the inversion region and the accumulation region at 

steady state are given by 

K;, = K'b + (Co. + + C^,) - (at the inversion) 1.1 
 ̂OX OX 

Vth Acc ~ (st the accumulation) 7.8 

where C,-, is the interface (Si film/BOX) capacitance. No is the concentration of donors, 

NA is the concentration of acceptors, and is equilibrium bulk potential given by 

O/,. = (1/  q)[E.  (bulk)  -E, , ]  = {k 'T/  q)  In 
V y 

7.9 

The transconductance in the linear region is defmed as . [105] 
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= mdV,) = /" (Siemens, £2'') 7.10 
[1 + u{y^ ^th,FB )\ 

In weak inversion, the h-Vg characteristic (Figure 7.3 (c)) follows the standard law 

/.=4exp(^) 7.11 

^ ^ V,{I\ ) - F,(0.1/', ) ^ ^ (^7-/t/)In 10(1 + ) 7.12 
ln/',-ln0.1/', C„, 

where S is subthreshold swing which defined as the gate voltage needed to reduce drain 

current by one decade, and depends on the capacitance of oxide(Cox), the capacitance of 

Si film iCsi =l\.lSo/Tsi), and the interface trap density (D,,). 

B. Threshold Voltage and Carrier Mobility 

A simple and improved method to extract the threshold voltage and electron/hole 

mobility was proposed by Ghibaudo This method consists of drawing a linear curve 

of /, / versus F^and minimizing the influence of series resistance on the evaluation 

of carrier mobility. From equation 7.1 and 7.10, /, /i/^ given by 

L =  ~ V „ )  7.13 

The carrier mobility is determined from the slope, , and the threshold 

voltage is given by the intercept with the horizontal axis. In order to extract the threshold 

voltage and electron/hole mobility, we used Ghibaudo's method The Ij I 

versus Vg plots shown Figure 7.4 were reproduced using the data in Figure 7.2 (a), (b), 

and (d). The /, / versus Vg plot becomes straight lines and the slope yields carrier 
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mobility from Eq. 7.13 and the intercept with horizontal axis yields threshold voltage. 

Figure 7.4 (a) and (b) illustrate extraction method of the device parameters for a SIMOX 

sample. The threshold voltage of this sample in the inversion region (Figure 7.4 (a)) is 

1.35 V and the slope value is 1.24x10"^ From equation 7.6, the electron mobility 

IS 

^,. = ('•^4.10-')'^ 1.54.10-' 

4 77 X X1 
'^BOX 

Form Figure 7.4(b), the flat band voltage in the accumulation region is - 2.6 V and slope 

value is 1.78X10" (A/V) . The hole mobility at the accumulation region is 

,, = (l^Wl, ,5 

fgCoJd 4.77x( •--^")xl 
'^BOX 

The results of the extracted device parameters are given in Table 7.1 with two last 

columns showing values from literature. Among the low-dose low-energy SIMOX wafers 

used in this study, only one SIMOX sample implanted at 100 keV with a dose of 3.5x10'"' 

OVcm^ showed a pure transistor-like I-V characteristic. Although a 100 keV, 3.0xl0'^ 

j ^ 
O /cm sample formed a continuous buried oxide layer without Si islands, it did not have 

a pure transistor-like Id-Vg characteristic due to a severe leakage current from the gate. 

Carrier effective mobilities evaluated from the Hg pseudo-MOSFET technique on the 

SIMOX wafers are between 400-830 cm~/Vs for electrons and 15 to 230 cm^/Vs for holes 

as shown in Table 7.1 and plotted in Figure 7.5. Typical carrier effective mobilities 

measured by a point contact pseudo-MOSFET technique on a standard SIMOX having 
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Tsi of 200nm, of 400nm were in a range of 250 to 360 cm^/Vs for electrons and 90 

to 120 cm^/Vs for holes Since the carrier mobility are strongly depends on the 

density of defects in the Si film, it is a good index to evaluate the quality of Si film. The 

values of carrier mobility extracted from the Hg pseudo-MOSFE demonstrated the high 

quality of Si film formed by low dose, low-energy SIMOX process. 

The mobility calculations depend on the BOX thickness, geometrical factor, and the 

fit to the slope of the versus Vg plot. The geometrical factor is fixed to a value 

4.77 provided by manufacturer of the machine. Assuming the accuracy of the BOX 

thickness measurement, the greatest uncertainty in the mobility determination arises from 

the slope measurement. Since the mobility is proportional to the square of the slope, the 

error in the slope measurement will roughly double the error of the mobility calculation. 

The threshold voltage in the inversion region was in the range of 0.2 V-1.35 V 

except SIMOX 4 sample (6.6 V) which has very thin Si film. A substantial increase in the 

threshold voltage for thinner Si film (about 55 nm) was also observed by Hovel This 

can be explained using equation 7.7, where the middle term dominates over the last term 

when the doping level is very low (lO'^ atom/cm^). For the highly doped material such as 

in the devices of the finished circuits, the last term dominates and the threshold voltage 

decrease with decreasing Si thickness. The flat-band voltage of SIMOX samples in the 

accumulation region was in the range of -1.4 V to -3.6 V. The flat-band voltage is the 

voltage applied to achieve flat band. It varies with the free carrier concentration of the 

silicon film and is an indirect measurement of the oxide charges in the BOX and at 

Si/BOX interlace. The types of charges associated with Si/SiOa system have been well 
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established by Deal and co-workers through extensive research Four general 

types of charges are the fixed oxide charge, the mobile ionic charge, the oxide trapped 

charge and the interface trapped charge. The fixed oxide charge is a positive charge in the 

oxide layer less than 2.5 rnn from the SiOa/Si interface due to excess ionic silicon that 

ejected to Si02 during the oxidation process. The mobile charge is due primary to ionic 

impurities such as Na^, Li^, and The oxide trapped charge may be positive or 

negative due to holes or electrons trapped in the bulk of the oxide. The interface trapped 

charge may be positive or negative charges and is due to structural, oxidation-induced 

defects, metal impurities, or defects caused by radiation. This interface trapped charge 

has also been called surface states or interface state. A further discussion on the interface 

trapped charge follows in the next section. 
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Table 7.1 Device parameters extracted from the I-V characteristics of Hg pseudo-

MOSFET of various SIMOX wafers. 

Parameter 
HE3.5 

Low-dose 
SIMOX 

1 
SIMOX 

2 
SIMOX 

3 
SIMOX 

4 

Standard 
SIMOX 
Ref. 

Medium 
dose 

SIMOX 
Ref. 

Si Film thickness 
(nm) 

174 171 181 169 60 210±10 55±2 

BOX thickness 
(nm) 

80 151 110 370 151 380120 !40±10 

Electron mobility 
(cnr/Vs) 

748 408 440 540 832 593 638 

Hole Mobility 
(cm^A's) 

15 181 218 206 48 212 235 

Threshold Voltage 
(n-channel) (V) 

1.35 0.6 0.9 0.2 6.6 2.1±0.2 6.5±0.3 

Flat band Voltage 
(V) 

-2.4 -3.8 -1.4 -3.6 -3.6 - -

Subthreshold slope 
(V/decade) 

0.4 0.6 0.5 0.6 0.35 0.64 0.57 

Di, 
( x l O "  V ' c m  ' )  

11.1 9.17 9.02 1.45 5.39 2.21 2.9 
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C. Interface Trap Density 

The Id-Vg characteristic in the weak inversion follows equation 7.11 shown above. 

The interface trap density can be extracted from the threshold swing (5) in the inversion 

region. The value of threshold swing can be easily obtained by finding the best "goodness 

of fit" for straight tangents made to subthreshold Id-Vg characteristics. For example, in 

Figure 7.2 (c). Id decreases 1 x 10"' A to 1x10"® A as the gale voltage decreases by 0.4 V. 

Therefore, the threshold swing (S) is 0.4 V/decade. Using equation 7.12, the interface trap 

density (D,,) is given by 

-(c„ ~Q,) = la.TSS 
kT In 10 

3-9g„ 

'^BOX 

^3.9£„ 
T T 

V ^ BOX ^Si 

7 . 1 3  

The interface trap density of a SIMOX sample which extracted using the log Id-Vg plot 

shown in Figure 7.3 (c) is 

D„ = (16.78 X 0.4 X 4.32 x 10"' - (4.32 xlO"^ + 5.95 x 10-'))x -
" ^ ' 1.6x10"" 

= 1.11x10'^ V-'cm-

The extracted trap densities of various SIMOX samples are plotted in Figure 7.6 for 

comparison. The trap density at the Si film/BOX interface was in the range of 1.4 xio" 

V"'cm" to 1.11 xio'' V'cm^ and showed still remains about one order or two orders of 

magnitude higher than that of the thermal oxide interface (Av < 5x10"^ V'cnr)"'"'. 

Although the exact physical origin of the interface trap has not been clarified at the 

present, the most possible origin is the presence of the unsatisfied chemical bonds or so 

called "dangling bond" at the Si/Si02 interface. 
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The reliability of the device parameters extracted from Hg pseudo-MOSFET I-V 

characteristics depend on two conditions:!) an accuracy of the primary measurements 

such as Si film thickness, BOX layer thickness, voltages and currents, 2) evaluation of 

the slopes obtained from the Id/(gn)^^^ versus Vg plot, and the subthreshold slope from 

subthreshold I-V characteristics. As shown in the equations 7.7 and 7.13, the BOX 

thickness is a variable in every Si film electrical parameters such as the electron/hole 

mobility and the threshold voltages. Therefore, high accuracy of the BOX layer thickness 

measurement is a prerequisite to reduce errors in the electrical parameter evaluation. The 

calculation of the interface trap density (D„) also depends on the accuracy of the 

thickness measurements of the Si film and the BOX and on the measurements of the 

subthreshold slope. 
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7.3 Summary of Electrical Characterization 

The dielectric integrity of low-dose, low energy single implanted SIMOX samples 

showed a strong dependency on the ion implantation dose and energy which determine 

the final microstructure. The dielectric field strength of the BOX layer was significantly 

reduced by the presence of Si islands in the BOX and was lower even in the samples with 

a continuous BOX layer without Si islands compared to that of conventional. The quality 

of Si film turns out to be excellent base on the carrier mobility data. The interface 

property such as interface trap density was poor and still need to be improved. In order to 

enhance the quality of low-dose, low-energy SIMOX, following process can be 

considered: 

1) Longer annealing time to minimize the interface roughness. 

2) Change of annealing atmosphere: The increase of oxygen contents in annealing 

atmosphere will improve the roughness of the interface and the BOX integrity, and 

will sacrifice the thickness of Si film by surface oxidation. This is desirable, however, 

for the fully depleted device applications where a very thin Si film is required. 
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CHAPTER 8 

SUMMARY AND CONC LUSIONS 

Low-dose low-energy SIMOX has been an important research subject to study 

because understanding of correlations between process parameter and the microstructure 

and of formation mechanisms of defects in the Si film is crucial for producing high 

quality ultra-thin SIMOX for low-power, low-voltage device application. In this study 

structural characterization of low-dose, low-energy SIMOX revealed the optimum dose 

window to form continuous BOX layer with low defect density in the top Si layer and the 

formation mechanisms of defects formed under various processing conditions for singly 

implanted and annealed samples. Implantation conditions such as implantation energy 

and dose had significant effects on the microstructures and the defect density. 

In the as-implanted samples, the main crystallographic defects were MFD in the top 

Si layer and {113} defects in the substrate region just below the BOX/'Si interface. The 

MFDs are planar defects on {111} planes and consisted of 1 or 2 discontinuous extrinsic 

stacking faults formed by the super-saturation of Si interstitials which generated by 

collision cascade during implantation process. As the oxygen dose increased, the size of 

MFD was slightly reduced but there were no significant changes in density. The {113} 

defects lie on the {113} planes and typically stretch along every <110> type direction. 

All {113} defects were completely annihilated by annealing at 900 °C, and many MFDs 

were pinned by the oxide precipitates, which were preferentially grown on the top of the 

MFDs, after annealing at 1068 "C. As annealing temperature increased, the length of 

MFDs was progressively reduced as pinned oxide precipitates grew. Although 
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dislocation-precipitate complexes were generated at the annealing temperature between 

1100 and 1200 °C, they were completely annihilated by dissolution and incorporation 

into BOX layer during annealing at 1350 °C. The main crystallographic defects in the 

SIMOX structure after final annealing at 1350 °C for 4 hrs were threading dislocations, 

parallel dislocations, and stacking fault pyramids. The parallel dislocations were only 

observed in the samples which do not form a continuous BOX layer. Majority of stacking 

fault pyramids were located at the BOX/substrate interface. From the structural 

characterization, it was found that the optimum dose window to form a continuous BOX 

17 ^ layer after annealing was 3.0 to 3.5 x 10 O /cm . At the oxygen dose below it, a 

discontinuous BOX layer was formed. At the oxygen dose above it, a continuous BOX 

layer was formed, but numerous Si islands were encapsulated in the box layer. 

The effects of dose on the density of defect in the top Si layers of the annealed 

samples were investigated using chemical etching and microscopy method. At a dose 

range of 3.0 to 6.0xl0'^ OVcm", the defect density was less than 300/cm~. Above and 

below this dose range, the defect density increased significantly. Similar trend was 

reported in low-dose, high-energy SIMOX samples as well. In this study, two different 

fonnation mechanisms of threading dislocation are proposed. One is a transformation of 

stacking faults in the top Si layer to threading dislocation pairs by the unfault reaction at 

the temperature around 1200 °C. The other is a formation of dislocations at the interface 

of Si/oxide precipitates. When the size of oxide precipitates is larger than the critical 

value at a given temperature, the dislocations are stable and can grow upon further 

annealing. It was found that both mechanisms are operating at oxygen dose below the 
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dose range for low defect density and the second mechanism is operating at oxygen dose 

above the dose range for low defect density. The oxide precipitates in the top Si layer 

played a key role for reducing the defect density by pinning the dislocations which 

prevented the extension of dislocations to the wafer surface. 

The effect of implantation energy on the microstructural evolution of SIMOX 

samples was also investigated. For a fixed dose, the defect density in the top Si layer of 

annealed sample increased as decreasing implantation temperature. This may be due to 

the shift of damage profile closer to the surface which may facilitate the extension of 

defects generated at the upper Si/BOX interface. The increased damage level at the top Si 

layer as decreasing implantation energy at a given ion dose was also confirmed by TRIM 

simulation. It was found that the reduction of implantation energy has a limit since there 

is an optimum implantation energy to form thin film SIMOX structure with low defect 

density. 

In the electrical characterization, the Hg-based pseudo-MOSFET technique was a 

very effective in-situ technique to evaluate the electrical quality of low-dose low-energy 

SIMOX. Based on the comparisons of device parameters of low-dose low-energy 

SIMOX and commercial SIMOX samples, which were extracted from pseudo-MOSFET 

technique, we found that the quality of top Si layer of low-dose low-energy SIMOX was 

excellent. However, the interface properties (interfacial trap density) needed to be 

improved. The dielectric quality of low-dose low-energy SIMOX evaluated by 

breakdown voltage measurements showed a strong dependency on the microstructure of 

samples. The average dielectric field strength of low-dose low-energy SIMOX samples 
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was about 3 MV/cm which was quite low compared to that of a conventional SIMOX (8-

10 MV/cm). The most plausible reason for low breakdown field strength of low-dose 

low-energy SIMOX could be the presence of Si islands in the BOX layer which were not 

detected by TEM observation due to their very low density. 

This study, offers better understanding of the formation and evolution of 

microstructures and defects in low-dose low-energy SIMOX materials as a function of 

processing conditions including ion dose, ion implantation energy, annealing temperature, 

and time. In addition, excellent crystalline quality of top Si layer was achieved by 

optimization of implantation energy and dose. However, further efforts should be made to 

improve the dielectric integrity of BOX layer and the interface properties between Si and 

BOX. It is recommended that future works should concentrate on; 

1. The rate of ramping and annealing time during the annealing process. Slower 

ramping is expccted to improve the dielectric quality of the BOX layer by 

reducing Si inclusions in it. Longer annealing time will be helpful to achieve 

extremely flat Si/BOX interfaces in low-dose low-energy SIMOX. 

2. The annealing ambient. The increase of oxygen content in the argon (Ar) ambient 

at high temperature above 1300 °C during annealing process would result in an 

ultra-thin SOI structure by thermal oxidation of the Si surface. This will also 

improve the quality of the BOX layer by removing Si clusters via internal thermal 

oxidation. In high temperature, the internal thermal oxidation at Si/BOX interface 

is caused by the oxygen atoms diffusing through the top Si layer to the BOX layer. 
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3. Additional annealing in the forming gas (mixture of argon and hydrogen) which 

will improve the dielectric integrity of BOX and will reduce interfacial trap 

density. 
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