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ABSTRACT 

Silicon-on-insulator (SOl) structures formed in the 

top region of silicon wafers by ion implantation of oxygen 

were characterized by RBS (Rutherford Backscattering Spec-

trometry), OPM (Optical Microscopy), SEM (Scanning Electron 

Microscopy), and TEM (Transmission Electron Microscopy). 

Specimens taken from these wafers were previously subjected 

to specific thermal treatment and silicon epitaxial growth. 

The results of this investigation show that homoge-

neous, stoichiometric buried Si02 layers were formed beneath 

the silicon wafer surfaces after high-dose oxygen ion 

implantation (2.0 x 1018 0+/cm2 , 180 kev/o+). No buried 

Si02 layers were observed in the low-dose wafers (1.0 x 10 17 

0+ /cm2 , 180 kev/o+). Solid-phase epitaxial regrowth (SPE) 

is strongly temperature dependent. The transition from 

alTIorphous (caused by ion impact) to crystalline through the 

SPE process is completed in the high-dose-rate wafers 

( - 33 lJA/ cm2 ) , but not in the low-dose- ra te wafers 

(-17 lJA/cm2 ). Polysilicon layers were formed on both sides 

of the Si02 layer in the low-dose-rate wafers. Evidence 

shows that both post annealing (> 1000oC, 2 hours in N2 ) and 

in-situ annealing (wafer substrate heating at 500 0 C during 

x 



xi 

oxygen ion implantation) lower the imperfection density of 

the top surface region of silicon wafers. A silicon epitax

ial layer with low levels of crystalline imperfections was 

able to be grown on these annealed wafers. The results also 

show that in-situ annealing is more effective than post 

annealing. The major microdefects in SOl structures 

observed in this investigation are dislocations. 



CHAPTER 1 

INTRODUCTION 

Since the 1950s, semiconductor technology has grown 

very rapidly, especially during the last two decades. The 

geometry of semiconductor devices has shrunk continuously, 

and the number of semiconductor components in a silicon die 

has steadily increased. The density of devices has advanced 

from integrated circuits (IC) to large-scale integrated 

circuits (LSI), and now toward very-large-scale integrated 

circuits (VLSI), in which a single silicon die will contain 

more than one million components. 

Along wi th the development of semiconduc·tor devices, 

semiconductor material technology has always played an impor

tant role in providing the high-quality starting materials 

necessary for the electronic industries. Recently, silicon

on-insulator (SOl) has become an attractive candidate 

material for application in VLSI circuits. Fabrication of 

individual devices in thin silicon film islands on a 

dielectric insulator is a most attractive technique, because 

of the advantages these SOl materials have over the conven

tional bulk single crystal silicon. 

1 
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The advantages of SOl structure fall into three 

major categories. First, the packing density of a silicon 

die is increased, since device cross-talk is limited by the 

insulator. Second, the resistance to radiation-induced 

failures is improved. The devices are physically and elec

trically separated from one another and from the substrate. 

Charges formed in the substrate by ionizing radiation cannot 

affect the active devices directly, since they have to pass 

through the dielectric isolating layer. Third, the device 

performance and circuit design can be improved. For 

example, CMOS (Complementary Metal Oxide Semiconductor) 

latch-up and parasitic capacitance can be reduced by 

electrically isolating devices from one another by the 

formation of device islands; and therefore the devices may 

have lower power dissipation and operate at very high 

speeds. In addition, the devices have higher breakdown 

voltage than those built on a conventional bulk single

crystal silicon wafer (Pinizzotto, 1983; Wilson and Fathy, 

1984; Gill and Wilson, 1984; Irita et al., 1981). 

There are several SOl techniques that have been 

developed. The three major techniques are silicon on sap

phire (SOS), zone melting recrystallization (ZMR), and SOl 

structures formed by oxygen or nitrogen ion implantation. 

Silicon on sapphire (SOS) is the most mature of the 

three SOl techniques. Figure 1 shows a typical SOS 



Silicon Thin 
Film Islands 

Sapphire 

Fig. 1. A typical SOS structure (from Streetman, 1980). 
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structure. First, a thin layer of single-crystal silicon is 

heteroepitaxially grown by chemical vapor deposition onto a 

sapphire substrate. Then, the silicon layer is etched into 

small individual islands, followed by device fabrication. 

The crystal structures are diamond face-centered 

cubic for s il icon and rhombohedral for sapphire. Several 

orientation relationships of silicon deposited on sapphire 

have been developed by experimentation. It was found that 

the best crystalline quality of a silicon layer was observed 

when (100) sil icon is grown on (1102) sapphire substrates 

(Cullen and Wang, 1978). 

The material formed by the SOS 

from a high density of defects, such as 

technique 

stacking 

suffers 

faults, 

microtwins, and dislocations, due to lattice mismatch 

between the silicon thin film and the sapphire substrate. 

These defects limit the carrier mobilities to values smaller 

than those obtained in bulk silicon. Carrier lifetime is 

low, and thus the SOS technique cannot be used for circuits 

where lifetime is important (Pinizzotto, 1983). The higher 

dielectric constant of sapphire (9.4) compared with silicon 

oxide (3.9) and the high cost of this SOS technique are the 

other two factors which have 1 imi ted the usefulness of the 

SOS technique. 

Much work has been done on SOl structures formed by 

the zone melting recrystallization technique (Kamins et al., 
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1980; Geis et al., 1983; Fan et al., 1981; Fan et al., 1983; 

Ahmed and McMahon, 1983; Chong, 1984). Figure 2 is a 

schematic illustration of this technique. The substrate is 

a (100) single silicon crystal. Approxima tely 1.0 11 m of 

fully recessed thermal oxide is grown, and about 3 mm of 

seed remains at the edge of the silicon substrate. The 

entire substrate is covered with 0.5 11m of polycrystalline 

silicon by chemical vapor deposition (CVD). Then, a layer 

of plasma Si02 (211m) is deposited onto the polycrystalline 

silicon layer by CVD, as a capped layer, to prevent impurity 

contamination and to act as a mechanical support. The wafer 

is heated to 1000-1200oC using the back side stationary 

graphite heater. The moveable top graphite strip scans over 

the sample at 1-2 mmls and l800-2000oC. This temperature is 

high enough to melt the underlying polysilicon layer. As 

the strip heater passes by, the polysilicon layer recrystal

lizes laterally with the same orientation as the (100) 

silicon 

heater 

substrate. 

is the 

The major 

high speed 

advantage of using a strip 

of recrystallization; a 

3-inch-diameter wafer can be recrystallized in less than a 

minute. 

Many other heat sources, including lasers (Hode and 

Jeuch, 1984), electron beams (Ahmed and McMahon, 1983) and 

high-intensity lamps (Chong, 1984) have also been used for 

formation of the melted zone. These highly focused heat 



Fig. 2. 

LOWER 
STRIP HEATER 

Si (100) 
SUBSTRATE 

6 

RECESSED Si02 MASK 

Schematic illustration showing the 
recrystall iza tion procedure (from 
1983) • 

zone-melting 
Fan et al. , 
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sources produce thermal energy which is directly absorbed by 

the recrystallizing silicon layer. Therefore, the control 

of the power introduced into the recrystallizing Sal film is 

more precise. 

The maj or defects observed with TEM in these Sal 

films have been both large-angle and small-angle grain 

boundaries. The misorientations both in the plane of the 

film and normal to the plane of the film were reported to be 

less than 4"' (Pinizzoto, 1983). 

composed of dislocation arrays. 

formation were believed to 

The grain boundaries are 

The causes of dislocation 

be due to growth-front 

impingement and non-uniform heat flow (Pinizzoto, 1983). 

During the last several years, a great amount of 

interest has been generated in developing Sal structures by 

ion implantation. High-energy ions, such as oxygen (Holland 

et al., 1984; Hemment et al., 1984; Wilson, 1984; Hamdi and 

McDaniel, 1983; Izumi et al., 1984), and nitrogen (Nesbit et 

al., 1985; Smith et al., 1984; Liliental et al., 1984; 

Zimmer and Vogt, 1983) are implanted into single crystal 

silicon wafers. The energetic ions come to rest below the 

wafer surface, and a stoichiometric buried insulator, 

silicon oxide or silicon ni tride layer, forms beneath the 

wafer surface, yet still leaves a layer of single crystal 

material on top. After ion implantation, the wafers are 

annealed at high temperatures to reduce implantation damage. 
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Then, a thin layer of epitaxial silicon is grown onto the 

top silicon wafer for device fabrication. 

Most of the damage caused by an energetic ion occurs 

at the deep end of the ion penetration range. The amount of 

lattice damage near the wafer surface is smaller compared to 

the damage below the surface. The quality of the top 

by silicon wafer surface can be further improved 

high-temperature annealing. 

structure are dislocations. 

The maj or defects in this SOI 

However, SOI structures formed 

by this technique have fewer crystallographic defects than 

when formed by the other two techniques mentioned above 

(Pinizzoto, 1983). 

Normally, oxygen implantation is preferred to 

nitrogen implantation. In oxygen implantation, the process 

is self-limiting (Maeyama and Kajiyama, 1982). Oxides which 

exceed the stoichiometric limit (Si02 ) have not been 

observed. The excess implanted oxygen ions diffuse quickly 

to the silicon/oxide interface, and react with silicon to 

form Si02 and thicken the oxide layer. Nitrogen implanta-

tion is not self-limiting. Implantation doses larger than 

those required for stoichiometric nitrides form a buried 

ni tride layer with the excess nitrogen imbedded wi thin the 

layer. The excess nitrogen atoms do not redistribute during 

subsequent annealing at temperatures as high as 1150oC. 

Mitchell et ale (1975) reported that implanted nitrogen in 
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silicon does not out-diffuse during annealing up to l18S oC. 

These excess nitrogen atoms isolate in a gas phase or bond 

weakly with silicon atoms (Maeyama and Kajiyama, 1982). 

The silicon/oxide interface is more stable than the 

silicon/nitride interface (Kamins et al., 1980). The 

silicon-on-nitride structures formed by nitrogen implanta

tion are found to be mechanically unstable and liable to 

delaminate due to thermal stress caused during subsequent 

high-temperature wafer processing (Hemment et al., 1984). 

This dissertation presents the results of a sys

tematic study of Sal microstructure created by high-dose 

oxygen implantation. The effects of oxygen dosimetry, dose 

rate, in-situ and post annealing on the microstructure and 

microdefect formation have been investigated by optical 

microscopy (OPM), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and Rutherford 

backscattering spectrometry (RBS). 



CHAPTER 2 

THEORETICAL BACKGROUND 

Ion Implantation 

Ion implantation is the major technology used to 

introduce impurities into solids in a uniform and reliable 

way. Its primary application is in the semiconductor 

industry, where it is used for precision doping of semi

conductors. It is believed that ion implantation was first 

done by Rutherford in 1906, when he bombarded aluminum foil 

with a-particles, i.e., doubly charged, positive helium 

ions. The first implanters were simple glass tubes 

containing radioactive radon. They produced a shower of 

a-particles. 

Figure 3 is a schematic illustration of a typical 

ion implanter used in the semiconductor industry today. The 

material to be converted into ions is introduced as a gas 

into the chamber at one end of the system (top). Electrons 

boiling from a heated filament collide with the atoms of the 

gas and ionize them. Magnetic and electronic fields confine 

the plasma and increase the efficiency of the ionizing 

process. Another electric field draws the ions from the 

chamber. At the elbow of the system, a magnet deflects the 

10 
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Fig. 3. Schematic illustration of a typical implanter used 
in the semiconductor industry today (from Picraux 
and Peercy, 1985). 
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ions. Only ions of a single type and energy are deflected 

by precisely 90 degrees; others follow slightly different 

trajectories that separate them from the beam. The purified 

beam is then focused and accelerated to high energies 

(normally between 10 kev and 500 keV) and bombards the 

wafer surface, located at the bottom right of the system, as 

the target. 

The Stopping and Range 
of Ions in Solids 

When energetic ions enter a target, they lose energy 

by making a succession of binary collisions with the target 

and finally come to rest within the target. The energetic 

ions lose energy by two processes: electronic stopping and 

nuclear stopping. In electronic stopping, energy is lost by 

a transfer of momentum from the moving ions to the electrons 

of the target a toms. The exci ted electrons then rapidly 

gi ve up their excess energy to the target in the form of 

heat (Narayan and Holland, 1984). This process does not 

generate much lattice damage, and the deflections of the 

projectiles are negligible. In nuclear stopping, the 

kinetic energy of the incident ions is transferred to the 

target nuclei. This results in a "proj ectile" undergoing 

relatively large angular deflections. The target nucleus 

may receive sufficient kinetic energy through recoil to 

become a secondary projectile (Hamdi, 1982). This typically 
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results in displacement of the target atoms from their 

lattice sites, causing ion implantation damage. Figure 4 

shows the behavior of the nuclear and electronic 

contributions to the specific energy loss as a function of 

the incident ion veloci ty. It can be seen that at higher 

velocities, i. e. , higher kinetic energies, electronic 

stopping is dominant, and at lower energies nuclear stopping 

is dominant. For oxygen implanted into silicon, the 

electronic stopping process dominates for energies greater 

than 30 kev and the nuclear stopping process dominates for 

energies less than 30 kev (Wilson, 1983). Thus, only little 

damage occurs at the front surface of silicon wafers, and 

most of the implantation damage occurs near the end of the 

oxygen particle range. Figure 5 shows the basic concept of 

ion implantation in crystals. The ion projectile range, Rp ' 

and ion distribution (Gaussian distribution) in crystals as 

a function of depth, can be calculated by the LSS 

(Lindhard-Scharff-Schiott) method (Lindhard et al., 1963). 

Structure of Damage-
Amorphous Zone Formation 

During ion implantation, the energetic ions lose 

energy by electronic stopping followed by nuclear stopping. 

The energy lost in electron excitations appears as heat, and 

the remaining energy in nuclear stopping goes into 
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Ion velocity v 

Behavior of the nuclear and electronic contri
butions to the specific energy loss, dE/dx, as a 
function of ion velocity, v (from Dearnaley et al., 
1973) • 
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Fig. 5. Schematic illustration of the depth profile of the 
implanted ion concentration and the crystal lattice 
damage. 



16 

production of displacements of target atoms. The displace

ments (ion implantation damage) are created as Frenkel 

(vacancy and intersti tia1) pairs. The number of Frenkel 

pairs created by an incident ion is given by Sigmund (1969): 

N = K E/Ed ( 1 ) 

where K is the displacement efficiency, 0.8, E is the 

energy into atomic collision, and Ed is the displacement 

threshold energy, -15 eV/atom for silicon (Corbett and 

Bourgoin, 1975). The vacancies and interstitia1s accumulate 

as the implanted dose increases. At a critical dose, or in 

other words, a critical value of the energy deposited into 

atomic processes per unit volume (the energy of the incident 

ion (keV/ion) x the critical dose (ions/cm 2 )/the project 

range (cm», there is a phase transition from crystalline to 

amorphous phase. The critical value for this transition in 

silicon has been determined to be 6 x 10 23 ev/cm3 or 

12 eV / atom at 4oK, where annealing effects are negligible 

(Dennis and Hale, 1978; Winterbon et a1., 1970). At higher 

temperatures, however, mobility of vacancies and intersti

tia1s increases, and some of the vacancies and interstitia Is 

annihilate each other or cluster to form dislocation loops. 

Therefore, the critical energy for amorphization increases 

with increase of implantation temperatures. 
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Narayan and Holland (1984), using a high-resolution 

transmission electron microscope, studied the crystalline-

to-amorphous transition by implanting silicon wafers with 

.. . 30s .+ slllcon lons, 1. At liquid helium (4o K) temperature, 

the specimens that were implanted with 5.0 x 10 13 30si+/ cm2 

at 100 keV showed the presence of dislocation loops. No 

amorphous regions were observed at this dose. When the dose 

was increased to 1.0 x 10 14 30si+/cm2, an amorphous region 

formed in the specimens. On the other hand, at room tempera-

ture, the specimens implanted with 2.0 x 10 14 30S '+/ 2 1 cm 

showed small amorphous regions overlapping and creating a 

large band of amorphous region. However, the presence of 

microcrystallites was clearly delineated in this amorphous 

region. A continuous amorphous region formed only in the 

specimens dosed with as high as 4.0 x 10 14 30si+/ cm2 at room 

temperature. Narayan and Holland (1984) also observed that 

the interface between the crystalline and amorphous phases 

was atomically sharp and planar, with no indication of the 

presence of a transition layer. 

The mass of the implanted ions plays an important 

role in the amorphous formation. For 30si+/ cm 2 ions and 

other light ions, such as boron and oxygen, overlap of 

damage produced by several ions is required for the transi-

tion from crystalline to amorphous to occur. According to 

Winterbon et al. (1970), individual implanted silicon ions 



18 

could deposit only about 3 eV /atom to the silicon target. 

The heavy ions, having mass equal to or higher than that of 

antimony, could deposi t 12 eV /atom, which is required for 

the transition in the silicon target, and therefore produce 

amorphous regions directly. Eriksson et ale (1969) reported 

that at room temperature, the critical dose of antimony 

(40 keY) for the transition from crystalline to amorphous in 

silicon is only about 5.6 x 10 13 121Sb + /cm2 . On the other 

hand, the critical dose of oxygen (100 keY) for amorphous 

zone f t ' about 10 16 o+/cm2 t t t orma l.on was a room empera ure 

(Brosious, 1976), which is more than two orders higher than 

that of antimony. 

Solid-Phase, Epitaxial Regrowth 

The amorphous layer formed in silicon during high-

dose ion implantation can be recrystallized in the solid 

phase by annealing. This process is called solid phase 

epitaxial regrowth (SPE). During high-temperature annealing 

(normally > 475 0 C), the amorphous layer is recrystallized 

epitaxially at the interface between amorphous and 

crystalline with the crystalline silicon acting as a seed. 

The planar amorphous-crystalline interface moves with a 

uniform velocity, which is strongly temperature dependent. 

The kinetics of SPE regrowth have been extensively 

studied by RBS (Csepregi and Mayer, 1975; Nishi et al., 

1978) and TEM (Narayan and Holland, 1984) techniques. The 
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growth velocity follows an Arrhenius relation (Narayan and 

Holland, 1984): 

( 2 ) 

where E is the activation energy, 2.68 eV, K is Boltzmann a 

constant, T is the implantation temperature, oK, and V is a 
o 

pre-exponential factor. V is orientation dependent, 
o 

V <100> o = 3.07 x cm/s, and V <100> 
o = 4 V <110> 

o = 

24V <111>. 
o 

From Equation (2), it can be seen tha t the growth 

rate is strongly temperature-dependent. If the temperature 

for SPE is low, the nucleation and growth of polycrystalline 

silicon can occur ahead of the epitaxial recrystallizing 

interface, and retard the further SPE process (Poa te and 

Williams, 1984). 

Solid-phase, epitaxial regrowth of amorphous silicon 

is conventionally carried out in a quartz tube furnace. 

Alternatively, solid-phase recrystallization can be induced 

in a much shorter time at higher temperatures by using a 

scanning, continuous wave laser and electron beams (Williams 

et al., 1978; Reyolini et al., 1979), or by employing strip 

heaters (Fan et al., 1981). The laser and electron beam 

irradiations can locally raise the wafer surface temperature 

to > 900 0 e for times of the order of milliseconds, whereas 
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the strip heaters can heat the entire wafer surface to 

appropriate elevated temperatures in a few seconds. 

Rutherford Backscattering Spectrometry 

For the last two decades, Rutherford Backscattering 

Spectrometry (RBS) has been employed as an analytical tool 

to study near-surface regions of sOlids and obtain informa-

tion regarding both chemical composition and crystallinity. 

The RBS technique is considered as a nondestructive, simple 

and fast method, with a depth resolution of less than 50 R 

(Hamdi, 1982). RBS has been widely used in semiconductor 

material studies, such as in irradiation damage by ion 

implantation (Narayan et al., 1983), thin film technology 

(Ziegler et al., 1973), interdiffusion of evaporated films 

and substrates (Hiraki et al., 1972), and silicon on insula-

tor structures (Sjoreen et al., 1985). 

In RBS analyses, the surface of a sample is 

+ bombarded by He ions in the 2-3 Mev energy range. The 

incoming He+ ions undergo Rutherford collisions with the 

target a toms, and the backsca ttered He + ions with reduced 

energy can be sensed by a detector. Figure 6 is a sche-

matic diagram of a typical RBS system in use today. Charged 

+ He ions are genera ted in an ion source. Their energy is 

raised to 2-3 Mev by an accelerator. The high-energy beam 

is then passed through a focusing device. The beam finally 

enters the scattering chamber and bombards the surface of 
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the sample. Some of the backscattered He+ ions impinge on 

the detector, where they generate an electrical signal. The 

signal is amplified and processed with fast analog and 

digital electronics (Chu, 1978). 

Basic Physical Principle 

The energy analysis of backscattered He+ ions can be 

done using classical mechanics. By applying the laws of 

conservation of energy and momentum, one can calculate the 

b k tt d f th H + . E' b ac sca ere energy 0 e e 1ons, , y 

E' = kEo (3 ) 

where Eo is the initial energy of the incoming He+ ions and 

K is the kinematic factor (Chu, 1978) given by 

K = 

/12 2 

+ 
Ml 

cose 
M2 

Ml 

M2 

( 4 ) 

1 + 

where Ml and M2 are the masses of the He+ ion and the target 

ion, respectively, and e is the backscattering angle (see 

Fig. 7). 

The backscattered He+ ion energy spectrum contains 

the mass information of the sample constituents with which 

th H + . 11' d e e 10ns co 1 e, and the depth position of the sample 

constituents. Figure 8 shows an example of a backscattered 
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Fig. 7. Schematic illustration of a projectile (He+ ion), 
scattered by a target atom at an angle 8. -- Eo is 
the initial energy of the incoming projectile, E' 
is the backscattered energy, K is the kinematic 
factor (from Hamdi, 1982). 
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Fig. 8. Schematic representation of the backscattering 
process. (a) The film of a self-supporting, 
bilayered film composed of a layer of monoisotropic 
heavy element A on top of a layer of monoisotropic 
1 ight e lemen t B; tA and tB are the thicknes ses of 
the two layers, witn atomic densities, NA, and NB; 
and (b) the resul ting backscattering energy 
spectrum. DoEA and DoE B are the widths of the two 
signals. AA and AB are the total number of counts 
in each signal, ana HA and HE are the heights of 
the two signals measured at the edges that 
correspond to the interface between the two films 
(from Chu, 1978). 
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He + . t lon energy spec rum. The sample contains two layers, 

heavy element A on top, and light element B underneath. The 

signal of the top layer A is independent of layer B. The 

signal B is affected by layer A, since the He+ ions have to 

pass through layer A. First, the absorber A causes the 

high-energy edge of signal B to undergo a shift ~E: from the 

posi tion KBEo to lower energies. That shift is larger the 

thicker the layer A is. Secondly, the height of signal B is 

also reduced due to absorption by layer A. The complete 

energy analysis can be done by computer programming to give 

the element yields versus depth. 

Ion Channeling 

Channeling of energetic ions is well described by 

Morgan (1973) and Picraux (1975). Figure 9 is a schematic 

illustration of a model of lattice atoms showing the atomic 

configuration in the simple cubic lattice viewed along 

different directions. When a collimated high-energy He+ ion 

beam is coaxial wi th an axial direction, which is an open 

direction (e.g., <111> or <110> for silicon), of a perfect 

crystal, the beam can be "channeled." The He+ ions interact 

only with the surface atoms of the crystal. The underlying 

atoms are effectively screened. Therefore, there is a 

hundred-fold decrease in the yield of backscattered He+ ions 

from the bulk when the beam is aligned wi th the most open 
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a. b. 

Fig. 9. Model of lattice atoms showing the atomic configu
ration in the simple cubic lattice viewed along two 
directions. -- (a) Random, and (b) Axial. 
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axial direction of the crystal «110> for silicon) as 

compared with viewing the crystal in a random direction. 

The channeled beam can act as a probe to detect 

atoms, host or impurity, which are displaced from substitu

tional lattice sites by distances greater than 0.1-0.2R 

(Chu, 1978). 'l'herefore, the channel ing energy spectrum 

gives crystallinity information about the sample. There are 

three major characteristics that channeling technique can 

detect: (1) amount and location of lattice disorder, 

(2) amount and location of nonsubstitutional impurity atoms, 

and (3) thickness and composition of amorphous layers. 

Figure 10 shows RES data taken from a pure perfect 

single crystal silicon wafer with random and channeling 

al igned beam directions, respectively. The random curve 

gives the chemical composition information, which shows 

constant silicon counts along the depth. The channel ing 

curve provides the crystallinity information for the sample. 

For the channeling curve, a very small yield of 

backscattering ions from the bulk is detected, indicating 

good crystallinity of the crystal. The small surface peak 

is due to the backscattering ions from wafer surface atoms. 

One way to measure the crystallinity of the sample 

is by the ratio of the yield of the aligned spectrum to the 

yield of the random spectrum just below the surface peak. 

The ratio is called minimum yield, X . mln 
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Fig. 10. Aligned and random RBS spectra from a perfect 
single-crystal silicon wafer. 
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The lower the value of X . , the better the quality mln 

of the crystal. 

is about 2-3%. 

For a perfect single crystal silicon, X . mln 

Silicon on Insulator Formation 
by Oxygen Ion Implantation 

The first report on the possibility of converting 

certain elemental surfaces to oxides or nitrides by high 

dose ion implantation came from Smith (1956). However, the 

technique of high-dose oxygen ion implantation into silicon 

for formation of Si02 received very little attention until 

twenty years later. In 1977, Badawi and Anand of the 

University of Kent claimed, for the first time, that 

high-quality buried oxide layers were formed by high-energy 

(up to 80 kev) oxygen ion implantation. The formation of 

the buried oxide layer was confirmed by ellipsometry and 

infrared spectroscopy techniques (Badawi and Anand, 1977). 

They suggested that the buried oxide layer might possibly be 

used for isolation in integrated circuits, but they did not 

demonstrate it themselves. In 1978, Izumi et ale took up 

the suggestion of Badawi and Anand to form a buried Si02 

layer by high energy (150 keV) 16 0+ implants with a dose of 

1.2xI0 18 16 0+ cm- 2 and form a high-performance 19-stage CMOS 

(Complementary Metal Oxide Semiconductor) ring oscillator in 
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an epitaxial layer grown using the implanted silicon surface 

as a seed (Izumi et al., 1978). The oscillator operated at 

twice the speed of the same circuits fabricated in bulk 

silicon. The increase in speed was due to the reduction of 

parasitic capacitance. Only recently, many researchers 

began working on this SOl structure formed by oxygen ion 

implantation, since this SOl material has become an attrac-

tive candidate for current state-of-the-art VLSI technology. 

Most experimental work done by different researchers has 

been concentrated on the formation and microstructure of the 

buried oxide layer. However, some of the results are not in 

agreement. In the following sections, the results obtained 

from different researchers will be reviewed in detail. 

The Oxygen Profile 

During ion implantation, the oxygen ions come to 

rest in a nearly Gaussian distribution inside the silicon 

lattice. Figure 11 shows a depth distribution of atomic 

ratio of oxygen to silicon in as-implanted silicon wafers 

wi th various oxygen dose levels, obtained by RBS measure-

ments (Maeyama and Kajiyama, 1982). 

used was 70 keV/atom. 

The oxygen ion energy 

One can see that when the oxygen dose was as low as 

0.6 x 1018 0+/cm2 , the peak of the 0+ Gaussian distribution 

had not reached the stoichiometric value for Si02 formation, 
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various oxygen dose levels, obtained by RBS 
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i.e., NO/NSi = 2.0. As the oxygen dose was increased up to 

0.9 x 10 18 0+ /cm2 with the same ion energy (70 keV/atom), 

the concentration of oxygen ions at the peak of the Gaussian 

curve became high enough to form a buried stoichiometric 

Maeyama and Kaj iyama (1982) 

pointed out that oxygen implantation is a self-limiting 

process. The atomic ratio of NO/NSi does not exceed the 

stoichiometric value of 2.0. As the oxygen dose was 

increased further, the excess oxygen atoms diffused rapidly 

to the upper and lower Si02/Si interfaces and reacted with 

silicon to form Si02 . This resulted in a widening of the 

Si02 layer and abrupt Si02 /Si interfaces. This is the case 

for the dose of 1.2 x 10 18 0+/cm2 . The width of buried Si02 

was wider for this dose than for 0.9 x 10 18 0+/cm2 . At the 

very high dose level 18 + 2 (1.5 x 10 ° /cm), the Si02 layer 

extended to the surface (see Fig. 11). 

Wilson (1984) proposed that the growth of a buried 

Si02 layer by ion implantation is similar to that of a 

thermal oxide. In both cases there is a supply of oxygen. 

For thermal oxide, the oxygen source is the oxygen molecules 

diffusing from the wafer surface. For buried oxide layers, 

the source is distributed around the peak of the implanted 

oxygen prof i 1 e . Wilson proposed that the implanted oxygen 

atoms rapidly react to form 02 molecules and diffuse to 

react with silicon at the Si02 /Si interface. 
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Some researchers implanted molecular oxygen ions 

(02) into silicon wafers (Wilson and Fathy, 1984; Maeyama 

and Kajiyama, 1982). A molecular beam was used because the 

+ beam current is a factor of two greater than the ° beam and 

therefore, the time needed for implantation is reduced by 

one-half. The implanted oxygen molecules at the peak of the 

Gaussian oxygen profile diffuse rapidly to the Si02/Si 

interface and form Si02 there. 

Gill and Wilson (1984) implanted 4 ncm p-type <100> 

silicon wafer with various doses of oxygen ions. The dose 

16 18 2 range they used was 1.0 x 10 to 1.5 x 10 02/cm, with 

energies per molecule of 80, 120, 160, and 240 keV, which is 

equivalent to an implantation of twice the dose of 0+ at 

one-hal f of the above energies. They found out from their 

RBS results that the minimum dose required to form a buried 

Si02 layer increased with increasing impl an ted ion energy 

(see Figure 12). This reflects the larger straggling for 

the high-energy ions, and a larger dose of oxygen is needed 

in order to reach the stoichiometric value of oxygen at the 

peak of the oxygen profile. 

Many researchers have reported that the higher the 

energy of implanted oxygen ions, the longer the ion 

projectile range Rp is, and the deeper the buried Si02 layer 

formed beneath silicon wafer surfaces (Hemment et al., 1985; 

Gill and Wilson, 1984; Maeyama and Kaj iyama, 1982). 
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According to Hemment et ale (1985), the buried Si02 layer 

was located at about 6500 ~ beneath the silicon wafer 

surface when implanted with silicon at a high-oxygen ion 

energy of 250 keV/atom. It was only at about 2000 R using a 

low energy of 100 keV/atom. If the implanted energies of 

oxygen ions are as low as 40 keV/atom and 60 keV/atom, only 

surface Si02 layers are created (Gill and Wilson, 1978). 

The implanted oxygen distribution profile in silicon 

can be calculated by well-established LSS theory (Lindhard 

et al., 1963; Brice, 1975). Dobson et al. (1983) proposed a 

model based on LSS theory to simulate the formation of a 

buried Si02 layer and predict the distribution of implanted 

oxygen in silicon. The assumptions they made for their 

calculations were: (1) an implanted oxygen atom coming to 

rest in the silicon lattice does not subsequently move; 

(2) once the ratio of the number of oxygen a toms to the 

number of silicon atoms in a layer reaches 2: 1, then the 

layer transforms to Si02 ; (3) an oxygen atom coming to rest 

in a stoichiometric Si02 layer will diffuse very rapidly to 

the Si/Si02 interface and react with silicon to form Si02 . 

They also took into account the lattice volume expansion due 

to Si02 formation and the sputtering effect at the silicon 

surface during ion implantation, for adjustment of the 

thickness of the wafer to match the experimental data. The 

sputtering coefficient of 0.1 Si/O+, which is the number of 
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surface target atoms removed per incident oxygen ion, and 

the volume expansion coefficient of 1.87, which is the ratio 

of lattice volume of silicon dioxide to silicon, were used 

in their calculations. They obtained a good fit of 

computer-calculated oxygen profiles 

measured oxygen profiles up to doses 

o+/cm2 at 200 keV/atom (see Figure 13). 

with experimentally 

of about 2 x 10 18 

Many researchers (Fathy et al., 1983; Maeyama and 

Kajiyama, 1982; Taylor et al., 1983) have observed that 

oxygen redistribution does not occur after high-temperature 

post anneal ing in oxygen implanted wafers. Taylor et ale 

(1983) annealed oxygen implanted wafers at 1150 0 C for 

2 hours. They observed, by Auger electron spectrometry, 

that the oxygen depth profile obtained from the annealed 

wafers was similar to that found from unannealed 

as-implanted wafers. The present author believes that after 

ion implantation, oxygen atoms inside the buried Si02 layer 

are bonded to silicon atoms and will not migrate during 

subsequent high-temperature annealing. The oxygen atoms 

close to the upper and lower Si02 /Si interfaces are trapped 

inside the dislocation tangles, which are caused by ion 

implantation damage, adjacent to the Si02 /Si interfaces, and 

will not move after annealing. Therefore, it is not 

surprising that there is little oxygen redistribution after 

post annealing of implanted wafers. However, Pinizzotto 
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(1983) reported that oxygen redistribution did occur after 

post annealing. His RBS results indicated that the buried 

oxide was not stoichiometric before annealing; it was 

slightly silicon rich. After post annealing at 11500 C for 

2 hours, the buried oxide became stoichiometric. 

explanation for this phenomenon. 

Characteristics of the Buried 
Silicon Dioxide Layer 

He had no 

After high dose oxygen implantation, the implanted 

areas of silicon wafers are clearly visible. The interfer-

ence colors due to the existence of buried Si02 layers 

beneath the thin silicon single crystal top surface are 

observed by the unaided eyes. However, the color sequence 

as a function of the thickness of Si02 is not the same as 

that of thermally grown Si02 . The sequence is shifted due 

to the existence and interference of the silicon thin layer 

on top of the buried Si02 layer (Macleod, 1986). 

During ion implantation, sputtering erosion of the 

wafer surface occurs together with lattice volume expansion 

due to the formation of a buried Si02 layer. The net effect 

is a swelling at the silicon wafer surface. Wilson and 

Fathy (1984) observed, by using a stylus instrument, that 

the surface in the implanted area was raised by about 2000 ~ 

relative to the unimplanted area for a silicon wafer dosed 

with 2 x 10 18 o+/cm2 . This was in reasonable agreement with 
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what one would expect for the formation a buried Si02 layer 

of about 4000 R. Hernment et al. (1983) used an optical 

interference microscope and observed a swelling of about 

1000 R in the implanted area above an implanted area, for a 

1.5 x 10 18 0+ /cm2 dosed wafer. They also confirmed the 

overall flatness of the wafer, with no bowing being evident. 

Silicon dioxide is considered as chemically stable, 

but structurally unstable, i.e., Si02 can be amorphised 

under ion impact (Wilson, 1984). Indeed, it is found that 

the buried Si02 layer formed by high-dose oxygen implanta

tion has an amorphous structure (Wilson, 1984; Fathy et al., 

1983; Sjoreenetal., 1985). 

To the author's knowledge, there is no report 

concerning the electrical properties of the buried Si02 

layer published as yet. However, the electrical properties 

of the surface Si02 film formed by low-energy « 60 keV) 

oxygen ion implantation have been reported to be similar to 

that of the thermally grown oxide (Izumi et al., 1984; 

Badawi and Anand, 1977; Watanabe and Tooi, 1966). Table 1 

shows a comparison of properties of surface oxide film 

prepared by low-energy (60 keV) oxygen ion implantation and 

thermally grown oxide. 
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Table 1. 

Comparison of properties of a surface oxide film prepared by 
low-energy oxygen ion implantation and thermally grown oxide 
(from Watanabe and Tooi, 1966). 

Wavelength of IR 
Absorption Peak (~) 

DieGectric Strength 
(10 V /cm) 

Dielectric Constant 
(300 o K at 1 kc/s) 

Resistivity at 3000 K 
(51-cm) 

Thickness of Film (~) 

Oxide Prepared by 
Ion Bombardment 

9.4 

7 

3.9 

0.15 

Thermally Grown 
Oxide 

9.3 

8.5 

3.2, 3.9 
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As mentioned in the ion implantation section, most 

of the ion implantation damage occurs at the end of the 

oxygen ion range, where the nuclear stopping is dominant. 

After high dose oxygen ion implantation, wide condensed 

dislocation bands, a few thousandths of angstroms thick, are 

formed on both sides of the Si02 layer. These dislocation 

bands are caused by clustering of the Frenkel defects 

generated by ion collisions and by thermal stress at the 

Si/Si02 interface. In contrast, the dislocation density at 

the top silicon surface is much less than in the dislocation 

bands, since electronic stopping is dominant there. The top 

silicon surface still remains single crystalline after 

implantation. The dislocation density in the top silicon 

surface can vary from 10 6 to 1010 /cm3 , depending on the 

particular implantation conditions. 

Several researchers (Pinozzoto, 1984; Fathy et al., 

1983; Wilson, 1984) reported that dislocations are the major 

microdefects at the top silicon single crystal layer and in 

the epi.-layer grown onto it. No stacking faults and Si02 

precipitates were found. The dislocations at the top 

silicon surface are originated from the highly condensed 

band of dislocations adjacent to the Si02 layer. 

Hornma et al. (1982) suspected that the dislocations 

at the top silicon surface arose from stress around the Si02 
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precipitates. They believed, under their implantation 

conditions, 150 keV, 1.2 x + 2 ° fcm , that small 

precipi tates must exist in the top silicon surface as the 

oxygen concentration (about 10 19 fcm 3 ) in this region was 

still higher than the solubility (8 x 10 17 fcm 3 at 1150oC), 

even though they did not resolve the Si02 precipitates with 

TEN. However, Sjoreen et ale reported (1985) that a fairly 

uniform distribution of spherical Si02 precipitates was 

observed with TEM in the top silicon layer about 600 ~ 
. 18 + 2 

thick, after oxygen implantation of 1.9 x 10 ° fcm at 

180 keV. 

Annealing of the Ion 
Implantation Damage 

Post Annealing. The top silicon surfaces of 

as-implanted wafers are single crystalline but defective. 

The quality of the epitaxial layer grown on the as-implanted 

wafer is not good enough for electronic device performance. 

High temperature post annealing is needed to reduce the ion 

implantation damage a t the top silicon surface before the 

epitaxial layer growth. The standard post annealing used by 

most researchers is at 1150 0 C for 2 hours in N2 , suggested 

by Izumi et al. (1978). The decrease in the level of 

crystalline imperfections in the top silicon surface region 

by post annealing has been reported from different research 

groups (Maeyama and Kajiyama, 1982; Lam and Pinizzotto, 
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1983; Irita et al., 1981) by using RBS and TEM techniques. 

Before annealing, the near-surface RBS minimum yield X. is 
m~n 

normally greater than 30% (Sjoreen et al., 1985). After 

annealing, minimum yields of 4-5% (Hemment et al., 1983) and 

7-10% (Wilson and Fathy, 1984) were measured, indicating 

improvement of the degree of the crystalline perfection in 

the silicon wafer surface region after· annealing. 

Hamdi ( 1982) used an RBS technique to study post 

annealing times up to 4 hours at 1150oC. The results are 

shown in Fig. 14. The samples were implanted with a 2.1 x 

1018 0+ /cm 2 dose at 150 keV, and subsequently annealed at 

11500 C in Ar for various times. The surfaces of the wafers 

were capped with plasma oxide of about 500 R in thickness to 

prevent ambient contamination during annealing. He pointed 

out (see Fig. 14) that there was little evidence of ion 

channeling at the top silicon layer before annealing, 

because the top silicon layer was highly damaged in the 

as-implanted state. However, other reports have shown that 

RBS channeling did occur for as-implanted wafers (Sjoreen et 

al., 1985; Maeyama and Kaj ihama, 1982). After annealing, 

Hamdi observed the RBS channeling effect at the top silicon 

surface. The significant decrease in the level of crystal-

line imperfections in the top silicon layer region occurred 

after one hour of annealing, and the channeling minimum 

yield was reduced to about 12%. Further annealing did not 
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o 

Fig. 14. RBS <110> channeling spectra of samples capp@d 
with a plasma oxide and annealed in Ar at 1150 C 
for various times (from Hamdi, 1982). 
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significantly reduce the minimum yield. After four hours of 

annealing at 1150oC, the minimum yield at the silicon 

surface was about 9%. 

Pinizzotto et ale (1982) annealed an implanted wafer 

in two steps: 

11500 C in N2 . 

8 hours at 750oC, followed by 2 hours at 

They reported that the TEM result was 

essentially the same as that annealed in one step, 2 hours 

There were no major differences in the quality 

of the top silicon layer due to the addition of the 

low-temperature 750 0 C preannealing. 

In-Situ Annealing. The degree of crystalline perfec

tion of the top silicon layer of as-implanted wafers depends 

strongly on the wafer temperature during ion implantation. 

If the wafer temperature is high, the point defects 

generated at the top silicon surface will annihilate each 

other, or effectively move around, and finally are trapped 

in the band of dislocations formed below the top silicon 

surface due to nuclear stopping (Holland et al., 1984) . 

Therefore, in-situ annealing by heating the wafer substrate 

higher than 450 0 C during ion implantation is an effective 

way to reduce ion implantation damage in the top silicon 

surface. Holland et ale (1984) implanted oxygen (180 keY, 

2 x 1018 O+/cm2 , 37 ~A/cm2) into n-type silicon (100) wafers 

with a resistivity of 6 SG cm at wafer substrate heating 

The wafers were 
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attached to a metal block holder by tabs during ion 

implantation. The holder was heated by a resistive heater, 

and its temperature was moni tored by a thermocouple. No 

heat sink was used with the samples during ion implantation 

so that the thermal radiation was the dominant heat loss 

mechanism. Since the implantation was done at high current 

densities, typically about 35 llA/cm2 , the sample surface 

temperatures rose substantially above the substrate 

temperature by beam irradiation during implantation. Thermo-

couple measurements of the sample surface during 

implantation showed that beam heating raised the sample 

surface temperature in excess of 800 0 C. The RBS results 

showed that the degree of the crystalline perfection at the 

as-implanted top silicon surface with substrate heating is 

very high. The optimum substrate heating temperature was 

475 0 C. The RBS minimum yield at this temperature was 3.3% 

compared to 2.4% from a perfect silicon crystal. However, 

the minimum yield at 550 0 C was increased to 7.5%. Holland 

et ale (1984) explained that the degradation of the minimum 

yield resulted from an enhanced diffusi vi ty of oxygen at 

higher temperatures. The increased mobility of oxygen ions 

led to the formation of an extensive network of oxide 

precipitates in the top silicon surface region which were 

observed by TEM. 
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The degree of crystalline perfections in the top 

silicon surface region can also be increased to some extent 

by beam heating alone. The higher the beam current 

( 11 A/ cm 2 ), the higher the wafer temperature during ion 

implantation. Maeyama and Kajiyama (1982) reported that the 

wafer temperature was 2800 C for 10 11A/cm2 (at 150 keY) and 

620 0 C for 35 11A/ cm 2 (at 150 keV). Their RBS channeling 

results showed that the minimum yield from the as-implanted 

sample was about 30% with high current (35 11A/cm2 ) 

implantation compared to about 65% with low current 

(12 11A/cm2 ) implantation. 

Solid Phase Epitaxial Regrowth 

Many researchers (Tuppen et al., 1984~ Irita et al., 

1981~ Hayashi, 1980) reported that during high-dose oxygen 

ion implantation, the region between the substrate and the 

top silicon surface, where the nuclear stopping is dominant 

and the oxygen Gaussian peak is located, become amorphous, 

since the oxygen ions deposit high energy (10 27 _10 28 ev/cm 3 

in conventional ion implantation conditions) into silicon. 

According to Brosious (1976), the energy for transi tion to 

occur from single crystalline silicon to amorphous during 

oxygen ion implantation at room temperature is about 3 x 

10 25 ev/cm 3 . The central part of the amorphous region turns 

to stoichiometric Si02 layer as the implantation continues. 

The remaining amorphous silicon regions (normally < 1000 R) 
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in the neighborhood of the Si02 layer can be recrystallized 

through solid phase epi taxial regrowth ( SPE ) by means of 

in-situ annealing. 

During annealing, the amorphous silicon layers will 

recrystallize epitaxially from the top silicon layer and the 

silicon substrate toward the Si02 layer and stop at the 

Si/Si02 interface. The transition temperature for 

recrystallization to occur was reported to be > 400 0 C (Irita 

et al., 1981), and> 500-600oC (Poate and Williams, 1984). 

During high current density oxygen ion implantation 

with or without substrate heating (> 450 oC), the tempera-

tures at the surface regions of silicon wafers can be 

gradually raised up to > 600oC, and therefore, in-situ solid 

phase epitaxial regrowth occurs. According to Narayan et 

al. (1984), the velocity of SPE at 600 o C, calculated by 

Equation (2), is about 532 ~/min. After ion implantation, 

no amorphous silicon layers can be observed with TEM or RBS 

(Fathy et al., 1983; Holland et al., 1985). The amorphous 

silicon generated by oxygen ion bombardment has been 

completely recrystallized through solid-phase epitaxial 

regrowth. The velocity of SPE regrowth is strongly 

temperature dependent, since it is an exponential function 

of the reciprocal of temperatures. At 500 oC, the velocity 

of SPE regrowth is reduced rapidly to about 5 R/min. 

Therefore, when low current density is used during ion 
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implantation, the wafer surface temperature will be lower 

than that with a high current density, and solid phase 

epitaxial regrowth slows down. Nuclea tion and growth of 

polysilicon could occur ahead of the SPE regrowth interface 

and retard the further SPE regrowth process. This phenomenon 

has been observed by several research groups (Homma et al., 

1982; Wilson, 1984; Izumi et al., 1984). Izumi et a1. 

(1984) implanted (100) n-type, 100 n-cm silicon wafers with 

oxygen doses of 1.2-2.4 x 10 18 16o+/ cm 2 at 150 keV. The 

current densities they used 22.5 llA/cm 2 and were 

12.5 llA/cm2 , respectively. The corresponding temperatures 

were not given. They reported that for high current density 

(22.5 llA/cm2 ), the oxygen distribution of as-implanted 

wafers from Auger electron spectroscopy (AES) analysis, 

showed an abrupt interface between silicon and the Si02 

layer, while for low current density (12.5 llA/cm2 ), humps in 

oxygen distribution in wafers appeared on both sides of the 

Si02 layer. These regions with humps were analyzed to be 

polysilicon with TEM. The authors did not explain the 

existence of the humps. The present author believes that 

the humps may be due to the high oxygen concentration at the 

polysilicon region. During ion implantation, oxygen atoms 

diffuse preferentially into the grain boundaries, therefore 

increasing the oxygen concentration at these polysilicon 

regions. 
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To conclude this chapter, it is clear that silicon

on-insulator structures could be formed by high dose and 

high energy oxygen ion implantation. The quality of the top 

silicon surface layer can be improved by means of both post 

annealing and in-situ annealing. 



CHAPTER 3 

OBJECTIVES OF THE INVESTIGATION 

The specific obj ecti ves of this investigation were 

as follows: 

1. Using Rutherford backscattering spectrometry (RBS), 

scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM), to investigate the forma

tion of silicon-on-insulator structures (SOl) as a 

function of oxygen dosimetry. 

2. Using the RBS channeling technique and <110> 

cross-sectional techniques of SEM and TEM analyses, 

to study the effects of different post annealing and 

in-situ annealing conditions on the degree of 

crystalline perfections in the top silicon surface 

layer and the epitaxial layer grown onto it. 

3. Using SEM and TEM techniques to characterize the 

microdefects induced by oxygen ion implantation in 

SOl structures. 

4. To investigate the optimum annealing conditions for 

obtaining a high level of crystalline perfections of 

the top silicon surface layer and the epitaxial 

layer, in SOl structures. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

starting Material 

The starting material used in this investigation was 

Czochralski-grown, {lOO}-oriented, 3-inch-diameter silicon 

wafers. Both n-type (phosphorus-doped) and p-type (boron-

doped) wafers were used with resistivities of 2-7 ncm. The 

wafers were then cut into square pieces about one inch on a 

side before oxygen ion implantation. 

Oxygen Ion Implantation 

The oxygen ion implantation was done at Oak Ridge 

National Laboratory in Oak Ridge, Tennessee. Wafers were 

implanted with 160 + ions at an energy of 180 keY 10+ with 

different doses (160 + / cm 2 ) and fluences (1.I AI cm 2 ) along a 

<100> direction of the wafers. The implantation and 

annealing conditions used for the wafers are shown in 

Table 2. Wafers were held by tabs to a nickel metal-block 

holder during ion implantation. Due to beam heating, the 

wafer temperature rose above room temperature. No heat sink 

was used with the samples during implantation so that 

thermal radiation was the dominant heat loss mechanism. A 
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Table 2. 

Wafer preparation chart. 

Wafer Dose Level Dose Rate Wafer Holder Annealing Conditions 
160+ /cm 2 llA/cm 2 ° Temperature, e 

Initial Final 

Fl lxlO17 
33 25 25 No annealing 

F2 lxlO 17 21 25 25 1030oe, 2 hrs. in N2 

F3 lxlO17 10 25 25 1030oe, 2 hrs. in N2 

F4 2xlO 18 
33 25 300 No annealing 

F5 2xlO18 21 25 270 1030oe, 2 hrs. in N2 

F6 2xlO 18 30 25 260 800°C, 2 hrs. in N2 

F7 2xlO 18 
30 25 260 600°C, 2 hrs. in N2 

F8 2xlO18 
33 25 270 1040oe, 2 hrs. in N2 

F9 2xlO18 34 25 270 1000oe, 8 hrs. in N2 

FlO 2xlO 18 34 25 270 1000oe, 16 hrs. in N2 

Fll 2xlO 18 17 25 225 No annealing 

F12 2xlO 18 22 25 250 1040oe, 2 hrs. + 800°C, 
2 hrs. in N2 lJl 

w 



Table 2--Continued 

Water Dose Level Dose Rate Wafer Holder 
160 +/ cm2 llA/cm 2 Temperature, °c 

Initial Final 

Fl3 2xl018 24 25 250 

Fl4 2xl018 29 25 255 

Fl5 2xl0 18 29 25 275 

Fl6 2xl018 
30 500 500 

Annealing Conditions 

800°C, 2 hrs. + 1040oC, 
2 hrs. in N2 

1150oC, 2 hrs. in N2 

1150oC, 2 hrs. in Ar 

No annealing 

lJ1 
~ 
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thermocouple was attached to the wafer holder, so the 

ini tial and final temperatures of the wafer hOlder were 

recorded (see Table 2). Due to technical difficulties, the 

temperatures of the wafer surface and substrate were not 

monitored. 

The implanted area of a wafer was one inch in 

diameter. Beam rastering during implantation assured a 

uniform coverage over the implanted areas. The implantation 

time was dose-rate dependent. For a high dose rate, e.g., 

35 llA/cm2
, the total implantation time for one wafer was 

about 4 hours at a dose level of 2 x 10 18 l6 o+/ cm2. 

For the in-situ annealing implantation sample, the 

sample holder was heated by a resistive heater and its 

temperature monitored by a thermocouple. The sample holder 

temperature was maintained at 500°C during oxygen 

implantation by increasing or decreasing current of the 

resistive heater. 

Post Annealing 

After oxygen implantation, some of the wafers were 

annealed using the following procedures, performed at 

Burr-Brown Corp. in Tucson, Arizona: 

1. The wafers were initially cleaned with 5 min. of 

H
2

S0
4 

+ 30 sec. of H
2
0:HF/40:l + 5 min. of H2 S04 : 

H20 2 /l:l. 
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2. An Si02 cap was then deposited onto the wafers by 

CVD (chemical vapor deposition) to prevent surface 

pitting during the subsequent N2-gas, high

temperature annealing step. The CVD was performed 

at 470 0 C for 7.5 minutes. About 5300 ~ of Si02 were 

deposited onto the wafer surface. 

3. The wafers were then annealed in N2 according to 

different annealing conditions (see Table 2). 

4. A dilute HF acid etch (H20:HF/IO:1) was then used 

for 10 minutes to remove the CVD Si02 layer from the 

tops of the wafers. 

Epitaxial Growth 

After annealing, all of the wafers were subjected to 

an epitaxial silicon growth of about 10-16 ~m at a pressure 

o of 80 Torr and temperature of 1100 C. The growth rate was 

about 0.5 pm/min. This was done at Burr-Brown Corp. 

Unlike the normal epitaxial-growth procedure, no 

etch-back on the wafer surface was performed before growth 

in this experiment, since the silicon-seed layers on top of 

the buried Si02 layers after ion implantation are only a few 

thousand angstroms in thicknesses. However, the wafer sur-

faces were thoroughly cleaned before growth. 

The epitaxial growth of the wafers took place in an 

Applied Materials epitaxial reactor, Model 7810. A mixture 

of gases containing dichlorosilane (SiH 2C1 2 ), phosphine 
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(PH3 ), and hydrogen (H2 ) was introduced to the reactor, and 

a pyrolysis reaction occurred at the wafer surface: 

The reaction resulted in silicon atoms being depos

ited on the silicon wafer surface, and the crystal growing 

with the same orientation as that of the underlying ",afer. 

Phosphine was a dopant gas, and hydrogen was used as a 

diluent. 

Rutherford Backscattering Spectrometry (RBS) 

RBS analysis was performed both before and after 

wafer post annealing. 

Laboratory. 

The analysis was done at Oak Ridge 

A beam of 2 MeV He+ ions with a divergence ~ 0.01 0 

was used for this experiment. Figure 15 is a schematic 

drawing of the scattering geometry. The channeling 

al ignmen t procedure was as follows: (1) the direction of 

the He+ beam was aligned at 45 0 or (90 0
- 81 ) in 8 (about z 

axis) with respect to <100> direction of the wafer surface 

in the horizon tal plane; (2) the sample was then rota ted in 

~(about X axis) until channeling was found, i.e., the beam 

was aligned along a <110> axis of the wafer. The detector 

was located at 160 0 or (180 0 -82 ) in 8 with respect to the 

<110> beam direction in the horizontal plane. 
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The random spectra were made by uniformly rotating 

the sample .±. 220 about the X axis rela ti ve to the aligned 

~ angle of channeling. 

The backscattered He+ ions impinged on the detector 

and generated electrical signals. The signals were then 

amplified and processed with fast analog and digital elec-

tronics. The processed energy spectra were later converted 

to counts versus depth by using a linear relationship 

between backscattering energy and depth. 

Specimen Preparation for Optical 
Microscopy (OPM) and Scanning 

Electron Microscopy (SEM) 

After RBS analysis, the wafers were cut into 2mm x 

3mm, rectangular pieces parallel to the wafer-flat, <110> 

directions, using an automatic diamond saw. 

The small 2mm x 3mm pieces chosen from the implanted 

area of each wafer were mounted in "A-I" clear plastic 

casting resin (Standard Brands@ Paint Co., Inc.) for ease of 

holding during polishing. The cross-sectional surfaces of 

the samples with {lID} orientation were on the bottom of the 

mount. Then, the cross-sectional surfaces of the samples 

were hand-polished with emery papers. The emery papers used 

were in the following order: 
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Commercial Grain Grain Sizes, 
Number )lm 

l. 240 45-53 

2. 320 31-37 

3. 400 27-31 

4. 600 18-22 

After polishing on the emery papers, the specimens 

were further polished on the aluminum oxide lapping film 

sheets (Imperial, 3M Co.) by hand. The sheets were used in 

the following order: 

Grade Grain Sizes l 11m 

l. 12 mic 12 11m 

2. 9 mic 9 11m 

3. 5 mic 5 11m 

4. 3 mic 3 11m 

Finally, the specimens were polished on a rotating 

wheel with alumina powders Linde "A" (0.3 11m) and Linde "B" 

(0.06 11m) (Adolph Meller Co.). The final cross-sectional 

{110} surfaces of the specimens exhibited a high luster. 

Then the specimens were ready for optical microscopy (OPM). 

The magnification used was 800 x. 

For scanning electron microscopy (SEM) specimen 

preparation, the highly polished cross-sectional samples 

were further etched in HF:H 20/1:10 to remove the buried Si02 
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layer, leaving silicon unattacked. An Si02 groove on the 

cross-sectional surface of the specimen appeared after 

etching. The etching time was 5 minutes, and the etch rate 

was about 700 ~/min. 

The specimens were then coated with a thin Au-Pd 

film of about 100 ~ in thickness, by sputtering, and 

examined with SEM. 

The specimens were further Wright-etched (Jenkins, 

1977) for 2.5 minutes and recoated with Au-Pd thin film. 

The composition of Wright etchant solution used was as 

follows: 60 m1. conc. HF (49%), 30 m1. conc. HN0 3 (69%), 

30 m1. of 5 M Cr03 ( 1 gr. cro3/2 mI. H20) , 2 gr. 

Cu (N03 )2 ·3H ° 2 (reagent grade) , 60 mI. conc. acetic 

(glacial), and 60 m1. deionized water. The etch rate was 

about 1. 27 11m/min. (Wang, 1983) . The microdefect etch pits 

were delineated in the cross-sectional wafer surface after 

Wright etching. The specimens were finally re-examined and 

photographed using SEM. The magnifications used were 

between 1 kX and 35 kX. 

Specimen Preparation for Transmission 
Electron Microscopy (TEM) 

In this investigation, cross-sectional specimens 

with {110} orientations were also prepared for TEM study by 

an ion beam thinning technique. 
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stuck 

glue 

Six small pieces 

together face-to-face and 

(Duratite, from DAP Inc.) to form a composite, as shown in 

six chips were chosen from the Fig. 16. Two of the 

implanted areas of the wafers and placed in the center of 

the composite, and the other four chips were arbitrarily 

chosen from an unimplanted silicon wafer and placed two on 

each side of the implanted wafer chips for mechanical 

support. It was important to squeeze the chips together 

very tightly to make the epoxy glue layers as thin as 

possible. Composi tes were then left in air overnight to 

achieve permanent bonds. 

The composite samples, 3mm x 3mm x 2mm (see Fig. 16) 

in size, were then mounted on an al wninum block by yellow 

wax, and hand-thinned from both sides of the cross-section 

surfaces to about 200 ~m in thickness, using emery papers. 

One side of the thin specimens was then polished to a mirror 

finish ~ollowing the same procedure described in the 

Specimen Preparation for Optical Microscopy (OPM) and 

Scanning Electron Microscopy (SEM) sections in this chapter. 

The unpolished sides of the thin specimens were further 

mechanically thinned to about 100 ~m in thickness using a 

precision TEM specimen disc grinder (Gatan, Inc.). 

The centers of the unpolished sides of the thin disc 

specimens were further ground to about 10-15 ~m in thickness 
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Fig. 16. Schematic illustration of a composite wafer speci
men of small chips. 
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using a precision dimpler (Gatan, Inc.). The action of the 

dimpler is schematically described in Fig. 17. The specimen 

is mounted onto a specimen table using yellow wax. The 

specimen table is magnetic and rotates at Rs = 10 rpm. The 

specimen steel holder was mounted onto the specimen table 

and positioned under a center marker in a special microscope 

provided so that the center of the specimen, where the 

implanted area of the samples was located, would lie at" the 

center of the rotating specimen table. The grinding wheel 

(dimpling tool) rotates about a horizontal axis at RT = 500 

rpm. A micrometer drive (not shown in Fig. 17) lowers the 

grinding wheel gently onto the specimen. When the grinding 

wheel touches the center of the specimen, a sensitive dial 

indicator is set to a desired reading which is the thickness 

(in ~m) of the materials to be ground off from the 

specimens. The grinding action was automatically stopped by 

the micrometer drive when the desired thickness at the 

specimen center was reached. The size of the diamond 

compound paste used was 3 ~m. After being ground, the 

specimens were further polished for 5 minutes using a 

plastic polishing wheel with 0.25 ~m diamond compound paste 

and at a higher speed of RT = 900 rpm. 

There are two purposes of using the precision 

dimpler. (l) It saves time on the next step of ion-beam 

milling. The grinding rate of silicon is about 8 ~m/min for 
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Fig. 17. Schematic diagram of a dimpler (from King et al., 
1985) . 
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the dimpler and only about 0.12 ~m/min for ion-beam milling. 

Therefore, it is desirable to grind the specimen as thin as 

possible before ion-beam milling. A thickness of as thin as 

10-15 ~m at the center of the specimen could be reached 

after dimpling. (2) It assures that the area to be examined 

with TEM is located at the dimple center of the specimen so 

that the area would be the thinnest of the specimen and be 

thinned first to electron transparency during the subsequent 

ion-beam milling. 

The final thinning of the specimens to electron 

transparency was done on a Gatan Model 600 Dual-Ion-Mill 

(Gatan, Inc.) at IBM Corp. in Tucson. This instrument uses 

high energy Ar+ ions to sputter material from the surface of 

the specimen. Ar+ ion beams, at 6 keY energy and 15 degree 

incident angle strike both sides of the specimen 

simultaneously. The thinning process was terminated when a 

small perforation occurred in the center of the specimen. 

It took about 2 hours to ion mill thin each TEM specimen. 

After being thinned, the cross-sectional {110} 

specimens were examined and photographed with TEM. The 

magnifications used were between 4 kX and 100 kX. 



CHAPTER 5 

RESULTS AND DISCUSSION 

The Formation of a Buried Si02 Layer 

As discussed in Chapter 2, a minimum dose of oxygen 

is required beyond which a continuous stoichiometric buried 

Si02 layer can be formed during oxygen ion implantation into 

silicon. The minimum dose is also oxygen implanta-

tion-energy dependent, because of a larger straggling with 

higher-energy ions. According to Hemment et al. (1984), the 

minimum dose is 1.2-1.3 x 1018 o+/cm2 at an oxygen implanta

ta tion energy of 200 keV /0+ . In this investigation, two 

oxygen dose levels, 2.0 x 1018 o+/cm2 and 1.0 x 1017 o+/cm 2 , 

were used with an oxygen implantation energy at 180 keV/O+. 

The results showed that a continuous buried Si02 layer 

formed in all of the high-dose (2.0 x 1018 0+/cm2 ) silicon 

wafers, but not at any of the low-dose (1.0 x 1017 o+/cm 2 ) 

ones. 

High-Dose Oxygen Ion Implantation 

Several wafers were implanted with a dose of 2.0 x 

1018 O+/cm2 at an energy of 180 keV/O+ in this experiment. 

The OPM, SEM, RBS and TEM studies have shown that a 
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hOInogenously buried stoichiometric Si02 layer has formed in 

all of these wafers. 

Figure 18 is an OPM photomicrograph showing a <110> 

cross-sectional surface of Wafer F4. The implanted dose, 

18 + 2 + energy and dose rate were 2.0 x 10 ° /cm , 180 keV/O and 

33 ~A/cm2, respectively. There was no post annealing 

performed on thi s wafer. The cross-sectional surface was 

polished to a mirror finish. A continuous dark line can be 

clearly visualized under the optical microscope. This dark 

line is the image of the thin buried Si02 layer (-2500 ~). 

Since Si02 is more light transparent than silicon, its 

reflected image becomes darker. 

The Si02 layer was also observed with SEM. Figure 

19 is an SEM micrograph showing the <110> cross-sectional 

surface of Wafer F4 after being etched in H20:HF/IO:1 for 5 

minutes. The etchant reacted only with the buried Si02 

layer and left the silicon epitaxial layer and the substrate 

unattacked. In Fig. 19, the buried Si02 layer appears as a 

groove. 

Figure 20a is an SEM micrograph of the <110> 

cross-sectional surface of Wafer F4 after Wright etching for 

2.5 min. and observed at a high magnification (-35 kX). The 

Si02 layer (appears as a groove) is very uniform with sharp 

in terfaces. The thickness of the Si02 layer is measured to 

be about 2440 ~, and is located at about 4180 R below the 
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Fig. 18. A bright-field photomicrograph of the <110> cross-sectional surface of 
Wafer F4. -- A continuous buried Si02 layer appears as a dark+line. 
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Fig. 19. An 8EM micrograph of a <110> cross-sectional 
surface of Wafer F4, after being etched in 
H20:HF/IO:1 for 5 min. -- The continuous buried 
81.02 layer appears as a groove. The imp,tanted 
dose, energ~ and dose rate were 2.0 x 1018 ° /cm2 , 
180 keV/O+, and 33 ~A/cm2, respectively. 



Fig. 20. An SEi,\i micrograph and RBS spectra taken from 
Wafer F4. -- The implanfed dose, energy~and dose 
rate were 2.0 x 1018 ° /cm 2 , 180 keV/O , and 33 
~A/cm2, respectively. 

a. An SEM micrograph of a <110> cross-sectional surface 
after Wright etching for 2.5 min. The SiO layer 
(appearing as a groove) is very uniform wi t~ sharp 
interfaces. 

b. Random and <llO>-aligned RBS spectra. The Si02 is 
located between depths of about 480 nm and 715 nm. 
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Fig. 20a. An SEM micrograph of a <110> cross-sectional surface after Wright 
etching for 2.5 min. The Si02 layer (appearing as a groove) is very 
uniform with sharp interfaces. 
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top silicon seed surface before epitaxial layer growth. The 

interface between epitaxial layer and the top silicon seed 

surface is very difficult to define, due to the perfect 

atomic match between the two. It is assumed that the inter-

face position occurs where many distinguishable microetch 

pits are present, as shown in Fig. 20a. 

The reported measurements are in reasonable 

agreement with the corresponding RBS data shown in Fig. 20b. 

In the RBS random spectrum, the silicon counts in the region 

between depths of 4800 ~ and 7150 R reduce to about one-half 

in comparison with the counts at the top silicon surface. 

This implies that a buried stoichiometric Si02 layer formed 

in this region. The Si02 layer is about 2350 R in thick

ness, located at about 4800 g below the top silicon surface. 

The relatively large difference in the Si02 depth location 

between SEM measurement (4180 ~) and RBS measurement 

(4800 g) may be due to the inaccurate estimation of the 

loca tion of the interface between the epi taxial layer and 

the top silicon seed layer in Fig. 20a. 

The si licon counts for both the random and 

<llO>-aligned spectra are equivalent in the Si02 region, 

showing that the Si02 layer is amorphous in structure, and 

no channeling effect occurred through this layer. The 

<llO>-aligned spectrum shows that the channeling effect 

occurs in the top silicon surface region and the minimum 
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yield Xmin is about 35%. This indicates that the top 

silicon seed surface did remain single crystalline after 

oxygen ion implantation. However, the channeling effect 

decreases with depth in the top silicon region, indicating 

that the ion implantation drunage increases with depth. This 

phenomenon is not surprising, since the electronic stopping 

is dominant at the early stage of the oxygen ion range and 

the nuclear stopping is dominant at the deep end of the 

oxygen ion range. As discussed in Chapter 2, most lattice 

damage occurs in the region where the nuclear stopping is 

dominant, that is, in the region adjacent to the Si02 layer. 

In Fig. 20a, many tiny dislocation etch pits are delineated 

by Wright etching. In the regions adj acent to the Si02 

layer, the density of dislocations is so high that the 

dislocation etch pits overlap each other. The dis loca tion 

etch pits in the epitaxial layer and the silicon substrate 

are distinguishable. 

The SOI structures were also studied using TEM. 

Figure 21 presents TEM micrographs of a <110> cross

sectional view of the SOI structure and corresponding 

diffraction patterns of Wafer F4. Figure 21a shows a clear 

homogeneous buried Si02 layer of about 2450 ~ in thickness. 

This measured thickness is in good agreement with that 

obtained from SEM and RBS resul ts. The TEM diffraction 

pattern taken from the Si02 layer area shows only a spot in 



Fig. 21. TEM micrographs of a (110) cross-sectional view 
and corresponding diffraction patterns of Wafer 
F4. -- The implanted d~se'2energ~ and do~e rate 
were 2.9 x 10 18 0 /cm , 180 keV/O, and 
33 ~A/cm ,respectively. There is no annealing. 

a. A (110) cross-sectional view of the SOI structure. 

b. A diffraction pattern taken from the Si02 layer, 
showing an amorphous structure. 

c. A diffraction pattern taken from the epitaxial layer, 
showing a dirunond structure in (110) orientation. 
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Fig. 21a. A <110> cross-sectional view of an SOl structure. 
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Fig. 2lb. A diffraction pattern taken from the Si02 layer, 
showing an amorphous structure. 

Fig. 2lc. A diffraction pattern taken from the epitaxial 
layer, showing a diamond structure in <110> 
orientation. 
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the center due to the direct beam. No crystalline diffrac-

tion pattern was observed, indicating that the Si02 layer 

is amorphous. In comparison (Fig. 21c), a TEM diffraction 

pattern taken from the silicon epitaxial layer, clearly 

shows a diamond structure in the <110> orientation. 

As seen in Fig. 2la, the Si02 layer is bounded by a 

band of condensed dislocation tangles on both sides. The 

condensed bands of dislocations are in correspondence with 

the overlapped tiny etch pits in the SEM micrograph of Fig. 

20a. These heavily damaged regions are caused by nuclear 

stopping at the deep end of the oxygen ion range during ion 

implantation. Some of the dislocations initiated from the 

band of dislocations propagate into the epitaxial layer. 

Under TEM observations, the dislocation tangles could be 

brought in or out of contrast by changing the azimuth of 

tilt. No evidence of oxygen precipi tates embedded in the 

band of dislocations was found. 

Low-Dose Oxygen Ion Implantation 

In this experiment, three wafers were implanted with 

17 +/ 2 / + a low dose of 1.0 x 10 ° cm at an energy of 180 keY ° . 
The dosage is not high enough to form a stoichiometric Si02 

layer. Therefore, no Si02 layer was observed in any of 

these wafers. 

Figure 22a is an SEM micrograph of a < 110 > cross-

sectional surface of Wafer F3. The implanted dose, energy 



Fig. 22. An SEM micrograph and RBS spectra taken from 
Wafer F3. -- The implante~ dose, energ~ an~ dose 
rate were 1.0 x 10 18 ° /cm2, 180 keV/O, and 
10 ~A/cm2, respectively. 

a. An SEM micrograph of a <110> cross-sectional surface 
after Wright etching for 2.5 min. There was ng Si02 layer formed. The wafer was annealed at 1030 C for 
2 hours in N2 . 

b. Random and <llO>-aligned RBS spectra taken before the 
wafer was annealed. The top silicon seed surface 
region of about 3000 R in thickness remains a high 
level of crystalline perfection. 
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Fig. 22a. An SEM micrograph of the <110> cross-sectional 
surface after Wright etching for 2.5 min. There 
was no Si02 layer formed. The wafer was annealed 
at 1030 C for 2 hours in N2 . 
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The wafer was annealed at 10300 C 

for 2 hours in N2 after implantation. The sample was etched 

in H20:HF/IO:1 for 5 minutes, followed by Wright etching for 

2.5 minutes. No Si02 layer was observed. If present, such 

a layer would appear as a groove. Only overlapped tiny etch 

pits were observed below the original silicon surface. The 

epi taxial layer is very clean. There were no dislocation 

etch pits found in this region. 

Figure 22b shows the RBS spectra of Wafer F3 before 

annealing. Unlike that of high-dose wafers, the random 

spectrum of Wafer F3 shows a constant silicon count through 

the entire depth of the wafer, indicating that an Si02 layer 

has not formed at this dose of 1.0 x 10 17 o+/cm2 . 

As shown in the <llO>-aligned spectrum in Fig. 22b, 

the top silicon surface of about 3000 R in thickness remains 

in a high level of crystalline perfection after the oxygen 

implantation. The minimum yield, Xmin , is about the same 

(-3%) as that of a perfect single crystal silicon (2-3%). A 

high quality epitaxial layer was able to be grown onto this 

wafer. There were no microdefect etch pits found in this 

layer (see Fig. 22a). The degree of the crystalline 

perfection in the top silicon seed region of this low-dosed 

wafer (X. = 3%) 
m~n 

is much higher than that of high-dosed 

wafers (X. = 35%). 
m~n 

This is because much less damage was 
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generated by the much lower (20 times lower) dose of oxygen. 

At a depth of about 4000 R, the silicon counts for <110> 

alignment rapidly rise up, indicating that lattice disorder 

occurs in this region due to the nuclear stopping. This is 

in correspondence with the overlapped tiny etch pits in the 

SEM micrograph of Fig. 22a. A TEM micrograph (Fig. 23a) 

shows that these etch pits resulted from a continuous band 

of dislocation tangles induced by oxygen ion implantation 

damage. 
I 

rEhe <llO>-aligned yield (counts) is less than the 

random yield through the entire depth of the wafer studied 

(see Fig. 22b). Therefore, no crystalline-to-amorphous 

transition occurred. A TEM diffraction pattern, Fig. 23b, 

taken from the region of the highly damaged dislocation 

band, shows that this region is still crystalline. 

The results from this experiment do not agree with 

that from Brosious (1976). According to Brosious, the 

cri tical dose of oxygen for amorphous zone formation was 

16 + 2 + about 1.0 x 10 0 /cm at an energy of 100 keV/O at room 

temperature. In this experiment, a higher dosage of 1.0 x 

10 17 o+/cm2 and a higher implantation energy of 180 kev/o+ 

were used. At 180 kev/o+, a smaller oxygen dose would be 

required for amorphous zone formation than at 100 kev/o+ 

(see Chapter 2). However, the crystalline-to-amorphous 

transition did not occur, even though the oxygen dose used 



Fig. 23. TEM micrographs of a <110> cross-sectional view 
and a corresonding diffraction pattern of Wafer 
F3. -- The implan~ed d~se'2energy, and do~e rate 
were 2.~ x 101 ° /cm, 180 keV /0 d and 
~O~/cm. The wafer was annealed at 1030 C for 
2 hours in N2 after implantation. 

a. A <110> cross-sectional view of the wafer. A 
continuous band of dislocations was induced by oxygen 
ion implantation. There was no Si02 layer formed. 

b. A diffraction pattern taken from the dislocation-band 
region, showing a diamond structure in <110> 
orientation. 
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Fig. 23a. A <110> cross-sectional view of the wafer. A 
continuous band of dis loca tions was induced by 
oxygen ion implantation. There was no Si02 layer 
formed. 
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Fig. 23b. A diffraction pattern taken from the dislocation 
band region, showing a diamond structure in <110> 
orientation. 
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in this experiment was higher than that Brosious used (1.0 x 

10 16 o+/cm2 ) for his experiment. 

The surface temperature of this low-dose wafer may 

not have been significantly different from that in the 

experiment of Brosious. During the oxygen ion implantation, 

the temperature of the lnetal sample hOlder monitored by a 

thermocouple remained unchanged at room temperature. Due to 

technical difficulties, the temperature of the wafer surface 

was not monitored. The implantation time was about 20 

minutes, which is only about 1/20 of the time required for a 

high-dose wafer at the same dose rate. The temperature of 

the wafer surface did not rise significantly above room 

temperature, since the implantation time was rather short 

compared with that for a high-dose wafer. Also, since the 

thermal conducti vi ty of s il icon is very high (148.58 BTU /hr 

ft of), compared with that of Si02 (2.3 BTU/hr ft of), 

noticeable rises in temperatures should have been able to be 

detected by the thermocouple in the metal sample holder. 

Quality of Epitaxial Layer 
in Non-implanted Areas 

Figure 24 is an SEM micrograph of a <110> cross-

sectional view of Wafer F8, taken from an unimplanted area 

of the wafer. The implanted dose, energ~ and dose rate were 

2.0 x 10 18 o+/cm2 , 180 kev/o+, and 33 llA/cm2 , respectively. 

After impiantation, the wafer was annealed at 10400 C for 
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Fig. 24. An SEM micrograph of a <110> cross-sectional view 
of Wafer F8. -- Taken from unimplanted area of the 
wafer. The implanted dose, ener~y and dose rate 
were 2.0 x 1018 O+/cm2, 180 keV/O , and 33 ~A/cm2, 
respectively. After implantation, the wafer was 
annealed at 1040 0 C for 2 hours in N. There were 
no microdefect etch pits and Si02 fayer observed 
after Wright etching for 2.5 min. 
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2 hours in N2 . No microdefect etch pits and Si02 layer are 

present in both the epitaxial region and the substrate. It 

proves that the microdefects and Si02 layer in the implanted 

area of the samples are solely caused by oxygen ion 

implantation drunage, but not by epitaxial growth and 

annealing processes. 

Dose-Rate Dependence 

In this experiment, different oxygen implantation 

dose rates were used, resulting in different wafer surface 

temperatures during oxygen ion implantation. At a constant 

dose, the higher the dose rate employed, the shorter the 

time required to complete the implantation, and the higher 

the wafer surface temperature resulted, due to rapid oxygen 

ion beam irradiation at the wafer surface. For example, the 

final temperature of the sample holder, to which the back of 

the wafer was attached, was about 270-300 oC with a dose rate 

of 33 ~A/cm2, and about 225 0 C with a dose rate of 17 ~A/cm2. 

The thermal gradient between wafer surface and substrate was 

expected to be large, since the Si02 layer is a poor thermal 

conductor. Unfortunately, the temperature of the wafer 

surface was not monitored in this experiment due to 

technical difficulties. However, the temperature of the 

wafer surface would be expected to be much higher than that 

of the sample holder. Holland et al. (1984) implanted 
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n-type {100} silicon wafers with a resistivity of 6 ncm. 

The implanter they used was the same as the one used in this 

experiment. Thermocouple measurement of the wafer surface 

showed that beam heating gradually raised the wafer surface 

temperature to a value in excess of aoooc, when the sample 

holder was held at SOOoc during oxygen ion implantation. 

Accordingly, in this experiment, the temperature difference 

between the wafer surface and the sample holder was 

estimated to be about 3000 C for high dose rate (-33 ~A/cm2) 

samples. When a low dose rate, such as 17 ~A/cm2 was used, 

the smnple hOlder temperature was raised from room tempera

ture to a final temperature of about 22S oC. The temperature 

difference between the wafer surface and the sample hOlder 

was estimated to be less o than 300 C, approximately about 

27SoC, since less condensed beam irradiation was induced at 

the wafer surface and less heat dissipation needed through 

the wafer substrate to the sample holder than in the high 

dose rate case. 

As discussed in Chapter 2, during high-dose oxygen 

ion implantation (2 x 1018 o+/cm2 in this experiment), the 

region between the substrate and the top silicon surface, 

where the nuclear stopping is dominant, becomes amorphous. 

The central part of the amorphous silicon region turns to a 

stoichiometric Si02 layer as the implantation continues. 

The remaining amorphous silicon regions (normally about 
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1000 R) in the neighborhood of the Si02 layer can be 

recrystallized through solid-phase epitaxial regrowth (SPE) 

by means of in-situ annealing. 

High Dose Rate 

In this experiment, several wafers were implanted 

with high-dose oxygen ions of 2.0 x 10 18 O+/cm2 at a 

high-dose rate of about 33 ~A/cm2. Due to the oxygen ion 

beam irradiation, the temperature of the sample surface 

rises up gradually and solid phase epitaxial regrowth occurs 

during the later stage of the implantation. Figure 25a is a 

TEM micrograph of a <110> cross-sectional view of Wafer FlO. 

The implanted dose, energy, and dose rate were 2.0 x 10 18 

+ 2 + 2 ° /cm, 180 keV/O, and 34 JlA/cm, respectively. After 

implantation, the wafer was annealed at 10000C for 16 hours 

In Figure 25a, a homogeneous Si02 layer is 

surrounded by condensed dislocation bands on both sides. No 

amorphous silicon regions are observed. The amorphous 

sil icon genera ted by high-dose oxygen ion bombardment has 

been completely recrystallized through solid-phase epitaxial 

regrowth (SPE). The final temperature of the sample holder 

recorded is about 270o C. If the temperature difference 

between the sample surface and the sample hOlder is 

estimated to be about 300oC, the temperature in the sample 

surface region would be about 570o C. According to Narayan 



Fig. 25. A TEM micrograph and RBS spectra of Wafer FlO. 
-- The implanted dose, energy, and dose rate were 
2.0 x 1018 o+/cm 2 , 180 keV/O+, and 34 llA/cm 2 , 
respectively. After implantation, the wafer was 
annealed at 10000C for 16 hours in N2 . 

a. A TEM micrograph of a cross-sectional view of Wafer 
FlO. A homogeneous Si02 layer bounded by a band of 
dislocations on both sldes. No amorphous silicon 
regions were observed. 

b. Random and <llO>-aligned RBS spectra taken both before 
and after annealing. Channeling occurs at the entire 
silicon top surface for both <llO>-aligned spectra. 
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Fig. 2Sa. A TEM micrograph of a cross- sectional view of 
Wafer FlO. A homogeneous Si02 layer was bounded 
by a band of dislocations on both sides. No 
amorphous silicon regions are observed. 
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et al. (1984), the velocity of SPE at this temperature, 

calculated by Equation (2), is about 150 ~/min. 

Figure 25b presents the RBS spectra of Wafer FlO 

taken both before and after post annealing. By comparing 

the random and the as- implanted, < 110> -aligned channeling 

spectra, it can be seen that the yields of the <110>-a1igned 

spectrum are lower than that of the random spectrum in the 

entire silicon surface of about 4000 R in thickness. This 

result provides a proof that the amorphous silicon layer has 

recrystallized epi taxia11y from the top silicon layer and 

stopped at the Si/Si02 interface during ion implantation, so 

that the RBS channeling could occur through the entire top 

silicon surface. The channeling effect could not be 

detected in the region directly under the Si02 layer, since 

the channeling He + beam is scattered right after it passes 

through the Si02 amorphous layer. A small peak near a depth 

of 4500 ~ was detected. This peak is due to backscattering 

of He+ ions from oxygen in the surface oxide, which might be 

accidentally left on the wafer surface. 

From Fig. 25b, it is also noted that the yield at 

the silicon top surface in the <ll0>-aligned spectrum after 

annealing is lowered, indicating the decrease in crystalline 

imperfection in this region. A detailed discussion of the 

effect of post annealing will be presented in the last 

section of this chapter. 



92 

Low Dose Rate 

The SOl structure of the wafers implanted at a low 

dose rate is different from that at a high dose rate. 

Figure 26a is a TEM micrograph giving a <110> cross-

sectional view of Wafer Fll. The implanted dose, energy, and 

dose rate were 2.0 x 10 18 o+/cm2 , 180 kev/o~ and 17 ~A/cm2, 

respectively. There was no pos t anneal ing. In Fig. 26a, 

continuous polysilicon layers are present in between the 

Si02 layer and the bands of dislocations on both sides of 

the Si02 layer. Figure 26b is a TEM diffraction pattern 

taken from one of the polysilicon regions showing a ring 

polycrystalline pattern. 

During oxygen implantation at a low dose rate, the 

wafer surface temperature is lower than that at a high dose 

rate, due to less condensed beam irradiation. The final 

o temperature of the sample holder recorded was about 225 c. 

If the temperature difference between the sample surface and 

the sample holder is assumed to be about 275 0 C, the 

temperature in the sample surface region would be about 

The velocity of SPE is a very strongly temperature 

dependent. According to Narayan et ale (1984), the veloci ty 

of SPE at this temperature, calculated by Equation (2), is 

only about 5 R/min, which is about thirty times lower than 

that of wafers implanted at a high dose rate. Since the 

velocity of SPE is very low, the solid-phase epitaxial 



Fig. 26. TEM micrographs and RBS spectra of Wafer Fll. -
The implan~ed dose, energy,a~d dose rate are 2.0 
x 10 18 0/cm 2 , 180 keV/O, and 17 llA/cm 2 , 
respectively. There was no annealing. 

a. A TEM micrograph of a 
showing the polysilicon 
Si02 layer. 

<110> cross-sectional view, 
layers on each side of the 

b. A TEM diffraction pattern taken from a polysil icon 
region, showing a ring polycrystalline pattern. 

c. Random and <llO>-aligned RBS spectra, showing the 
existence of the polysilicon layers. 
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Fig. 26a. A TEM micrograph of a <110> cross-sectional view, 
showing the polysilicon layers on each side of 
the Si02 layer. 
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Fig. 26b. A TEM diffraction pattern taken from a polysili-
con region, showing a ring polycrystalline 
pattern. 
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regrowth was slow in the wafer. As discussed in Chapter 2, 

nucleation and growth of polysilicon occurred ahead of the 

SPE regrowth interface and retarded further SPE regrowth. 

The widths of the polysilicon layers were determined 

as about 835 R on the epitaxial layer side and 1450 ~ on the 

silicon substrate side. The polysilicon layer on the epitax

ial layer side is narrower than that on the substrate side, 

because of the higher temperature on this side, from the 

direct oxygen ion beam irradiation on the top silicon 

surface during ion implantation. The Si02 layer is a poor 

conductivity is only thermal conductor ( thermal 

2.3 BTU/hr ft of), and it presents a thermal barrier for 

heat transfer from the wafer surface to the wafer substrate. 

Hence, the higher temperature on the epitaxial layer side 

enhanced the solid-phase epitaxial regrowth, resulting in a 

narrower polysilicon layer than on the silicon substrate 

side. 

Figure 26c shows the random and <llO>-aligned RBS 

spectra taken from Wafer Fll. It is noted that at the top 

surface of about 3000 R in depth, the yield of the 

< 11 O>-al igned spectrum are less than that of the random 

spectrum. Channe 1 ing occurs and the wafer remains sing Ie 

crystalline in this region. However, in the depths between 

3000 Rand 4000 R, the yield of the <llO>-aligned spectrum is 
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virtually identical to that of the random spectrum, indicat

ing that there are tiny randomly oriented polycrystallites 

in this region, and therefore, no channeling occurs through 

this polysilicon layer. The width of this polysilicon layer 

on top of the 8i02 layer measured by RBS is about 1000 ~. 

This value is larger than that measured by TEM (about 

835 ~). The difference may be due to the inaccuracy in both 

measurements. 

A polysilicon layer can act as an electric-fields-

shielding layer. Izumi et al. (1984) stated that it is 

possible to fabricate high-performance, high-vol tage CMOS 

(Complementary Metal Oxide Semiconductor) devices onto the 

SOl structures containing polysilicon layers. However, the 

fact is that in order to form polysilicon layers, low dose 

ra tes have to be used. During ion implantation at a low 

dose rate, the temperature at the wafer surface is kept low, 

and the crystal lattice damage due to ion implantation 

cannot effectively rearrange itself. Therefore, the crystal 

perfection of the top silicon surface for the wafers 

implanted at a low dose rate is not comparable to that for 

wafers implanted at a high dose rate. The crystal 

perfection at the top surface of the silicon wafer is the 

most important criterion of all for epitaxial layer growth. 

Hence, it affects the performance of devices built onto it. 

From Fig. 26c, a minimum yield, Xmin , of about 60% was 
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measured for Wafer Fll, implanted at a low dose rate, in 

contrast with the minimum yield of about 35% for wafer FlO, 

implanted at a high dose rate (see Fig. 25b). High minimum 

yields imply high microdefect density in the near-surface 

region. On the other hand, longer time is needed for ion 

implantation at a low dose rate than at a high dose rate. 

Therefore, more cost has to be added to the products, if a 

low dose rate has to be employed. 

Characteristics of the Microdefects 
in SOI structures 

The major microdefects observed in SOI structures in 

this experiment were dislocations. Only a few stacking 

faults were found. No oxygen precipitates were present 

after oxygen ion implantation. 

Dislocations 

As discussed in the previous sections, most of the 

ion implantation damage occurs at the deep end of the oxygen 

ion range, where nuclear stopping is dominant. After oxygen 

implantation, wide condensed bands of dislocation tangles, 

about 2500 ~ thick, were formed on both sides of the Si02 

layer (e.g., see Fig. 25a). These bands of dislocations 

were caused by clustering of the Frenkel defects generated 

by ion collisions and by thermal stresses at the Si/Si02 

interfaces. Since there exists a large stress field around 

dislocations in the dislocation region, the dislocations can 
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act as impurity gettering centers. Therefore, impurities 

which might be introduced into silicon wafers during 

subsequent device fabrication processes will be attracted to 

and trapped in the bands of dislocations and leave the top 

silicon surface free from impurity contaminations. 

In contrast, the dislocation densi ties observed in 

the epitaxial layer and the top silicon surface are much 

less than in the dislocation bands. Electronic stopping is 

dominant in the top silicon surface. Figure 27 is a TEM 

micrograph of Wafer F6, showing the dislocation distribution 

in a <110> cross-sectional view. The implanted dose, energy, 

and dose rate were 180 + keV/O , and 

2 30 ]..IA/cm , respectively. After implantation, the wafer was 

annealed at 800 0 e for 2 hours in N2 . As shown in Fig. 27, 

very few dislocations are present beneath the dislocation 

band in the silicon substrate. However, higher dislocation 

density is observed on the top silicon surface side, since 

all oxygen ions implanted have to pass through this region 

before coming to rest. Some of the dis loca tions in the 

upper silicon layer propagate into the epitaxial layer, and 

their density gradually decreases as the epitaxial layer 

grows. The interface between the top silicon surface and 

the epitaxial layer is invisible, because of the perfect 

atomic match between the two. 
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Fig. 27. A TEM micrograph of a <110> cross-sectional view 
of Wafer F6, showing the distribution of disloca
tions. The implCfnted dose, ener~y, and dose rate 
were 2.0 x 1018 0 /cm2 , 180 keV/O , and 30 ~A/cm2, 
respectively. The wafer was annealed at 800 0 C for 
2 hours in N2 . 



101 

stacking Faults 

Only a few stacking faults were found in the ion-

implanted specimens examined. Figure 28 is an SEM 

micrograph showing two stacking faults in the epitaxial 

layer of the <110> cross-sectional surface of Wafer F2. The 

implanted dose, energy, and dose rate were 1.0 x 1017 

o+/cm2 , 180 keV/O+, and 21 ~A/cm2, respectively. The wafer 

was post annealed at 10300 C for 2 hours in N2 . The stacking 

faul ts lie along the intersections of the sample cross

sectional {110} surface and two of the {Ill} slip planes. 

The calculated angle between the two directions is 710
. The 

measured value is about 750
• The difference is caused 

because the sample was tilted at about 350 in SEM for better 

contrast. 

The Sharpness of the Si/Si02 Interfaces 

It was noted that the interface between the Si02 

layer and the upper silicon layer (upper Si/Si02 interface) 

is always sharper than that between the Si02 layer and the 

silicon substrate (lower Si/Si02 interface) for all samples. 

This phenomenon was observed with both SEM (see Fig. 20a) 

and TEM (see Fig. 25a). The difference in sharpness may be 

due to the higher temperature at the upper Si/Si02 inter

face, which enhances the oxygen diffusion in this region, 

resulting in a sharper interface. 



Fig. 28. 
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An SEM micrograph of the < 110 > cross-sectional 
surface of Wafer F2, showing stacking faults in 
the epitaxial layer. The implanted + dose, 
energy, an~ dose rate were 1. 0 x 10 17 0 / cm 2, 
180 keV/O, and 21 llA/cm2

d respectively. The 
wafer was annealed at 1030 C for 2 hours in N2 
after ion implantation. SEM tilting angle, 35°. 
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No oxygen precipitates were observed in this experi

ment by TEM study. The implanted oxygen atoms, supersatur

ated in the regions close to the upper and lower Si/Si02 

interfaces, may be interstitially trapped inside the bands 

of dislocations \'lith lower energy than in the precipitate 

states. 

Post Annealing and In-Situ Annealing 

Post Annealing 

After oxygen ion implantation, the top silicon 

surfaces of the wafers remain single crystalline, but are 

defective. The perfections of the epitaxial layers grown on 

these as-implanted wafers are normally not good enough for 

electronic device applications. Therefore, high temperature 

post annealing is usually employed to serve the purpose of 

reducing the ion implantation damage in the top silicon 

surface region before the epitaxial growth. In this 

experiment, post annealing was performed on as-implanted 

wafers under several different annealing conditions. The 

results showed that the perfection of the top silicon 

surface region was greatly improved by post annealing at 

temperatures above 1000oC. The RBS minimum yield, Xmin , was 

reduced from about 40% for as-implanted wafers to less than 

10% for annealed wafers at these elevated temperatures. The 

results also showed that 2 hours of post annealing was 

sufficiently long to accomplish this reduction. Longer 



104 

anneal ing time did not resul t in any further reduction in 

the RBS minimum yield. 

Temperature Dependence. Temperature is a very 

important factor affecting the wafer post-annealing process. 

During high temperature (e.g., >lOOOoC) annealing, the 

disordered lattices resulting from ion implantation can 

rearrange themselves and the density of the dislocations is 

reduced by annihilation processes. However, for annealing 

temperatures below 800o C, the effectiveness of the post 

annealing is not significant. Figure 29a shows the random 

and <llO>-aligned RBS spectra taken from Wafer F6. The 

implanted dose, energy, and dose rate were 2.0 x 

+ 2 + 2 o /cm, 180 keV/O, and 30 ].lA/cm, respectively. After 

implantation, the wafer was annealed at 800 0 C for 2 hours in 

N2 . As shown in Fig. 29a, the improvement of minimum yield, 

Xmin , in the top surface was marginal. Xmin still remained 

high (-40%) in that region. Since the degraded crystallin-

ity at the near surface region is not significantly improved 

after this low-temperature anneal ing, the dislocations on 

the wafer surface propagated into the epitaxial layer during 

the subsequent epitaxial growth. The dislocation distribu-

tion in the <110> cross-sectional surface of the epitaxial 

layer of Wafer F6 is shown in Fig. 29b. The dislocation 

density is very high in the region close to the Si02 layer, 

and is gradually reduced towards the surface of the 



Fig. 29. RBS spectra and an SEM micrograph of Wafer F6. 
-- The implanted dos~, energy, and dos$! rate 
were 2.0 x 10 18 0 /cm 2, 180 keV/O, and 

!~neai:~cm!t' 80rOeos!e~~~ve~y·hour:hein w~:er af~:~ 
implantation. 

a. Random and <llO>-aligned RBS spectra, showing that the 
improvement in the near-surface minimum yield is 
marginal. 

b. An SEM micrograph of a <110> cross-sectional surface 
of Wafer F6, showing the dis loca tion distribution in 
the epitaxial layer. The sample was Wright etched for 
2.5 minutes. 
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epi taxia1 layer. There are no etch pits observed in the 

silicon substrate. Similar results were also obtained by 

SEM study on Wafer F7, which was implanted under the same 

implantation conditions as for Wafer F6, but annealed at a 

lower temperature (600oC) "for 2 hours in N2 after oxygen ion 

implantation. 

When as-implanted wafers were subjected to high 

temperature annea1ings, the crystalline perfection in the 

top silicon surface was greatly improved. The near-surface 

minimum yield, Xmin , decreased from approximately 50% to 

8.5% for Wafer F8, after being annealed at 10400 C for 2 

hours in N2 , and to near 5.6% for Wafer F14, after being 

annealed at 11500 C for 2 hours in N2 . Figure 30a shows the 

RBS spectra taken from Wafer F14 both before and after 

high-temperature post annealing. The implanted dose, energ~ 

and dose rate were 2.0 x 1018 o+/cm2 , 180 keV/O+, and 

29 ~A/cm2, respectively. After implantation, the wafer was 

annealed at 11500 C for 2 hours in N2 . As shown in Fig. 30a, 

the <110>-a1igned yield is greatly lowered through the 

entire top silicon surface, indicating the decrease in 

crystalline imperfection in this region. After the wafer 

was annealed, an epitaxial layer of about 10~m in thickness 

was grown onto the top silicon surface. The distribution of 

dislocation etch pits in a <110> cross-sectional surface of 

the epitaxial layer is shown in Fig. 30b, taken by SEM. The 



Fig. 30. RBS spectra and an SEM micrograph of Wafer F14. 
-- The imRlan~ed dose, energ~ ~nd dose rate were 
2.0 x 1018 0 /cm2, 180 keV/O , and 29 lJA/cm 2 , 
respectively. After implantation, the wafer was 
annealed at 11500 C for 2 hours in N2 . 

a. Random and <llO>-aligned RBS spectra taken both before 
and after post annealing, showing the decrease in 
crystalline imperfections in the top silicon surface 
region of the wafer due to annealing. 

b. An SEM micrograph of a <110> cross-sectional surface 
of Wafer F14, showing the dislocation distribution in 
the epitaxial layer. The sample was Wright etched for 
2.5 minutes. 



U) 

!Z 
::l 
0 
C,,) 

2000~i~r-.-~--r-~-'--~-.--~-r-'--.-~--r-~-'--~-.--~-r~--' 

1800L ~ Annealed, <llO>-aligned 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

0 
-100 

A As-implanted, <llO>-aligned 
+ Random 

+!'f-+!-!+ * +t;+++t ~+ ~* ~ 
+ "'* ....... +..... ....+i!> .. ~~~ /;;:.# 

t#"/ ~~ 
A Si T =I1!Ii!;. .~ 

__ ~~ op Surf & ace Si02 

~ 
200 300 400 500 

DEPTH (nanometers) 

Si Substrate 

1000 

Fig. 30a. Random and (llO>-aligned RBS spectra taken both before and after post 
annealing, showing the decrease in crystalline imperfections in the 
top silicon surface region of the wafer due to annealing. 
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Fig. 30b. An SEM micrograph of a <110> cross-sectional surface of Wafer F14, 
showing the dislocation distribution in the epitaxial layer. The 
sample was Wright etched for 2.5 minutes. 
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density of the dislocation etch pits is lower than that of 

Wafer F6, which was annealed at a lower temperature (see 

Fig. 29b). 

Time Dependence. In this inves tiga tion, the time 

dependence of the post annealing at high temperatures 

(lOOOOC) was studied. Time periods of 2, 8, and 16 hours 

were used in this experiment. The results showed that 

2 hours was long enough to greatly reduce the oxygen ion 

implanted damage in the top surface region of the wafers. 

Post annealing for 8 hours resulted essentially in the same 

improvement as for 2 hours. Post annealing for longer time 

(16 hours) did not resul t in any marked decrease in the 

level of crystalline imperfection in the top surface region 

of the wafers. The RBS minimum yield, Xmin , was only 

slightly higher after post annealing for 16 hours than for 

2 hours. 

Figure 31 is an SEM micrograph of a < 11 0> cross-

sectional surface of Wafer F8, showing the distribution of 

dislocation etch pits in the epitaxial layer. The implanted 

d d d t 2 0 10 18 o+/cm2, ose, energy, an ose ra e were . x 

180 kev/o+, and 33 llA/cm2 . After implantation, the wafer 

was anneal ed at o 1040 C for 2 hours As shown in 

Fig. 31, there are only a few dislocation etch pits in the 

silicon substrate region. The densi ty of the dislocation 

etch pits in the epitaxial layer is lower than that of Wafer 
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Fig. 31. An SEM micrograph of a <110> cross-sectional surface of Wafer F8, 
showing the distribution of dislocation etch ~its. -- The imp;!anted 
dose, energy, and dose rate were 2.0 x 1018 0 /cm 2, 180 keVjO , and 
33 ~A/c~2, respectively. After implantation, the wafer was annealed 
at 1040 C for 2 hours in N2 . The sample was Wright etched for 
2.5 minutes. 
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F6, which was annealed at a lower temperature (800 oC) for 2 

hours (see Fig. 29b). As mentioned in the preceding 

section, the RBS minimum yield, x . , of Wafer F8 was mln 

reduced to about 8.5% after post annealing at 10400C for 2 

hours in N2 . 

The RBS minimum yield, Xmin , of Wafer FlO, after 

prolonged post annealing at 10000C for 16 hours in N2 , was 

measured to be slightly higher (11%, see Fig. 25b) than that 

of Wafer F8 (8.5%). The distribution of dislocation etch 

pits in a <110> cross-section of Wafer FlO is shown in Fig. 

32a. The density of the dislocation etch pits is slightly 

higher than that in Wafer F8 (see Fig. 31) in the epitaxial 

layer. It is noted that unlike in Wafer F8 and in other 

wafers, many etch pits are present in the silicon substrate 

of Wafer FlO. A TEM micrograph shows that these etch pits 

observed in SEM, are mainly oxygen precipitates with 

punched-out dislocation loops (see Fig. 32b). During 

silicon crystal growth, oxygen is unintentionally dissolved 

into silicon crystals from the dissolution of the quartz 

(Si02 ) crucible wall (Chang, 1982). The supersaturated 

oxygen atoms normally occupy interstitial sites on the 

silicon lattice. When wafers are subjected to a high 

temperature annealing for a long time (e.g., 16 hours), 

these supersaturated oxygen atoms have enough time to 

cluster and form oxygen precipitates. Due to the stress 



Fig. 32. An SEM and a TEM micrograph of a <110> cross
sectional surface of Wafer FlO. The 
implante~dose, energy,and+dose rate were 2.0 x 
101.8 0 /cm2 , 180 keV/O, and 34 llA/cm 2 , 
respectively. After imglantation, the wafer 
was post annealed at 1000 C for 16 hours in N2 . 

a. An SEM micrograph showing the distribution of etch 
pits in the <110> cross-sectional surface. The sample 
was Wright etched for 2.5 minutes. 

b. A TEM micrograph showing an oxygen precipitate wi th 
punched-out dislocation loops. 
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Fig. 32a. An SEM micrograph showing the distribution of etch pits in the <110> 
cross-sectional surface. The sample was Wright etched for 2.5 
minutes. 
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Fig. 3 2b. A TEM micrograph showing an oxygen precipi ta te 
with punched-out dislocation loops. 
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fields around the oxygen precipitates, dislocation loops are 

punched out from them during cooling. No oxygen 

precipitates were observed in the top silicon surface region 

of this wafer with TEM. The reason might be that the 

supersaturated oxygen atoms diffuse either out of the 

surface of the wafer or into the band of dislocations nearby 

and trapped there before they could precipitate out during 

annealing. The slightly higher RBS minimum yield and dislo-

cation density in the epitaxial layer of Wafer FlO (post 

annealed for 16 hours at 1000oC) as compared with Wafer F8 

(post annealed for 2 hours at 1040oC) might be due to the 

slightly lower post annealing temperature for Wafer FlO. 

The results obtained from this investigation are 

similar to those of Hamdi (1982). Hamdi used an RBS 

technique to study post annealing time dependence for up to 

4 hours at 1150oC. His samples were implanted with a dose 

18 +/ 2 / + of 2.1 x 10 0 cm at an energy of 150 keV 0, and 

subsequently annealed at 11500 C in Ar for various times. 

Hamdi reported that the significant decrease in crystalline 

imperfections in the top silicon surface region occurred 

after one hour of annealing, and the channeling minimum 

yield was reduced to about 12%. Further annealing did not 

significantly reduce the minimum yield. 
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In-Situ Annealing 

Maintaining a high level of crystalline perfection 

in the top surface region of silicon wafers can be achieved 

through in-situ annealing by keeping the sample at an 

elevated temperature during ion implantation. At high 

temperatures, the point defects generated in the top silicon 

surface volume can annihilate each other or effectively move 

around, and finally escape from the wafer surface or become 

trapped in the band of dislocations close to the Si02 layer, 

leaving the top surface region of the silicon wafers rela-

tively free from implantation damage. 

Figure 33a shows RBS spectra taken from Wafer Fl6 

after oxygen ion implantation. The implanted dose, energ~ 

and dose rate were 2.0 x 10 18 o+/cm2 , 180 kev/o+, and 

2 30 ~A/cm, respectively. During ion implantation, the 

sample hOlder was heated by a resistive heater and the 

temperature of the hOlder was maintained o at 500 c. The 

temperature of the wafer surface was not monitored in this 

experiment. However, in an experiment of Holland et ale 

(1984), the temperature of a wafer surface was measured in 

excess of 800 oC, when the sample holder was held at 500 0 C 

during oxygen ion implantation . In the case of Wafer F16, 

• 
there was no post annealing performed on the wafer. An RBS 

channeling minimum yield of about 3.5% for Wafer Fl6 was 

noted from Fig. 33a, and this value is close to that of a 



Fig. 33. RBS spectra and an SEM micrograph taken from 
Wafer F16. The implanted+ dose, energy, a¥d 
dose rate weZe 2.0 x 10 1 8 0 Icm 2, 180 keV 10 , 
and 30 ~A/cm , respectively. The sample holder 
was heated by a resistive heater, and the 
temgerature of the hOlder was maintained at 
500 c. 

a. Random and <llO>-aligned RBS spectra, showing 
aligned yields in the top silicon surface region 
to wafer substrate heating during oxygen 
implantation. 

low 
due 
ion 

b. An SEM micrograph of a <110> cross-sectional surface, 
showing only a few dislocation etch pits in the 
epitaxial layer. The sample was Wright etched for 2.5 
minutes. 
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Fig. 3 3b. An SEH micrograph of a < 110 > cross-sectional surface, showing only a 
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perfect single crystal silicon wafer (2-3%) (Sjoreen et al., 

1985) . An epitaxial layer of low imperfection density was 

able to be grown onto this wafer. Figure 33b is an SEM 

micrograph of a <110> cross-section of Wafer F16, showing 

only a few dislocation etch pits in the epitaxial layer. 

The quality of the epitaxial layer of this wafer was much 

better than that of Wafer F14, which was implanted without 

o the wafer substrate heating, but was post annealed at 1150 C 

for 2 hours in N2 (see Fig. 30). It is clear that in-situ 

annealing by substrate heating is a very effective way of 

minimizing ion implantation damage and maintaining a low 

density of crystalline imperfections in the near-surface 

region of implanted silicon wafers. Furthermore, post 

annealing is not necessary for in-situ annealed wafers, 

since the degree of the crystalline perfections in the top 

surface of these as-implanted silicon wafers is already 

comparable to that of a perfect single crystal silicon 

wafer. 



CHAP'rER 6 

CONCLUSIONS 

The following conclusions are drawn from the results 

of this investigation: 

1. A continuous, buried Si02 layer was formed beneath 

the silicon wafer surfaces, when a high dose of 

oxygen ions (2.0 x 1018 o+jcm2 ) was implanted into 

silicon wafers at an energy of 180 + keVjO . No 

buried Si02 layer was observed in the wafers 

implanted with an oxygen dose as low as 1.0 x 10 17 

+ 2 ° jcm at the same energy. 

2. The buried Si02 layer formed by high-dose oxygen ion 

implantation was homogeneous and stoichiometric, 

with an amorphous structure. The top surface region 

of the silicon wafers still remained single crystal-

line after oxygen ion implantation. 

3. Transition of the non-stoichiometric amorphous 

layers on either side of the buried Si02 layer to a 

crystalline form can occur through solid-phase 

epitaxial regrowth (SPE). However, this process was 

found to be strongly temperature dependent. The 
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transition was completed in the wafers implanted at 

a high dose rate (e.g., 35 ~A/cm2), which resulted 

in a high wafer surface temperature during ion 

implantation. 

4. In wafers implanted using a low dose rate, polysili-

con layers were formed on both sides of the 

amorphous buried Si02 layer ahead of the SPE 

interface. These retarded further SPE regrowth. 

5. 'l'he width of the polysilicon layer in the upper 

interface of Si/Si02 was observed to be narrower 

than that in the lower interface of Si/Si02 . 

6. The major microdefects in SOl structures were ob-

served to be dislocations. No oxygen precipitation 

were observed in the SOl structures. 

7. Most of the oxygen ion implantation damage occurred 

in the two regions adjacent to the Si02 layer. The 

buried Si02 layer was bounded on both sides by a 

highly condensed band of dislocation tangles. 

8. The upper interface layer of Si/Si02 was observed to 

be sharper than the corresponding lower interface of 

Si/Si02 · 

9. A high post-annealing temperature (> lOOOoC) was 

needed to effectively lower the imperfection density 

of the top surface reg ion of s i 1 icon wafers. The 
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improvement was marginal for wafers post annealed at 

o a temperature below 800 c. 

10. A post-annealing time of 2 hours at a high tempera

ture (> 1000oC) was sufficient to significantly 

reduce the oxygen ion implantation damage in the top 

silicon surface region. Post annealing for a 

prolonged period did not further decrease the 

density of imperfections in the top surface region 

of the wafers. 

11. In-situ annealing by wafer substrate heating during 

oxygen ion implantation was found to be more 

effective than post annealing for minimizing ion 

implantation damage and maintaining the low level of 

defect density in the near-surface region of the 

implanted silicon wafers. Epitaxial layers with few 

imperfections were able to be grown onto the in-situ 

annealed wafers. 
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