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ABSTRACT 

Microdefects in wafers sliced from selected positions along 

Czochralski (CZ)-grown, silicon single crystal ingots were investigated 

by means of transmission electron microscopy (TEM). Specimens taken from 

the central regions of these wafers, previously subjected to specific 

thermal treatments, were prepared either by ultrasonic cutting and jet 

thinning or by an anisotropic thinning method. 

Ultrasonic cutting was found to generate microdefects in the thin 

surface regions of the TEM specimen discs. The density of ultrasonically 

generated defects (US01s) was found to vary directly with the ultrasonic 

energy input from the cutter. Ultrasonic waves transmitted through abra

sive slurry into the discs, causing lattice vibrations, are believed to 

be responsible for the microdefect generation. 

Anisotropic thinning for the preparation of TEM specimens was 

carried out in an agitated bath of KOH-Isopropyl Alcohol (IPA)-H20 at BO°C 

and 60°C. A great number of high-surface-quality, self-supporting thin 

films can be produced with large (about 30 mils square) electron-trans

parent areas. Edges of the thin films are in <110> directions and can be 

used as a quick reference for defect orientation during electron microscopy. 

Specimens from heat-treated wafers disclosed the presence of pre

cipiates measuring some 100-1500 nm on one side, surrounded by prismatic 

dislocations punched out in <110> directions in the crystal. The precipi-

xiii 
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tates appear to be thin platelets (less than 40 ~ in thickness), lying 

on {100} planes and are viewed either as flat squares or rectangles, or 

as edge-on rods inclined 45° to the <110> directions. The edges of the 

platelets are in <110> directions. Prismatic punched-out dislocation 

loops are formed in rows, the axes of which are in <110> directions. A 

row of loops seen edge-on is similar in size if its axis is in the sur

face <110> directions. When loop axes are in the oblique <110> directions 

from the surface, they appear as closed rhombus loops with line senses in 

<112> directions. Their size increases with distance from the precipitate. 

The observed dislocation loops were found to be of interstitial type with 

a Burger's vector of a/2 <110>. The total defect density (precipitates 

and dislocation loops) of a specimen depend strongly on the thermal 

history of the wafer and on the wafer position in the ingot. 



CHAPTER 1 

INTRODUCTION 

Since the introduction of transistors in the 1950's, semiconductor 

technology has grown very rapidly, especially during the past decade. The 

development of single-crystal growth techniques has facilitated the produc

tion of semiconducting substrates of high purity and perfect crystallin

ity. This has provided the high-quality starting materials necessary for 

the electronic industries. Among all the elemental and compound semicon

ducting materials currently being produced, silicon single crystals are 

used most widely. Over the years, the size of silicon crystals has been 

increased continuously. The current industry standard is 4 to 5 inches in 

diameter, with a pilot production size of 6 inches or even larger. On the 

other hand, the geometry of the devices processed into wafers sliced from 

these crystals shrinks continuously. The density of the devices has ad

vanced from integrated circuits (IC) and large-scale integrated circuits 

(LSI) to the production of very-large-sca1e integrated circuits (VLSI). 

However, the quality of large-diameter, silicon, single-crystal wafers is 

not at present completely satisfactory for implementing VLSI because of 

the existence of various microdefects found in the wafers. 

The various crystal-growth methods for silicon have been described 

by Runyan (1965) and Laudise (1970). Later Matlock (1977, 1979) reviewed 

the state-of-the-art of silicon crystal growth for the semiconductor 

1 
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industry, and recently, Bonora (1981) presented an overview of the growth 

of silicon single crystals by the Czochralski (crystal pulling) method. 

Although a large quantity of high-purity, float-zone (FZ)-grown silicon 

crystals are produced, Czochralski (CZ)-grown silicon crystals are still 

predominantly used. As a rough estimate, in about one million kg of 

silicon crystals used yearly throughout the world today, more than 75% of 

the silicon grown for semiconductor fabrication employs the Czochralski 

method. This may simply be due to economic and geometric reasons, since 

Czochralski crystals have historically been less expensive to make than 

float-zone crystals, and the physical size of CZ crystals continues to 

be greater than FZ crystals. In this investigation, the study was 

concerned with 3-in.-diameter wafers sliced from CZ-grown silicon single 

crystals. 

Present CZ-growth methods produce essentially dislocation-free 

crystals. But, particularly in the absence of grown-in dislocations, 

other types of imperfections and microdefects may be formed. These in

clude striations, swirls, and possibly precipitates (metallic, oxide, or 

carbide). Defects such as dislocations, stacking faults, etc., may also 

be introduced into the crystal substrate as a result of the various 

thermal-diffusional steps associated with the processing sequence. 

Melliar-Smith (1977) reviewed the cause and effect of crystal defects in 

silicon integrated circuits. 

The major impurities present in CZ-grown silicon are usually oxygen 

and carbon, the former derived from reaction with the quartz crucibles, and 

the latter either from the graphite susceptors used to heat the crucibles 
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or from carbon contamination in the polycrystall ine, sil icon-source material. 

Typical concentrations range from 1.2 x 1018 to 2.1 x 1018 atoms/cm3 for oxygen, 

and about 1 to 2 orders of magnitude lower for carbon. Some precipi-

tation of oxygen and carbon can be expected to take place during cooling 

of the Czochralski crystals after growth, and to proceed further during 

ingot annealing treatments at elevated temperatures, as well as during 

the device processing oxidation and diffusion thermal treatments. Further

more, precipitates may cause secondary defect generation such as disloca

tions and stacking faults. Precipitation of the deliberately added 

dopants, such as boron and phosphorus, is not expected at the dopant levels 

usually involved in semiconductor device fabrication. Precipitation of 

metallic impurities alone is also not expected due to their low concentra

tions (-5 x 1013 atoms/cm3). 

The micro-inhomogeneities and impurity complexes are attributed to 

crystal-interface growth instabilities such as fluctuations of the growth 

velocity, thermal asymmetry of the melt, non-steady-state melt convection, 

and mechanical and electrical instabilities in the crystal puller. These 

conditions produce variations in the microscopic growth rate. Dopants and 

impurities with distribution coefficients differing from unity are inhomo

geneously incorporated into the growing crystal (Witt and Gatos, 1969; 

de Kock, Riksnoer and Boonen, 1975). Due to the rotation of the crystal, 

the resulting dopant distributions with usually continuous helical fea-

tures are generally referred to as "striations"; discontinuous helical or 

concentric features are generally referred to as "swirl s" (ASTM F416-77, 

1980). However, the striations do not appear to be influenced by high-
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temperature treatments (Ravi and Varker, 1974b) whereas elevated-tempera

ture processing does modify the structure of swirl s (Ravi and Varker, 1974a). 

In this study effort was devoted exclusively to a study of swirl defects. 

The presence of "swirls" or "swirl defects" constitute a common 

defect structure in dis10catiori-"free silicon crystals (Plaskett, 1965; 

Abe, Samizo and Maruyama, 1966; Abe and Maruyama, 1967; Chikawa, Asaeda 

and Fujimoto, 1970; de Kock, 1970,1973; Secco de'Aragona, 1971; Ravi and 

Varker, 1973; Fall, Gase1e and Ko1besen, 1977; Chikawa and Yoshikawa, 

1980). Swirls are generally observed by subjecting a polished wafer to 

an appropriate heat treatment followed by chemical-decoration etching 

utilizing a chromic/hydrofluoric acid etchant such as Sirt1 etch (Sirt1 

and Adler, 1961). Swirls generally appear as a spiral or nebular pattern 

of shallow etch pits or hillocks. 

The pattern of the swirls and its presence or absence depends 

strongly on the wafer's thermal history and its initial impurity content. 

Swirls have been the subject of considerable discussion in recent litera

ture. Due to the varying conditions during crystal growth, and the fact 

that the equilibrium distribution coefficient is not equal to 1.0, the 

concentrations of impurities may vary radially as well as axially along 

the length of the crystal from the seed to the tang end. The distribu

tion of the swirl defects may also be expected to vary radially in a given 

wafer, and axially from wafer to wafer sawn from various positi9ns along 

a crystal. 

With the continuing trend toward very-large-scale integrated 

circuits (VLSI) and larger-diameter silicon crystals, a better fundamental 
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understanding is required of the axial and radial impurity/defect inhomo

geneity of Czochralski crystals, and the electrical characteristics of 

imperfections and microdefects present in processed sil icon wafers. In 

recent years, correlations have been established between inhomogeneities 

in dislocation-free crystals and the electrical characteristics of 

semiconductor devices. The swirl defects have been studied with various 

techniques and/or combination of techniques, such as chemical decora

tion etching or preferential etching (Ravi and Varker, 1974a; Tan, 

Wu and Tice, 1976); X-ray topography (Nes and Washburn, 1971; Freeland, 

et a1., 1977; Kishino et a1., 1978; Kishino et a1., 1979); infrared 

absorption spectroscopy (Bohg, 1979; Shimura, Tsuya and Kawamura, 1980b; 

Hu, 1980a); scanning electron microscopy in the e1ectron-beam-induced

current (EBIC) mode (Ravi and Varker, 1973; de Kock et al., 1975); and 

transmission electron microscopy (TEM) (Bernewitz et al., 1974; Maher, 

Staudinger and Patel, 1976; Staudinger, 1978). Recently, Varker (1980) 

successfully correlated the swirl defects with the reverse current (IR) 

inhomogeneities by "e1ectrical microscopy." Among various techniques 

employed for studying swirl defects, transmission electron microscopy 

(TEM) is the only technique which provides direct observation of the 

microdefects with high resolution. 

It is generally believed that supersaturated oxygen atoms precipi

tate out from their interstitial sites and form microdefects and secondary 

defects during electronic device fabrication processes, thereby affecting 

device performance. However, there is only limited evidence to identify 

the nature of these microdefects. The major goal of this study was to 



employ transmission electron microscopy to identify the major impurity/ 

defect species and their growth and/or dissociation mechanisms which 

currently limit electrical homogeneity or introduce first-order effects 

on p-n junction devices. 
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In a TEM study, specimen preparation is one of the most ilnportant 

steps, since the area to be studied must be sufficiently thin and clean 

so that the bulk defects are clearly delineated and distinguished from 

their background. The most widely adopted technique for preparing silicon 

TEM specimens is jet thinning (Booker and Stickler, 1962). Areas of 

interest are usually taken from the wafer either by scribing along easy 

cleavage directions and breaking into individual chips, or by using an 

ultrasonic cutting tool to cut one or several 3-mm.-diameter discs simul

taneously, the size accommodated by many conventional TEM specimen holders. 

Chips or discs are then jet thinned to electron-transparency by a silicon

thinning solution of hydrofluoric acid and nitric acid. 

In the past, ultrasonic cutting of TEM specimens was used in 

several defect studies of silicon (Tan and Tice, 1976; Staudinger, 1978; 

Shimura et a1., 1980b). The technique is currently being employed rou

tinely in many laboratories. However, during the current study of defect 

inhomogeneities in Czochralski silicon crystals, it was found that the 

ultrasonic cutting of TEM specimen discs from silicon wafers actually 

caused defects to form in many speGimens. The ultrasonically generated 

defects (USD's) were found to exist in the surface regions of the discs, 

and their densities varied directly with the ultrasonic energy input power 
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from the cutter. A series of experiments constituting a study of ultra

sonic cutting has been conducted, and the results are presented later. 

During the course of the swirl-defect investigation, it became 

obvious that the small electron-transparent volume of material available 

for TEM analysis in a given specimen prepared by jet-thinning, that is, 

a narrow region around the edge of the hole etched into the specimen, was 

insufficient to provide reliable data on defect densities and distribu

tions necessary for survey data related to the wafer position in a crystal, 

specimen position in a wafer, or effects of the various processing treat

ments. Therefore, a study of the preparation of large-area, electron

transparent, silicon specimen for TEM examination by anisotropic thinning 

was carried out. This technique, now well developed and regularly applied, 

provides uniformly thin TEM specimens from the whole area of a wafer simul

taneously, with "windows" in each of such a size that comparatively large 

volumes of each wafer may be surveyed for defects. Details of this tech

nique of specimen preparation are described in a later section. 



CHAPTER 2 

THEORETICAL BACKGROUND 

Preparation of Silicon Single Crystals 
by the Czochralski Technigue 

The Czochralski (CZ) method of crystal growth is the most widely 

used method of silicon crystal growth today. The technique of pulling 

a crystal from the melt, first practiced by Czochralski (1917), results 

in a crystal grown free of the physical constraints imposed by the cruci

ble. A typical puller is shown in Figure 1. Raw, semiconductor-grade, 

polycrystal silicon is placed into a fused silica quartz crucible, which 

is in turn set into a graphite susceptor or crucible holder. This config-

uration is then heated in an inert atmosphere in a resistance or induction

heated furnace until the silicon is molten. A seed of desired crystallo

graphic orientation is dipped into the melt at a temperature near the 

solidification point, and if conditions are correct, it is possible to 

begin raising the seed crystal in a manner such that the material makes 

the transition to a solid-phase crystal at the solid-liquid interface. 

The seed and the melt are generally rotated in opposite directions. 

By controlling temperature and seed pulling rate, the desired diameter of 

the growing crystal can be established and maintained. The method most 

commonly used today for automatically controlling the diameter consists 

of an infrared sensor focused on the bright meniscus in the silicon melt, 

just adjacent to the ,solidified crystal. The diameter is sensed to the 

8 
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necessary tolerance, and this information is fed back so that either the 

pull rate or furnace power are adjusted to keep the diameter constant. 

The crystalline perfection of today's silicon crystals is quite 

high. Essentially all Czochralski silicon crystals grown today are pro

duced free of dislocations by using a technique first proposed by Dash 

(1959). A seed crystal about 5-8 mm in diameter, of desired crystallo

graphic orientation is first dipped into the melt. The seed diameter is 

reduced slightly for a short section and then is increased again to start 

the crystaL Thi s "necking" a 11 ows any di sl ocati ons to grow out so that 

the crystal is started free of them. When all of the dislocations have 

been removed from the crystal, it is somewhat easier to maintain a condi-

tion of zero dislocations, as opposed to one of a finite low level. A 

type of potential barrier is created which makes it more difficult to 

generate new dislocations (Matlock, 1977). During the body-growth stage, 

a variety of operator-controlled and automatic subsystems must function 

to control diameter, temperature, rotation rates, and thermal gradients. 

When the bulk of the melt has been grown, the round-off stage is begun-

which gradually decreases the crystal diameter until there is only point 

contact with the melt left. During the entire body-growth and round-off 

process, it is critically important that zero-dislocation structure be 

maintained, and unwanted mechanical or thermal perturbations be avoided. 

Possible Precipitation Sources in Bulk 
Czochralski-Grown Silicon Single Crystals 

Structural imperfections in crystals are commonly classified as 

point, line, planar and volumetric defects in view of their basic geometric 
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point defects. 
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Vacancies, interstitialcies, and impurity atoms are 

A dislocation is a line defect. Stacking faults, grain 

boundaries, and twin boundaries represent the planar defects. Volumetric 

defects are precipitates, voids, and inclusions. With today's crystal

growth technology, crystals of excellent purity and crystalline perfec

tion have been achieved. Essentially, no line, planar, nor volumetric 

defects exist in the bulk of the crystals. However, it is practically 

and theoretically impossible to eliminate all the point defects present 

in the crystals. During the device fabrication processes, these point 

defects may condense and form microdefects which affect device perfor

mance. Therefore, a study and understanding of the presence and the 

behavior of these point defects becomes extremely important. 

The point defects which exist in Czochralski-grown, silicon crys

tals may be divided into two groups. Firstly, there are thermally gener

ated point defects such as vacancies and self-interstitials (or intersti

tialcies), which are thermodynamically stable at elevated temperatures 

because their formation lowers the free energy of the crystal lattice. 

Secondly, the crystals contain chemical impurities, either intentionally 

added, such as dopants, or accidentally introduced, such as residual 

elements and contaminants. Because the equilibrium concentration of 

thermal point defects decreases with decreasing temperature, the lattice 

of the cooling crystal becomes supersaturated with these point defects. 

Furthermore, depending on their concentration and solubility limits, 

supersaturation with chemical impurities may occur. This may lead to 

condensation or precipitation processes, which result in the formation of 
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point clusters, i.e., microdefects. The formation of such microdefects 

is most pronounced in dislocation-free material. When dislocations are 

present, they act as sinks for excess mobile point defects. The present 

understanding of various types of point defects in CZ-grown silicon single 

crystals is reviewed in the following sections. 

Vacancies and Self-Interstitials 
or Interstitialcies 

In a one-component crystal, such as silicon, a vacancy (or Schottky 

defect) is simply a vacant atomic position in the structure. Since the 

atoms surrounding a vacancy experience a slight displacement into the 

empty lattice site, a vacancy is a center of approximately spherical dis

tortion in the lattice. The inverse of the vacancy is the self-intersti

tial (or interstitialcy), in which a silicon atom squeezes into the space 

between normal lattice positions. Because interstitial spaces in many 

crystals are generally quite small, a self-interstitial usually produces 

much greater distortion of the surrounding lattice than does a vacancy. 

Correspondingly, the energy associated with a self-interstitial is much 

greater, and therefore the number of self-interstitials in a material 

such as a metal is negligibly small compared to the number of vacancies. 

In the case of silicon, which has a diamond cubic structure, however, 

sUbstitutional and interstitial sites in the lattice are of approximately the 

same size in a rigid-sphere model, so both positions can be treated similarly. 

Vacanci es and sel f-i ntersti ti a 1 s are el ectri ca 11 y i nacti ve poi nt de

fects in silicon and, therefore, were not well studied until recently. Early 

interest in the role and nature of vacancies was shown by Plaskett (1965), 
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and by Schwenker, Pan and Lever (1971). Interstitial silicon atoms had 

been familiar only to radiation damage investigators (Corbett, 1966; 

Corbett and Bourgoin, 1975). Sirtl (1977) postulated that Cv . CI = KT 

(that is, the product of vacancy and self-interstitial concentrations is 

constant at constant temperature), using Frenkel disorder as the basic 

consideration. Considerable disagreement exists concerning whether the 

predominant intrinsic point defects in silicon are vacancies or self

interstitials. 

Bourgoin and Lanoo (1980) suggested that the equilibrium concen

tration of vacancies is much greater than the equilibrium concentration 

of self-interstitials, and favored a pure vacancy model as the dominant 

diffusion mechanism in silicon. de Kock (1973) felt that swirls are loose 

agglomerates of vacancies. Gasele and Strunk (1979), however, proposed a 

pure interstitial model and suggested that self-interstitials have the 

dominant equilibrium concentration. Fall, Kolbesen and Frank (1975), and 

Fall and Ko1besen (1975) found that a single swirl defect consists of a 

dislocation loop or a cluster of dislocation loops formed by agglomeration 

of self-interstitial atoms. These authors also observed that the swirl 

density decreases with decreasing impurity content (particularly of oxygen 

and carbon). 

The first model taking into account both vacancies and self

interstitials was proposed by Seeger and Chik (1968). They proposed that 

self-diffusion occurs by a vacancy mechanism below 900°C and by se1f-

interstitials about 900°C. Hu (1974) suggested that self-diffusion and 

the substitutional impurities occur by a "dual mechanism"--a combination 
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of vacancy and interstitialcy mechanisms. Hu (1977) later speculated that 

there could well be a reaction barrier preventing mutual recombination of 

vacancies and self-interstitials, and they could coexist without inter

ference. Slack and Bartram (1975) provided evidence for the existence of 

a high-temperature equilibrium between vacancies and self-interstitials 

in comparable quantities through the temperature function of the thermal 

expansion coefficient of silicon. Sirtl (1977) suggested that vacancies 

and self-interstitials maintain a local equilibrium, which includes 

vacancy-interstitial recombination and thermal creation of interstitial 

pairs even in dislocation-free bulk material. 

The formation of swirl defects in silicon was believed to occur 

by vacancies clustering into either voids or vacancy-type dislocation 

loops, analogous to the case of metals, until observation of the defects 

by electron microscopy. This was made possible by a method of preparing 

thin specimens without etching out the defects (Bernewitz, Mayer and 

Schuh, 1974). Swirl defects were then considered to be agglomerations of 

self-interstitials supersaturated during the cooling process after growth. 

Impurity atoms (oxygen and/or carbon) were assumed to be nucleation sites 

in low-impurity content, float-zone (FZ) 'silicon crystals. However, for 

CZ-grown crystals, Shimura et al. (1980b) proposed a grown-in nucleus model, 

suggesting that the condensation of vacancies and self-interstitials could 

be the nucleation sites for oxygen precipitation. Other investigators 

(Craven, 1981; Schaake, Barber and Pinizzotto, 1981; Hu, 1980c) proposed 

that the presence of vacancies can enhance the oxygen precipitate nuclea

tion process, while the presence of excess silicon interstitials can 
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retard this process. Lack of complete accord among these authors may 

well be attributed to the dominant point defect species existing in the 

crystals used in the different studies. 

It is well known that the concentration of vacancies increases 

with increasing temperature according to: Cv = A exp (-Ef/kT), where A 

is a constant~ Ef is the energy required to remove a silicon atom from 

its normal lattice ~ite or to create a vacancy, k is the Boltzmann con

stant~ and T is the absolute temperature in oK. It is seen that only at 

zero oK that a crystal would have no vacancies. The vacancy concentration 

in bulk CZ-grown crystals at room temperature and the energy of vacancy 

formation are values not readily available. Chikawa and Yoshikawa (1980) 

stated that the vacancy equilibrium concentration at the melting tempera

ture of silicon is 1015_1016 cm-3. During the crystal cooling process, 

many excess vacancies either migrate to positions known as IIvacancy sinks,1I 

such as the surfaces where they can be annihilated, or else they can com-

bine with self-interstitials to form perfect lattice sites. The number 

of frozen-in vacancies, or the supersaturated vacancy concentration at 

room temperature depends on the crystal cooling rate. Nevertheless, the 

vacancy concentration is expected to be lower than 1015 cm- 3. Due to the 

fact that the size of substitutional and interstitial sites are very sim-

ilar in bulk silicon, the silicon self-interstitial concentration may well 

be close to the vacancy concentration. 

Dopants 

Semiconductor devices derive their unique electrical properties 
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from the presence of controlled concentrations of impurities deliberately 

added into the pure starting material by a process known as doping. 

Silicon single crystals are normally doped by adding impurities, namely 

dopants, directly into the molten silicon in the crystal growth furnace 

at the start of a run. The amount and the type of dopants added, usually 

in elemental or concentrated solid silicon solution form, depend on the 

type (n- or p-type) and the resistivity range of the crystal desired. 

The predominant dopants used are phosphorus (for n-type silicon) and boron 

(for p-type silicon), with the latter being more popular. Pentavalent 

elements such as antimony and arsenic are used at times to obtain very 

low n-type resistivities. Other trivalent elements like Al and Ga could 

also be used for growing p-type silicon crystals. The popularity of the 

dopant used may well depend on the availability, the costs, the ease of 

preparation, the ease for subsequent device processing, and the distribu

tion uniformity in the crystal. 

The incorporation of dopants in silicon crystals grown from the 

melt is controlled by their concentration in the liquid layer at the 

solid-liquid interface, and by their equilibrium distribution coefficients 

(see Table 1). The actual distribution coefficient may vary somewhat 

with the growth parameters. The more the equilibrium distribution coef

ficient of the dopant departs from 1.0, the greater the variation of the 

dopant concentration from seed to the tang end of the crystal. The 

dJpant concentration also varies radially due to instabilities of the 

growth parameters, such as temperature, pull rate, rotation rate, etc. 

The resulting dopant distribution may be delineated by Sirtl etching 



Table 1. Equilibrium distribution coefficients and diffusion 
coefficients of some impurities in silicon.* 

Impurity k 

Boron 0.8 2.4 

Phosphorus 0.35 5 

Antimony 0.023 1.5 

Oxygen 1.25*** 1 

Carbon 0.07 0.485 

Iron 8 x 10-6 2 

Aluminum 0.002 7 

Copper 4 x 10-4 2 

* From Wakefield, 1978 and 1980. 
** For diffusion in solid near the melting point. 
***Contrary to the previously accepted value of k = 1 for oxygen 

(assumed by Kaiser and Keck, 1957, the value of k = 1.25 was experi
mentally determined by charged particle activation analysis 
(Yatsurugi et al., 1973). 
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(Sirtl and Adler, 1961) appearing as a helical pattern, revealing a 

continuous layer structure at high magnification, known as "striations." 

The influence of "striations" on the electrical characteristics 
+ of p n diodes was found by Ravi and Varker (1974b) to be minimal or non-

existent, with regard to excess reverse currents. They also found that 

the striations do not appear to be influenced by high-temperature treat

ments. Heating the wafers to temperatures as high as 1300°C does not 

appear to change the striation distribution, as observed by etching tech

niques and by spreading resistivity measurements. The precipitation of 

dopants alone is not likely to occur during device fabrication processes 

for normal dopant concentrations used. 

For device applications, n- or p-type CZ crystals, with doping 

levels between 1014 and 1016 atoms/cm3, are generally used. Due to the 

low dopant concentrations and electrically inactive characteristics of 

striations, study of these defects has been pursued far less intensively 

than the studies of swirls, although both types of defects were discov

ered at-about the same time. 

Dopant precipitation may be possible only at extremely high 

concentrations. Armig1iato et ale (1977) found that a remarkable super

saturation of boron is necessary for precipitation to occur. Specimens 

with 2 x 1020 atoms/cm3 do not show precipitation after 500 hours anneal

ing at 900°C, although dopant concentration was about three times the 

solubility limit at this temperature. However, high levels of dopants 

may contribute to microdefect formation in silicon crystals (de Kock, 

Stacy and Van de Wijgert, 1979). 
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Metallic Impurities 

The presence of metallic impurities in silicon crystals origin

ates from the residual impurities in the po1ycrysta11ine silicon source 

material. Metallic impurities in silicon devices are effective recombin

ation-generation and trapping sites which control the value and the 

stability of device parameters such as life-time, leakage current, and 

transistor current gain. The role of metallic impurities is extremely 

important in semiconductor device technology. 

Copper may be the most dominant metallic impurity found in silicon 

crystals. Other metallic impurities such as Fe, Au, Ni, Co, Cr, etc. may 

also be present. The metallic impurity concentrations are normally below 

5 x 1013 atoms/cm3. Stacy, Allison and Wu (1981) found that the background 

"haze" in polished silicon wafers resulted from the presence of polycrys

tal1ine Cu20 after high temperature oxidation treatment. The concentra

tion of Cu was estimated to be 5 x 1013 atoms/cm3 as the upper limit by 

estimating the defect density. 

The distribution of metallic impurities is not uniform radially 

nor axiallY, due to crystal microgrowth fluctuations and the impurities' 

small equilibrium distribution coefficients (see Table 1). The metallic 

impurities exist both substitutionally and interstitially. Buck et al. 

(1973) found that Cu and Ni remain predominately in interstitial sites in 

silicon (in thermal equilibrium), whereas Fe, Co and Au are found mainly 

in substitutional positions. 

The precipitation of metallic impurities alone is not expected, 

due to their low concentrations. However, since their mobilities are very 
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high in silicon, metallic impurities are most likely attracted to other 

microdefects existing in the crystals after heat treatments. 

Carbon 

Two major impurities present in Czochralski-grown silicon are 

usually oxygen and carbon. Carbon is present as a result of contribu

tions from the original polycrystalline starting material plus its evolu

tion from the many graphite hot-zone components present in the crystal

growing furnace (Bonora, 1981). Graphite heaters react with oxygen which 

is always present in the growth ambient (Ar or He) in a concentration of 

several ppm. The resulting reaction products, CO and CO2, dissolve into 

the silicon melt and account for the carbon in silicon crystals (Liaw, 

1979). 

Carbon in silicon is electrically inactive. Carbon atoms gener

ally occupy the substitutional sites in the silicon lattice (Newman and 

Willis, 1965). The carbon concentration has been measured by various 

techniques such as activation analysis, solid mass spectrometry (SMS), 

lattice parameter measurement using double-crystal X-ray diffraction, and 

the infrared absorption method. However, the infrared absorption method 

has been most commonly used and has become a standard technique in the 

semiconductor industry for the measurement of carbon concentration. The 

presence of the carbon atoms in sUbstitutional sites causes absorption 

of infrared at the 16 ~m absorption band. The concentration of carbon 

is directly proportional to the intensity of absorption. The maximum 

solubility of carbon in CZ-silicon is approximately 5.0 x 1017 atoms/cm3. 
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The carbon concentration varies along a crystal due to carbon's non-unity 

equilibrium distribution coefficient (see Table 1). The average carbon 

concentrations at the seed end of CZ-crystals is less than 2.0 x 1016 

atoms/cm3 carbon whereas at the tang end it is about 1.0 x 1017 a~oms/cm3. 

Precipitation of carbon in silicon has been studied less than 

that of oxygen, although carbon is also present as a supersaturated 

impurity. The covalent bonding of carbon with silicon can hardly be 

changed by heat treatment (Liaw, 1979). Precipitation of carbon as 

a-SiC has been observed (Newman and Wakefield, 1962) in CZ-si1icon crys-

ta1s containing extremely high concentrations of carbon, after being 

heated in the temperature range of 10000-1250°C and slowly cooled. The 

precipitates occurring were large enough to be observed by optical micro

scopy. When heated above l250°C, precipitation was lighter and confined 

to dislocations. In addition to carbide precipitation, large dislocation 

loops lying on {111} planes were observed. It was postulated that these 

were due to the vacancy generation which occurs when carbon precipitates 

from sUbstitutional sites. In general, the precipitation rate of carbon 

is very slow and appears to require some form of nucleation, possibly 

oxide precipitates (Bean and Newman, 1971) since it is not observed in 

oxygen-free silicon. 

Fell et a1. (1977) have presented a model for swirl defect forma

tion in float-zone (FZ) crystals. They assumed that A-defects were 

dislocation loops of interstitial type generated by the agglomeration of 

silicon self-interstitials. B-defects were small, droplet-like agglomer

ates of self-interstitials and some carbon atoms. With decreasing carbon 



22 

content, the density of 8-defects decreased and was zero at carbon con

. centration below about 5 x 1015 atoms/cm3. They concluded that carbon 

and not oxygen was the important impurity involved in swirl formation in 

FZ crystals. However, Graff, Hilgarth and Neubrand (1977) reported that 

although a high carbon content was necessary for the defect nucleation, 

no carbon was found in the precipitates. 

Carbon was found to cause growth striations in FZ crystals (Abe 

et a1., 1973). Remarkable growth striations were formed by doping with 

2 x 1017 atoms/cm3 of carbon. Striation-free crystals were obtained by 

reducing carbon concentration to less than the detection limit (2.5 x 105 

atoms/cm3) of the infrared absorption technique. X-ray topography was 

employed for their observations. 

The role of carbon appears to be interrelated with the presence 

of oxygen, especially with high-oxygen-content (one to two orders higher 

than carbon) CZ silicon crystals. Matsushita, Kishino and Kanamori (1980) 

found that increasing thermally induced microdefect density has a strong 

correlation with initial carbon concentration in the wafer. The reduction 

ratio of oxygen concentration was found to depend not on the initial 

oxygen, but rather on the initial carbon concentration. They concluded 

that the oxygen precipitates were heterogeneously formed at sites which 

had certain correlation with carbon atoms. The results may imply that 

the agglomeration of carbon atoms can act as nucleation sites for oxygen 

precipitation. Leroueil1e (1981) confirmed the fact that carbon is 

involved in the formation of precipitation centers for oxygen at 1050°C. 

Craven (1981) also found that high carbon material (>1.5 x 1017 cm3) 
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caused oxygen precipitation more readily than low carbon material with 

equal initial oxygen contents. Bean and Newman (1971), and Wang and 

Kulkarni (1980) proposed that carbon decreases the surface energy of a 

precipitate, or increases the sticking probability of an oxygen atom, 

through the formation of carbon-oxygen bonds. Recently, Oehrlein, Lind

strom and Corbett (1982) studied carbon-oxygen complexes as nuclei for 

the precipitation of oxygen in CZ silicon by using an infrared absorp

tion (IR) method. They also proved that carbon-oxygen complexes which 

exist after growth in CZ crystals act as nucleation centers for oxygen 

precipitation. Since both the diffusivity and concentration of carbon 

impurities are very small, carbon is not likely to precipitate out as 

carbide particles (Wang and Kulkarni, 1980). 

Oxygen 

Oxygen is present in CZ silicon as a result of dissolution of the 

quartz (Si02) crucible wall. The surface of the crucible which is in 

contact with the silicon melt is gradually dissolved into the melt by the 

reaction Si02 + Si + 2SiO (Liaw, 1979). As the crystal diameter becomes 

larger, the oxygen dissolution becomes greater, since the rapid rotation 

required to ensure uniform dopant distribution also accelerates the rate 

of oxygen dissolution from the crucible (Me11iar-Smith, 1977). 

Oxygen atoms in silicon normally occupy interstitial sites of the 

silicon lattice and give the bonding configuration, Si-O-Si or Si 20 

(Liaw, 1979). They are electrically inactive. However, as the crystal 

cools slowly through the 300°-600°C temperature range, some interstitial 



24 

oxygen atoms come out of their interstitial positions to form silicon 

oxide complexes and give up two extra electrons for each oxygen atom and 

become electrically active donors (Kaiser, 1957; Kaiser, Frisch and Reiss, 

1958). The oxygen donors, believed to be Si04 complexes, are responsible 

for the resistivity variations over the cross-sections of the crystals. 

Heating the crystal (ingot annealing) in an argon ambient at 650°C for 

30 mins. to 2 hours, and quenching, can destroy these electrically active 

complexes by driving oxygen atoms back to their electrically inactive 

sites and complexes (such as Si05 and Si06). This procedure is currently 

employed by most of the crystal suppliers. The ratio of substitutional 

oxygen to interstitial oxygen may be less than 1 to 100. It is the inter

stitial oxygen atoms which are the major concern as the precipitation 

source in silicon crystals. 

The infrared absorption method is the primary technique for 

measuring interstitial oxygen concentration in silicon. The concentra

tion of interstitial oxygen is proportional to the intensity of the 

absorption peak at 9 ~m on the infrared spectrum. It ranges from 4.0 x 

1017 to 2.0 x 1018 atoms/cm3 in most CZ crystals. Its high concentration 

may account for the most important point defects in CZ crystals, among 

other point defects discussed previously. 

Unlike other important impurities which exist in CZ silicon crys

tals, oxygen has a larger than unity (i.e., 1.25) value for the equilib

rium distribution coefficient (see Table l). This implies that oxygen 

is preferentially taken up into the crystal from the melt during the 

growth process. The oxygen concentration decreases linearly from the 
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seed end towards the tang end of the crystal. Recently, it has been 

found that the oxygen concentration reaches a minimum at the position 

where 80% of melt is pulled, and then starts to increase slightly toward 

the tang end (Varker, 1981; Butler, 1982). The increase in oxygen con

centration towards the crystal tail is due to the increase of surface/ 

volume ratio of the melt. The seed end may contain twice as much oxygen 

as the tang end in a normal CZ silicon crystal. The oxygen distribution 

along a crystal may be dependent also on the crystal growth conditions, 

such as the growth ambient. Today, the industry is able to grow crystals 

with specified oxygen levels from 20 to 40 ppm (1.0 x 1018 to 2.0 x 1018 

atoms/cm3) with ~ 3 ppm range of oxygen control over a 32-inch-long ingot 

(Butler, 1982). The radial distribution of oxygen concentration in a 

given wafer is also non-uniform and shows a steep decrease of concentra-

tion in the region near the rim of the wafer. This is due to the out

diffusion of oxygen during the crystal growth process. The widths of 

the oxygen out-diffusion regions may range from 0.5 cm at the tang end 

to 1.0 cm at the seed end wafer in an 8.0 cm (about 3 inches)-diameter 

crystal (Liaw, 1979). 

At temperatures below the melting point, the oxygen in bulk sili

con is present in a supersaturated, non-equilibrium state. If silicon 

wafers are subjected to thermal treatment at temperatures above room 

temperature for appropriate durations, as in the case of device fabrica

tion processes, the supersaturated oxygen will tend to proceed to its 

thermodynamic equilibrium value by precipitating out the excess oxygen 

atoms from their interstitial sites. Kaiser (1957) discovered that the 
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infrared absorption band at 9 ~m decreased after the wafer was subjected 

to prolonged (>10 hrs) heat treatment at 1000°C. He explained the effect 

as the clustering of silicon oxide into particles of smaller dielectric 

constant than the silicon matrix. From the work of Kaiser and co-workers 

(Kaiser, 1957; Kaiser et a1., 1958), it is known that the precipitation 

process starts at about 400°C with the formation of electrically active, 

thermal donor complexes which, during high-temperature treatment, lose 

their electrical activity while forming the nuclei of the precipitates. 

The oxygen precipitation mechanisms will be discussed in the following 

section. 

Precipitation of Oxygen in CZ-Grown 
Silicon Single Crystals 

An Observation Review 

The precipitation of oxygen in CZ-grown silicon single crystals 

has been investigated very actively for various heat treatment conditions 

during the last few years. It will not be possible here to review all of 

the articles involving this subject; however, some salient features based 

on TEM and IR absorption results will be highlighted. 

Tan and Tice (1976). CZ-grown {100} silicon wafers with 2 x 1018 

atoms/cm3 of oxygen were used for this study. Wafers were heat-treated 

in nitrogen at 1050°C for 60 hours. Thin-square platelets were found on 

{100} habit planes with sides parallel to the two <110> directions in the 

habit plane. The earliest observable stage of precipitation was the 

formation of a cross-shaped ribbon with two <100> branches. The plate

like morphology suggested that the precipitates were crystalline in 
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structure and some form of silicon oxide; however, diffraction effects 

from the precipitates were not observed. The density of the precipitates 

was approximately in the range of 104 to 105 cm-3. In anyone jet-thinned, 

TEM thin-foil specimen, only about 10-20 isolated precipitates were ob

served. The precipitate size was found to range from under 1000 A to 

about 1 ~m. No precipitates were observed in oxygen-deficient wafers. 

The authors felt that the precipitates were nucleated homogeneously since 

the prismatic dislocation loops generated appeared in rows in an orderly 

manner. 

The dislocation loops were of the interstitial type generated by 

prismatic punching. They were pure-edge type, having b = a/2<110>. The 

fact that the farther the loops travelled from the precipitate, the smaller 

they became, suggested that the matrix had been oversaturated with vacan-

cies. An ideal loop was rhombus shaped with line senses in <112> direc

tions. Nucleation of loops followed the mechanism of Ashby and Johnson 

(1969): a shear loop was nucleated on an initial slip plane and completed 

a rhombus-shaped prismatic loop by repeated cross-slips. To the authors' 

knowledge, the loop nucleation process was identified for the first time 

for a system completely under internal stress. 

Maher et ale (1976). Wafers from a CZ crystal, of <111> orienta

tion, having about 8 x 1017 atoms/cm3 dissolved oxygen were used for this 

study. Specimens were subjected to a preanneal at 700°C for 2 hours 

before being annealed at lOOO°Cfor 45 hours in a H2 atmosphere. There 

were five types of defects observed; namely, precipitates, perfect

dislocation loops, imperfect-dislocation loops, colonies of microprecipi-
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tates, an~ imperfect/perfect dislocation-loop pairs. The precipitate 

sizes were from a few hundred A to several tenths of a ~m. The larger 

precipitates had a platelike morphology with {lOO}-type habit planes and 

sides parallel to either <110> and <120> directions or to orthogonal <110> 

directions. The authors could not distinguish the amorphous silicon oxide 

or crystalline cristobalite nature of the precipitates, nor could they 

obtain diffraction patterns from the precipitates. They proposed that 

the low-temperature preannealing provided the nucleation sites for the 

precipitation during the second high-temperature annealing treatment. 

The perfect-dislocation loops, usually observed at or near the 

precipitate/matrix of large precipitates, were generated by prismatic 

punching. The final loop geometry was a rhombus on a {110} plane, bounded 

by <112> and <110> dislocation line segments. From the diffraction

contrast experiments, the authors found that the perfect-dislocation 

loops were edge in character with b = 1/2 <110> and were interstitial in 

nature. 

Tempelhoff, Spiegelberg and Gleichmann (1977). Samples with 

{110} surfaces were cut from CZ-crystals of <111> orientation, containing 

1018 a~oms/cm3 oxygen. They were vacuum or argon annealed at different 

temperatures (250 to 1100°C) for up to 240 hours. The infrared absorption 

method was employed to monitor the interstitial oxygen concentration 

variation and the oxygen phase transformation after the heat treatment. 

The reduction of interstitial oxygen concentration was correlated with 

the observation of precipitates by TEM. From the corresponding peak 

position in the infrared absorption spectra, it was found that annealing 
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below 7000e produced a-SiO and a-Si02 precipitates of non-crystalline 

structure. erystoba1ite precipitates, mono- or po1ycrysta11ine laminae, 

were found at about 8000e annealing. The edges of the precipitates were 

bounded by' {110} faces. At annealing temperatures above 1000oe, both 

amorphous 5i02 and crystoba1ite were coexistent. The dimension's of the 

precipitates were between about 600 A and 2500~. Attempts at obtaining 

diffraction patterns from precipitates were not successful. 

Yang, Anderson and Kappert (1978). Sections cut from eZ-grown 

silicon crystals, of <100> orientation, with an oxygen concentration of 

about 1018 atoms/cm3, were annealed in dry O2 at 11000e for 40 hours 

before being sliced into wafers. The precipitates found were octahedral 

in shape. The faces of the octahedral precipitates were the matrix

precipitate interfaces parallel to the {lll} planes of the silicon matrix. 

By using the electron energy loss spectrum technique, the authors identi

fied the precipitates as a form of silicon oxide. The dislocation loops 

and helices punched out from the precipitates were in {110} planes in

clined to the {100} surface. Those in {110} planes perpendicular to the 

. {100} surface were etched out. 

Patrick et al. (1979). Samples used in this study were taken from 

a <100> eZ-grown crystal annealed at 6500e for 2 hours. Wafers were then 

sliced from different positions of the crystal and heat treated for dif

ferent lengths of time at 10000e in an Ar atmosphere. The authors found 

a sharp increase in the number of precipitates for initial oxygen levels 

above 30 ppm (1.5 x 1018 atoms/cm3), or a saturation ratio (initial oxygen 

concentration/equilibrium oxygen concentration at the annealing tempera-
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ture) of about 4, at 1000 0 e. Maximum precipitate densities reached 

1011/cm3 in the high-oxygen (1.8 x 1018 atoms/cm3) sample, while they 

were less than 1010/cm3 in samples having less than 1.5 x 1018 atoms/cm3 

of oxygen. Small precipitates (under 100 ~ in size) were nearly spherical 

in shape, while larger precipitates (from 500 ~ up to 2000 ~ in edge 

length) showed platelike morphology. The platelets had a square outline 

on {100} habit planes with edges along <110> directions. Since no extra 

diffraction spots besides the Si matrix pattern could be detected, the 

authors assumed that the precipitates were amorphous in spite of their 

crystal-like habit. 

A relationship between precipitate volume and the total area of 

punched-out dislocation loops was obtained. It was found that 1 cm3 of 

precipitate would produce 2 x 105 cm2 of interstitial dislocation-loop 

area. 

Wada et ale (1979). Specimens were obtained from a <100>, ez
grown silicon crystal containing 1.2 x 1018 atoms/cm3 of interstitial 

oxygen. After annealing for 161 hours at 750 0 e, square precipitate 

platelets lying on the {100} planes were found, with their peripheries 

lying in the <110> directions. The volume density was about 1012/cm3. 

Also, crossed platelet precipitates, consisting of two diagonally inter

secting {100} platelets were frequently observed. 

For specimens annealed at 10500 e for 10 to 90 minutes following 

a preanneal at 750 0 e for 161 hours, instead of the observation of the 

generation of dislocation loops, the authors observed the growth of 

stacking faults by the Bardeen-Herring mechanism. The stacking faults 



were nucleated heterogeneously at precipitates, and the precipitates 

acted as the pinning points for the Frank partials. 

Shimura, Tsuya and Kawamhia (1980a). Wafers containing 1.6 -
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1.9 x 1018 atoms/cm3 of interstitial oxygen, sliced from <111> CZ crys

tals, were used for this study. It was found that the type of precipi

tates generated strongly depended on the annealing temperatures. Below 

1050°C, annealing in dry oxygen for 16 hours caused platelike precipi

tates parallel to the {lll} planes to be formed. Octahedral precipitates 

were formed above 1100°C during annealing in the same ambient for the 

same duration. The platelike precipitate was believed to be cristobalite 

and the octahedral precipitate to be amorphous Si02. 

Prismatic punched-out dislocation loops in four rows with 

b = 1/2<110>, generated by an octahedral precipitate were observed. No 

notable correlation of punched-out dislocation generation with the size 

of the precipitate could be verified. Besides precipitates and dislocation 

loops, bulk stacking faults initiated from silicon-oxygen clusters on the 

{lll} planes were also observed. The total bulk defect density of a wafer 

preannealed at 950°C for 16 hours in a dry O2 atmosphere, and then further 

annealed at 1100°C for 2 hours in a wet O2 atmosphere, was found to be 

5 x 1015 cm-2 by the Dash etching process. The etching depth was not 

reported. 

Matsushita et al. (1980). CZ-grown, {lOa} wafers of various 

oxygen and carbon concentrations were used for this study. Wafer samples 

were subjected to an isochronal (64 h at 450-1240°C) or an isothermal 

(650 or 800°C for 1-261 h) annealing in nitrogen or dry oxygen ambients. 
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In wafers of high oxygen concentration (9.6 - 11.8 x 1017 atoms/cm3) and 

high carbon concentration (8 - 16 x 1016 atoms/cm3), annealed for 64 

hours, different types of microdefects were observed in different anneal-

ing temperature ranges. For 700°C or lower, a very high density of pre

cipitates, identified as silicon oxide was observed. In addition, 

dislocation loops were generated from the precipitates. They elongated 

in the <110> direction, with a habit plane of {113}. These loops were 

found to be of the interstitial type in nature with a Burgers vector of 

about a/ll<113>. For an annealing temperature between 750°C and 1100°C, 

both precipitates and dislocation loops generated by a prismatic punching 

mechanism from the precipitates were observed. The precipitates were 

crystal platelets, having a <100> plate normal. For annealing above 

1150°C, only large precipitates, which were not associated with dis1oca-

tions, were observed. The shape of these precipitates was octahedral 

surrounded by silicon {111} planes. No extra spots were obtained from 

the diffraction pattern of the precipitates. The precipitates were 

assumed to be amorphous 5i02• 

Hu (1980a, 1980b). The infrared absorption technique was employed 

for studying the oxygen precipitation in CZ-grown, <lOO>-silicon containing 

0.9 - 1.4 x 1018 atoms/cm3 of interstitially dissolved oxygen. Hu (1980a) 

found that the annealing ambient would affect the oxygen precipitation. 

Annealing at 1100°C for 20 hours in an inert ambient resulted in a comple

tion of oxygen precipitation whereas it did not in oxygen or oxygen + 1% 

HCl ambients. Prolonged heat treatments at 1000°C for 60 hours resulted 

in complete precipitation of oxygen in all samples regardless of the heat 
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treatment ambient. In all samples, no precipitation was observed after 

16 hours of annealing at 1200°C in all kinds of ambients. The precipitates 

found were assumed to be Si02 by the appearance of the broad absorption 

band at 1230 cm- l • Later, Hu (1980b) studied the infrared absorption 

spectra of Si02 precipitates of various shapes in silicon, and found that 

only disc-shaped (including thin plates of all shapes) particles of Si02 
. . -1 gave rlse to an absorptlon band at 1215 cm that is reasonably close to 

the observed band at 1230 cm- l ; hence he concluded that the oxygen 

precipitates in silicon were platelet Si02. He further calculated that 

1 x 1018 atoms/cm3 of interstitial oxygen would transform into about 19.5 

volume ppm of Si02 after the completion of the precipitation process. 

A Review of Proposed Precipitate 
Nucleation Mechanisms 

Yu and Ruiz (1977) suggested that the temperature dependence of 

the oxygen precipitation phenomenon in the bulk of the wafers after 

oxidation could be described by conventional solid-state nucleation theory 

(Turnbull and Fischer, 1949). In accord with this, the nucleation rate 

of precipitates first increases up to a maximum then decreases sharply as 

the oxidation temperature increases. The growth rate of precipitates 

increases slowly with increasing oxidation temperature. The overall 

transformation rate would then resemble the curve of the nucleation rate. 

Maximum precipitation of oxygen was observed by these authors at about 

1000°C for the oxidation temperatures between 900°C and 1300°C investi

gated. These authors did not propose a specific nucleation mechanism 

for the oxygen precipitation. Thus, the nature and the formation mechanism 
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of oxygen precipitates induced by annealing have not been made clear. 

Whether the oxygen precipitates are nucleated homogeneously or heteroge

neously, was still much in dispute. 

Freeland et a1. (1977) found that precipitation in crystals without 

a prior low-temperature treatment occurred by homogeneous nucleation in 

the crystalline phase, in the absence of structural defects. A substan

tial supersaturation, corresponding to a temperature drop of about 80°C 

below the equilibrium saturation temperature, was necessary for nucleation 

to occur. The critical supersaturation ratio was about 1.5; however, 

following a preliminary low-temperature treatment, precipitates occurred 

at a substantially smaller undercooling. The phenomenon was not well 

explained. This may attribute to the high nucleation rate at lower temper

ature discussed previously. A homogeneous nucleation mechanism was also 

proposed by Inoue, Oosaka and Wada (1979), and by Takaoka, Oosaka and 

Inoue (1979). Oxide microprecipitates in the as-grown state were believed 

to be homogeneously nucleated during the crystal cooling process. 

On the other hand, heterogeneous nucleation mechanisms have been 

proposed by other authors (Ravi, 1974; de Kock and Van de Wijgert, 1979; 

Chikawa and Shirai, 1979; Matsushita·et al., 1980; Shimura et al., 1980; 

Oehrlein et al., 1982). Matsushita et ale (1980) argued that for homoge-

neous nucleation, the nuclei should increase in number as the annealing 

period increases. However, the precipitate density (-1012/cm3) in a wafer 

annealed at 800°C, was not found to be annealing-time dependent. They 

found that the increase in the precipitate density had a strong correla

tion with the initial carbon concentration in the wafer. They concluded 
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that the oxygen precipitates were heterogeneously formed at the nuclea

tion sites which most probably were carbon atoms. 

Shimura et a1. (1980b) performed low-high and high-low temperature 

annealing experiments on seed-end {111} wafers from a CZ-grown crystal. 

After the high-low annealing (high: 1230°C for 2 h in dry 02; low: 600-

1100°C for 16 h in dry 02)' there were no changes observed on the infrared 

absorption spectra. Since the supersaturated ratio of oxygen before and 

after the first annealing was almost the same, oxygen precipitation did 

not occur during the second low-temperature annealing. This observation 

was contradictory to the homogeneous nucleation mechanism proposed by 

Freeland et a1. (1977) which suggested that the oxygen precipitation in 

silicon crystals occurs by homogeneous nucleation when the ratio of 

supersaturated oxygen concentration to the equilibrium oxygen concentra

tion at the annealing temperature approaches about 1.5. Hence, Shimura 

et a1. (1980b) proposed a grown-in-nuc1eus model and suggested that the 

condensation of thermal point defects (se1f-interstitia1s and vacancies) 

and/or an impurity cluster such as a carbon complex as the first-step 

nucleus for grown-in cristoba1ite precipitation during the crystal growth 

process. If the radius of grown-in cristoba1ite was smaller than a 

critical radius for growing as the result of redissolving or shrinking 

by high-temperature heat treatment such as the first annealing, oxygen 

precipitation would hardly occur during subsequent low-temperature heat 

treatment as observed. 

The high-low, two-stage heat treatment was also investigated by 

Hu (1981). A preannea1ing at 1150°C' for 1 hour also had an inhibitive 
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effect on the oxygen precipitation during the subsequent low temperature 

(850, 900, and 950°C) annealing. However, instead of the heterogeneous 

nucleation mechanism proposed by Shimura et al. (1980b) Hu proposed a 

homogeneous nucleation model and assumed the active nucleation centers to 

be some form of vacancy complexes. The concentration of the vacancy 

complexes will be high in as-grown crystals, because the vacancy concen

tration is high at the crystal growth temperature, and the vacancy com

plexes become frozen in the crystal after growth. During the first-stage, 

high-temperature annealing, the vacancy complexes dissociate into excess 

free vacancies, which then flee to the surface of the wafer and vanish. 

This results in retardation of precipitation in subsequent lower tempera

ture heat treatments since the concentration of the active nucleation 

centers, i.e., the concentration of vacancy complexes, is greatly reduced. 

Besides, Hu observed, the density of precipitates increases with increas

ing annealing time which contradicts the findings of Matsushita et al. 

(1980), discussed previously. The size variation of the precipitates 

suggested that nuclei were formed at different times and a homogeneous 

nucleation mechanism might be prevailing. He also disagreed that the 

oxygen donor complexes were the nuclei of the precipitates (Kaiser, 1957; 

Kaiser et al., 1958). 

Besides homogeneous and heterogeneous nucleation mechanisms, it 

is not surprising that a combination of homogeneous and heterogeneous 

mechanism was proposed (Batavin, 1970). To summarize, whether the oxygen 

precipitation process is homogeneously or heterogeneously nucleated may 

well depend on the dominant point defects existing in the crystal in 
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addition to interstitial oxygen atoms. Thermal treatment in various 

conditions (temperature, duration, and ambient) may modify the equilib

rium concentrations of these point defects, hence changing the nucleation 

process. The type of point defects which could be the nucleation center 

for the oxygen precipitation should be the substitutional type such as 

vacancies and carbon. To my knowledge, there is no report that inter-

stitial-type point defects, such as silicon self-interstitials and even 

interstitial oxygen atoms themselves, were found to be the nucleation 

site for oxygen precipitation. However, there is no reason to rule out 

the possibility that the clustering of interstitial-type point defects 

could also act as nucleation sites in the oxygen precipitation process. 

So much for the nucleation mechanisms in the oxygen precipitation 

process; however, there have not been many reports on the oxide precipitate 

growth mechanism. Wada, Inoue and Kohra (1980) investigated the oxide 

growth mechanism by annealing CZ-<lOO> silicon wafers containing 1.1 x 

1018 atoms/cm3. of oxygen at various temperatures for different durations 

in an argon atmosphere. They found that the precipitates were all square

shaped platelets lying on {100} planes, which enlarged by two-dimensional 

growth without observable thickening. The thickness of the precipitates 

was found to remain constant (about 40 ~) during growth. The precipitate 

dimensions were proportional to the 3/4 power of the product of diffusion 

coefficient of oxygen in silicon and the annealing duration. The growth 

rate was independent of the precipitate density. They concluded that the 

precipitate growth was oxygen-diffusion-limited over a wide temperature 

range. 



CHAPTER 3 

OBJECTIVES OF THE PRESENT INVESTIGATION 

The specific objectives of this investigation were as follows: 

1. To investigate the effects of initial oxygen concentration and the 

heat treatment condition on the oxygen precipitation process in 

silicon crystals. 

2. To identify the major impurity/defect species and their growth and/or 

dissociation mechanisms which currently limit electrical homogeneity 

or induce first-order effects on silicon p-n junction devices. 

3. Using TEM techniques, to characterize the precipitates and their secon

dary defects observed in the CZ-grown crystals. 

4. To develop an anisotropic thinning technique to its full usefulness 

for the preparation of large-area, electron-transparent silicon TEM 

specimens. 

5. To investigate the nature and the factors affecting the occurrence 

of unintentionally induced defects during a TEM specimen preparation 

process employing an ultrasonic cutter--a widely adopted technique 

in TEM studies. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURES 

Starting Material 

The starting material used in this investigation was {100}-

oriented, 3-in-diameter wafers, sliced from specified positions in dislo-
~~=-'" 

cation-free, silicon single crystals grown by the Czochralski (CZ) method. 

The crystals were p-type, boron-doped, having resistivities of 14-20 n cm. 

The interstitial oxygen distribution along a typical crystal in its as

grown state is shown in Fig. 2. Oxygen concentration varied from approxi

mately 2.1 x 1018 atoms/cm3 at the seed end to 1.3 x 1018 atoms/cm3 at the 

tang end, as determined by the infrared absorption method. 

Each crystal was sawn into five sections from shoulder to shoulder 

of either end, as shown in Fig. 3. The seed-end, central, and tang-end 

sections were used for the study. A fixed length of <llO>-orientation 

major flat was ground throughout the length of the crystal. A tapered 

minor flat, 90 0 from the major flat, was ground throughout each section 

for the purpose of wafer-position identification. Each section was sliced 

into 80 wafers, chern-thinned to remove saw damage, and finally chern-slurry 

polished to a mirror finish on one side. The final thickness of the 

wafers was nominally 20 mils. The wafers were then laser-marked sequenti

ally from 1 to 80 toward the seed-end in each section for the purpose of 

identifying their positions in the ingot. 
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Selected wafers from various positions on the ingot containing a 

range of concentrations of interstitial oxygen ~toms were then taken in 

the as-grown state, or were heat-treated to specific conditions, and then 

readied for the transmission electron microscopy (TEM) study. 

TEM Specimen Preparation 

The TEM specimens were either ultrasonically cut and jet-thinned 

for the study of ultrasonically generated defects, or anisotropically 

thinned and separated for the study of thermally induced defects in the 

bulk of the silicon wafers. 

Ultrasonic Cutting and Jet Thinning 

Ultrasonic Cutting. A piece of wafer was first diamond scribed 

on the back side of the wafer along easy cleavage directions and separ

ated from the wafer. The piece, about 2 cm square, was usually obtained 

from the central area of a wafer to be studied. A yellow wax was then 

used for waxing the mirror-finish side (the front side) of the wafer 

piece onto a glass slide to prevent it from slipping during the cutting 

phase and to protect the surfaces from scratching by abrasive slurry. 

Ultrasonic cutting employs a transducer with an attached horn for 

concentrating energy into a hollow circular mini-drill affixed to the end 

of the horn, as shown in Fig. 4. Fine SiC abrasive slurry fed onto the 

side of the tip of the drill works its way under the tip, rapidly wearing 

away the silicon and cutting one disc at a time from the wafer piece. 

The size of the discs was 3 mm in diameter. In certain experiments, 

several squares with sides slightly larger than 3 mm were first scribed 
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Figure 4. Ultrasonic cutter for preparing TEM specimen discs. __ 
(a) General view of Geo-Sonies Mini-drill, Model (UD-50); 
(b) Close-up view of cutter in operation. 
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and broken, and then cut ultrasonically about half-way through to ensure 

that absolutely no abrasive could make contact with the front surface. 

Discs were then broken with tweezers along the grooves to fit into the 

TEM specimen holder. 

During the cutting, a constant frequency of 28.5 kHz with two 

levels of energy input were employed. Ultrasonic energy levels were 

arbitrarily chosen at either "High" or "Low" for all cuttings. If the 

energy level was beyond the high level, discs tended to be broken into 

pieces or to have their edges chipped off; the low-level energy input 

was the least energy required to provide any cutting action at all. 

Energy inputs were roughly calculated as 2.95 and 0.54 watts for High and 

Low levels, respectively. 

After the cutting was completed, the discs were removed by heating 

and the wax was dissolved with trichloroethylene (TCE). Discs were then 

immersed into a beaker of acetone, and placed into an ultrasonic bath to 

clean for twenty minutes. They were then ready for jet-thinning. 

Jet Thinning. Individual-size (about 3-mm-diameter discs or 3-mm-

square) specimens, ultrasonically cut or diamond scribed and broken, were 

thinned by using a modified version of the jet chemical polishing method 

suggested by Booker and Stickler (1962). The jet-thinning setup is shown 

schematically in Fig. 5. The thinning solution used was 1 part HF (49%) 

and 4 parts HN03 (70%). 

Specimens (usually 4) were mounted on a glass slide with the sur

face of interest (normally the front mirror-finish surface) held against 

the glass by transparent wax. The edges of each specimen were then coated 
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Figure 5, Schematic drawing of jet-thinning apparatus for preparing 
TEM specimens. 
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with Apiezon wax (an acid-resistant wax), leaving the central area exposed 

for jet-thinning. 

The arm holding the glass slide with the specimens attached was 

motor driven through an eccentric, causing the chemical jet to cover a 

slightly larger specimen surface. A light source was mounted in the base 

of the jet assembly. The color of the light transmitted by the thin por

tion of the specimen during thinning was used to judge when the specimen 

was sufficiently thin for electron microscopy. 

The quality of the thinned foil surface is closely related to the 

freshness of the solution and its concentration, the distance from the 

jet orifice to the specimen surface, the acid flow rate, and also the 

crystallographic orientation of the specimen. A small amount of HF should 

be added to the solution after the solution has been used frequently or 

has sat for a long time (about 1 month), since HF is consumed during the 

thinning reaction and it is more volatile than HN03, which practically 

does not vaporize at all. The thinning rate is increased by increasing 

the HF concentration. Too fast an etching rate may pose a problem in 

stopping the thinning on time. For 1 part HF (49%) and 4 parts HN03 (70%), 

the thinning rate is about 2 mils/min. The thinning solution has limited 

shelf life. 

The distance from the jet orifice to the specimen surface was set 

by lowering the specimen slowly toward the jet puddle and stopping as soon 

as the surfaces met. For thick specimens (over 20 mils), it may be neces

sary to lower the specimen slightly more. An adequate acid flow rate was 

found to be between 120 to 150 drops/min. It is important that the 
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surface of the jet puddle be smooth and not oscillating for obtaining a 

smooth thin foil surface. The flow rate must be high enough to effi

ciently remove the reaction products and low enough not to cause oscilla

tion. It was also found that the adequate adjustments of the solution 

concentration, flow rate, and the specimen-orifice distance are more 

critical for {lOO} specimens than {lll} specimens for obtaining thin foils 

of good surface quality. 

After the thinning was completed, the specimens were removed from 

the slides by first rinsing off most of the Apiezon wax with TCE and 

subsequently immersing them in hot TCE. Cleaning was accomplished by 

alternating dipping in acetone and alcohol. 

Anisotropic Thinning 

The ability to prepare large-area TEM specimens has become of 

increasingly greater importance because of silicon-swirl-defect studies 

which involve inhomogeneous distributions of defects with various densi

ties. The most widely adopted technique for thinning silicon TEM 

specimens is the jet-thinning method described above. This method pro

vices only a small useful area around a hole (Fig. 6a), even when most 

successfully applied. 

In the anisotropic thinning method, etchant etches {100} planes 

much faster than it etches {lll} planes due to lower atomic packing den

sity and fewer bonds to be broken on {100} planes. Windows of specimens 

are defined by standard photoresist and mask alignment procedures. 

Several wafers, each containing about 500 specimens, may be thinned 



Figure 6. Comparison between jet-thinned and anisotropically thinned 
TEM specimens. . 

a. A typical jet-thinned specimen (l teil = 10 ~m). 

b. A 3"-diameter wafer thinned by the anisotropic method (transmitted 
1 i ght) • 

C. A SEM photograph of part of Fig. 6b, corners showing undercuts and 
overhanging mask; mag.: -27x. 

d. An anisotropically thinned TEM specimen (transmitted light); mag.: 
-32x. 



Fig. 6a. A typical jet-thinned specimen (1 tei1 = 10 ~m). 

Fi g. 6b. A 3"-diameter wafer thinned by the anisotropic method 
(transmitted light). 
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Fig. 6c. A SEM photograph of part of Fig. 6b, corners showing undercuts 
and overhanging mask; mag.: -27x. 

Fig. 6d. An anisotropically thinned TEM specimen (transmitted light); 
mag.: -32x. 
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simultaneously. Since the grown-in swirl pattern in silicon wafers may 

start to change at about 600°C, a low-temperature mask is required for 

the investigation of the original swirl patterns. An investigation in 

regard to various anisotropic etchant solutions, selection of a low

temperature mask, and the influence of the etching bath design on the 

preparation of TEM specimens by anisotropic thinning was reported by 

Chang (1979). 

With the application of this technique, it is possible to examine 

a great number of clean specimens with large thin areas from specially 

treated wafers (Fig. 6b, 6c, and 6d). More reliable and conclusive re

sults can be expected than with specimens prepared by the jet-thinning 

method. 

The present anisotropic thinning technique for preparing large

area TEM specimens uses KOH-Isopropyl Alcohol (IPA)-H20 as the etchant 

(Price, 1973) on {lOO}-type silicon wafers. A low-temperature (deposited 

at 275°C) plasma nitride film of about 8000 ~ in thickness is used as the 

mask. A simple 3000 cc. Pyrex beaker, converted for use as an etching 

bath, with a condenser lid for solution concentration and temperature 

control (see Fig. 7) was used for the thinning process. Although the 

temperature control was not precise (a possible 5°C variation between the 

top and the bottom of the bath), the higher IPA concentration at the top 

of the bath compensated for the temperature variation effect. The overall 

thinning results were satisfactory. 

The technique mainly consists of the following steps: lapping and 
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Fig. 7. Schematic drawing of anisotropic thinning apparatus. 
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and polishing, photoresist and mask alignment, and anisotropic etching. 

Details of these steps are presented in the following paragraphs. 

Lapping and Polishing. Single-crystal silicon wafers, 3 in. in 

diameter, in {100} orientation, are, double-side lapped and double-side 

polished to a final thickness of 12 mils with mirror finish on both sur

faces. Thinner wafers require less etching time, but suffer a higher 

breakage rate by handling. Extreme care and frequent monitoring should 

be taken during the lapping and polishing operations. With friction 

polishing equipment, a uniform thickness across the entire wafer with 

variations less than 0.1 mil may be obtained. 

A low-temperature plasma nitride film of about 8000 ~ in thickness 

is subsequently deposited on both sides of the wafers with Tegalls IIPlas

madepll equipment operating at 275°C. The quality of the film depends on 

the deposition temperature and the Si/N ratio. The plasma nitride film 

should be free of pinholes and thick enough to sustain long hours in a 

heated etching bath. 

Photoresist and Mask Alignment. A glass mask with a window 

pattern is aligned with one side of the windows parallel to the waferls 

flat which has a <llO>-orientation. After the etching is completed, a 

well-defined thin square foil is obtained. If one side of the windows is 

oriented 45° from the wafer flat, a nearly octagonal shape (depending on 

the wafer thickness and the window dimensions) of thin foil will result, 

with the edges in the <100>- and <llO>-orientations (Fig. 8). The 

dimensions of a glass-mask window pattern and the cross-sectional view 
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Figure 8. A nearly octagonal-shaped window (transmitted light) thinned 
by anisotropic method with the window side oriented 45° from 
the wafer flat; mag.: -36x. 



when the etching is completed with <llO>-edge alignment are shown in 

Fig. 9. 
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After the photoresist pattern is developed, plasma nitride is 

then "dry" etched to define the desired windows with the use of Tegal's 

"Plasmaline" equipment. In the dry etching process, CHF3 is used instead 

of CF4 since the former etches plasma nitride much faster than it etches 

silicon, so the silicon surface will not be over-etched. 

Anisotropic etching. A number of anisotropic etchants such as 

ethylenediamine, NH40H, NaOH, and KOH have been studied to some extent 

(Chang, 1979). Among these, it was found that KOH is the most satisfac

tory etchant for our purpose. The etchant solution consists of KOH, 

Isopropyl Alcohol (IPA), and H20 in the ratio of 25, 20, and 55, respec

tively. Extensive study of this ternary mixture was reported by Price 

(1973). The etching rate of silicon in the <100> direction is about 

1 ~m/min. at ao°c in a well-agitated bath. Several wafers can be etched 

at the same time. Close observation is necessary when the estimated 

completion of etching approaches. With the help of a light beam, etching 

is terminated immediately after any of the windows become translucent. 

A dark red color corresponds to about a ~m in thickness. Fig. 10 shows 

the color of silicon films of different thicknesses under a tungsten 

light. 

The quality of the film surface has been found to depend on 

several factors such as: bath temperature and temperature uniformity, 

bath composition variations, effectiveness of agitation for removing the 

etching products, wafer thickness, etc. Without making a special effort 



Figure 9. Dimensions of the window patterm (in mils) used for the 
preparation of TEM specimens by anisotropic thinning method 
for wafers of 12 mils in thickness. 

a. Dimensions of the glass-mask window pattern. 

h. Cross-sectional view of the window after the completion of etching 
(assuming no undercut) and <110> edge alignment as in Fig. 6d. 



Fig. ga. Dimensions of the glass-mask window pattern. 
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Cross-sectional view of the window after the completion of 
etching (assuming no undercut) and <110> edge alignment as 
in Fi g. 6d. 
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a. b. 

c. d. 

Fig. 10. Color of thinned foils of silicon TEM specimens as a function 
of thickness (transmitted light); mag.: -250x. -- (a) -7.5 ~m; 
(b) -5.0 ~; (c) -3.8 ~m; (d) -0.8 ~m. 



to control all these factors, the film surfaces will show a "grainy" 

appearance under a microscope at about 250 X magnification, as seen in 

Fig. 10. However, this condition in no way affects the TEM investiga

tions because it is such a macroscopic characteristic. 
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Wafers are finally broken easily into individual specimens along 

the V-grooves. Specimens selected from central parts of the wafer are 

loaded on a Teflon chip tray with wash holes of proper size, and further 

etched in the bath, now held at 60°C for better control, until a pale 

yellow colored foil, which corresponds to about 1 ~m in thickness, is 

obtained. Agitation should be reduced during this step since stress may 

result along the thin foil edges and enhance the etching locally. Fre

quent color monitoring and careful handling of the specimens will increase 

the yield of good TEM specimens. After the removal of the plasma nitride 

by HF:H20/1:5, the specimens are then ready for examination. 

With the technique described above, a great number of self

supporting thin films of <1 ~m in thickness can be produced with large 

(about 30 mils square) electron transparent areas which are crystallo

graphically flat and accurately defined by the pattern geometry. The 

specimens are readily separated from a wafer and handled using conven

tional tweezers or vacuum pickup devices. Edges of the thin foils are 

in the <110> directions and can be used as an indication for defect 

orientation (Fig. 34). The foils prepared by this technique can also be 

used for studies of transistors and junction defects (Price, Ravi and 

Varker, 1972). 

The preparation procedures are within the capability of many wafer 
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fabrication laboratories, but the necessary equipment provisions, such as 

friction polishers, plasma nitride deposition, and plasma nitride etching, 

may limit the application of this technique. Other limitations are: 

(1) it is only applicable to {100}-oriented silicon wafers; (2) many steps 

are involved; (3) etching time normally takes 5 or 6 hours depending on 

wafer thickness; and (4) frequent monitoring is required when the termi

nation of etching approaches. Nevertheless, when a great number of 1arge

area, clean, thin foils are produced, it is worth all the effort required. 

Other Thinning Methods 

In addition to the jet-thinning and anisotropic-thinning methods 

described above, methods such as ion milling (Lidbury, Pettit and Booker, 

1979), electrolytic polishing (Reisz and Bjorling, 1961), and others 

(Brammar and Dewey, 1966) have been reported, but they all provide only 

small areas for TEM examination despite other factors such as etching rate, 

surface quality, ease of handling, etc., which have to be considered. 

For the preparation of large-area, electron-transparent specimens, 

an immersion method was reported by Lawrence and Koehler (1965). This 

method provides only one TEM specimen from an entire wafer. A modifica

tion of this method was attempted by cutting a TEM-size specimen and 

masking both its bottom surface and edges with a wax onto a thin Teflon 

holder. The small useful area and the poor surface quality of the thin 

region made it unacceptable. Kolbesen, Mayer and Schuh (1975) developed 

a technique which involves the rotation of a wafer inside an etching 

bath, to give many large-area electron-transparent silicon discs in simple 
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steps. Photoresist is used in this method to separate the wafer into 

2 mm-diameter individual discs. The apparatus for this technique is not 

available and its advantages as well as limitations compared to the ani

sotropic thinning method are not known. 

An attempt was made to mechanically mask pre-thinned individual 

TEM-size specimens with Apiezon wax instead of using plasma nitride as 

the mask for anisotropic thinning. Although electron-transparent areas 

were achieved in some cases, the small TEM-useful area obtained and the 

poor surface quality, mainly due to poor agitation and wax contamination, 

made the process impracticable. However, such a thinning process which 

could be applied to individual TEM-size specimens, and which would result 

in a large thin area with high surface quality, without employing too 

many preparation steps, may be well worth exploring. 

Heat Treatment 

Heat treatments were conducted under various temperatures and 

ambients on silicon wafers, TEM-size specimens, and TEM thin foils. Only 

major heat treatments will be described here. Specific heat treatments 

with observations will be covered in following sections where appropriate. 

Low-High Temperature 
Annealing of Wafers 

In the course of the swirl defect investigation, preliminary 

results indicated that a preanneal at low temperature (about BOOOe) 

followed by a high-temperature (about l050 0 e) annealing would cause the 

most precipitation. Wafers sliced from seed-end, center, and tang-end 



61 

sections of Ingot 38 were heat-treated at Motorola as indicated in Table 

2. These wafers were anisotropically thinned for the bulk defect study. 

Most of the wafers for the ultrasonic study were used in their as-grown 

state without any heat treatment. However, some wafers given specific 

heat treatments were also used in the ultrasonic study. These will be 

discussed shortly. 

On Individual TEM-Size Specimens 

Before Thinning. Ultrasonically cut discs in their as-grown 

state were steam oxidized at 1050°C for 40 min. in a quartz furnace, to 

see how the thermal treatment would affect ultrasonically generated 

defects (USD's). After the desired furnace temperature was reached, the 

specimens were first set at the furnace end for 2 min, and then slowly 

pushed into the center of the furnace in about 3 min. to avoid the gener

ation of thermal stresses by sudden temperature rise. The procedure was 

reversed after the oxidation was completed. Oxides were subsequently 

removed by dilute HF solution and the discs were jet-thinned for TEM 

investigation. 

After Thinning. TEM thin-foil specimens, prepared both of ultra

sonic cutting and anisotropic etching, were subjected to steam oxidation 

at l050°C for 40 min., as described above, and/or subjected to argon 

annealing at different temperatures for various lengths of time. A 

fast push/pull rate surprisingly did not damage the thin foils. 

On Thinned TEM Specimens Heated Inside 
a Transmission Electron Microscope 

An isotropically thinned specimen 38-5-49, from a seed-end wafer, 



Table 2. Low-high, two-step annealing of silicon wafers 
sliced from different sections of Ingot 38. 

1. First step: low-temperature annealing in Ar ambient 
at 800°C for various times. 

Wa fer Number Anneal ing Time {hours} 
38-S-32 0 
38-S-29 1 
38-S-30 4 
38-S-31 16 
38-C-36 1 
38-C-37 4 
38-C-38 16 
38-T-42 0 
38-T-39 1 
38-T -40 4 
38-T -41 16 

2. Second step: high-temperature annealing in dry O2 ambient at 1050°C for 16 hours for all of the 
above wa fers. 
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was annealed in the HK-2BM tilting heating device of an Hitachi HU-200E 

electron microscope. The annealing temperature was about 750°C. Heating 

was achieved through the specimen holder. The annealing was carried out 

for 2 hours each time and was stopped for at least 30 min. before heating 

was started again. This avoided possible damage to the heating device. 

Liquid nitrogen was added into the cooling ports every time the heating 

was started. This condensed the moisture in the specimen chamber so that 

the thin foil would not be oxidized. 

The specimen was examined after accumulated hours of 10, 14, 18, 

26, and 40 hours of annealing. Consecutive micrographs were taken at 

about 9 fixed positions of the thin-foil window. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Study of Ultrasonically Generated Defects 

A series of experiments was conducted to study the ultrasonically 

generated defects (USD's) in CZ-grown silicon single crystals, introduced 

during the TEM specimen preparation process. The specimen designation 

scheme for the specimens was so planned that the origin and the cutting 

condition of a given specimen could be recognized easily. IUSLo" or 

IUSHi" indicates that the specimen disc was cut ultrasonically with 

either "Low" or "High" energy level, respectively. A capital letter 

represents the section where the wafer was slicerl. A or S denotes that 

the wafer was sliced from the seed-end of the crystal ingot, while C and 

T or E denotes that the wafer was sliced from the center or tang-end 

section of a silicon crystal, respectively. The ingot identification 

number(s} are placed in the very front followed by a hyphen"-" when given. 

The thermal history of a wafer is contained in the number(s} following 

the capital letter which indicates the wafer section. Specific terminol

ogy and the thermal history of the specimens will be given when they 

appear. It is the author's intention to present his major experimental 

results and discussion in an organized fashion for the rather complicated 

experiments. 
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Observation of Ultrasonically Generated 
Defects (USD's) in CZ-Grown Silicon 
Single Crystals 
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A report of USD's first appeared in Rao's (1980) dissertation 

involving a study of swirl defects in a CZ crystal. TEM specimens were 

ultrasonically cut at a laboratory of the Texas Instruments Corp. with 

the use of a nested cutter tool which cut 18 discs at once and operated 

on an unknown, but fixed, power input and frequency. After subsequent 

thinning and examination with TEM, various types of defects were observed 

in these discs that were not seen if the specimens were prepared by dia

mond scribing and breaking. Although the USD's were misinterpreted as 

swirl defects at that time, further investigation was suggested. 

In the present study discs were ultrasonically cut, one at a time, 

from the remaining pieces near the central region of wafers Al and All 

(seed-end wafers in the as-grown condition, and heat treated in Ar at 

650°C for 100 min., respectively, as used for Rao's (1980) study). Some 

defects observed are shown in Figs. 11-13. There were no specific differ

ences in the nature of these defects from the defects reported by Rao. 

All four types of specimens, A1USHi, A1USLo, Al1USHi, and A11USLo, showed 

defects. The defect densities seemed to be higher in both of the USHi 

specimens than the USLo specimens. However, when specimens were prepared 

by scribing and breaking instead of ultrasonic cutting, no defects were 

observed in either Al or All specimens. Obviously, these defects were 

generated by the ultrasonic cutting process, hence named USD's (ultrason

ically generated defects). 

The USD's exist as groups, rows, and individuals of various sizes 



Fig. 11. TEM micrographs of typical defects found in A1USHi specimens, 
from a seed-end wafer in the as-grown condition and ultrasonic
ally cut with high power (multiple-beam condition). 

a. A group of defects. 

b. A row of defects. 

c. Defects with dislocation loop. 

d. A single defect. 
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Fig. lla. A group of defects. 

Fig.llb. A row of defects. 
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Fig. llc. Defects with dislocation loop. 

Fig. lld. A single defect. 



Fig. 12. TEM micrographs of typical defects found in AllUSHi specimens, 
from a seed-end wafer heat treated in Ar at 650°C for 100 mins. 
and ultrasonically cut with high power (multiple-beam condition). 

a. General defects. 

b. Another general defect. 

c. A row of etched cut defects leaving holes behind. 
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Fig. l2a. General defects. 
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Fig. l2b. Another general defect. 
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Fig. l2c. A row of etched out defects leaving holes behind. 



Fig. 13. TEM micrograph of a defect array found in an 
A1USLo specimen, from a seed-end wafer in the 
as-grown condition and ultrasonically cut with 
low power (multiple-beam condition). 
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and shapes. Defects in a group or a row show almost identical geometries 

and sizes. These defects appear to have an associated volume, and this 

is evident from Fig. l2c where a row of holes was formed by a row of 

etched-out defects after jet thinning. 

Effect of Interstitial Oxygen Concentration 

The relationship between interstitial oxygen concentration and 

the USD's was first studied by thinning E12USHi and E12USLo specimens 

(from tang-end, annealed in Ar at 650°C for 100 min.). A very low 

density of USD's was observed in E12USHi specimens and no USD's were 

observed in E12USLo specimens. Subsequent experiments were conducted on 

tang-end wafers from a different ingot. In 38-T12USHi (as grown) speci

mens, a high density of strings of defects was observed. However, the 

oxygen content of these specimens is suspected to have been not very low, 

since the wafer was sliced near the very tang-end shoulder of the crystal. 

Another wafer, with minimum oxygen content, was sliced from the same 

crystal and the discs were cut from it with a high level of ultrasonic 

power. The results, however, were still inconclusive, since 4 out of 7 

specimens showed extremely low densities of defects but the rest of the 

specimens showed high densities of defects. 

From the study of swirl defects, it is known that in seed-end 

wafers, after a two-step (low-high temperature) heat treatment, a large 

number of interstitial oxygen atoms precipitate out and the remaining 

interstitial oxygen concentration should then be well below that of a 

wafer sliced from the minimum-oxygen-content position in an as-grown 
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crystal. However, in 5 of 42-S37USHi specimens (from seed end, annealed 

in Ar at 800°C, 16 h and in dry O2 at 1050°C, 16 h), USD's were still 

observed (see Fig. 14). 

From the results above, it seems that the generation of USD's 

does not relate to the oxygen content directly. The inconsistency of 

these observations is not easily explained. However, if the oxygen con-

tent is related to the generation of UDS's, the energy level employed for 

the cutting and the concentration of other point defects besides oxygen 

may also be important in the generation of USD's. 

Effect of Ultrasonic Cutting Power 

It has been stated that the densities of USD's in A1USHi and 

AllUSHi specimens seemed to be higher than in A1USLo and AllUSLo speci

mens. For the confirmation of this effect, a seed-end wafer in its as-

grown state was cut ultrasonically with both high and low power levels. 

In 5 of 38-S82USHi specimens examined, all of them showed high densities 

of strings of defects with various sizes and shapes (see Fig. 15). In 6 

of 38-S82USLo specimens examined, the densities of defects were very low, 

i.e., only 2 or 3 strings of defects in one specimen at the most. The 

effect of cutting power on the USD's generation seems to be unambiguous. 

Cross-Sectional Distribution of USD's 
in Ultrasonically Cut Discs 

In Chapter 4, the ultrasonic cutting procedures were described. 

The mirror-finish sides of the specimens were waxed onto a glass slide 

and the cutting was always started from the back side towards the mirror-



Fig. 14. TEM micrographs of USO's observed in a 42-S37USHi 
specimen from a seed-end wafer annealed in Ar at 
800°C for 16 h and in dry 02 at 1050°C for 16 h, 
and ultrasonically cut with high power (multiple
beam condition). 
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Fig. 15. TEM micrographs of a typical defect string 
observed in 38-S82USHi specimens, from a 
seed-end wafer in the as-grown condition and 
ultrasonically cut with high power (two-beam 
conditi on). 
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finish side of the specimens. The jet-thinning was usually done by thin

ning from the back side towards the mirror-finish side. For studying the 

cross-sectional distribution of USD's, discs were thinned partially from 

two different sides for various time periods to its electron-transparency. 

It was found to some surpirse that the USD's were confined to both of the 

surface regions in layers of less than 30 ~m in thickness. More accurate 

estimation concerning the depths of these regions could not be obtained 

due to the thinning difficulties. 

The specimens used for this experiment were 38-S82USHi and A1USLo. 

The results for both were very similar. In 38-S82USHi specimens, USD 

densities seemed even higher at their back sides than their front sides 

(see Fig. 16). 

A study of the cross-sectional distribution of USD's in an 

ultrasonically cut disc was also attempted by using a spreading resistance 

probe which measured the resistivity variation across a 1°-tapered cross

sectional surface. The resistivity of the high-density defect area should 

be different from that of a defect-free area. Unfortunately, no recogniz-

able variations were observed 

Electron Diffraction Patterns and 
Stereo-Pairs of USD's 

Electron diffraction patterns (DP) were taken on numerous large 

USD's. Most of them did ~ot show any extra spots beside the {100} spots 

from the silicon lattice. Several diffraction patterns taken at the 

sides of etched-out defect holes showed extra spots (see Fig. 17). Only 

in one instance were extra spots obtained on a diffraction pattern taken 



Fig. 16. TEM micrographs of a high-defect-density area 
from specimen 38-S82USHi (seed-end, as-grown 
condition, high ultrasonic cutting power) 
thinned from polished side (multiple-beam 
condition) . 
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a. -

b. 

Fig. 17. TEM micrographs of a partially etched-out defect in a A11USHi 
specimen, from a seed-end water heat treated in Ar at 650°C 
for 100 mins.· and ultrasonically cut with high power (multiple 
beam condition). -- (a) Bright-field; (b) Diffraction pattern 
taken at the east side of the hole in Fig. 17a. 
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at a defect itself (see Fig. 18). The extra spots falling on concentric 

rings indicated the presence of polycrystalline material. 

The diffraction patterns were analyzed, and the d-spacings of the 

rings were measured and compared to the d-spacings of various forms of 

Si02, SiC, B-O compounds, and silicon. The results showed that the d

spacings from the extra spots matched very closely the d-spac;ngs from 

polycrystalline silicon (see Table 3). 

It was suspected that the defects could be the result of silicon 

particles fractured during the ultrasonic cutting operation becoming 

embedded in the surface of the disc being cut. However, similar defects 

were also observed at the back surface region of the discs thinned from 

the polished side. Since the back surface was not waxed against the 

glass slide during cutting, it seems possible for the abrasives and/or the 

fractured silicon particles to cause scratches rather than get themselves 

embedded into the silicon surfaces and form defect strings since they 

could move freely on top of the back surfaces of the discs. 

USD's were also examined with a high-resolution STEM (Philips 

EM400T) operating at 120 KV at Arizona State University. TEM micrographs 

were taken at 640KX. and magnified about 4 times in printing. By measur

ing the lattice fringe spacings, 3 USD's matched polycrystalline silicon; 

1 USD seemed to agree with Si02. The results were not conclusive regard

ing the crystalline nature of the USD's. 

TEM stereo-pairs were taken at some defect areas with t 5° 

tilting at 5kX magnification. No appreciable 3-dimensional effects were 

realized. This may suggest that the USD's form within a very shallow 



79 

·~·~.i 
... \: .'._, ' 

. t' 
\"~. , 

"rb"' 

111m 

a. 

b. 

Fig. 18. TEM micrographs of a defect string in a A1USHi specimen, 
seed-end, as-grown condition, high ultrasonic cutting power 
(multiple-beam condition). -- (b) Bright-field; (b) Diffrac
tion pattern taken at the top of the third defect from 
lower left. 



Table 3. Results of diffraction pattern analysis. 

Average Measured d-Spacings (A)* 
d-Spacings of 

From Fi gure 17b From Fi gure 18b Sil icon 0\) ** 

3.073 3.112 3.136 

1.920 1.920 1.920 

1.613 1.665 1.637 

1 .546 1 .613 ... 

1.469 

1.358 1.358 

1.222 1.257 1 .246 

1.105 1.115 1 .109 

1.029 1.044 1.045 

0.953 0.966 0.960 

0.911 0.924 0.918 

0.857 0.861 0.859 

0.826 0.828 

* Both of the diameters of silicon's 220 and 400 spots were used as 
references. 

**From Joint Committee on Powder Diffraction Standards (JCPDS). 
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region below the surface. In one particular stereo-pair (see Fig 19), 

some three-dimensional effect was realized, but this was not strongly 

evident to all viewers. 

Effect of Heat Treatment on USD's 

81 

The identity of the USD's could not be easily determined. They 

could be: (1) pure thickness contours; (2) pure strain field; (3) dislo

cation clusters; (4) particles with thickness contours; (5) particles 

with strain fields; (6) particles with dislocation clusters; (7) complex 

combinations of all the above. If the USD's were subjected to heat treat

ments, the possible results might be: (1) no change should be observed for 

the thickness contours; (2) dislocations would be generated from strain 

fields; (3) dislocation clusters would grow outward; (4) particles other 

than precipitates would remain their original sizes and shapes; and (5) 

oxygen-induced stacking faults (OISF) might be formed. 

In two of the 38-S82USHi specimens subjected to steam oxidation 

at lp50°C for 40 mins. and subsequently jet thinned, many large stacking 

faults heavily decorated with impurity particles, especially at the Frank 

partials, were observed (see Fig. 20). The USD's had their appearance 

greatly changed and there were very complex dislocation clusters surround

ing them (see Fig. 21). 

The density of USD's after the steam oxidation was reduced. This 

may be partially due to the inward movement of the original silicon 

surface as a result of oxidation. Several holes in the specimens were 

observed, and they seemed to be where USD's were located prior to the 
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TEM stereo-pairs from a 38-T12USHi specimen, + 5° tilting from 
a tang-end wafer in the as-grown condition ana ultrasonically 
cut with high power (multiple-beam condition). -- (a) the left 
pair; (b) the right pair. 



Fig. 20. 

a. 

b. 
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TEM micrographs of 38-S82USHi discs (seed-end, as-grown 
condition, high ultrasonic cutting power) subjected to steam 
oxidation at 1050°C for 40 mins. and subsequently jet-thinned. 
-- (a) Heavily decorated stacking faults; two-beam condition; 
(b) Stacking fault, with an USD after the steam oxidation; 
multiple-beam condition. 
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a. 

b. 

Fig. 21. TEM micrographs from the same specimens as Fig. 20. -- (a) 
Dislocation clusters surround USD's; multiple-beam condition; 
(b) One single USD after the steam oxidation; two-beam condi
tion. 
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steam oxidation. Since the oxide thickness was about 5000~, the original 

depths of many USD's were then probably within the region about 2500A 

below the surface. The largest size of USD's observed was about 2 ~m in 

the view plane. From the above observations, it appears that the USD's 

are thin (compared to their planar dimensions) defects with their planes 

parallel to the surfaces of the discs. 

In the thin foil specimen of 38-S82USHi, subjected to steam oxi-

dation at 1050°C for 40 mins, the USD's seemed to shrink in size due to 

the out-growth of individual dislocations from the complex dislocation 

clusters (see Fig. 22). 

From the results above, it seems that the USD's may be combina-

tions of particles, dislocation clusters, and strain fields. However, 

the exact nature of the particles, and whether the particles were changed 

in their sizes or shapes by the heat treatment, were not determined due 

to the instrument'limitations. 

Artifact Consideration and 
Confirmation of the USD's 

There were doubts about whether the USD's were truly generated by 

ultrasonic energy or were merely artifacts introduced somehow during the 

disc cutting. It is a fact that the abrasives frequently got through 

the yellow wax and made contact with the polished surface after the disc 

was cut through, especially when high power level was employed. 

If the ultrasonic energy is truly the cause of USD's, ultrasonic 

energy could be introduced into the disc during cutting by the waves 

propagating inward from the tip of the mini-drill as well as by outward 
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Fig. 22. TEM micrographs of 38-S82USHi thin foil specimens (seed-end, 
as-grown condition, high ultrasonic cutting power) subjected 
to steam oxidation at 1050°C for 40 mins. -- (a) Two USD's; 
two-beam condition; (b) A group of USD's; multiple-beam 
condition. 
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waves produced when a neighboring disc was being cut. To confirm the 

existence of USD's and to simplify the problem, wafer pieces with pre

scribed squares, about 4mm on one side, were cut ultrasonically with both 

high and lower power level, respectively, about half-way through, so that 

only inward propagating waves were involved. Discs were then broken with 

tweezers along the grooves for fitting into the TEM specimen holder. The 

polished surfaces of the discs prepared for examination in this way should 

be absolutely free from contact with abrasive particles. Several seed-end 

specimens (42-S39USHi~ and 42-S39USLo~) and tang-end specimens (42-T45USHi~ 

and 42-T45USLo~) in the as-grown c.ondition, were prepared (~ denotes that 

the disc was cut only half-way through). 

Of nine 42-S39USHi~ specimens examined, all displayed USD's as 

seen in normally prepared discs (Fig. 23). However, in 6 of 42-S39USLo~ 

specimens examined, either no, or very low densities of USD's were ob

served. All four of the 42-T45USHi~ specimens examined also showed many 

USD's (Fig. 24). Their densities were not lower than in seed-end 

42-S39USHi~ specimens. So, the influence of oxygen content was not appar

ent when high power level was employed. Of six 42-T45USLo~ specimens, 

half showed almost no USD's but the others showed similar densities of 

USD's (Fig. 25) to those in 42-T45USHi~ specimens. 

From the results above, the existence of USD's is confirmed. The 

effect of oxygen content could not be verified. The effect of cutting 

power seemed to be important. 

It is surprising that USD's have not previously been reported by 
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Fig. 23. TEM micrographs of 42-S39USHi~ specimens, from a seed-end wafer 
in the as-grown condition and ultrasonically cut half-way through 
with high power (multiple-beam condition). -- (a) A ~ string of 
defects; (b) A small section of several strings. 



Fig. 24. TEM micrographs of 42-T45USHi~ specimens, from a tang-end wafer 
in the as-grown condition and ultrasonically cut half-way through 
with high power (multiple-beam condition). 

a. A section of a long defect band. 

b. Another section of the same band as in Fig. 24a. 

c. Section of a long row. 

d. Section of another long row. 
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Fig. 24c. Section of a long row . 

.. 

Fig. 24d. Section of another long row. 
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Fig. 25. TEM micrographs of 42-T45USLo~ specimens, from a tang-end wafer 
in the as-grown condition and ultrasonically cut half-way 
through with low power (multiple-beam condition). -- (a) 
Strings of defects of various sizes; (b) Two near-perpendicular 
strings of defects. 
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other investigators. To pursue this question, two ultrasonically cut discs 

were obtained from the High Resolution Electron Microscope Facility Lab, 

Arizona State University (ASU), and jet-thinned at the University of 

Arizona. The frequency and the cutting power employed at ASU were not 

known. One specimen showed only a few isolated USD's, but the second spe

cimen showed many·USD's (Fig. 26). The reason for USD's not being observed 

at ASU is that the thinning method for TEM specimen preparation at ASU was 

ion beam milling from both sides of a disc mechanically thinned to about 

1 mil thick after cutting. The area examined under a TEM was at least 

~ mil (-12 ~m) below the surface where the USD's may not exist. This pos

sibly explains why USD's were not reported in other studies. 

A Study of the Formation Mechanism of USD's 

Ultrasonic cutting has been used in several defect studies of 

silicon in the past (Tan and Tice, 1976; Staudinger, 1978; Shimura, Tsuya 

and Kawamura, 1980b). The technique is currently being employed routinely 

in many laboratories. However, the observation of USD's in silicon TEM 

specimens was never reported, as far as can be determined. This may be 

the result of the thinning technique, the frequency and the power of the 

cutting tool employed, and the properties of the wafer used. Ion milling 

techniques employed by many laboratories thin a disc from both of its sur

faces, and may mill away the USD-rich surface regions. Some investigators 

may remove the surface regions of ultrasonically cut discs before chemical 

thinning. Shimura et a1. (1980b) mechanically polished an ultrasonically 

cut disc to a thickness of about 80 ~m, then chemically thinned them to 
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Fig. 26. TEM micrographs of specimens ultrasonically cut at the ASU lab 
but jet-thinned at the University of Arizona (multiple-beam 
condition). -- (a) A typical defect area; {b} Another defect 
area. 



electron transparency. Anyone of the above reasons could prevent the 

detection of USD's. 
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An ultrasonic effect during wire bonding to a silicon surface was 

reported by Hi nche 11 (1976). The ultrasonic bond was formed at about 60 k 

Hz. After the bonding wire was removed by pulling and the sample was 

steam oxidized at 1115°C for 100 mins., a stacking fault pattern was re

vealed in the peripheral region of the bond where the wave action was 

operable. Winchell found that the bonding wire did soften with ultra

sonic energy to the degree that it flew as if it were at a high temperature, 

but no appreciable heat association was observed. The amount of wire 

deformation during ultrasonic bonding was found to be sensitive to the 

changes in power input and pulse duration. The formation of the stacking 

faults was associated with the maximum shear stress experienced on the 

habit plane during the ultrasonic bonding. A rotational wave form (a 

combination of longitudinal and transverse wave forms) was proposed by 

~linchel1 as the bonding mechanism, evidenced by numerous ball-like struc

tures in the grooves at the bonding interface. 

Krevchik, Muminov and Yafasov (1981) studied the influence of 

ultrasound on the lithium ions diffusing in p-type silicon. They repor

ted that the activation energy for ion diffusion decreased in the direc

tion of propagation of the ultrasonic plane wave. The concentration of 

Li ions was found to increase with increasing ultrasonic frequencies for 

constant diffusion time at constant depths below the silicon surfaces. 

Tyapunina and B1agoveshchenskii (1982) investigated the operation 

of a double-ended Frank-Read source and the steady state vibrations of a 
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dislocation loop under the effect of a stationary longitudinal ultrasonic 

wave. Both the frequency and amplitude (or power) of ultrasound were 

found to be significant factors. 

The influence of ultrasonic energy on atomic movements in crys

tals is not surprising. In a vibrating system, the stress field alter-

nates during each cycle of the vibration and, as a result, a given inter-

stitial position is enlarged and contracted accordingly. The adjacent 

interstitial positions could be expected to be strained in the same fash

ion, but to be out of phase with the first set. The result is that an 

interstitial atom may jump from contracted positions into enlarged ones. 

If the frequency and/or the amplitude of the vibration exceeds a critical 

value, normal lattice atoms could also be disturbed from their sites. 

The basic type of waves which propagate in the bulk of a material 

are "longitudinal waves" (or "compressional waves"), in which the displaced 

atoms vibrate back and forth along a direction parallel to the direction of 

wave propagation, and "transverse waves" (or "shear waves"), in which the 

displaced particles vibrate in a direction perpendicular to that of wave 

propagation. When an ultrasonic wave propagating in a medium encounters 

an interface with another medium, reflection, refraction, and mode conver-

sion may occur (see Fig. 27a). If the incident longitudinal wave angle 

(8 !), increases so that the angle of the transmitted refracted trans

verse wave 'is equal to 90°, a "surface wave" is caused to propagate along 

the interface between the two media. 

In an ultrasonically cut disc, the propagation of the waves may 

be very complex. Ultrasonic waves are transmitted through numerous 
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Fig. 27. Propa~ation of ultrasonic waves. -- (a) Wave propagation at an 
interface; (b) Ultrasonic wave propagation in a silicon disc 
during the cutting (cross-sectional view). 
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irregular-shaped silicon carbide (SiC) abrasives during the cutting (see 

Fig. 27b). Waves may propagate in random directions from the periphery 

of the disc towards the center. The propagation of the waves may be 

affected by the crystal orientation and the interference (constructive 

and/or destructive) of waves from other directions. 

The formation of USO's appears to be too complicated for detailed 

explanation at this time." However, the fact that USO's were observed in 

all discs cut at high power, but not at low power, may suggest that the 

constituents of USO's are different. At low cutting power, only easily 

disturbed atoms such as interstitial oxygen atoms may be precipitated out, 

and the formation of USO's may be oxygen-content dependent. If the cut

ting power exceeds a critical value, certain atoms at both interstitial 

and substitutional positions might be forced out and form USO's. 

It was observed that USO's were generally formed in rows and were 

always confined to surface regions of the discs. The periodity of the 

lattice planes and the propagation of the waves may contribute to the for

mation of the defect rows. It is suspected that the defect rows may tend 

to form either in a concentric or a radial pattern at the surface regions 

of the discs. USD's may also have a tendency to diffuse toward the free 

surfaces under the influence of ultrasonic waves; hence they were not 

detected in the bulk regions of the discs. 

Study of Thermally Induced Defects 

Wafers sliced from specific positions of an ingot and subjected 

to specific heat treatments, were patterned and anisotropically thinned 
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as described previously for this study. The nomenclature of the TEM 

specimens used for this study is similar to that for specimens used for 

the study of ultrasonically generated defects, but was less complicated. 

Unless otherwise stated, S, C, or T denotes that the wafer was sliced 

from the seed end, the center, or the tang end of a crystal, respectively 

(see Fig. 3). The ingot identification number is placed in the front, 

followed by a hyphen II_II if it is given. 

Low-High Temperature Annealing 
of Wafers Sliced from Different 
Sections of Ingot 38 

The heat treatment conditions of the wafers used in this study 

are shown in Table 2. The distribution of interstitial oxygen concentra-

tions along Ingot 38, in the as-grown state and after various heat treat

ments, are shown in Fig. 2. The interstitial oxygen concentration changes 

(or the precipitated oxygen concentrations) of these wafers after the 

two-step annealing versus their initial interstitial oxygen concentra-

tions are shown in Fig. 28. All the interstitial oxygen concentration 

determinations were made using an infrared (IR) absorption method at 

Motorola, Inc. 

Dependence on Starting Materials. It is seen from Figs. 2 and 28 

that the amount of oxygen precipitated increased with increasing initial 

oxygen concentrations in the wafers subjected to the same heat treatments. 

The oxygen precipitation was correlated directly with the observation of 

precipitates in the TEM specimens prepared from these wafers. The densi

ties of precipitates were much higher in the seed-end wafers than in the 
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center and the tang-end wafers, if they were subjected to the same heat 

treatments. Accurate calculation of defect densities was not possible 

due to the non-uniform defect distributions in the wafers. For wafers 

heat-treated in argon at 800°C for 16 hours and oxidized at 1050°C in dry 

oxygen for 16 hours, rough estimations of the relative precipitate densi

ties in the seed-end wafer (38-531), center (38-C38), and tang-end wafer 

(38-T4l) are 1000,10, and 1, respectively. The precipitate density of 

38-531 wafer was about 5 x 1010/cm3. A typical defect area seen in 38-531 

specimen is shown in Fig. 29. 

Dependence on Annealing Time During the Low-Temperature Annealing 

Step. There were no precipitates or any other microdefects observed in 

any of the as-grown wafers (38-S49, 38-C53, and 38-T52) sliced from the 

different sections of the ingot. 

In seed-end wafers, very low densities of precipitates were ob-

served in those wafers given a high-temperature oxidation treatment with

out being subjected to the low-temperature preannealing (Wafer no. 38-S32). 

Precipitates and dislocation loops were crowded together to form precipi

tate-dislocation loop clusters (see Fig. 30). Only one or two clusters 

on the average were observed over large thin areas in these specimens. 

In wafers subjected to low-temperature preannealing (Wafer nos. 

38-S29, 38-S30, and 38-S31, preannealed at 800°C for 1,4, and 16 hours, 

respectively), prior to a high-temperature oxidation, the microdefect 

densities were generally high and increased slightly with increasing 

preannealing durations. There were no large clusters observed. Precipi

tates and dislocation loops were uniformly distributed over large thin 
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Fig. 29. A typical defect area in 38-531 specimen, 
from a seed-end wafer preannealed in Ar 
at 800°C for 16 hrs. and subsequently 
oxidized in dry O2 at l050°C for 16 hrs. 
(multiple-beam condition). 

101 



102 

1 .urn ,A' 
9'2.'2.0 

a. 

b. 

Fig. 30. Precipitate-dislocation loop clusters observed in 38-S32 speci
mens, from a seed-end wafer oxidized in dry 02 at 1050°C for 
16 hrs. without preannealing. -- (a) A typical cluster; two
beam condition; (b) Another cluster; multiple-beam condition. 
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areas (Fig. 29). The loop densities were only about one order of magni

tude higher than the precipitate densities. The sizes of both the pre

cipitates and the dislocation loops were generally small (about 0.2 ~m 

long on average). In 38-S29 specimens, many single precipitates were 

observed to occur without being associated with punched-out dislocation 

loops (Fig. 31). The size of those single precipitates was larger (about 

1.0 ~m square on average) than those precipitates with punched-out dis

location loops. 

The defect density was found to be generally very low in wafers 

sliced from the central section of the ingot. This was determined by 

examination of specimens from wafers 38-C36, 38-C37, and 38-C38, which 

were given preannealing treatments at 800°C for 1 hour, 4 hours, and 16 

hours, respectively, before being oxidized in dry O2 at 1050°C for 16 

hours. Of ten 38-C36 wafers examined, no defects at all were found in 

two specimens, and only one or two groups of defects (precipitates with 

punched-out dislocation loops) were found in each of the other six spe

cimens examined. The defect density was only slightly higher in the 

38-C37 specimens. The wafer which had been given the longest (16 hours) 

low-temperature annealing of this group also showed the highest density 

of defects of the three wafers considered. Many large precipitates 

(about 1.0 ~m square), not seen in the 38-C37 wafer, was observed either 

edge-on or parallel to the specimen surface (see Fig. 32). These did not 

appear to have punched-out or generated dislocation loops associated with 

the precipitates. Also in these specimens were some smaller precipi

tates with long rows of dislocation loops punched out in several direc-
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Fig. 31. Single precipitates observed in 38-529 specimens. from a seed
end wafer preannealed in Ar at 800°C for lhr. and subsequently 
oxidized in dry 02 at 1050 0 C for 16 hrs. (multiple-beam condi
tion). -- (a) A flat square precipitate at a very thin region; 
(b) A nearly rectangular-shaped precipitate. 



105 

1 .urn 

a. -

1 .urn 

b. 

Fig. 32. Single precipitates observed in 38-C38 specimens, from a 
central region wafer preannealed in Ar at 800°C for 16 hrs. 
and subsequently oxidized in dry 02 at 1050°C for 16 hrs. 
(multiple-beam condition). -- (a) A square precipitate paral
lel to the specimen surface with another precipitate seen 
edge-ani (b) A large edge-on precipitate. 
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tions from them. The farther these loops traveled from the precipitate, 

the smaller they became in many instances (see Fig. 33). This decreasing 

loop size suggests that the matrix had been oversaturated with vacancies 

(Tan and Tice, 1976). The dimunition of punched-out dislocation loop 

size with distance from the precipitate was not generally observed in 

specimens which had been given other thermal treatments. 

The tang-end wafers which had been preannea1ed in argon at 800°C 

for various lengths of time before the 16-hour treatment at 1050°C in 

dry oxygen exhibited extremely low densities of defects (either no or 

only one or two groups of defects in the entire thinned window of a TEM 

specimen). This was determined by examination of specimens from wafers 

33-T42, 38-T39, 38-T40, and 38-T41, which had received preannea1ing treat

ments in argon at 800°C for 0,1,4, and 16 hours, respectively. The 

defect density was higher in 38-T41 specimens than in the other wafers 

above. Some of the defects observed in 38-T41 specimens are shown in 

Fig. 34. 

The density dependence of thermally induced defects upon anneal

ing time during the low-temperature annealing step is obvious in all the 

wafers sliced from the different sections of the ingot. The observations 

of the defect densities generally agreed very well with the amount of 

precipitated oxygen present as measured by an infrared absorption tech

nique (see Fig. 28). Longer low-temperature annealing is essential to 

the completion of the precipitation process of the supersaturated oxygen 

in the wafers containing especially low concentrations of initial inter-

stitial oxygen. 
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a. 

b. 

Fig. 33. Precipitates with punched-out dislocation loops observed in the 
same specimens as in Fig. 32; the loop size decreases as it 
travels fUrther from the precipitate (multiple-beam condition). 
-- (a) Punched-out dislocation loops in two rows; (b) Punched
out dislocation loops in five rows. 



Fig. 34. Some of the defects near the thin window edges observed in 
38-T41 specimens, from tang-end, preannea1ed in Ar at 800°C 
for 16 hrs. and subsequently oxidized in dry 02 at 1050°C 
for 16 hrs; window edges in the <110> directions are used as 
a quick reference for the determination of the defect 
orientations (multiple-beam condition). 

a. A square-platelet precipitate in the specimen surface plane with 
edges in the <110> directions. 

b. An edge-on precipitate with its axis 45° from <110> window edge. 

c. A cruciform precipitate with punched-out dislocation loops in 
several directions at an edge of thin foil. 

d. A group of rhombus-shaped dislocation loops near a foil edge, no 
observation of precipitate. 



Fig. 34a. A square-platelet precipitate in the specimen 
surface plane with edges in the <110> directions. 
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Fig. 34b. An edge-on precipitate with its axis 45° from 
<110> window edge. 
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Fig. 34c. A cruciform precipitate with punched-out 
dislocation loops in several directions 
at an edge of thin foil. 

Fig. 34d. A group of rhombus-shaped dislocation loops 
near a foil edge, no observation of precipi
tate. 
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Correlation with Swirl Patterns. Wafers were chemically etched 

(Wright etch) at Motorola to delineate their swirl patterns before double

sided lapping and polishing for the use of TEM study. Figure 35 shows 

the swirl pattern of these wafers. Swirls are barely visible in the 

wafers from the tang-end and central section of the ingot. Heavy swirls 

are seen only in the seed-end wafers and are more pronounced with longer 

preannealing time. The swirl patterns in these wafers generally agree 

very well with the defect density observation by transmission electron 

microscopy. 

Characterization of Precipitates. Precipitates were easily de

tected since their contrast is independent of the diffraction conditions. 

The size of the precipitates found in the wafers subjected to the low

high temperature annealing was generally between 0.2 and 1.2 ~m. The 

basic morphology of the precipitates observed is that of a square plate

let with {100} habit planes, and with sides parallel to the two <110> 

directions in the habit plane. In addition to the square-shaped plate

lets, several nearly rectangular-shaped platelets have been observed 

(Fig. 31b). An enlarged micrograph showed that their sides have a ratio 

ofl.2:l. 

Tan and Tice (1976) proposed that a cross-shaped ribbon morphology 

was the earliest observable stage of the formation of the square-plate 

precipitate. They also observed the thickening of precipitates in the 

direction normal to their habit planes. In this investigation, only one 

precipitate observed seems to have a cross-shaped ribbon with two <100> 

branches (see Fig. 36) among numerous precipitates observed. The shape 



Fig. 35. Swirl patterns of wafers sliced from different 
sections of Ingot 38, and subjected to low-high 
temperature two-step annealing of various times. 
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Fig. 36. Cross-shaped ribbon, an early stage of square
platelet precipitate with two <100> branches 
(multiple-beam condition). 
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of the precipitates is found to be independent of the size of the precipi

tates. Also, no thickening of precipitates was observed, which agrees 

with the observation of Wada et al. (1980). 

The precipitates are seen most commonly in three forms: flat, 

edge-on, or cruciform (see Fig. 34a, 34b, and 34c). The flat-form 

precipitates have square-shJped appearances with sides in the <110> direc

tions. The edge-on form of precipitates are seen with their diagonal 

projection oriented either 45 0 or 135 0 from the <110> direction since 

the precipitates could form on either (010) or (100) planes in a (001) 

wafer. The sides of the edge-on precipitates are in the two oblique 

<110> directions of the surface plane. The cruciform precipitates are 

two edge-on precipitates having a common nucleation center but growing on 

two perpendicular {100} planes such as the (010) and (100) planes. The 

sides of the cruciform precipitates are then parallel to the four oblique 

<110> directions to the surface plane. 

The characteristics of the precipitates are not readily determined. 

The precipitates may be amorphous in nature. despite their crystalline-like 

appearance since no extra diffraction spots were ever obtained from dif

fraction patterns of the precipitates. The amorphous nature of the pre

cipitates was also confirmed with the use of a high-resolution scanning 

transmission electron microscope (STEM) at Arizona State University (ASU). 

Preliminary results from ASU concerning the chemical composition of the 

precipitates indicated that the precipitate may be SiO. More work is 

required to obtain more conclusive results. 

Characterization of the Dislocation Loops. Dislocation loops 

are generated by the precipitates through the mechanism of prismatic 
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punching by a compressive misfit stress field introduced into the silicon 

matrix. This stress field arises from precipitation and from differen

tial contractions between precipitates and the silicon matrix during 

water cooling after heat treatment (Tan and Tice, 1976). The sizes and 

shapes of the loops generated by a particular precipitate are those of 

the projection of this precipitate onto the {110} planes of the wafer. 

The square-plate-like precipitate morphology limits the loops generated 

to lie along four of the six possible glide directions that do not lie in 

the precipitate habit plane (Tan and Tice, 1976). No loops are punched 

out in the <110> directions parallel to the sides of the square-plate. 

The basic geometry of the loops is rhombus-shaped with the lines' 

sense in <112> directions on {lll} bounding planes. Figure 37 is a schem

atic drawing showing a dislocation loop punched out in an oblique <110> 

direction from the {100} surface plane. Loops are punched out along 

<110> directions. Rhombus-shaped dislocation loops are seen in oblique 

<110> directions from the {100} surface plane. If the loops are punched 

out in the two<llO> directions of the surface plane, only edge-on projec

tion of the short axis of the loops will be seen. 

The number of rows of the punched-out dislocation loops and their 

appearances and orientations are directly related to the form of precipi

tate from which they were generated. No dislocation loops were punched 

out in oblique <110> directions from a cruciform precipitate (Fig. 38). 

Dislocation loops were only punched out in two <110> directions of the 

surface plane and the loops are seen as edge-on. For edge-on precipitates, 

dislocation loops are punched out in two <110> directions (or four <110> 
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Viewer 

a. 

b. 

Fig. 37. A schematic drawing of dislocation loops with various features 
of precipitates from which they were punched out. -- (a) orien
tation of the three most common features of precipitates with 
respect to the rhombicuboctahedron (RCO) and to the viewer; 
(b) Precipitate-dislocation loop geometry (from Tan and Tice, 
1976) • 
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Fig. 38. Punched-out dislocation loops from a cruciform 
precipitate from 38-S31 specimens, from seed
end, preannea1ed in Ar at 800 0 e for 16 hrs., 
and oxidized in dry 02 at 1050 0 e for 16 hrs. 
(multiple-beam condition). 
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directions from the precipitate) of the surface plane and two oblique 

<110> directions not parallel to the precipitate sides (see Fig. 39). 

From a flat-form precipitate, dislocation loops can only be punched out 

in four oblique <110> directions (see Fig. 40). No edge-on dislocation 

loops from the precipitate were observed. Since the precipitate may form 

or orient themselves in forms other than the most common forms described, 

such as missing one or two arms from a cruciform precipitate, the nature 

of the dislocation loops will aiso be changed accordingly. 

Since the dislocation loops of any <110> set lie in the corres

ponding {110} planes, it follows that the loops must have Burgers vectors 

of the type a/2<110>, and must also be purely edge in character (Tan and 

Tice, 1976). Verification that b = a/2<110> was established by using 

the conventional dislocation contrast analysis. The loops are all inter

stitial type in nature since the silicon matrix is compressed by the 

precipitates (Tan and Tice, 1976). 

Stacking Faults. The formation of stacking faults from precipi

tates has been proposed by several investigators (Patel, 1977; Wada et 

al.,1979). In this investigation, the densities of stacking faults were 

very low (rarely observed in all the wafers subjected to the low-high 

temperature annealing). A typical stacking fault observed with a precipi

tate nucleus is shown in Fig. 41. 

Annealing of Thin TEM Foils 

The objective of thin-TEM-foil annealing was to examine the 

change in individual defects on annealing, utilizing the power of the 



Fig. 39. Punched-out dislocation loops from an edge-on 
precipitate in a 38-C38 specimen, center, 
preannealed in Ar at 800°C for 16 hrs. and 
oxidized in dry 02 at 1050°C for 16 hrs. (two
beam condition). 
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Fig. 40. Punched-out dislocation loops from a flat-form 
precipitate in a 38-S29 specimen, from a seed
end wafer preannealed in Ar at 800°C for 1 hr. 
and oxidized in dry 02 at 1050°C for 16 hrs. 
(multiple-beam condition). 
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Fig. 41. A typical stacking fault observed with a pre
cipitate nuclei in a 38-T39 specimen which was 
from a tang-end wafer subjected to argon pre
annealing at 800 0 e for 1 hr. and oxidation in 
dry 02 at 1050 0 e for 16 hrs. (two-beam condi
tion). 

120 



121 

electron microscope. The foils were annealed in a quartz furnace or 

directly in the transmission electron microscope, as described previously. 

Thin foils anisotropically thinned from wafer A-35 were used for 

the furnace-annealing study. Wafer A-35 was sliced from the seed-end of 

a crystal and subjected to argon annealing foY' 100 mins. at 900°C and 

steam oxidation for 4 hours and 45 mins. at 900°C before thinning. A 

typical defect area is shown in Fig. 42. The size of the precipitates 

was increased slightly by furnace annealing in argon for 30 mins. at 

900°C. Subsequent annealing of this foil at 1200°C for 30 mins. in argon 

caused all the defects to disappear. After several annealing experiments, 

it was concluded that the precipitates observed in A-35 started to dis

solve and to go back into the solution after annealing in argon for 30 

mins. at 1130°C or higher. Foils which were steam oxidized at 1200°C 

for 30 mins. also showed no defects other than oxygen-induced stacking 

faults. These results agree with general observations by an infrared. 

absorption technique (Shimura et al., 1980b). 

The thin-foil annealing proved to be a useful tool for the close 

study of ·defect changes upon annealing. Fast pulling of the thin foil 

in and out of the furnace at high temperatures did not damage the foil. 

However, metallic contamination from the tweezers and other objects in 

contact with the foil did become a problem. Figure 43 shows a contami

nated A-35 foil after argon annealing for 30 mins. at both 900°C and 

1200°C. Instead of dissolving and going back into solution, the precipi

tates attracted contaminants (metallic particles, etc.) and grew larger. 



, 

• 
1 .urn 

-

Fig. 42. A typical defect area of wafer A-35 which was 
sliced from a seed-end crystal and subjected 
to argon annealing at 900°C for 100 mins. and. 
steam oxidation at 900°C for 4 hrs., 45 mins. 
(two-beam condition). 
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Fig. 43. A defect contaminated during the thin foil 
annealing. -- The specimen was prepared 
from wafer A-35 as in Fig. 42. 
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Adequate cleaning of the thin foil must be performed before starting 

such an annealing. 
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For annealing inside the transmission electron microscope, an 

anisotropica11y thinned specimen from wafer 38-549 was used (see Chapter 

4). Figure 44 shows consecutive micrographs of the growth of a rod-like 

defect. The longitudinal growth rate was about 150 ~/hour. No signifi

cant thickening was observed. The rod-like defect was lying in <110> 

direction. No diffraction pattern from the defect could be obtained. 

Tempel hoff et a1. (1979) also observed rod-like defects forming when the 

annealing temperature was below 750°C. By comparison with infrared ab

sorption (IR) spectroscopic data, they suggested that the rod-like defect 

was amorphous 5i02 which represented the first stage of precipitation in 

their specimens, but this was not proven. It will require study with 

high-resolution electron microscopy instrumentation before the validity 

of this suggestion can be determined. 



a. 

b. 

1 .urn 

c .. : 

Fig. 44. Consecutive micrographs of the growth of a rod-like defect 
annealed inside a transmission electron microscope at 750°C 
for various hours; the specimen was from wafer 38-S49, a 
seed-end wafer in the as-grown condition. -- (a) After 14 
hours; (b) After 26 hours; (3) After 40 hours. 
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CHAPTER 6 

CONCLUSIONS 

The conclusions presented here are divided into two major areas 

drawn from the results of this investigation: ultrasonically generated 

defects and thermally induced defects. 

Ultrasonically Generated Defects 

1. During a TEM specimen preparation process employing an ultrasonic 

cutter, ultrasonically generated defects (USD's) can be intro

duced unintentionally. The generation of USD's and the densities 

depend strongly on the cutting power employed. 

2. The generation of USD's and their densities may depend on the 

point defect concentrations, specifically interstitial oxygen 

concentration in CZ-grown silicon, if low cutting power is em

ployed. For high cutting power, the generation of USD's is 

likely independent of the wafer conditions. 

3. The USD's are confined to both of the surface regions of the TEM 

specimen disc in layers of less than 30 ~m in thickness and inde

pendent of the cutting surface and the cutting depth if the depth 

is more than half of the wafer thickness. 

4. USD's are volumetric defects of particles constrained by disloca

tion loops or clusters with associated strain fields. They 
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usually display repeated features and form strings of similar 

defects. The defects may contain polycrystalline silicon par

ticles, but the results are not conclusive. 

Thermally Induced Defects 

1. Swirl defects observed in CZ-grown silicon are mainly precipi

tates, punched-out dislocation loops, and some stacking faults. 

These are the defect species which currently limit electrical 

homogeneity and affect the performance of p-n junction devices. 

2. In wafers subjected to a low-high temperature two-step annealing, 

the precipitate density depends strongly on the initial inter

stitial oxygen concentration in the wafer. 

3. Precipitate density increases with increasing annealing time 

during the low-temperature annealing step, especially for the 

wafers containing low concentrations of initial interstitial 

oxygen. 

4. The basic morphology of the precipitates is that of thin, square

platelets with {10~} habit planes, with the sides parallel to the 

two <110> directions in the habit plane. The most common forms of 

the precipitates in {100} CZ-grown silicon, given a two-step 

annealing treatment and observed using a transmission electron 

microscope, areo'flat, edge-on, and cruciform shapes. 

5. The precipitates may be non-crystalline despite their crystalline

like appearance. The chemical composition of the precipitates 

may be SiO. However, this result is not conclusive. 
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6. Dislocation loops are generated by the precipitates through the 

mechanism of prismatic punching. The basic geometry of the 

loops is rhombus-shaped with the lines sense in <112> directions 

on {111} bounding planes. Loops are punched out along <110> 

directions in a crystal. Loops are seen in rhombus-shaped geo

metry only if they are in the oblique <110> directions from a 

{100} surface plane. Loops are seen edge-on if punched out in 

two <110> directions of the {100} surface plane. 

7. The number of rows of punched-out dislocation loops and their 

appearances and orientations are directly related to the form of 

precipitate from which they are generated. The punched-out loops 

are limited to lie along only four of the six possible glide 

directions that do not lie in the precipitate habit plane. 

8. The loops are all interstitial type in nature, purely edge in 

character, and with Burgers vectors of the type a/2<100>. 
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