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Summary of Crystalline Defects Control in Silicon

Hirofumi SHIMIZU* and Tomoaki INOUE**

Abstract

This report summarizes major silicon (Si) crystal challenges to control process-induced microdefects,
oxidation-induced-staking fault, oxygen precipitation, plastic deformation and/or warpage (thermally-induced
and/or gravitational-induced dislocation), getttering, crystal originated particles in Si, and to review controlled
point-defects in the Si crystal in parallel with the evolution of Si microelectronics from integrated circuit through
the ultra-large-scale-integration era from 1970s through 2010s. Furthermore, recent development related to point-
defect dilemma during the Si crystal growth from 1980s through 2010s will also be reviewed.

Key words: dislocation-free Si single crystal, integrated circuit, ultra-large-scale-integration, stacking fault,
dislocation, plastic deformation, warpage, oxygen precipitation, gettering, vacancy, interstitial, metal
contaminants

1. Introduction

1.1 Objective and scope

A dislocation is an essential crystalline defect for an understanding of many of the physical and mechanical
properties of crystalline solids."” Electronic-grade silicon (Si), occurring naturally in the form of silica and silicate,
is the most significant semiconductor for the electronics industry. In this report, we focused on crystalline defects in
dislocation-free Si single crystals aiming at the perfect basis (wafer) for Si electronic devices.* ™

Historically, a transistor was invented in 1948 (a transistor of rudiment was fabricated in germanium (Ge)
substrate). It was the dawn of a new era into an incredible development of the current Si electronic devices. Then,
in 1960, integrated circuit (IC) was exploited on the basis of the epoch making concept in which transistors,
capacitances and resistors were concurrently embedded in the Ge substrate. Nowadays, the remarkable advance

519 Since

into ultra-large-scale-integration (ULSI) device leads to the innovative computer and communication age.
1965, all kinds of IC and/or ULSI devices have been manufactured in Si wafer in which a Si crystal ingot has been
sliced, lapped, etched and mechano-chemical mirror-polished on one side and cleaned (see the Si ingot and wafers in
Fig. 1) before the electronic devices are fabricated in the surface area of the Si wafer.

At the moment in 2016, a miniaturization of ULSI device is still proceeding, a half pitch of the device which
is a criterion of the miniaturization advances from 16 to 11 nm. According to SEMI report, the limit of the
miniaturization may be 5 nm in the future. Concurrently, a wafer enlargement is groping toward from 300 to 450 mm
in diameter aiming at manufacturing cost effective devices.

In parallel with the evolution of the Si IC and/or ULSI devices, Si crystal technology has remarkably been
added value to those devices for the last 60 years. In 1958, Dash'*"® showed the possibility of dislocation-free Si
crystal growth by necking method which has been developed into float-zoning (FZ) % and Czochralski (CZ)"™*
growth methods. Many research activities have been aimed at growing dislocation-free Si crystals.

Upon remelting process during Si crystal growth, point defect clusters are introduced into crystals.lg'zs) In 1970s,
swirl defects (point defect clusters) were postulated to be generic term referring to a class of defect structure in Si
dislocation-free crystals in which point defect complexes were condensed.'”* Shallow pits of the defects were found

d, " reflecting the combined effects of melt convection,

to be distributed in a swirl-like pattern by etching metho
rotation of the crystal and temperature fluctuations at the crystal-melt interface during crystal growth as shown in
Fig.2.” These are summarized in connection with microdefects (grown-in defects) later in detail (see section 3.1
below).

In the early 1970s, the commercial introduction of dislocation-free FZ and CZ Si single crystals began. Since

then, most of Si electronic devices have been fabricated on dislocation-free CZ Si wafers in comparison with the FZ
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Fig. 1 . A view of Si single crystal ingot and mirror-polished Fig. 2. Swirl distribution and shallow pits in 35-mm-

wafers. diameter dislocation-free FZ single crystal
[Copyright (1966) The Japan Society of Applied
Physics] .2

crystal. In view of the importance of the oxygen content for intrinsic gettering (IG) * (see gettering section 1.5, 2.5,
3.5 below) and considering the effect of uncontrolled oxygen content in plastically deforming and warping the wafer,
the comprehension of oxygen behavior in Si during processes became very crucial. Detailed investigations will be
implemented later.

In general, CZ Si wafers are mechanically stronger than FZ wafers during heat treatments at high
temperatures. This is because the former of oxygen content is much higher (approximately three orders magnitude
high) than the latter, thereby, even if slip dislocations are once generated, induced dislocations are promptly pinned

)% Hence, the further multiplication of dislocations was

by oxygen (locking effect: what is called Cottrell effect
prohibited in CZ Si single crystal. Thus, CZ Si wafers were lesser susceptible to the occurrence of slip dislocations
or warpage due to thermal stresses than FZ Si wafers. However, in CZ Si wafers for device processing, the crucial
problem of thermally-induced dislocations® * became remarkable as wafer size was enlarged from 2 to 3 inch in
1970s. Those dislocations were induced by thermal stress in regularly-spaced circular Si wafers.”’*’ The typical
induced-dislocation etch pattern in (111) wafer along the < 110 > slip direction is illustrated in Fig. 3.? Namely,
harmful effects by dislocations in electrical performance became remarkable in 1970s (era of 3 inch wafer size). The
relationship between enlargement of Si wafer and growing thermal stress will be discussed later in detail.

In 1990s, concurrently, regarding large diameter wafer (200 mm [8 inch] diameter wafer), the gravitational
stress caused the introduction of slip dislocations at high temperature treatments. " This problem was solved by
the improvement of wafer supporting jig. This will be also described later in detail (see section 3.4 below).

In dislocation-free CZ Si single crystals, point defects including vacancy, interstitial and impurities such
as oxygen are incorporated into crystals during growth around at melting temperature. In the course of crystal
growth and cooling processes, various secondary defects are created in the form of swirl,lg’w nuclei and/or oxygen

4 and crystal originated particles (COP) (see section 1.6 below) ¥ These microdefects have critically

precipitates
affected crucial failure to electrical performance of miniaturized Si devices.

In 1970s, the occurrence of oxidation-induced stacking fault (OSF) also became a crucial problem that
researchers should get over it to improve electrical characteristics in Si devices.

Oxygen with high content (the oxygen content was as high as ~2.0x 10® atoms/cm?) in CZ Si wafers, although
electrically neutral, agglomerates as oxygen precipitates SiO, during high temperature heat treatments. The oxygen
precipitates in the bulk aggravated the reduction of
mechanical strength of Si wafer, as it were, precipitation
softening, accelerating warpage of the wafers due to
thermal stress.” " On the other hand, oxygen precipitates
Si0, give rise to punched-out dislocations and stacking

faults to relax the stresses because lattice parameter

of Si0, is approximately two times larger than that of

Si lattice. Then, unwanted impurities were absorbed in  Fijg 3. A (111)-oriented Si slice in which the severe

stress field of the punched-out dislocations and stacking slip has been delineated by etching to show the
. . . emergence of dislocations. The lines lie along the
faults (scavenging effect) and those impurities were intersection of other (111) slip planes with the

made inactive in electrically active p-n junction area in viewing surface.
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devices.

)% compared

The latter phenomenon has been called an intrinsic gettering (IG) (see gettering section 1.5 below
with extrinsic gettering (EG) such as backside damage, poly-Si film and implanted layer in Si wafer (see gettering
section 1.5 below). Until recently, many investigations have been performed and substantial benefits have been
confirmed in devices for the past several decades.

In this report, we focus on controlling crystalline defects in CZ Si wafers including growth-induced microdefects
caused by point defects (vacancy and interstitial) and oxygen, and also device process-induced defects [oxygen
precipitation, OSF, thermally-induced dislocations, gravitational-induced dislocations, IG and crystal originated

particles (COP) defects].

1.2 Crystal growth-induced microdefects

In ULSI device era, each device is necessary to be fabricated in sophisticated Si wafers. The wafers are sliced
from dislocation-free CZ single crystals, lapped, etched and mechano-chemically mirror-polished on one side and
then finally cleaned. Therefore, to manufacture a commercially high quality CZ Si crystals has been a crucial
assignment with an aim of the evolution into the state-of-the-art Si electronic devices since 1970s..

In as-grown state of dislocation-free crystals, the Si wafer includes point defects such as vacancy, self-interstitial
and impurities (especially oxygen atom). In 1970s, swirl defects were postulated to be generic term referring to a
class of defect structure in dislocation-free crystals in which point defect complexes were found to be developed as
a result of the condensation of intrinsic point defects.” " Kolbesen, de Kock and their colleagues24’25> showed that
swirl defects in FZ Si (referred to as A defects) were agglomeration of interstitial atoms, rather than vacancy,
dislocation loops and by their detailed models, and they showed that the A and B defects were significantly different.
The B defects were suggested to originate from droplet-like agglomerates of interstitials.

Over and above the point-defect dilemma, an increased understanding of the incorporation of point defects

) The crystal growth, sectioned along the direction of crystal

into the solidifying Si crystal was also being obtained.
growth, was observed by Abe™ to generally exhibit a spatial demarcation between vacancy-rich and interstitial-rich
regions, depending on the crystal growth parameters.

In 1982, Voronkov™’ suggested that the dominant type of intrinsic point defects were vacancy and/or self-
interstitial incorporated into the Si crystal during CZ growth and they depended on the ratio V/G , where V is the

51,52 .
"2 argued the conditions

growth rate and G is the near-interface axial temperature gradient. Voronkov and Falster
of incorporation of vacancies and/or interstitials into Si crystals in terms of the ratio V and G. In the early 80’s,
Voronkov™” put forth a model that vacancy-rich crystal is grown for larger V/G, while interstitial-rich crystal is
grown for smaller V/G. A defect-free crystal was obtained only when the V/G lies in between these two regions.

I’V has been attaining the standard position as the model of defect growth of Si over 30

Since then, Voronkov mode
years. In this model, V and G are regarded as two independent parameters.
On the other hand, in Abe’s model,sm it is assumed that only vacancies are introduced at the melt/solid interface

1,”Y both vacancies and self-interstitials are incorporated with their thermal

by thermal gradient. In Voronkov's mode
equilibrium concentration. Tuning the crystal-growth parameters was subsequently shown by Voronkov™ and later,
in conjunction with Falster,” to result in either vacancy-rich or interstitial-rich material. Interstitial-rich material
was found to result in an improvement in gate-oxide-integrity (GOI) in ULSI devices. Otherwise, when V was
moderately high, vacancy became rich and coalesced as voids (see section 1.6 and 3.1 below). The void region of
a crystal was surrounded by a narrow marginal band of particles, and in 1989, this band was identified to be the
formation of the ring-shaped stacking fault (R-SF)® that was found after annealing at high temperature (see
section 3.1, 3.3 regarding R-SF below).

Nevertheless, until 2011, Abe and co-workers””*® have noted the greater importance of the thermal gradient,
per se, at the crystal-melt interface in controlling the formation of point defects. They developed their theory based
on that the growth rate of Si crystals depends on the temperature gradient, thereby causing thermal stresses to

57,58)

introduce point defects. In 2016, Abe and co-workers claim that at the melt/solid interface only vacancies are

introduced into the growing crystal while interstitials are generated in the already grown crystal when thermal

stress increases sufficiently e.g. due to the larger thermal gradient when pulling slowly in contrast to Voronkov

1.”*? Vanhellemont™’ already estimated the effects of thermal stress on point defects on the basis of the

60-63)

mode

calculation of the first principle.
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57,58)

Nowadays in 2016, Vanhellemont et al.*” | commented the former Abe and co-worker’s idea against Voronkov's

51
model®”

and concluded that the explanation of their observations was partly based on assumptions that were not
correct and might therefore be misleading. However, the generation of point defects and the formation of secondary

microdefects during CZ Si crystal growth is still controversial. This will be discussed in section 3.1 below.

1.3 Introduction of slip dislocations due to thermal stresses in CZ Si wafers during device processing
During Si electronic device processing in 1970-1980s, when a row of regularly-spaced circular Si wafers is

inserted into or pulled out of a furnace maintained at high temperature, a thermal stress was set up in each wafer as

30-34)

a result of the radial variation of the temperature. Major reason of the thermal stress was caused by shadowing

effects between wafers in a row.”” If the thermal stress in a (111) plane along the<<110>slip direction exceeds the
critical shear stress of the wafers, slip dislocations or warpage can be initiated, depending on several factors; the
wafer processing temperature and the temperature gradient on the wafers, the type of microdefects due to oxygen

5657 the wafer dimensions (the diameter-thickness ratio), and the direction of

65,67)

precipitation® and their amount,
initial bowing.45’66’67> In ULSI processing, oxide precipitates,68) as well as punched-out dislocations around them,
act as sites for slip dislocation generation, causing plastic deformation of wafers (warpage).

To reduce the warpage due to thermal stress during device processing has been one of the major problems in
larger-diameter CZ Si wafers (4 inch or greater) in order to obtain higher production yields of devices. Minimizing
the wafer warpage was shown to be facilitated by reducing the insertion/withdrawal rate from the furnace less
than 850 °C, as shown by Shimizu et al.**” The mechanical properties of Si crystals had been investigated in
relation to the behavior of oxygen.27’29’68’69) In CZ Si wafer containing oxygen as high as ~ 1.0 X 10" atoms/cm”,
induced dislocations are immediately locked by oxygen (locking effect),” resulting in the prohibition of further
multiplication of dislocations. However, in CZ Si wafers, oxygen atoms in excess of the solubility limit precipitate at
the elevated temperatures of around 1000 °C commonly employed in ULSI processing, resulting in secondary and/or
third lattice defects which give rise to both beneficial and detrimental effects in ULSI devices. Microdefects induced
by oxygen precipitation treatment, if properly controlled in the bulk of the wafers far from the surface, act as

* On the other hand, such microdefects

capturing sites for harmful impurities on surface region, what is called, IG.
(oxide precipitates, punched-out dislocations and stacking faults) degrade p-n junction characteristics if they
penetrate into the active device area, and also serve as sources for slip dislocation generation and multiplication.
This phenomenon is called crystal softening effect.””’

Oxygen precipitation in CZ Si at high temperature annealing is strongly influenced by the oxygen concentration,

7 and thermal history (cooling conditions of crystal ingot after growth) and subsequent

carbon concentration,
oxygen stabilization heat-treatment (annihilation of oxygen donors formed at around 450 °C).™ This will be
discussed in section 1.5 and 3.6 later.

Issues of slip dislocations become crucial as wafers are getting larger because of shadowing effect between
wafers or weight, although groped by wafer manufacturing company toward from 300 to 450 mm in diameter in the

near future.

1.4 Occurrence and elimination of oxidation-induced stacking faults

Upon oxidation of Si wafers at high temperature (900-1200 °C), stacking faults often occur on Si surface. This
stacking fault was firstly observed in 1963 by Thomas™ and was called oxidation-induced stacking fault (OSF or
OISF), degrading electrical performance of Si devices. This was discriminated from the bulk staking fault (B-SF)
which is originated in oxygen precipitation in Si bulk. The nucleation and growth mechanism of OSF had been
investigated in detail, although, it was postulated to nucleate at scratches, residual damages and/or contaminants
at wafer surface and grow during oxidation in which interstitial atoms are collapsed.”*” Therefore, from lattice
defect point of view, the structure of OSF is an interstitial-type (extrinsic) stacking fault on (111) plane which is
surrounded by Frank partial dislocations having Burger’s vector of a/3<111>>.? Following the definition by Frank,”
the extrinsic stacking fault is surrounded by Frank partial dislocation, where an extra half plane is inserted, as it
were, it corresponds to the insertion of interstitial atomic plane. The nucleation sites of OSF were already known at
scratches, residual damage, contaminants and swirl defects at the surface of Si wafers.”” ™
In oxygen precipitation during high temperature treatments, oxide precipitates (SiO,) emit excess interstitial

Si atoms, causing interstitial-type punched-out dislocations and B-SF,® * because of the expansion of SiO, in Si
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lattice.
In order to avoid harmful effects caused by OSF in 1970-1980s, some annihilation and elimination methods had

d.** An annihilation of OSF needs that Frank partial dislocations surrounding OSF absorb vacancy.

been develope
Then, OSF shrinks under annealing at high temperature in non-oxidized ambient. Shimizu et al.***” reported that
OSF shrank by annealing the oxidized wafers in N, atmosphere and OSF-free region (denuded zone: DZ) could be
formed beneath the SiO,/Si interface area, where the depth of the free region depended on annealing temperatures
and time. They have proposed this process to be “post-oxidation annealing” technique.*” Concurrently, the addition
of HCI and Cl gas into oxidized atmosphere also gave rise to the shrinkage of OSF.5%

In 1989, Hasebe et al.”” reported for the first time that R-SF occurred in ring-likely shape after high temperature
annealing. The R-SF is an interstitial-type stacking fault in the bulk and has the same characteristic of OSF. Thus,
R-SF is essentially B-SF related to crystal growth in contrast to OSF on the Si surface, and also originated in not
only by oxidation, but also by various heat treatments in non-oxidized environment (see section 3.1, 3.3 above and

below) 53,88-90)

1.5 Gettering (Extrinsic gettering, intrinsic gettering)

In Si device manufacturing, cleaned wafers are inevitably exposed to metallic contamination environment
during oxidation and various processes. In order to avoid harmful effects due to such contaminations on device
performances, an idea of the gettering was born and applied in Si device processes.

In 1960, Goetzberger and Shockley”’ firstly reported instance of gettering in Si wafers, where they utilized a
phosphosilicate glass (PSG) thin film on the back surface of the Si wafer to getter unwanted metallic impurities
away from the active device regions (p-n junction region in front surface).”’ It was initially believed that the
metallic impurities were incorporated within the PSG liquidus due to chemical action with P atoms.””’ Figure 4
illustrates a basic concept of gettering by PSG thin layer at the back side of Si wafer. Thus, the gettering process
essentially provides a technique to remove the process-induced metal contaminants from active device regions,
resulting in realizing an improved device performance, device yield and reliability in the early stage of Si device
development. Furthermore, as is described below, the idea of the gettering was successfully applied to Si device
processes in alternative ways approximately for the following 40 years longer (see gettering descriptions below).

Thus, the benefits of the gettering were observed in improving device characteristics of p-n junction; the
decrease of oxide leakage current and gate-oxide breakdown and so forth. The successful gettering technique
required three steps. These steps were (1) the release of metal impurities from their deleterious location within/
near the p-n junction, (2) the transport of the metal impurities to the gettering area, and (3) the capturing metal
impurities at the gettering site.

A variety of back-surface external and/or extrinsic gettering (EG) technique were subsequently examined.”

i .
94,95) % The mechanical

Those were back side mechanical damage,93> ion-implant damage, polysilicon layer gettering.
damage procedure, however, was prone to particulate flaking off the back-surface. Back-surface polysilicon gettering
was a cleaner procedure and was extensively utilized.

On the other hand, the internal and/or intrinsic gettering (I » technique essentially uses the effect of
stresses caused by oxygen precipitation including punched-out dislocations in the bulk.* Figure 5 shows a
schematic picture of the basic concept of IG in which wafer is formed by the combination of DZ in the surface area
and microdefect regions which act as gettering sites in the bulk. The pre-dominant method of gettering became
oxygen IG with implantation of a defect-free DZ near the surface and microdefects (oxide precipitates, punched-
out dislocation complexes and B-SF) in the bulk. When it comes to successful IG, it is required to understand the
mechanism of oxygen incorporation and to realize controlled concentration, and also to keep spatial homogeneity of
oxygen during CZ crystal growth. This will be discussed later in detail.

Historically, the IG phenomenon was first reported in 1976, what is called, as in-situ gettering.” In 1977,% this
phenomenon has been named as “intrinsic gettering”. It was a crack of dawn of IG era and also the beginning of
the research and development of IG*™' which contributed to the improvement of Si device characteristics. The key
elements of IG are to create bulk defects which are necessary to capture deleterious impurities from device active
regions and, at the same time, to form DZ beneath the surface. The DZ corresponded to stacking fault-free region
which Shimizu et al.*” insisted in 1978, however unfortunately, they put a high premium on eliminating OSFs,

thereby they missed to identify the crucial effects of oxide precipitates in the bulk and absorption of harmful surface
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Metallic contamination environment
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I

Denuded zone

‘ Phosphosiliate glass (PSG) thin layer Microdefects

]
Intrinsic gettering

Fig. 4. A basic concept of gettering by PSG thin layer at Fig. 5. A schematic of cross-sectional view of intrinsic

the back side of Si wafer proposed by Goetzberger gettering in the wafer

and Shockley” in 1960. Harmful impurities in

wafers were absorbed to PSG thin film because

of chemical action with P atoms. This gettering

process was successful to have realized an improved

device performance, device yield and reliability in

the early stage of Si device development.

impurities from device active area into stress field of microdefects. On the contrary, researchers (school of thought
of IG) focusing on bulk microdefects contributed to improve device performance by eliminating metal contaminants
from device active region. Therefore, the researches and applications of IG into device processes continued for the
next 20 years. Nowadays in 2016, impurities on wafer surface becomes more crucial in state-of-the-art ULSI devices
in which the half pitch are proceeding from 16 to 11 nm.

1.6 Crystal originated particle (COP) caused by agglomeration of vacancy during crystal growth

In Fig. 6, it is illustrated that a schematic drawing of incorporation of vacancy and/or interstitial into Si crystal
ingot during crystal growth. Then, frozen vacancies coalesce into the octahedral void in the course of cooling of the
ingot in the CZ growth furnace. According to many researchers, COPs on Si wafer surfaces have been identified as

104-106) Namely, during crystal growth, vacancies are incorporated liquid/solid interface

truncated octahedral voids.
as shown in Fig. 6, and congregate as the octahedral void surrounded by (111) plane in the course of cooling in
CZ growth furnace. To be exact, vacancy rich and/or interstitial rich region in Si crystal ingot were determined by
the two parameters of V and G, where V is the growth rate and G is the near-interface axial temperature gradient
(Voroncov model).”” The octahedral voids of the origin of COP are formed when V is rather high. This will be
discussed in section 3.1.

CZ crystal ingots are usually sliced to an appropriate thickness, lapped, etched and then mirror polished on one
side. Finally, those wafers are treated by a standard clean 1 (SC-1; RCA alkaline rinse) for Si devices. As shown
below, COP defects were originally discovered on Si wafer
surface in the course of the SC-1 cleaning process.44>

Figure 7 illustrates various type of COPs on the Si (100) pracical vacancy
profile

wafer in which octahedral voids in the bulk are truncated

Clustering /
by the (100) surface. The COP defects revealed on the (Formation of 55y
. . S —
surface were covered by oxide film (~5 nm), probably 1150°C St
Uphill diffusion

because the inside of (111) surface of octahedral void was

| I—— A —
Vacancy concentration

oxidized during crystal growth.

Historically, the discovery of COP defect dates back to
in 1990. Ryuta et al."’ firstly reported crystal-originated
singularities on Si wafer surface by a particle counter
after the SC-1 solution."” The observed singularities were
etch pits (0.1-0.2 pm) and they increased by repeating Fig. 6 . A schematic drawing of incorporation of vacancies
SC.1 el g W00 B he furth h into Si cryst.al ingot aqd of coalescence qf the

-1 cleaning. ased on the further researches, as octahedral void (LSTD) in the course of cooling of

shown before, the singularities on the Si surface were the ingot in the CZ growth furnace.
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identified to be COP defects and the origin of COP defect was proved to be a part of an octahedral void which
vacancy agglomerated in the Si bulk crystal, where vacancy was incorporated into liquid/solid interface during
crystal growth. This was clarified by Voroncov' criteria™ reported before. Voronkov™ put forth a model that vacancy-
rich crystal is grown for larger V/G, while interstitial-rich crystal is grown for smaller V/G. The COP defects were
formed in larger growth rate of crystal region (large V/G), which is vacancy-rich region.

In 1996, Gonzalez et al.'”” firstly reported harmful effects of COP defects on device characteristics. Concurrently,

), 1 Secco etch-

the COP defects were found to be the same origin already characterized as flow pattern defect (FPD
pit defect (SEPD)'" and laser scattering tomography defect (LSTD)."*"'¥ These results were investigated by
many researchers from 1993 to 1996."'% Kato et al." reported clearly the relationship between LSTD and COP by

transmission electron microscopy observation in CZ Si crystal. This is schematically shown in Fig. 8.

A

i

COP Oxide

Cross sectional view of

Fig. 8. Schematic view of the relationship between LSTDs
and COP defects [Copyright (1996) The Japan
Society of Applied Physics].”™”

Fig. 7. Schematic diagram of COP defects, (a) shows an
octahedral void in Si bulk surrounded by (111)
plane (LSTD); (b), (¢) and (d) illustrate COPs
truncated by (100) surface, (b) is overhang shape
and (d) is twin-type.

1.7 Cleaning technology of Si wafers (heavy metal control)

As device dimensions continue to shrink in ULSI circuits, there is a growing need for better control of
heavy metal contamination such as Fe, Cu, Ni and Al in both Si wafers and device processings. The economy
of device is a direct function of the yield and performance of process steps in device processings. Competitive
edge in manufacturing ULSI must process wafers correctly, with perfect consistency and repeatability in Si bulk

characteristics such as oxygen concentration, what is called, 1G.»

The progress in chemical analysis is driven by the
demands of technology improvements and is getting closely connected with both the Si bulk and device processings,
facilitating monitoring on the basis of trace-analysis methods. To monitor impurity level in processings, the trace-

analysis methods must be highly selective and of high precision, with high throughput.
2. Experimental procedures

2.1 Shrinkage and annihilation of OSF by post-oxidation annealing method

Dislocation-free CZ Si crystal wafers of (111) and (100) orientations were used. The resistivity was 5-8
ohm-cm (phosphorus doped). The crystals had 1 X 10" atoms/cm® of oxygen and 2 X 10'° atoms/cm’ of carbon, as
determined by infrared absorption measurement. The wafers had been sliced, lapped, and chemically etched in
order to remove any damage and then one side of the wafer was chemically-mechanically polished. These wafers
were found to generate spiral-shaped patterns, referred to as “swirl”, when subjected to the oxidation and Sirtl-etch
examination."” OSFs were generated after thermal oxidation along swirl pattern. Swirl patterns were clearly visible
in the periphery of wafers and hazy in the center of wafers. The OSF densities were 2-3 x 10°/cm” on swirl and 1-9 X
10"/cm” off swirl patterns.

At the first step, oxidation was carried out to introduce OSFs in Si wafers. The wafers were oxidized at 1100 °C
in wet oxygen atmosphere saturated with water vapor at 96 °C. To obtain OSFs with several micro-meters in length,
the triple sequential oxidation process was applied. These oxidized wafers with oxide films were separated into
several pieces and then these specimens were subjected to annealing in nitrogen atmosphere for various times at

temperatures between 1050 °C and 1250 °C. In order to measure the shrinkage rate of OSF's and observe the in-depth
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distribution of stacking faults in crystals (distribution of B-SFs), the specimens of the later experiments were angle-

114 . . . .
’ and then examined with an optical microscope.

lapped at an angle of 5.80 ° and etched in Sirtl solution,
2.2 Characterization of ring-shaped stacking fault (R-SF)

X-ray topography was employed to verify the overall distribution of crystal defects of the heat-treated wafers.
For the measurement, (220) reflection with Mo K a radiation was used. Thermally induced defects in the R-SF*”
region, i.e., stacking faults, oxide precipitates and accompanying punched-out dislocation loops, were examined by
means of the transmission electron microscope (TEM). The electron beam energy was 200 keV in the TEM.

As another characterization technique, a scanning photon microscope (SPM) developed by Munakata et
al.'®” was employed to evaluate R-SF*” in parallel with X-ray topography. The SPM method based on the theory
of an alternating current surface photovoltage (AC SPV) 1517 can visually evaluate charged states, chemical
contaminants, surface imperfections and bulk defects. Upon evaluating bulk microdefects, a probing photon beam
(PB) (near infrared) with wavelength of 896 and 1076 nm was used. The PB was emitted from a specially arranged
cathode ray tube and was chopped at 2 kHz. The PB with 0.4 mm diameter was projected onto the wafer surface
and its incident PB power was 0.39 mW. Penetration depths into wafers of the infrared PB were 33 and 769 mm,

corresponding to the peak wavelengths. Thus, the SPM can analyze crystal defects in wafer bulk.

2.3 Slip dislocation and warpage experiments due to thermal stress

Dislocation-free, phosphorus-doped Si single crystals with a resistivity of 8-12 Q -cm and 100 mm in diameter
were grown in the <100 > orientation by the CZ pulling method. Regarding warpage experiments using 100 mm
diameter wafer, the grown six ingots were subjected to oxygen stabilization heat-treatment (annihilation of oxygen
donors formed around 450 °C) at 650 °C for 3 h in a nitrogen ambient. The sliced wafers were lapped, chemically
etched in order to remove any damage and then one side of the wafer was chemically-mechanically polished. Special
attention was taken in slicing wafers from the ingots, because the oxygen concentration in CZ Si is a function of the
axial growth direction. The six ingots named from A to F were separated into seven portions at 50 mm intervals, and
wafers were sliced from each portion for the evaluation of (a) oxygen concentration, (b) the microdefect density, (c)
warpage experiments and (d) complementary metal-oxide-semiconductor (CMOS) device processing, as shown
in Fig. 9. The wafers are denoted by a letter showing the ingot from which they are taken, and a number showing
their position in the ingot, starting at the seed-end and increasing in the growth direction. Thus wafer A-1 was taken
from the seed-end of ingot A and A-7 was taken from the tail end of ingot A..

The concentration of interstitially dissolved oxygen atoms ([Oi]) was measured by Fourier transform infrared
spectroscopy (FT-IR; Digilab QS 300) in the 2.0 mm-thick specimens with mirror surfaces on both sides. The [0Oi]

was calculated from the absorption coefficient a at 1107 cm™ according to the following equation:
[0i]]=3.1x10" xa (atoms/cm?). (1)

In warpage experiments, the sample wafers were set in a Si boat with 5 mm spacing between the wafers, and

seven dummy wafers were set on each end of the batch of

experimental wafers. The wafers on the boat were brought S0mm
A i te— Tail end
into and out of the hot zone of the furnace at a rate of 20 seedend T :{
cm/min three times (warpage experiment-I), and were T l N
. \ N

then thermally stressed once again at a rate of 35 cm/ Cone ~

in in th ( . t-11) 48) shoulder “(b)eMd)  (a) For oxygen concentration
min in the same manner (warpage experiment-II). ) P daaita

: (c) For warpage experiment
After the warpage experiments (I-II), the bow of wafers i e e
were measured. At the same time, the microdefect density
Fig. 9. Pictures illustrating CZ-grown Si crystal ingot

of the wafers cut from the neighborhood position was - : el
separated into several portions with intervals of 50

measured by counting the etch pits delineated by Wright mm in growth direction. Three kinds of specimen
etchant"® on (001) surfaces which polished to a depth were prepared for each portion of the ingot for
) o the following purposes: (a) measurement of the

of about 40 pm by mechano-chemical polishing. Hence, interstitial oxygen concentration, (b) evaluation
the bow of wafers was plotted as functions of microdefect of the microdefect density, (c) examination of
. ] o the warping behavior, (d) CMOS-LSI processing
density. Here, the microdefect density included oxygen [Copyright (1985) The Japan Society of Applied

precipitates, punched out dislocations and stacking faults. Physics]."
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Concurrently, wafers were processed in CMOS device and the bow vs microdefect density relationship was obtained.
Then, warpage experiments depending on oxygen concentration were also performed and the bow vs oxygen
concentration was obtained."”’

2.4 Thermal stresses calculated by mathematical simulation

In next step, the calculation without experiments was targeted to estimate the onset of slip dislocations due to
thermal stresses caused by the radial temperature variation in circular Si wafers. Historically, Hu'? was the first
researcher to have reported to calculate radial temperature gradient in circular Si wafers, where a row of equally
spaced Si wafers were assumed to be set.

Then, Matsuba et al.”*” developed the thermoelastic wafer model with which to calculate thermal stresses by
means of the finite element method (FEM) under plane conditions. Their key elements for obtaining the onset

of slip dislocations are based on Hu's'"”

mathematical model. In an attempt to forecast dislocation multiplication
due to thermal stresses, the critical stress curves were obtained experimentally as a border of the initiation of slip
dislocation against a function of microdefect density on the basis of the mechanical yield stress of Si single crystal
suggested by Alexander and Haasen.”” In comparison with the estimated mechanical yield stresses of wafers and
calculated thermal stresses, Matsuba et al.'? proposed the prediction method to initiate plastic deformation of
wafers (onset of slip dislocations).

Based on Matsuba et al.’””’ thermoelastic wafer model, Shimizu and Aoshima'? described the method to

calculate the thermal stresses. In Hu's mathematical model,"” the thickness of the wafer was assumed to be
sufficiently small so that the temperature could be regarded as uniform across the thickness. The thermal stresses

induced by the radial temperature distribution were calculated in polar coordinates in the following:

c,.(r)= OLE[%QZ IOR T(r)rdr - %2 .E T(r)rdr}, (2)

Gyo(7) = OLE|:%€2 IOR T(r)rdr - %2 Ior T(ryrdr — T(r)}, (3)

G,(r)=0, (4)

where R is the radius of the wafer, r the radial distance from the wafer center, T (r) the radial temperature
profile of the wafer, a the thermal expansion coefficient, and E Young's modulus. In the calculation of the radial
temperature profile T (r), Hu' assumed that the wafers kept in a high temperature furnace were suddenly placed
in an ambient at room temperature and he took three terms into consideration: the radiative heat loss of the wafers,
the radiative heat interchange between wafers, and the thermal diffusion of the wafers. However, the thermal
exchange between the wafers and the furnace tube wall was neglected. On the other hand, Mokuya et al.'” analyzed
a transient temperature distribution in the wafers in the case that they were pushed in and taken out of the high
temperature furnace at a moderate rate as was commonly employed in device fabrication processes.

As mentioned above, Shimizu and Aoshima'®’ were successful to apply their model to predict the occurrence of
the thermal warping of the wafers into and out of the wafer batch from the horizontal-type of furnace.

In order to realize cost effectiveness in manufacturing Si devices, wafer enlargement has been carried out

depending on the developments of Si devices year by

year. Fig. 10 shows the history of wafer enlargement
for the usage in Si devices. Thus, thermal stresses due
to radial temperature variation have inevitably become

large because of shadowing effect'™”

between large
wafers, accelerating the occurrence of slip dislocations.
Therefore, in 100-125 mm diameter (4-5 inch) wafer

era, in order to reduce thermal stresses, a soft landing

Wafer Diameter ("¢)

method, a state-of-the-art technology in those days, was ‘70 '80 '90 2000
developed and employed on the manufacturing base. The Years

2010

point of this technique was to insert a wafer batch inside Fig.10. Wafer enlargement vs annual year.
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the furnace at lower temperatures in which thermal stress was slightest small, and then heat up furnace into at
higher temperatures. This new technique succeeded in almost completely reducing the radial temperature gradient,
resulting in the reduction of thermal stresses in large wafers. Since then, this basic idea has been employed in Si

device manufacturing processes at high temperatures.

2.5 Slip dislocations and slip bands due to gravitational stress in large diameter wafers

For highly integrated device processing in 1990s, a horizontal-type furnace used for oxidation and diffusion
processes was replaced with a vertical-type furnace in which the furnace inside had been designed to use a boat
with less heat capacity and to reduce air involvement during wafer insertion and withdrawal. Figure 11 illustrates
a prototype of the jig made of SiC that supports wafers in batch-type of a vertical-type of furnace in 200 mm (8
inch) wafer era.” In a vertical-type furnace, the circular wafers are set horizontally on a supporting jig, often of
the point contact type. At the fulcrum of the jigs, the wafers bow elastically owing to the gravitational stress due
to their weight. This stress potentially promotes the nucleation and collective motion of slip dislocations. In this
configuration, gravitational stresses in 200 mm-diameter wafers were found to become crucial to potentially initiate
slip bands if the gravitational stress exceeds the critical stress for slip dislocations at high temperature processing
(especially at around 1200 °C).

We have confirmed that this slip propagation was not caused by thermal stresses, but by gravitational
stresses, because the processed wafers were heated up and cooled down slow enough to avoid slip dislocations due
to thermal stresses (soft landing technique). Under wafer diameter versus thickness trend designed for ULSI,
this gravitational stress increased with wafer size. The gravitational stress promotes slip bands if it surmounts
the critical stress of a collective motion of dislocations in Si wafers. Therefore, enlarging the wafer to 300 mm will
seriously aggravate the problem of slip band initiation due to gravitational stresses because of the weight of the
walfer.

X-ray topography was employed to verify the overall distribution of slip bands and/or dislocations in heat-
treated wafers. For the observation, (220) and (422) diffraction with Mo K ,radiation was used. Nuclear plates (Ilford
L-4) in place of X-ray films were used to analyze slip dislocation configuration in X-ray topographs.

In order to meet the requirement of 300 mm diameter wafer era, the thermoelastic model by Matsuba et al."™’
was modified to fit the vertical type of furnace by Shimizu et al.®*" They took the difference of infrastructure between
horizontal and/or vertical-type of furnace into consideration and modified the equations proposed by Matsuba et
al.'”™” Then, a calculation of gravitational stresses was simulated by FEM under plane stress conditions.”* A wafer
was sectioned by both 20 in radial direction and 72 in azimuthal direction, resulting in 1440 elements in all as shown
in Fig. 12. Upon the calculation of stress, the wafer was set horizontally in the vertical type of furnace, where the
contact point with supporting jig, what is called, the deflection of nodes was fixed zero in cylindrical coordinates
and the gravity was assumed to work uniformly across the wafer. Used analytical soft program was a commercially
available COSMOS/M (SRAC Co.). The calculated gravitational stresses were converted to resolved shear stresses
on slip planes (111) in slip directions < 110>, which are well defined crystallographic directions in the diamond
lattice. X and y direction were defined as shown in Fig. 12. Among the five slip systems, the maximum resolved

wafer
Wafer Wafer  Jigpole Support

{

»” FromI view
Front :H]
Jig pole

) Water Jig pole |
*x=[110]

y=[011]
FEM mesh in a wafer
{number of elements : 20X72=1440)

Fig.11. Conventional supporting jig for the beginning of 200 Fig.12. A schematic diagram of meshes in a wafer used
mm-diameter Si wafer to manufacture Si devices finite element calculation of gravitational stresses
in vertical type furnace (Copyright Permission by (Copyright Permission by The Electrochemical
The Electrochemical Society).*” Society) .*”
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stress was regarded as the gravitational stress required for the present computer simulation as follows:

S, =~2/3]1, | (5)

1
S2 :E | ny + Txy (6>
1
S3 - % | O™ Txy (7>
g = 1
4—%|ny+’[xy (8)
1
SS = E' ny - Txy (9)

2.6 Procedure of IG

The key elements of IG technique are the following two items, namely, a formation of both DZ and an interior
bulk region of high densely microdefects which act as gettering sites (referred to as IG sink) as has been shown in
schematics of Fig. 5.

In general, IG heat treatments consisted of the following three steps. The first was the out diffusion of oxygen
at high temperature (>1100 °C) in non-oxidized ambient. The purpose of this step was to form DZ in the surface
region of the wafer. The second step was to reform grown-in SiO, embryos at low temperature (600-750 °C) which
had already been shrunken and/or annihilated in the first step. Namely, this step was a formation of nucleation
sites of bulk microdefects in the subsequent heat treatments. The third step was the heat treatment (1000-1150
°C) to grow microdefects (SiO, precipitates including punched-out dislocations and B-SF) in the bulk which act as
gettering sites beneath the DZ. This method was called as denuded zone intrinsic gettering (DZIG).”’

The function of IG depends on the microdefect density in the bulk in which oxygen concentration plays a key
role in IG process. In contrast, the mechanical strength of the Si wafer has been reported to be dependent on the
microdefect density.A‘8> Concurrently, the microdefect density is closely related to oxygen concentration of Si wafers.
In high oxygen concentration as high as~1-2x 10" ¢cm ™, high density of oxide precipitates will cause higher density
of microdefects during heat treatments. Therefore, to control reasonable oxygen content in CZ growth is necessary to
realize fruitful effects of IG."

Anyway, IG was born out of necessity to fabricate sophisticated ULSI devices because slightest small impurities

affect the p-n junction characteristics.'””

2.7 Testing method of defective cells due to COPg in MOS devices and thin-film epitaxial growth

Device failure due to COPg was detected as follows. The memory cells in the test element group (TEG), which
form the sensing amplifiers, can operate like an actual dynamic random access memory (DRAM). The memory cells
were tested by checking the data of the memory cell after a pause refresh time of 100 ms, and were sorted into three
defect modes: (i) isolation leakage (word line voltage; 5.0 V, substrate voltage; 0.4 V), (ii) junction leakage (word
line voltage; 0.01 V, substrate voltage ; 3.0 V), or (iii) MOS degradation (word line voltage; 0.0 1V, substrate voltage; 0.4
V). The defective oxide and cells caused by the COPg were observed by using a scanning electron microscope
(SEM). The epitaxial layer grown on CZ-Si substrates with a resistivity of about 10 Q * cm (p-/p- structure) was
varied in thickness from 0.01 to 5pym. The growth conditions for p-/p- thin-film epitaxial wafers was as follows.
Epitaxial growth was done at 1000 °C by using the decomposition of SiH, gas. Dopant impurities, such as boron, were
controlled by adding gases such as B,H; during epitaxial growth. The epitaxial layer thickness was determined by
using FT-IR to measure the film formed on dummy p+ substrates.

The density of gate oxide defects was evaluated for the test devices. MOS capacitor structures were formed

by using one of the following structures: (i) a patterned poly-Si film formed by using chemical vapor deposition
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(CVD) in a local oxidation of Si (LOCOS) structure (electrode square: 4.9 mm®), or (ii) a 4 mm’ patterned flat Al
electrode deposited over an 18.5 nm thick gate oxide film. The density of gate oxide defects (D) was calculated as

F=1-exp (-SD) (10)

where S is the gate area and F is the cumulative percentage of failure.

2.8 Impurity analysis by the combination of pack extraction method and inductively coupled plasma mass
spectroscopy

In Si wafer processes, in general, final cleaning of wafers was subjected to RCA (Radio Corporation of
America) alkaline solution (ammonium hydroxide/hydrogen peroxide/water) and/or acid rinse (hydrochloric
acid/hydrogen peroxide/water). On the other hand, the wafer cleaning procedure in Si device processings usually
uses a combination of RCA solution (alkaline and acid) and an aqueous hydrofluoric acid (HF) solution with a
small additional hydrogen peroxide including surfactant. Appreciable amounts of metal impurities (10°-10" atoms

cm®) still remain on the cleaned Si wafer surfaces. Hence, the cleaning and its evaluation are major concerns and
extensive investigations are being conducted. In the present paper, in order to analyze the small amount of residual
impurities, the combination of pack extraction method (PEM) and inductively coupled plasma mass spectroscopy
(ICP-MS) was developed. The procedure of PEM will be described in section 3.8.

The ICP-MS is provided with a double-focusing magnetic-sector mass analyzer. The sample solution is
introduced into the analyzer at a flow rate of 1.67 X 10® m®/s. Acceleration voltage is 4.7 kV and plasma power is 1.3
kV. The resolution efficiency is 4500 for Fe, 2000 for Al, 3500 for Cu, Cr, Ni, and Zn. Ar is used as a neblizer gas at a
flow rate of 0.9 1/min, auxiliary gas is 1.0 1/min, and cooling gas is 13 1/min. The detection limits for Al, Fe, Cr, Cu,
Ni, Zn and Co are 2x 10°, 5% 10%, 5x 10, 5x 10°, 1 x 10°, 8 x 10° and 2 x 10° atoms/cm”.

Extracted solution by the PEM was introduced into ICP-MS and analyzed.

3. Results and discussions

3.1 Crystal growth-induced microdefects

In section 1.2, the history of Si crystal growth-induced microdefects was reviewed. Since Voronkov's model®”
in 1982, huge amount of data have been reported to clarify the point defect incorporation during growth and the
mechanism of point defect clustering in subsequent heat treatments has been proposed. On the basis of Voronkov's

51 54-64
model’ and other researchers results,* *

we analyzed and summarized point-defect incorporation into the Si
crystal ingot and the relationship between pulling rate (growth rate) and temperature gradient at solid-liquid
interface during growth, leading to easily understand what kind of crystal could be grown.

Figures 13 (a) and (b) describe the feature of point-defect clustering in the ingot during Si crystal growth [in
the left hand figure (a)] and quality merchandise of the wafer depending on pulling rate (growth rate) (V) and
temperature gradient at solid-liquid interface (G). In the right hand figure (b), vertical axis is V of Si crystal ingot
and horizontal axis is G during crystal growth. If V/G> x £ (£ : constant) condition holds, vacancy-rich region is
formed.”” In the V/G> > ¢ region, voids due to vacancy accumulation and collapse became remarkable, thereby
LSTD"*"¥ could be formed in the bulk. In the course of wafer manufacturing, the LSTDs are truncated in wafers
and then COP defects are revealed on the Si (001) surface (see details section 3.7 below). Moreover, V is a bit
smaller region than COP region, R-SF*” emerges [typical pictures of R-SF is shown in Fig. 14 (see details in section
3.3 below)]. If V/G< & condition holds, interstitial-rich region is formed, finally causing interstitial-type dislocation

%) as pointed out by Voronkov et al,”* Machida et al.”” found that vacancy-rich defect-free region was

cluster
formed followed by interstitial-rich defect-free region in the exterior of R-SF.*¥ On the other hand, Takata et al.”"
realized in Si 400 mm diameter wafers that to shrink vacancy-rich region and to expand interstitial-region made it
possible to grow LSTD free crystals, resulting in fabricating COP free wafers. This idea that allows predicting if Si
single crystal pulled from a melt will be vacancy rich and/or interstitial rich is the basis for industrial production
of grown-in defect-free Si crystals and wafers. Thus, Takata’ method"™” will be expected to manufacture Si wafers
appropriate for ULSI devices.

Many researchers have done various investigations regarding to point defects on the basis of the model by
Voronkov et al.”*™ for the last 30 years. Thus, they have considered that both vacancy and interstitial atoms in Si

crystal are generated from the solid-liquid interface of Si and diffuse toward the lower temperature interior of a
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seed

crystal. Moreover, there are differing opinions with respect

to whether a decreased crystal pulling rate increases or Tngor R-SF

decreases thermal gradient G in a crystal near growth Clustering e

interface. As described in section 1.4, when the pulling fﬂ.‘ hO O s | viemerrin

rate is gradually decreased, R-SF,*® which is confirmed cor| fooooo E region

after a heat treatment, is generated as ring shaped band :Z:: i} %ﬂ [nterstitial-rich

in the periphery of a crystal at a certain pulling rate and 3 = e

then reaches the central portion of the crystal.‘ﬂ’sg) m pistocston onp
From 2011 through 2016, Abe et al.”* ™ published - reglon

beautiful experimental data on intrinsic point defect e Temperature Gradient at Solid-Liquid

related to defect distributions in detached growing CZ Si © Interface. (G) .

crystals with and without additional thermal anneals.

Fig.13. A schematic of vacancies and/or interstitial atoms
incorporated into Si crystal ingot during CZ

was that the crystals were pulled with decreasing speed growth and quality merchandise of grown crystals

depending on pulling rate (V) and temperature

gradient at solid-liquid interface (G). This drawing

the axis from initially vacancy-rich to interstitial-rich was analyzed on the basis of Voronkov's model.

What was new compared to the results published before
before detaching, resulting in crystals that varied along

for the slowest pulling speed before detaching. Based on
the analysis of their observations, Abe et al.***¥ claimed
that at the melt/solid interface only vacancies are
introduced into the growing crystal while interstitials
are generated in the already grown crystal when thermal
stress increases sufficiently e.g. due to the larger thermal
gradient when pulling slowly. They therefore implicitly
rejected the Voronkov model”*? that has been the basis

for the understanding of grown in defect formation

and defect-free Si crystal growth for the last 30 years.
Fig.14. Photovoltage image of R-SF measured with SPM

using a near-infrared photon beam [Copyright
partly based on assumptions that may not be correct and (1993) The Japan Society of Applied Physics].””

Unfortunately, the explanation of their observations was

might therefore be misleading.

In 2016, as described in section 1.2, Vanhellemont et al.w, commented the former Abe and co-worker's

56-58) 1 64)

analyses, namely, their interpretation of their experimental results. Vanhellemont et a

1 56-58)

analyzed and
summarized the following three points, contrary to what Abe et a claimed in their three papers: (1) both
vacancies and interstitials were introduced in the growing crystal at the melt/solid interface (2) there was no
generation of self-interstitials in the grown crystal related to an increase of the thermal gradient, (3) the detached

crystal observations could be explained within the framework of the Voronkov's model.””

3.2 Shrinkage and annihilation of OSF by post-oxidation annealing method

In this section, we describe the effect of annealing in inert gas (nitrogen: N,) atmosphere on the shrinkage
and elimination of existing OSF and propose this technique, in a sense, be effective in gettering of OSF.* Figure
15 shows the variation in the length of OSF as functions of annealing time and temperature. The lengths of OSF
decreased linearly with annealing time. It was found that annealing in N, atmosphere caused existing OSF to
shrink and finally disappear, This fact was verified by the oxidation and Sirtl-etch examination."” Furthermore, we
obtained the activation energies for the shrinkage process of 4.1 +0.3 and 4.9*0.3 eV for (111) and (100) surfaces,
respectively, by plotting the shrinkage rates versus the reciprocal absolute temperature on the basis of Arrhenius
equation.%)

Two mechanisms have been proposed for the shrinkage of OSF in silicon,”’ the climb process involving either the
absorption of vacancies or emission of interstitials, and the unfaultfng reaction involving the nucleation and motion
of Shockley partials,"” Since the activation energy for the shrinkage determined in the present study is 4.1 to 4.9 eV
and is consistent with the activation energy for the self-diffusion of silicon 4.78-5.13 €V, it is likely that the shrinkage
is governed by the climb process rather than by the unfaulting reaction.

Driving forces necessary for dislocation climbing will be determined by vacancy-concentration gradients between
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the fault and its surroundings. According to Sanders and Dobson™ during oxidation, the vacancy concentration in
local equilibrium with the fault is larger than the equilibrium vacancy concentration at the oxidizing surface, and
growth of the fault occurs; during annealing in a non-oxidizing atmosphere the vacancy-concentration gradient
between fault and surface is reversed and a vacancy flow to the fault gives rise to the shrinkage of the fault.

After the shrinkage of OSF finished at the Si surface, stacking fault-free regions (DZ) were found to be formed
underneath SiO,-Si interface.®*” Figure 16 shows the DZ formed beneath the SiO,-Si interface, when Si wafer
was oxidized to generate OSF and/or B-SF and subsequently annealed in N, atmosphere at 1150 °C for 10 h. These
regions were extended in depth with further annealing. This fact gives direct evidence in favor of the view that the
interface acts as a sink for vacancies or interstitials associated with the process of shrinkage.

The benefit of post-oxidation annealing technique was that once a DZ was formed after annealing. no B-SFs
were generated in that region, when subjected to subsequent oxidation. This fact would give us a direct evidence
that OSF and/or B-SF nuclei were dissolved during the post-oxidation annealing treatment. The clusters of Si
self-interstitials and some impurity atoms, particularly oxygen or carbon, were thought to be responsible for the
nucleation of B-SF. The above-mentioned heat treatment enabled Si interstitials to migrate to an interface sink at
temperatures where the clusters became unstable and eventually dissolved in the matrix. Thus, the post-oxidation
annealing had a strong advantage to keep DZ after next heat treatment processes.

The thickness of stacking fault-free regions d followed a power law when ¢ >t;, where ¢ is the

annealing time;

d=1. (10)

1.0

OSF Length (normalized)
0.5

s 1100°C
e |150°C A
% $1200°C

o A

\ i3 £l

0 30 60 90 120 150

B-SF

Annealing Time (min)

Fig.16. Formation of DZ underneath the SiO,-Si interface.
Cross-sectional view of 6° angle-lapped (111)
specimen after the post-oxidation N, annealing
at 1150 °C for 15 h [Copyright (1978) The Japan
Society of Applied Physics].*”

Fig.15. Variation of OSF length with N, annealing time.

The exponent n was determined to be 0.63 = 0.06 from the plot of log d versus log ¢ in Fig. 17.%”

As reported in the previous paper,”” OSF shrank linearly in length (n =1) ; the shrinkage rates were nearly equal
to the growth rates of the DZ when their thickness was small. However, the growth rates decreased gradually as DZ
grew in the bulk crystal because of n<{1, giving an indirect evidence that the shrinkage rate of B-SF was apparently
small compared with that of OSF (surface). This SF-free regions corresponded to DZ in IG, however, Shimizu
et al.”” focused on the annihilation of OSF, thereby, they did not point out the essence of IG capturing metallic
impurities on Si wafer surface which was one of the nucleation sites of OSF. They thought that those impurities were
eliminated in the course of annealing of OSF, namely they thought that the stress field of OSF accumulated metallic

impurities. However, the basic idea of the post-oxidation annealing was exactly the beginning of gettering technique.
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3.3 Characterization of R-SF

As described in section 3.1, many researchers
clarified that the nucleation and growth of R-SF*** was
closely related to crystal growth condition, pulling speed
(V) and temperature gradient at solid-liquid interface
(G). Furthermore, R-SF was associated with wafer
enlargement because R-SF was firstly observed in 100-125
mm diameter wafer.””

The wafer samples were heated at 1000 °C in a wet
0O, ambient for 1 h, followed by another treatment at
1000 °C in dry O, for 15 h.*” In order to obtain the R-SF
distribution, the wafers were for the first step observed
by SPM' """ as was shown in Fig. 14.” Then, the same
sample was investigated by X-ray topography which was
obtained using (220) reflection with MoK a radiation.”
The result was illustrated in Fig. 18. Dark regions
corresponded to those of high microdefect density. It is
seen that the dark region consisted of double rings of
different brightness which was endorsed in Fig. 3. of

8
1% As was shown

another paper reported by Shimizu et a
in the figure 18, the inner ring was slightly darker than
the outer.

In inner ring region, stacking faults were identified
to be observed by TEM. Figure 19 shows a stacking fault
(extrinsic type) lying on a (111) plane surrounded by
Frank partial dislocation having Burger’s vector of a/3
< 111>,” accompanying an oxide precipitate as nucleus
53,89

in the center of stacking fault.”®” The oxide precipitate
as a nucleus of stacking fault was already formed during
the cooling process of the crystal growth and the stacking
fault is believed to be formed by an agglomeration of
Si interstitials emitted at the SiO,-Si interface. Thus,
these results demonstrate that the occurrence of the
R-SF is essentially a heterogeneous growth phenomenon
in crystal, thereby, concluding that R-SF is B-SF of
which origin is differing from OSF. Thus, we assumed
a schematic drawing of the distribution of ring-shaped
microdefects in longitudinal cross-sectional view of a Si
crystal ingot as shown in Fig. 21.* The exact photographs
of the longitudinal cross-sectional view of Si crystal ingots

56-58) -
1.°°°¥ in several cases. Thus,

were reported by Abe et a
figure 21 is merely a speculation, but it is enough to
demonstrate that R-SF is definitely B-SF.

In the weak dark area (outside ring) of Fig. 18, rows

of prismatic dislocation loops punched out from an oxide
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Fig.17. Kinetics of the growth of DZ [Copyright (1978)
The Japan Society of Applied Physics].?”

10mm

Fig.18. X-ray topograph of R-SF obtained in the same wafer
in correspondence of Fig.14 [Copyright (1993) The
Japan Society of Applied Physics].”

Fig.19. A TEM photograph of an extrinsic type of stacking
fault (B-SF) on (111) plane. An oxide precipitate
(nucleus) was identified to be existed around the
center of the stacking fault [Copyright (1992) The
Japan Society of Applied Physics].*”

precipitate were observed, as shown in Fig. 20. Thus, the difference in contrast between the SPM image and X-ray

topograph is considered to be related to the features of individual microdefects.

89)

Figures 22 shows the overall distribution of oxygen concentration ([Oil) of the wafers before (O) and after(@)

the oxidation treatments. During the oxidation at temperatures of 1100 °C for 58 h, [Oi] was selectively reduced in

the ring-shaped region because of oxygen precipitation. This result gave an evidence that nuclei of oxide precipitates

existed in the ring-shaped region in the course of ingot growth and cooling in the CZ pulling furnace.
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Figure 23 shows the detailed profile of [Oi] around
the double ring-shaped region, where two corresponding
areas are designated by A (stacking faults) and B (oxide
precipitates accompanying punched out dislocations).
No difference was found in the amount of precipitated
oxygen between the two regions. Besides oxygen
precipitation, [Oi] in the Si matrix is reduced if oxygen
atoms congregate at punched out dislocations and form
the Cottrell atmosphere.” However, it was not clarified
how either factors contribute to the [Oi] reduction in the
present experiment. This inhomogeneity over the whole
wafer area aggravates the intrinsic gettering effect.”
Hence, the deteriorated wafers which contain nuclei of
R-SF's should be eliminated when they are used in device
processing.

Honma et al.”’ comparatively shows the relationship
between the minority carrier lifetime and the crystal
defects in Fig. 24. This shows the distribution of
photovoltage, minority carrier lifetime, contrast of
X-ray topograph, and oxygen concentration. As a matter
of course, the SPM image is similar to the lifetime
distribution on the basis of the principle of AC SPV.!° 17
The lifetime minima corresponded to the dark regions in
the X-ray topograph. The double-ring structure was also
reflected in the lifetime as a kink in the distribution. The
stacking fault density of about 10* cm * was observed in
the surface region of the dark ring on the X-ray topograph
by the conventional chemical etching method. On the
other hand, only a few defects were observed outside the
ring. The interstitial oxygen concentration decreased in
these rings as well as the result obtained by Shimizu et
al.¥’ shown in Fig. 22.

On the other hand, the maxima of minority carrier
lifetime were observed at the positions of x = 38 mm and
x = 88 mm, as shown in Fig. 24."” They corresponded to
the bright ring region of the SPM'® """ image. On the
other hand, no crystalline difference was observed in the
ring region by X-ray topography. The chemical etching
observations revealed that in the longest lifetime region,
the lowest amount of microdefects occurred, and these
were assumed to be oxide precipitates. Similar but larger
microdefects were numerously observed, as well as the
stacking faults in the ring-distributed short-lifetime
region. Thus it seems probable that the long lifetime
results from the oxygen precipitation reduction due to the
recombination of interstitial Si (abundant in the outer
area of the ingot) and vacancy (abundant in the inner
area of the ingot).

Therefore, a ring-distributed short-lifetime region was
observed at the same location as the high-density stacking

fault region revealed by X-ray topography. Reduction of
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Fig.20. A TEM photograph illustrating rows of prismatic
dislocation loops punched-out from an oxide
precipitate. The oxide precipitate was identified
to be octahedral in shape [Copyright (1992) The
Japan Society of Applied Physics].%

ring—shaped
microdefects

—
<100>

Fig.21. A schematic drawing of the distribution of ring-
shaped microdefects in longitudinal cross-sectional
view of a Si crystal ingot [Copyright (1992) The
Japan Society of Applied Physics].?”
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Fig.22. The profile of oxygen concentration in the
wafers before ( O ) and after oxidation ( @ ) at
temperatures of 1100 °C for 58 h in a dry oxygen
ambient. The ring-shaped region is indicated by a
solid bar [Copyright (1992) The Japan Society of
Applied Physics].%



Summary of Crystalline Defects Control in Silicon 17

9
_Photovoltage
. double ring zone image
— A B
o [ N J ... ®
8 7 . .
= ® Minority carrier
= ° d lifetime i
°®
61— Sg0y
X-ray topograph i
wafer center wafer edge 3
- —
5 L ) Interstitial oxygen i
100 110 120 130
distance (mm)
Fig.23. A detailed profile of oxygen concentration around 62.5 X (mm)

the ring-shaped region denoted in Fig. 22. A shows

the region of stacking faults and B shows that of Fig.24. Comparison of minority carrier lifetime with
the oxide precipitates accompanying prismatic photovoltage image, X-ray topograph and
dislocation loops [Copyright (1992) The Japan interstitial oxygen concentration [Copyright (1993)
Society of Applied Physics].* The Japan Society of Applied Physics].*

interstitial oxygen atoms was also observed in the region.

3.4 Slip dislocation and warpage due to thermal stresses

In 1970s, as pointed out in section 1.3, when dislocation-free CZ Si wafers were thermally stressed at high
temperatures in IC processing, slip dislocations happened to be initiated and multiply, thereby, aggravating device
performances.”* In the early 1970s, to avoid the introduction of slip dislocations, the radial temperature variation
of wafers were necessary to be reduced.” Thus, slow inserting and slow withdrawal of the wafer batch into and
/or out of the furnace kept at high temperatures were performed. Since then several investigators have presented
numerical methods for forecasting onset of slip dislocations due to thermal stresses on the basis of analytical
Simulations'35’37,l19,120,122>

In 1980s, oxygen precipitation became crucial issues to reduce the mechanical strength of heat treated wafers
(precipitation softening).* ***” Oxide precipitates accompanying punched-out dislocation and B-SF in the bulk Si
played a key role in the occurrence of slip dislocation and/or warpage.“sAg)

Based on wafer samples prepared as shown in Fig. 9, warpage experiments (I)- (II) was performed in the
wafers precipitation-treated in a wet oxygen ambient for 16 h at 1000 °C.* The microdefect density in ingots along
growth direction was examined with intervals of 50 mm. Sample wafers were preferentially etched and total etch
pits were counted before about 40 um of the surface layers had been removed.

Figure 25 shows the effect of microdefects on the thermal warpage behavior of precipitation-treated wafers; the

bowing caused by warpage experiments (I)-(II) is plotted against the microdefect density.48>

The initial bowing of
the wafers (approximately 30 pm) generated on slicing the ingots was subtracted from that after the respective
heat-treatments. Hence, the warpages indicated the net values arising from plastic deformation during the warpage
experiments. In Fig. 25, the observed warpages increased linearly with the logarithm of the density of microdefects,
that is, the amount of softening caused by the precipitation treatment was large for the seed-end wafers ([Oi] was
high) and smaller for the tail-end wafers ([Oi] was comparatively low) (refer to figure 5 in Ref. 48) , suggesting
that microdefects (oxygen precipitation) were responsible for the softening. The warpage exhibited a pronounced
increase when the density of microdefects exceeds 5% 10 em™. The wafers were then observed by X-ray topography
using the (022) reflection. The warpage in the simulated wafers was of the saddle type, because most slips were
observed at the periphery of the wafers, where thermal stresses were the highest.

However, we found out specific occasion of an occurrence of slip dislocations in the case of low push in and high
pull out of the row of wafers. The temperature of the periphery of wafer firstly decreased than the center, thereby
thermal stresses in the center was larger than that of periphery of wafer. Then, the compressive stress in the center
caused slip dislocations around the central area in the precipitation-treated wafers with microdefect densities of

as much as 2-5x10° cm™, for example, at a higher rate of 70 cm/min at 1000 °C. What counts was that the wafer



18 J. Coll. Eng. Nihon Univ. 59(1), September, 2017

deformed in cup-type form. This specific results had a close relationship with an occurrence of dislocations in the
compressed region as shown below (Fig. 26).

Furthermore, the warpage dependent on microdefect density obtained in the warpage experiments (I) - (II)
were compared with the results by inputting wafers in CMOS processes. Final results gone through all processes
were in good agreement with that of Fig. 25,"” if an initial bowing in fresh wafers (approximately 30 pm) were
subtracted from those processed in CMOS as well as in Fig. 25 (refer to figure 10 in Ref. 43).

Observation of etch pits on the (011) cleaved surface in the seed-end wafers showed that dislocations were
densely generated at random around the precipitates, suggesting that the precipitates as well as punched-out
dislocations function as dislocation multiplication sources when thermal stresses are applied. In the tail-end wafers,
the lower density of precipitates caused little slip, and the etch pits of dislocations were thinly scattered in the <I10
> direction. In the precipitation-treated wafers, a larger amount of slip occurred in the compressed region across the
neutral plane and a small amount of slip occurred in the tensile region.'*

Figure 26 shows a cross-sectional view of the wafer deformed into a saddle shape and etch pits of microdefects
were revealed by Wright etchant."® The upper part of the micrograph corresponds to the concave side of the
wafer and the lower part to the convex side. This wafer had a microdefect density of 2x 10’ m™. Dislocations were
delineated as dark pits (indicated by the arrow) and randomly distributed in the concave side. The rodlike etch pits
visible in the figure are B-SF that grew by absorbing interstitial Si atoms, which are emitted during the growth of
oxide precipitates."”

Figures 27 (a) and 27 (b) show schematics of the asymmetrical distribution of slip bands (bundles of slip
dislocations) in the Si wafer; Fig. 27 (a) shows a plane view of the etched Si wafer and Fig. 27 (b) shows a cross-
sectional view of the area indicted by the dotted line in Fig. 27 (a)."”” These schematics clearly show that when the
precipitation-treated wafers were deformed into a saddle shape, most of the dislocation etch pits in the concave side

1.5¥ also confirmed

were visible, whereas those in the convex region of the other side were not visible. Sueoka et a
that many slip dislocations are generated in the compressed region of (001)-oriented CZ Si (diameter of 150 mm)
and that platelet-shaped precipitates produce the nucleation sites for the slip dislocations, as observed with TEM.
Furthermore, Shimizu'* developed a model that explains how slip dislocations multiply and move by bending
stresses in saddle-shaped deformed wafers.

In 1980s, for large diameter (4-5 inch or larger) wafers in ULSI devices, sophisticated wafer heat treatments (soft
landing technique: see section 1.3) were developed and employed in processes to avoid slip dislocation breakout.

At present in 2016, enlargement of wafer diameter is still pursuing from 300 to 450 mm from viewpoint of cost-
effective in device manufacturing. As miniaturization of ULSI device proceeds (half pitch is shrinking from 16 to 11
nm), various assignments are essentially popping up. The problem of process-induced dislocations can be still one of

the great concerns in device processes using large diameter wafers.

3.5 Conditions to prevent plastic deformation in large diameter wafers determined by mathematical simulation

In parallel with the experiments in section 3.4, a mathematical thermoplastic simulation based on radiative
heat transfers was applied to theoretically predict the presence or absence of slip for wafers from 100 to 200 mm
diameter in various process conditions. Figure 28 shows the resolved shear stresses at the periphery of the wafers
(slip system S;; refer to reference 122) calculated for both the heating and cooling processes, plotted as functions
of the wafer temperature and the thermal cycles. The process conditions for the calculations were fitted to the
experiments. At the same insertion or withdrawal rates, the heating process generates larger thermal stresses than
the cooling process, suggesting that the heating process caused heavier plastic deformation than the cooling process
did. The direct temperature measurements at various locations on test wafers also showed that the highest stresses
appeared at the periphery and the thermal stresses were larger in the heating than in the cooling process at furnace
temperatures between 950 °C and 1150 °C. The thermal stresses were relieved first at the periphery, thereby, the
generated warpage was of the saddle type. In the case of the saddle-type deformation, the total amount of bowing
increased with the higher insertion rates in contrast to cup-type form with higher pull out. The slip lines were
observed to be distributed on an extremely fine scale and large in number compared with those of as-received wafers

deformed to the same bowing value. The mechanical yield stress ¢ has been described by the following equation:m)

o(2.7) = C&/ exp(Uy ) a
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Fig.25. Warpage behavior of precipitation-treated wafers

in warpage experiments (I)-(II) plotted as
a function of microdefect density. Prior to the
warpage experiment, sampled wafers were heat-
treated at 1000 °C for 16 h in wet oxygen ambient.
The letters A to F represent the crystal ingots used
in the present investigation [Copyright (1985)
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Fig.26. Cross-sectional view of the Si wafers deformed into

a saddle shape. The upper part of the rnicrograph
corresponds to the concave side and the lower part
to the convex side. Dislocations are seen as dark
pits in the concave side across the neutral plane
[Copyright (2000) The Japan Society of Applied
Physics].
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Fig.27. Schematic of the distribution of slip bands of a Si

wafer that had been subjected to thermal cycles
and then etched. (a) Plane view of the etched
Si wafer in which slip bands were formed by
bundles of dislocations. (b) Cross-sectional view of
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Fig.28. Resolved shear stresses calculated at wafer edges

in both the heating and the cooling processes,
plotted as functions of the wafer temperature and
the insertion or withdrawal rate. The furnace
temperature is 1000 °C [Copyright (1988) The

dislocation etch-pit distribution at the dotted line
in the etched Si wafer shown in (a). Etched pits
of dislocations were detected in the concave side of
the wafer deformed into a saddle shape [Copyright
(2000) The Japan Society of Applied Physics].

Japan Society of Applied Physics].'%

where U is activation energy of glide movement, T' wafer temperature, k£ the Boltzmann constant, ¢ strain
rate (the time derivative of the initial strain), and n and C constants depending on the material. The yield stress

D put also by a marked degree by microdefect density due

is influenced not only by temperature and strain rate,
to oxygen precipitation.”**'* Thus, the yield stress is expected to shift depending on the thermal cycles in device
processes. Namely, in device fabrication processing, the critical stresses of processed wafers itself drift due to the
characteristics of original strength of the object wafer and heat-treatments in thermal cycles. In order to determine
the defect onset conditions, the critical stress o of the target wafer was estimated by the transient thermal stress
curves for the three process conditions (a), (b) and (c), as shown in Fig. 29."” The target wafers were those with
a diameter of 100 mm processed in CMOS devices.

As shown in equation (5), the yield stress of Si single crystal (as-grown state) has been reported by Alexander
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12D In Fig. 29, as for the wafer with the microdefect density of 2x 10" ¢m *, thermal stress (a) generated

and Haasen.
slips, because the thermal stress surmounted the critical stress curve 2. Here, for comparison, the intrinsic yield
stress without processings is plotted by the dotted curve (D given by the equation (5)."”" The presence or absence
of slips in those wafers was confirmed by etching specimens. Thus, the thermal stress curve (b) corresponded to
no slip dislocation condition. As the critical stress is the threshold of the onset of dislocations, it is reasonable to
interpolate the yield stress (1 between curves (a) and (b), maintaining the exponential dependence on wafer
temperature of the curve (. Thus, the targetted critical stress curve can be shown by curve 2). By the same method,
the critical stress curve 3 was obtained for the wafer with the microdefect density of 2% 10° cm®. The strain rate
was given as the time derivative of the initial strain in a wafer when the temperatures were around 800 °C and 900
°C, and it was estimated to be 9.8x10° s for the curve 2. The exponential constant n was assumed to be 2.6. Then,
parameter C was determined to be 6.0 X 10" N/m” . The estimated critical stress curve 2) was in good agreement with
that of Matsuba et al.'”’ Comparing the obtained critical stress with the thermal stress curves, the defect onset could
be predicted under various processing conditions.'®

In order to keep the dislocation-free conditions of those wafers, the thermal stress curves of the target wafers
must be below the critical stress curve (2). These process conditions are demonstrated in Fig. 30. At 1000 °C, the
insertion rates were 300 mm/min for 100 mm, 200 mm/min for 125 mm, 150 mm/min for 150 mm and 100 mm/min for
200 mm diameter wafers, when the wafer spacing was 10 mm. This results are able to predict the slip-free conditions
from 100 to 200 mm diameter wafers in a row in a horizontal-type furnace on the basis of the calculation of thermal

122
stresses.'”

As was described before, the prototype thermoelastic wafer model was originally developed by Matsuba et al.'” )
for the horizontal-type of furnace. In accordance with wafer enlargement, a vertical-type of furnace was employed
in device processes. In order to predict dislocation onset during heat treatments in vertical-type furnaces (200 mm
or larger diameter wafer), their model was modified and extended by Shimizu et al.”* The calculated thermal
stresses were converted to resolved shear stresses on slip planes (111) in slip directions < 110>, which are well
defined crystallographic directions in the diamond lattice. The critical stress for the initiation of slip dislocations was

121 .
),V as previously

experimentally deduced on the basis of the mechanical yield stress described by the equation (11
reported in Fig. 29. Once the critical stress is determined, an initiation of slip dislocation depends on whether the
resolved shear stress calculated numerically exceeds the critical stress or not. Figure 31 shows the comparison of
the resolved shear stress calculated for 300 mm diameter wafers with the critical stress curve. This result gave an
evidence of predicting a breakout of slip dislocations in vertical-type of furnaces when 300 mm diameter wafers are
input into the device processes even under the prescribed conditions.

3.6 Gravitational-induced dislocations in large diameter wafers

In vertical-type furnace, wafers are set horizontally on a supporting jig, often of the point contact type as
shown in Fig.11. The wafers bow elastically at the fulcrum of the jig, owing to the gravitational stress originating in
bending moment due to their weight. When 200 mm diameter wafers were supported at the jig at around 1200 °C for
several hours related to well-tub diffusion process, a new phenomenon was discovered that slip bands extended from
the supported edge along<<110>>directions with several centimeters length.

Figure 32 shows X-ray topograph of the heat treated 200 mm diameter wafer at 1200 °C for 3 h in vertical-
type of furnace, indicating that slip bands extending along < 110 > direction were observed at the supporting jig.
We have confirmed that this slip propagation was not caused by thermal stresses, but by gravitational stresses,
because the processed wafers were heated up and cooled down slow enough to avoid slip dislocations due to thermal
stresses.” ¥ This topograph explains that the slip bands were resulted from a collective motion of dislocations.
It has been reported that scratching Si surface even at room temperature under a light load of only 2 g caused a

¥ Taking this fact into account, the micro-scratches on wafer

small amorphous regions accompanying dislocation.
surfaces trigger nuclei of slip dislocations when wafers are loaded onto the wafer jig and followed by the subsequent
annealing. Upon holding at high-temperature, dislocation multiplies from scratches created at four-point SiC jig,
resulting in slip bands. As the wafer diameter is increased, wafer weight increases. As a consequence, in large
diameter wafers, stronger mechanical shock and increasing gravitational stress potentially initiate slip dislocations.
Macro-roughness on the wafer back surface provides a clue to promote dislocation initiation due to mechanical

contact or shock. Thus, these surface irregularities during wafer manufacturing should be also eliminated to
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suppress slip dislocations.
In addition to Fig. 32, figure 33 shows an X-ray topograph which was taken to magnify the collective motion of

dislocations due to gravitational stresses using (220) diffraction. The Burgers vectors of the dislocations along<(110

> direction were 60° type in character'?’

37)

and some of those dislocations tip were screw dislocations which terminated
at the surface.

As pointed out before, wafer weight increased with wafer enlargement due to appropriate thickness augment,
thereby, the gravitational stress increased with wafer size. The gravitational stress promoted slip bands if it
surmounts the critical stress of a collective motion of dislocations in Si wafers. Therefore, enlarging the wafer to
300 and /or 450 mm in the future will seriously aggravate the problem of the initiation of slip dislocations due to
gravitational stresses. To avoid such slippage, several sorts of supporting jigs were devised. One of them was ring-

%) estimated the radius of this

shaped, allowing it to escape from stress concentration at the supporting point. Xin
ring, to minimize stress components, to be at the ratio of 5/R (b = ring radius, R = wafer radius) = 0.7. In that

case, he demonstrated that the resolved shear stress in a 300 mm diameter wafer could be reduced to 0.11 MPa.
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dislocations and/or warpage in wafers with various
diameters from 100 to 200 mm. The wafer spacing
is 10 mm. The broken line shows the critical stress
curve (2 determined in Fig. 29 [Copyright (1988)
The Japan Society of Applied Physics]. %

Fig.32. X-ray topograph of the heat treated 200 mm

diameter wafer at 1200 °C for 3 h in vertical-type
of furnace. Slip bands extending along <110 >
direction were observed at the supporting jig.
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If the combined wafer and ring support are not flat to within several 10 mm or if the ring itself deforms due to its
own thermal stress, then the wafer will likely contact only a few points on the ring. In this case, the gravitational
stress would be nearly several times greater than for a uniform ring support. Shimizu et al.*® carried out computer
simulation of the development of slip bands due to gravitational stresses using simplified wafer supporting model,
where a wafer is set at the center by a solid line. They estimated the gravitational stress to be 0.44 MPa which was
larger than that by the ring-shaped jig.

Figure 34 shows the gravitational stress calculated by FEM in 300 mm diameter wafer for three types of wafer
supporting jigs.35’37) One was four-point-type jig, the second was three-point-type jig and the third one was a horse-
shoe-type jig (ring-likely shape). Absolute values of the resolved shear stresses are plotted against their distance
from the center to the rim of a 300 mm diameter wafer. The analytical soft program in the FEM used for the
calculation was commercially available COSMOS/M (SRC Co.). In a numerical calculation, the 300 mm diameter
wafer thickness was assumed to be 775 ym. Maximum resolved shear stress was adopted among five independent
slip systems as described in 2.5. The maximum process temperature in giga-bit DRAM era was assumed to be around
1000 °C. The critical resolved shear stress for dislocation multiplication condition (0.7%10° N/m’= 0.7 MPa) at 1000
°C with the microdefect density of 2% 10° em™ is drawn by one horizontal line. The gravitational stress obtained in a
conventional four-point-jig was likely to overcome the critical stress at the vicinity of point jig, predicting the onset
of collective motion of dislocations even if thermal stress is completely suppressed. The horse-shoe-type jig was more
successful to reduce the gravitational stress. Thus, the technique of supporting wafers during heat-treatments plays
a significant role for suppressing dislocation onset. The critical stress will go down if surface-scratches and micro-
cracks introduced during wafer edge rounding assist dislocation generation. Hence, wafer surface should be smooth
and strain-free in order to suppress dislocation nucleation. To reduce the contact damage of a wafer with a solid jig
in less contaminated manner, a smart wafer handling system is a must, especially for 300 and/or 450 mm diameter
wafers.

In conclusion, among three type of jigs, horse-shoe-type jig was found to be successful to suppress slip
dislocations at 1000 °C for 300 mm diameter wafers.

In the final analysis, if dislocation-free CZ-Si crystals are subject to high-temperature heat treatments, oxide-
precipitates grow accompanying small punched-out dislocation loops which become dislocation multiplication
sources under stresses (precipitation softening) % The precipitation softeningﬁ‘r”68> greatly reduce the mechanical
yield strength. Generally speaking, microdefect is used to include an oxide-precipitate accompanying dislocation
loops and stacking faults, thus, as the terminology of Si crystal, "microdefect" is referred to as the indicator of
softening of Si bulk crystal. In order to keep dislocation-free state, wafer enlargement necessitates techniques
with much slower heating and cooling rates for batch-type processings in order to reduce thermal stresses, and the

device miniaturization requires a low-temperature process because of thinner gate oxide and shallower p-n junction
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collective motion of dislocations due to gravitational

stresses using (220) diffraction. Fig.34. Gravitational stress calculated by FEM in 300 mm

diameter wafer for three types of wafer supporting
jigs. Absolute values of the resolved shear stresses
are plotted against their distance from the center
to the rim of a 300 mm diameter wafer (Copyright
Permission by The Electrochemical Society).*”
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in ULSI devices. However, the gravitational stress can not be released as long as a wafer is set on horizontal jig,
then it becomes crucial for larger diameter wafers. For 300 and/or 450 mm diameter wafer era, a single-wafer-heat-

treatment process will be more employed than ever."

3.7 Intrinsic gettering (IG)

As described in section 1.5 and 2.6, IG sources are oxide-precipitates, punched-out dislocations and B-SF. An
elastic interaction between impurities and edge dislocations is, what is called, well-known Cottrell effect.” This
impurity locking by dislocations is a key element of IG. Thus, in IG technique, what counts is the formation of DZ
and concurrently oxide precipitates in the Si bulk as shown in Fig. 5.

1."¥ proposed a typical IG technique in 1984. Figure 35 shows a schematic of sample wafer

138

Kishino et a
treatments which were subjected to three steps of thermal processes successively. ' In the second step, the
annealing temperature was changed during annealing as shown in the upper part of Fig. 35 (b) where the raising
rate of the temperature was varied from 1/min to 5 °C/min. after a holding time. On the other hand, control samples
were subjected to the conventional low temperature annealing for 16 hrs at 650 °C as shown in Fig. 35 (b'). The
third annealing was carried out as usual in order to enlarge the oxide precipitates in the bulk. The enlarged oxide
precipitates and resultant microdefects had a heavy gettering effect. This third annealing corresponded to the total
heat treatments in the actual ULSI thermal processes including oxidation and diffusions. The defect density higher
than 1% 10° em™ in the bulk was suggested to bring a meaningful gettering effect with the procedure. The density is
shown in Fig. 36 as a function of both raising rates and holding times of the annealing temperature.

Based on the previous technique, a low temperature annealing longer than 16 hrs was essential for the
necessary microdefect density, whereas about 4 hrs were sufficient in this proposed technique. For example, if we
use a combination of 3°C/min. and 2 hrs as the raising rate and the holding period, respectively, the annealing
time was 3 hrs and 23 mins, where the temperature was raised to 900 °C. Upon raising the temperature during the
low temperature annealing, the growth of oxide precipitates was enhanced in comparison with the usual constant
temperature annealing. This situation was explained as follows."*”

Kishino et al."® described the conventional case in growth of nuclei of oxide precipitates in Fig. 36. If the 650 °C
annealing is carried out, the oxygen precipitates whose sizes are larger than the critical size of the precipitate for
growth at 650 °C, can grow during the annealing whereas oxide precipitates (m) smaller than the critical size S,
shrink during the annealing.m When the annealing period is short, a large part of size-number distribution of the
oxide precipitates is cut at the critical size T, of the subsequent high temperature annealing, and consequently a low
density of microdefects are induced by the following 1000 °C annealing as shown with a hatched region in Fig. 36 (a).
If the annealing time is extended longer than 16 hrs, oxide precipitates grow in size and the redistribution of the
defect occurs as shown in Fig. 36 (b). As a result, a high density of microdefects is induced by the subsequent 1000
°C annealing.

On the other hand, if the temperature is raised during the annealing, the critical size (S, or S;) of the oxide
precipitate for growth is also enlarged as shown in Figs. 36 (c¢) and (d). In Fig. 36 (b), the maximum density is
obtained at the size M which was larger than S,, whereas in Figs. 36 (c) and 36 (d) the maximum density was
obtained at S, and S;, respectively. This phenomenon occurs if the expanding speed of the critical size is comparable
to the growth rate of the oxide precipitates. It was conjectured that a high density was obtained under the condition
that the expanding speed of the critical size was lower than the growth rate of the oxide precipitates. Generally,
the growth speed of the oxide precipitates increased largely upon the increase of the annealing temperature. If the
temperature was raised discretely, oxide precipitates whose sizes were smaller than the critical size at each discrete
temperature shrank during the annealing, whereas almost all the oxide precipitates grew during annealing if the
annealing temperature was raised continuously under the condition that the growth rate of oxide precipitates was
comparable to the expanding speed of the critical size. Kishino et al.”® explained the enhancement mechanism of the
microdefect induced by the present low temperature annealing.

Next, the correlation between a wafer warpage and a gettering ability was discussed. As is pointed out in section
3.4, the wafer warpage is detrimental to the ULSI devices, especially, to the micro-fabrication process including
lithography. A correlation between the wafer warpage and the microdefect density in the bulk of the starting wafer
is shown in Fig. 37 with a broken line* where the wafer warpage was measured after CMOS processing. The

wafer warpage vs microdefect density (a broken line) was closely related to that in Fig. 25. Therefore, the wafer
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containing microdefects more than 5x 10° cm® is harmful
to the ULSI devices. A correlation between a gettering
ability and the microdefect density is drawn in the same
figure (see Fig. 37) The gettering ability depends on the
kinds of species to be gettered and also depends on the
kinds of defects induced in the bulk. If the reported data
are reviewed, in reference to the number of Ref. 138, they
can be approximately drawn with a solid and a dotted line
shown in Fig. 37 where each number indicates references
number cited in Ref. 138. The dotted and the solid line
correspond to the cases where the bulk microdefect is
composed of stacking faults and dislocations including
rather large sized oxide precipitates, respectively. If
one wishes to avoid an unfavorable influence on device
parameters by the use of the intrinsic gettering, it is
conjectured that the microdefect density should be
between 1% 10" and 1% 10° em® where stacking faults are
also counted as half dislocations.”

On the other hand, Shimizu et al.’*” reported an
optimum oxygen concentration [Oi] to getter unwanted
impurities on the Si wafer surface. Figure 38 shows the
relationship between [Oi] and the density of OSF on
the Si wafer surface (referred to as OSF-S), where their
densities were obtained using wet oxidation followed
by a successive etching method. In Fig. 38, circles(O),
triangles (A ) and squares ([J) represent the number
of oxidation times, i.e. , one, two and three, respectively.
Data plotted in the figure include those of wafers sliced
from both 100- and 125 mm diameter ingots. As was
previously reported, the density of B-SF increased in
proportion to [0i],”” whereas that of OSFs-S decreased
with [Oi] and disappeared when [Oi] is greater than
9x10'" atoms/cm’, as shown in Fig. 38.

As to the [Oi] less than 9% 10" atoms/cm®, repeated
oxidations increased the density of OSFs-S, indicating
that certain contaminants increased during these
processes and these contaminants were responsible for
the nucleation of OSF's-S. This result shows that the lower
[Oi] causes a smaller number of microdefects in the bulk
crystal, thereby reducing the gettering efficiency. The
TEM photograph gave an evidence that OSFs-S frequently
grew from the nuclei which were possibly clusters of

140,141)
k,

impurities ungettered in the bul as shown in Fig.

39. Metal impuritiess and/or fluorine'”?

on wafer surface
are possible as the nucleation sites for the OSF's-S.

In Fig. 38, the relationship between [0Oil and
the warpage caused by the thermal stress cycles was
represented by a plus sign.”’ When wafers containing
higher [Oi] are subject to heat treatment in device
processing, precipitation softening easily occurs. Such

wafers are susceptible to warpage due to thermal stresses.

Fig.35.

Fig.36.

Gettering Ability (arbitrary unit )

Fig.37.
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Temperature cycles of three kinds of-annealing. (a)

is the first high temperature annealing for 2 hrs
at 1200 °C for the formation of a DZ. (b) and (b)
are low temperature annealings for the nucleation
of the oxygen precipitates followed by growth in
the case of the proposed and the conventional
technique, respectively, where ¢, is the holding
time. (c) is the third annealing for 16 hrs at 1000
°C [Copyright (1981) The Japan Society of Applied
Physics].'V

(b) () (d)
Number of Precipitates (orMicrodetects) n

Size of Precipitates (or Microdefects )

A size-number distribution of precipitates (or
microdefects) after annealing in the case of the
conventional (a and b) and of the proposed (¢ and d)
technique, respectively. S, and T, are critical sizes
of the precipitate for growth at 650 °C and at 1000
°C, respectively. Each hatched region shows the
microdefects induced by 1000 °C annealing after the
low temperature annealing. S1 and S3 show critical
sizes at temperatures between 650 °C and 900 °C
[Copyright (1981) The Japan Society of Applied
Physics].!™

L 100
B
S
&

M 50 &
-
2
)

s 0¥

Microdefect Density (cm™2)

Gettering ability as a function of bulk microdensity
and a correlation between wafer warpage and
the density. L, M, and S show large, medium, and
small gettering ability, respectively. A solid (dotted)
line shows a correlation between a gettering ability
and a dislocation (B-SF) density,whereas the
broken line shows a correlation between a wafer
warpage and a defect density. Each number circled
shows the number of a reference paper cited here
[Copyright (1981) The Japan Society of Applied
Physics] '™
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Fig.38. Variation of OSF-S as a function of [Oil. The circles
(0), triangles (£ ) and squares ([J) correspond Fig.39. TEM image of an OSF-S with the impurity cluster
to one, two and three oxidation times. The plus (+) [Copyright (1993) The Japan Society of Applied
shows the relationship between [Oi] and warpage Physics].'®
caused intentionally by heat cycles based on in Fig.
10 of Ref. 49 [Copyright (1993) The Japan Society
of Applied Physics].'s

It is observed that the critical [Oil required to reduce warpage should be less than 10 % 10" atoms/cm’. Hence, the
optimum [Oil required to suppress OSFs-S in device processing was postulated to be between 9- and 10 % 10" atoms/

cms.

3.8 Summary of influence of COP defects in ULSI device in 1996-2000 and thin-film epitaxial growth

As described above in section 1.6 and 2.7, COPg on wafer surfaces have been identified as truncated octahedral
voids in which vacancies coalesce during CZ crystal growth and are frozen into the crystal. COPg about 0.1-0.3 um
in size cause irregular thickness variations in the oxide film, and give rise to isolation leakage between memory
cells in DRAM devices that follow the 0.3 pm design rule in 1996-2000./"'*1 In 1998, Muranaka et al. analyzed
the influence of COPs in DRAM device (0.3 um design rule) characteristics."” Then, Shimizu et al.'*” presented in
proceeding of symposium of the 195" electrochemical society of spring meeting at Seattle in 1999 (Defects in Silicon
III) under the title of effects of surface defects (COPs) on isolation leakage and GOI in MOS-ULSI devices and cost

143-145 . . .
1% are summarized in the following.

effective p-/p- epitaxial wafers. Muranaka, Shimizu and coworker’s results

On the other hand, Shimizu et al o1 already reported that even when COPg existed on the wafer surface, a 0.3
um thick epitaxial layer was sufficient to raise the GOI in p-/p-structures, and a 1 pm thick epitaxial layer decreased
the isolation leakage to acceptable levels."" ' The prototype p-(n-)/p-(n-) thin film Si epitaxial wafers have several
advantages, which include the ability to fabricate devices by conventional design techniques in CZ-Si (p- substrate)
wafers and also avoidance of auto-doping from the p+ substrate. "

The density of COPs can be controlled by optimizing the growth rate (V) and the temperature gradient (G) at
the liquid-solid interface during CZ growth (see section 3.1). The demand for COP reduction during crystal growth
has been become more crucial as design rules for devices are changed into below 0.25 pm around in 2000.

On the other hand, epitaxial wafers are promising to decrease the density of oxide defects in highly packed
devices and in multiple thickness gate processing, but the cost of epitaxial wafers was approximately 1.5 times
higher than that of conventional min or-polished CZ-Si wafers in those days. The continual pressure to reduce the
cost of metal oxide semiconductor (MOS)-ULSI devices will cause the cost of epitaxial wafers to approach that of
mirror-polished CZ-Si wafers."*'*"”

For ease in the formation for MOS microcircuits, in contrast to wafers with p-/p+ structure, epitaxial wafers

146,147
-) MU However, heat-treatments

with p-/p- structure are easily replaced by using conventional CZ mirror wafers (p
around 1000 °C reduce the number of nuclei of oxide precipitates in the CZ-Si substrates, resulting m the p-/p-
epitaxial wafers with less gettering capability for undesirable impul"ii;ies.l“""147> The evaluation method of gettering
capability was also a significant work to develop less expensive wafers with high performance.

Figure 40 shows a plane-view SEM image of the COP imprint between adjacent cells under a field-oxide film and
the adjacent word line, taken after removing the field oxide. The hole-like pit is the COP imprint, and the word line
is indicated by the arrows. 1

Figure 41 shows a cross-sectional SEM image of the defective field oxide film from another direction. Compared
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with the normal shape, the field-oxide film became thinner
at the COP imprint. HS119)

In LOCOS processes, the nitride film remaining at
the bottom of COPyg after dry etching caused the field oxide
to grow as shown in Fig. 42. As reported by Muranaka et

age of: adjai:cm word!line

Defective cell S

Field oxide
al."” and shown in Fig. 42 (c), ion implantation pushed

boron ions into deeper regions, through the field oxide

that was irregularly thinned by the existence of COPs.

Theref th implanted by b i did not act
eretore, the area implanted by boron 1ons (id not ac Fig.40. Plane-view SEM image of the COP imprint between

as a channel stopper, and correspondingly, the isolation adjacent cells under the field oxide film and the
characteristics significantly degraded. Furthermore, adjacent word line .<C°Py1fight Permission by The
) ) Electrochemical Society)."*”
the phosphorus ions that formed the source and drain
were also driven into the substrate through the thinned
area, just outside the word line [Fig. 42 (d)]. The
concentration of doped phosphorus therefore increased
in that area and, consequently, the degradation of MOS
transistors further accelerated. Muranaka et al.'*” showed
that leakage current on the substrate of defective cells
caused by COPyg significantly increased compared with

non-defective cells. A Simulation of the leakage current

Typical

at the thinning point showed good agreement with their fliiune

143
measured results.'”

Fig.41. Cross-sectional SEM image of the COP imprint

which caused thinning. A typical LOCOS shape
GOI in the prototype p-/p- thin-film Si epitaxial wafers. is also shown (Copyright Permission by The
Electrochemical Society).!*"

In the next step, we described improvements of

Figure 43 shows the oxide defect density normalized by
the oxide defect density for mirror-polished CZ-Si wafers
vs. the epitaxial layer thickness using test devices with a LOCOS isolation structure, when [Oi] of the Si substrate
varied from 7.4 x 10" to 9.8 x 10" atoms/cm®. The CZ denoted in the figure refers to the results for conventional CZ-
Si wafers. As the epitaxial layer thickness was increased from 0.01 to 0.1 um, the normalized ratio of oxide defect
density decreased from 1 to 0.2 and approached a constant value of about 0.03 for a film thickness greater than 0.3
nm. Thus, the prototype p-/p- epitaxial thickness had been determined to be 1 pm."***” The CZ-Si substrate with
COPg was covered by a defect-free thin-film epitaxial layer, thereby reducing the oxide weak spots by flattening the
comers of truncated octahedral voids (COPg). However, the unidentified defects in the epitaxial layer measured
by optical shallow defect analyzer (OSDA)'*® increased during heat-treatrnent, indicating that an epitaxial layer
thicker than 1 um is necessary to ensure defect-free regions by preventing the occurrence of oxide precipitates caused
by oxygen diffusion from the CZ-Si substrate.

Considering the anticipated future use of p-/p- epitaxial wafers in MOS-ULSI devices, an improvements will be
essential for p-/p- epitaxial wafers as discussed in the following section.

3.9 Heavy metal impurity control and development of analytical methods

In 1990s, metal contamination control and evaluation techniques on wafer have been drastically developed.
The wafer cleaning procedure in Si device fabrication usually employed a combination of RCA solution (alkaline
and acid)"” and an aqueous hydrofluoric acid (HF) solution with a small additional hydrogen peroxide including
surfactant.'? Appreciable amounts of metal impurities (10°-10" atoms/cm?) still remain on the cleaned Si
wafer surfaces. Hence, the cleaning and its evaluation are major concerns and extensive investigations are being
conducted. By improving contamination diagnosis during device processing, we expected to get higher yields
in ULSI. Thus, it was necessary to accurately measure ultra low levels of contamination on both incoming and
processed wafers. In 1990s, high resolution analytical methods which can sensitively detect traces (ppt) of the
contamination have been reported. A typical method was ICP-MS with a double focusing magnetic sector mass

150,151

analyzer. ' This kind of high resolution analytical instrument put stringent demands on the sampling method

intended to extract specific elements in a clean environment. The vapor phase dissolution (VPD) method combined
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Fig.43. Oxide defect density determined for test devices
with LOCOS field edge structures vs. epitaxial
layer thickness (Copyright Permission by The
Electrochemical Society) .

(d) Phosphorus implantation (n Region)

Fig.42. Tllustration of the bad effects in MOS devices caused
by thinned LOCOS field oxides due to COPg:
(a) COPg in which the residue of nitride mm
(Si;N,) after dry etching partly ml the well of the
COPg, (b) LOCOS field oxide growth constrained
by the residue of nitride films, (c) boron ion-
implanted areas through irregularly thinned
oxides, (d) phosphorous ion implanted regions
in thinned oxides (Copyright Permission by The
Electrochemical Society) .

with atomic absorption spectroscopy (AAS)," ICP-MS" and total reflection X-ray fluorescence (TRXF),”" have
been proposed to detect metallic contaminants on Si wafer surfaces. As for sampling method of VPD, one side of the
Si wafer was exposed to HF vapor in a clean, closed chamber. The HF vapor decomposes the native or thermal oxide
layer on the wafer and collects a droplet of acid as a sample.

From 1990s through 2010s, metallic contaminations on oxide surface were reported to affect device characteristics
and they increased during air exposure. Hence, there appeared an increasing demand to analyze separately between
oxide surface and oxide bulk in a simplified way and with high throughput in a clean environment. In addition,
purification of chemicals and water have been improved year by year. Furthermore, new closed wafer cassette and
mini-environment system are coming to reject contamination in 2016.

In the days of 1990s, in order to meet the various requirements, a PEM which Ishiwari et al."”""" developed
can be one of the strong tools. Figure 44 shows the procedure of the PEM where a sample wafer is packed in a clean
double-layered polypropylene bag with hot water or in a clean teflon bag with an acid solution (HC1/H,O, HF/
H,0, HF/HNO,/H,O including surfectant).”” This method has already been utilized to monitor impurities (anion,

19515 The features of the PEM were summarized as follows: (1) an extraction

cation, metal) for various purposes.
of impurities on both front and back surfaces of the wafers can be done simultaneously, (2) the environmental
pollution during extraction can be minimized once sample wafers are enclosed in the bags, (3) an extraction can
be applicable for both anion and cation impurities in addition to detrimental metal impurities, (4) it is easier to
simultaneously treat many specimens in the same water bath.”*”

Figure 45 shows the heavy metal concentration on Si wafer surfaces for three wafer vendors, respectively by
A, B and C in 1990s.”” Ten wafers of each vendor were analyzed, and measured concentration were averaged after
removing the highest and lowest values. The scattering of the data was within £ 5 percent. For all three vendors,
the detection limit (DL) of the combined improved PEM and ICP-MS was always lower than the measured
concentration of the impurity on the wafers. Because of the need of ultra-trace analysis in cleaned wafers, ICP-MS
with high accuracy turned out to be a useful technique to monitor remaining impurities on the surface of incoming

wafers on regular basis. Moreover, the device characterization proved that lower trace elements on the surface of
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the wafers fitted satisfactorily the present densely packed
MOS devices, because one of the detrimental impurities
of Fe accumulated up at the SiO,-Si interface, resulting in
degradation of electrical characteristics.

Based on the prototype PEM method,”™"" we have
tried to obtain various results related to depth profile of
Al and Fe impurities in thermal oxide.""""® Because more
crucial demands emerged to separately measure the metal
impurities between the oxide surface, SiO, film and Si-
bulk crystals. Therefore, the prototype PEM method was
improved to separately extract impurities at the oxide
surface, within the oxide and SiO.-Si interface, using the

7 Then, taking an example to

same sample, respectively.
pick up, Cu, Fe and AL some wafers were deliberately
contaminated by utilizing Cu, Fe, and Al ion solution
[standard 1000 ppm (1 mg/ml)] into the RCA alkaline
solution. The final ion concentration in the RCA rinsing
solution was 1 u g/ml. Then, the three samples were
oxidized at 1000 °C for 60 min and analyzed by means of
the improved PEM and ICP-MS.

The improved PEM'™® was suggested in the following.
For the first hand, three types of solutions ([I] HC1
H,0, [II] HF/H,0 and [III] HF/HNO,/H,0), were
prepared and replaced one after another in one bag. The
experimental steps were as follows: [I] ; sample wafers
were packed in cleaned teflon bags with 10 ml of the
hydrochloric acid solution (HCI:H,0=1:1000) and kept at
about 95 °C for 30 min in water bath. This treatment is
directed specifically to extracting the metal impurities at
oxide surfaces because HCI does not dissolve Si0O,. After
the first extraction was done, [II] ; the sample wafers
were enclosed in another cleaned teflon bags again using
the HF solution (HF:H,0=1:1000) at about 95 °C for 30
min. In this step, impurities in the oxide is dissolved
into solution, but the solution does not dissolve Si bulk.
Then, [III] ; the sample wafers were put into the cleaned
teflon bag with the acid solution (HF:HNO,:H,0=1:1:100)
at about 95 °C for 30 min. During the last extraction,
the Si bulk surface was etched away to a depth of about
0.4 pm. These sample solutions were introduced into
high resolution ICP-MS. Hence, those impurities were
analyzed each for [I] ; the oxide surface, [II] ; the oxide
and [III] ;the bulk of Si.

Fig.44.

Fig.45.
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introduced into ICP-MS (Copyright permission by
Mater. Trans. JIM) .
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Heavy-metal contamination of the surfaces of Si
wafers from three vendors, represented by A, B
and C. DL means the detection limit of ICP-MS
(Copyright permission by Mater. Trans. JIM)."*¥

4 . Conclusion

This report described a remarkable progress in silicon (Si) crystal technology with an aim of advancements

in electrical performances from integrated circuit (IC) through ultra-large-scale-integration (ULSI) device era.

Since 1960s, an advent of an epoch making IC device needed to control crystalline defects in Si crystal grown by

Czochralski (CZ)-pulling method, inspiring researchers to grow dislocation-free single crystals and also to reduce

process-induced defects such as thermally-induced and/or gravitational-induced dislocations, oxidation-induced

stacking faults (OSF), crystal originated particles (COPg) and deleterious impurities by gettering as wafer
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enlargement and the miniaturization of device progressed until nowadays.

A method to experimentally control OSF in N, annealing “post oxidation annealing” and to avoid slip dislocations
due to thermal stresses were reviewed and summarized. The post oxidation annealing technique eliminated OSF and
formed denuded zone (DZ) underneath SiO,-Si interface, thereby the technique may be a crack of dawn of intrinsic
gettering (IG). To reduce slip dislocations due to thermal stresses in ULSI device processes, what counts was to
control an optimum microdefect density in order to maintain less warpage. The microdefect density should be less
than 5 X 10” em ™ to prevent permissible range of warpage in ULSI device processes. Moreover, it was summarized
that mathematical calculation methods were successfully established to predict the occurrence of thermal stress-
and/or gravitational-induced dislocations in 200 and 300 mm diameter wafers.

A mechanism of point defects (vacancy and interstitial) clustering and secondary defects of oxygen precipitates
including punched-out dislocations and staking faults during CZ Si crystal growth was reviewed. Such microdefects
were found to cause electrical failure in Si devices, and concurrently oxygen precipitates and DZ in Si bilk gave rise
to benefits to device characteristics by capturing unwanted impurities from p-n junction area which is called IG.
Many researches related to IG were reviewed and specific experimental results were described. At the same time,
suitable oxygen concentration [Oi] in CZ Si wafer to getter surface impurities was determined. The optimum [O1i]
required to suppress OSFs-S in device processings was postulated to be between 9- and 10 % 10" atoms/cm”®.

COPg on Si wafer surfaces, which reportedly are truncated octahedral voids in Si crystal ingot, caused local
thinning of the field oxide, and thus increased the isolation leakage between memory cells in ULSI devices with 0.3
pm design rule. In the prototype p-/p- thin-film Si epitaxial wafers, a 1 um layer thick film was sufficient to cancel
such detrimental COPg, and to improve the gate oxide integrity.

However, essentially, sophisticated CZ crystal growth could overcome this crucial assignment by controlling
point defects such as vacancy and/or interstitial. Although IG technique improved to suppress the deleterious effects
of impurity contamination at wafer surfaces, the impurity contamination itself was found to be fatal issues for ULSI
devices, thereby, essentially, cleaning technology and analytical techniques were remarkably developed. Finally, the

point defect dilemma among many researchers during Si crystal growth from 1982 through 2016 was reviewed.
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“The Twelve Senses” in Waldorf Pedagogy

Fumiaki TSUCHIYA*

Abstract

This paper examines how “the twelve senses”

, proposed by Rudolf Steiner, is accepted in Waldorf Pedagogy.

Firstly, it picks up one of Steiner's lectures on “the twelve senses” and summarizes his theory. And then, it takes
up the theory of education by Stefan Leber, one of the most important pioneers of the German Waldorf school
movement, in order to explain the relationship between “the twelve senses” and education. Finally, this paper

reaches the four main points as follows:

1. Steiner's “twelve senses” has percolated to every level of Waldorf education.
2. Steiner's “twelve senses” maintains that a human being is a unified organism. All sensory organs are

closely related to each other to perceive.

3. Steiner's “twelve senses” assumes one aspect of desirable human development. Each sensory group and
organs has predominate developmental stages respectively.

4 . Steiner's “twelve senses”

, as a basic principle, has become a course of action in the Waldorf School.

Key words: Rudolf Steiner, The Twelve Senses, Waldorf Pedagogy, Waldorf School
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An Inquiry into Communication-oriented English Teaching and
Learning at Schools

Ryoji TAKAHASHI*

Abstract

This paper gives an overview of the goals of English teaching and learning in regards to proposed guidelines
in the New Course of Study - Foreign Language & English, which is to be introduced in 2020. Additionally,
this paper suggests ways which facilitate self-directed learning which takes into account the students’ academic
abilities. This includes three components; knowledge, attitudes and skills. Since the Heisei era, there have been
gradual changes in English educational policies for cultivating global citizenship. This has seen a shift from
teacher-led instruction to learner-centered communicative approaches. Although the concept of “communicative
competence” has been considered an essential quality for English learners, it seems that teachers of English
and educationalists have yet to reach a consensus on what this requires. In the Post-Method Era, it is difficult
to determine which strategies are the most appropriate for individual learners. The methodologies that teachers
adopt, and indirect learning strategies that learners employ, will be more critical than ever. As accommodators,
teachers will be required to provide students with learning strategies that help them to undertake effective
learning. To be lifelong learners, or successful communicators, students need to develop self-directed learning
skills. At the same time they need to be flexible as the need requires. This goal can be attained through a wide

range of learning experiences. '’
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LTETWwa, HEH (2006) &, [HAROEFEHE TH
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