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BMD Density (fcm?)
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Standard of Japan Electronics and Information Technology Industries Association

Test Method for Bulk Micro Defect Density and
Denuded Zone Width in Annealed Silicon Wafers

Foreword

This standard provides definitions of test methods for bulk micro defect (BMD) densities and denuded zone
(DZ} widths in annealed silicon wafers. This standard describes both preferential etching methods (JIS H 0609) and
laser-scattering tomography techniques as procedures to measure BMD densities and DZ widths. These procedures
have been standardized based on questionnaires and the results of round-robin measurements at eight domestic sites

and two overseas sites conducted between January and December 2004.

1 Scope

This standard defines test methods of BMD (which generally consist of oxide precipitates) densities and DZ
widths that form in silicon wafers after applying heat treatments. The procedures covered in this standard are
intended to measure BMD densities over a range of 107/cm’ to 10'%cm?® and DZ widths up to 40 um. This standard's
measurement procedures may be used with annealed silicon wafers with BMD densities and DZ widths outside of
these ranges and also with non-annealed silicon wafers - however, this standard does not guaraniee measurement
accuracies in such cases.

Safe practices and other handling issues inherent to this standard are the responsibility of the user of this

standard.

2 Referenced Standards

Standards listed below constitute a portion of the definitions of this standard through their citation in this
document. All cited documents refer to the latest published versions {including supplements).
2.1 Standards on Preferential Etching

JIS H 0609:1999 Test Methods of Crystalline Defects in Silicon by Preferential Etch Techniques

SEMI MF1725 Practice for Analysis of Crystal Perfection of Silicon Ingots

SEMI MF1726 Practice for Analysis of Crystal Perfection of Silicon Wafers

SEMI MF1727 Practice for Detection of Oxidation Induced Defects in Polished Silicon Wafers

SEMI MF1809 Guide for Selection and Use of Etching Selutions to Delineate Structural Defects in

Silicon ‘

SEMI MF1810 Test Method for Counting Preferentially Etched or Decorated Surface Defects in Silicon
Wafers .

DIN 50434 Determination of the crystallographic perfection of monocrystalline silicon by

preferential etch techniques on {111} and {100} surface
2.2  Standards on Etching Solutions
JIS K 8819:1996 Hydrofluoric Acid (reagent)
JIS K 8841:1994  Nitric Acid (reagent)
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JIS K 8355:1994 Acetic Acid (reagent)

JIS K 8550:1994 Silver Nitrate (reagent)

JIS K 1402:1992 Chromium Trioxide

JIS K 8517:1995 Potassium Dichromate

SEMI C1-0200 Specifications for Reagents

SEMI C35-0699 Specifications and Guidelines for Nitric Acid

SEMI C18-0699 Specification for Acetic Acid
2.3  Standards on Purity of Water

ASTM D5127 Standard Guide for Ultra Pure Water Used in the Electronics and Semiconductor Industry
24  Standards on Lasers

JIS C 6801:1988 Glossary of Terms Used in Laser Safety

JIS C 6802:2005 Safety of Laser Products

JIS C 6180:1991 Measuring Methods for Laser Output Power

JIS C 6182:1991 Test Methods of Optical Power Meters for Laser Beams

3 Summary

Preferential etching and laser-scattering tomography are the main methods used today to measure crystalline
defects in silicon wafers. In preferential etching, the older practice, the measurement surface of the silicon wafer is
etched with a solution, which exposes crystalline defects formed by heat processing as etch pits. These etch pits are
observed and counted under an optical microscope or by other means. Laser-scattering tomography, which has
become popular in recent years, measutes fault distributions by probing the silicon wafer with a laser beam at
near-infrared wavelengths - wavelengths at which silicon is highly transparent - and detecting light scattered by the
defects in the silicon [see Reference 1 in the Annex (References)]. This standard defines measurement methods of
oxide precipitates and denuded zones near the surface using both conventional preferential etching techniques and

newer laser-scattering tomography.

4  Terminology

Definitions of the primary terms used in this standard are given below. Definitions of oxide precipitates and
bulk micro defects quote JIS H 0609.
4.1
Oxide Precipitates

Oxide precipitates are oxygen atoms existing between lattices, included as impurities in Czochralski-grown
silicon crystals, that are deposited as silicon oxides as they react with silicon during heat growth history or during
later heating stages. Oxide precipitates account for most bulk micro defects. They appear as efch pits under
magnification after preferential etchihg or as light-scattering centers when light-scattering techniques are applied.
4.2
Bulk Micre Defects (BMD)

Bulk micro defects are micro defects within the wafer such as dislocations, stacking faults, and precipitates.
Bulk micro defects are observable as etch pits on the {110} cleavage plane under 100-times or greater total

magnification after cleaving the {110} surface and applying preferential etching. The majority of bulk micro defects
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in annealed silicon wafers are oxide precipitates.

Note that this definition does not cover grown-in void defects.
4.3
Stacking Faults

In a perfect crystal, atom surfaces are stacked cyclically. Stacking faults are stratified defects where
irregularities occur in the stacking order. They are one type of area lattice defect (planar defect) existing either on the
surface or within the silicon wafer.

4.4
Denuded Zone (DZ)

The denuded zone is a layer where the occurrence of oxide precipitates and other micro defects is suppressed by
the formation of a region of low-oxygen concentration near the surface, as interstitial oxygen in the silicon diffuses
outward with heating.

Note that this definition does not cover grown-in void defects.

4.5

Examination Magnifications of Microscopes
4.5.1

Eyepiece observations

The total magnification, M, of visual observations using a microscope is the magnification of the objective lens,
M, multiplied by the magnification of the eyepiece lens, M,. This relationship is represented by the equation below.
During observations, scales or observation frames are inserted in the reticle plane to indicate the measurement area.

M=M,xM,
452
Using image sensors

The total magnification, M, of a microscope using an i'mage sensor or pickup device is the magnification of the
objective lens, M,, multiplied by the magnification of the photo lens, A, This relationship is represented by the
equation below. This equation does not include any monitor magnification, the ratio between the image sensor size
and the monitor size. The examination range is the effective measurement area of the image sensor divided by the
square of the total magnification.

M=M,xM,
4.6
Light-Scattering Centers

This is a point from which light is diffused when light from a laser is passed through the silicon wafer. Defects

can be detected as light-scattering centers because the index of refraction in the silicon wafer changes at defects,

such as contaminants or distortions, causing the incident light to disperse.

5 Measurements

The following sections present the procedures for measuring BMD densities and DZ widths in silicon wafers.
5.1 Conditions on Samples and Development Heat Treatment

This standard applies to mirror-finished annealed silicon samples with a specific resistance of 0.01{« cm or

greater. Predetermined heat treatment is applied when obtaining measurements is difficult because, for example, the
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defects in the sample are too small. Thermal treatment conditions cannot be defined unambiguously since they are
tailored to the end use of the silicon wafer. Therefore, the heat treatment conditions shall be determined by

agreement between the relevant parties. A typical development heat treatment is three hours at 780°C in dry oxygen
followed by 16 hours at 1000°C in dry oxygen.

5.2  Creation of Examination Samples and Measurement Positions

The silicon wafer is cleaved in the center along {110}. The {110} surface can be identified easily because it is
either parallel or perpendicular to the orientation flat or notch of (110). For preferential etching, the sample is
cleaved into a rectangular section 10 to 20 millimeters in width and the surface prepared to facilitate observations
under a microscope. The silicon wafer is also cleaved in the center for laser-scattering tomography measurements
and made into a half-round section or a rectangular section.

The created sample must be handled so the examination surface is free of work damage, contamination, -or
residues. Contaminates and residues can cause measurement errors. If contamination or residues stick to the sample,
wipe the measurement surface with alcohol or ather solvent so measurements can be taken on a clean surface.

Bulk micre defects are not necessarily distributed homogeneously in a radial direction around the silicon wafer;
the radial distribution of defects changes depending on heat treatment conditions. Thus, the measurement position
requirements for radial distributions of bulk micro defects are adjusted according to the objectives of the wafer user.
For this reason, measurement position particulars are usually determined by agreement between the relevant parties
using the measurement results. Some possible measurement position guidelines are a three-point measurement
system, like that illustrated in Figure 1, where measurements are taken at the center, at half the radius, and at a point
10 millimeters from the wafer edge, and a one-point measurement system, where the measurement taken in the

center of the wafer.

At each measurement point, the BMD density is measured at the midpoint of the wafer's cross-sectional width

and the DZ width is observed and measured just under the surface.
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5.3  Preferential Efching Techniques.
5.3.1 Notes on preferential etching reagents

The preferential etching reagents must conform to the reagent concentrations and usage practices given in
references such as JIS H 0609 and SEMI MF1809. Measurement results are not guaranteed when etchant mixtures
are used that are not given in the referenced standards. When examining bulk defects within the silicon wafer with an
etching process, the silicon wafer is cleaved and then etched with a prescribed etchant mixture. The
cleaved-and-etched surface is examined under an optical microscope. The etching depth shall be between 1.5 pm and
5.5 pm.

5.3.2 Measuring BMD densities

BMD densities are measured with an optical differential-interference reflection microscope. Visual

examinations are commonly made at 100-times to 500-times total magnification. When the defect density is low, it is
necessary to reduce statistical error by increasing the total number of defects counted. This can be achieved by either
examining the defects at an even lower magnification or expanding the examination range.
Defects can be counted either from an image recorded through the micrescope or directly while observing the sample
under the microscope (Photo 1 shows a typical BMD observation). In this standard, either of these methods may be
used. When measurements are taken with an automatic measuring device (for example, equipment combining an
optical microscope and a CCD camera), they must be taken under conditions complying with the device's
specification.

Calculate either the area density, by dividing the number of observed defects by the examination area, or the
volume density (dividing the area density by the etching depth) and record and report the results as stipulated in
Section 6. A

The density of BMDs caused by heat generally has a depth distribution (Phote 2). The BMD density near the
surface is low, but the density increases with depth until a certain depth where the density levels off. From this point,
the density either remains constant or decreases with deptlll. BMD density measurements after etching are made at
the midpoint of the wafer's thickness. But if the depth profile of the BMD density plateaus at a shallower wafer depth
and this density can be confirmed to be the same as the density at the midpoint, measurements taken at the shallower
depth can be regarded as the BMD density at the wafer's center.

5.3.3 Measuring DZ widths

DZ widths are usually measured visually under a microscope af a total magnification of 100-times to 500-times.
When the defect density is low, it is necessary to reduce statistical error by either examining the defects at an even
lower magnification or expanding the examination range (Photo 2 gives a typical DZ observation).

As Figure 2 illustrates, the DZ width is essentially the depth from the surface to the nearest defect. However,
alternative DZ width measurements may be determined by agreement among relevant parties. One alternative DZ
width definition is the distance from the silicon surface to the third defect. An advantage of using the third defect is
repeatability; results are often impossible to reproduce when the first or second defects are used as determinants.
This standard recommends defining the DZ width as the depth to the third defect since past experience has shown

this is an effective practice.
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Surface

I ]

Photo 1—Typical BMD Examination Photo 2—Typical DZ Examination
Example Example

Other methods of determining the DZ width include using the first or second defect from the surface or finding
the average between the first and third defect. When measurements are taken with an automatic measuring device
(equipment combining an optical microscope and a CCD camera), they must still follow the basic conditions for

visual examinations. Measurement results are reported in accordance with Section 6.

Polished Surface

Details of DZ Width Measurement Examples:
bl /
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(4) Average of DZ1, D72, and DZ3
BMD (5) Other methods agreed to by the relevant parties

Figure 2—Examples of DZ Width Measurements

54  Laser-Scattering Tomography

There are several techniques to evaluate defects with light scattering. This standard employs laser-scattering
tomography, the most widely accepted technique today meeting this standard's measurement objectives. Here,
laser-scattering tomography refers to measurement systems based on the principles outlined in Section 5.4.1. This
standard does not guarantee results from measurement methods not conforming to these principles. Additionally,
results are not guaranteed when the precautions, described in Section 5.4.2, are not followed.
5.4.1 Measurement principles of laser-scattering tomography

Laser-scattering tomography is one type of defect-monitoring technique relying on light scattering. Figure 3
provides a block diagram of the basic equipment for laser-scattering tomography. A near-infrared YAG laser - with

an output power of between one and 2,000 milliwatts at a wavelength of 1.064 pm, for example - is used as the light
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source. A collector lens is used to focus the laser beam inside the crystal on a point roughly five millimeters in
diameter. Since the refractive index within silicon crystal is high, about 3.5, the beam propagates with a tightly
focused cross-sectional area nearly 5 pm in diameter. The laser's light scatters when it encounters a defect in the
silicon. The scattered light passes through a 50-times to 100-times microscope stationed at 90° to the incident beam
where it forms an image. The light scattering is observed with a television camera sensitive to near-infrared
wavelengths. By slowly scanning the sample, the system superimposes the light-scattering images to obtain a
tomogram, like that shown in Photo 3. It is preferable to place the beam as close to the edge of the sample as
possible, but it is focused at a distance of 40 pum on a point where scattering does not occur at the sample edge.
Observations can be made either from the cleavage plane with the laser entering from the polished surface, like in
Figure 3, or vice-versa. Entering the laser beam from the polished surface is advantageous for obtaining defects at
the surface of the silicon wafer as well as depth distributions. Conversely, illuminating the sample from the cleavage
plane is advantageous when observing near-surface defects from the polished surface to about 10 pm below the

polished surface.

Monitor
Cleavage
Plane Camera |
Objective Image Processor
Lens
Polished Surface\ Microscope, I
r
Measuremtint Sample \‘ £ Computer
% s &
I Focusing I
Lens \
Adjustable Stage i Filter Stage
e controller
Near-Infrared Laser |
w7 T A !
/ Optical Bed /
Z

Figure 3— Block View of a Laser-Scattering Tomography Setup Using a Near-Infrared Laser
Capable of Observing In-Plane and Cross-Sectional Images of the Wafer

5.4.2 Precautions when using laser-scattering tomography

a) Since laser-scaftering témography uses the cleavage plane of samples, any chips at the edge of the cross-section
or any contamination or residue attached to the cross-section or polished surface will diminish the measurement
sensitivity. To attain optimal sensitivity, due care must be taken when preparing samples. Furthermore, it is
desirable to monitor and stabilize the measurement sensitivity by using a reference wafer containing
predetermined reference micro defects.

b) The intensity of scattered light is proportional to the defect size raised to the sixth power wheén a micro defect is

fairly small in comparison to the illuminating wavelength. To calibrate measuring equipment then, it is
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d)

5.4.3

a)

b)

advisable to prepare a number of standard reference wafers with different levels of defect densities and defect
sizes. The purpose of the calibration is to obtain the largest dynamic range of detectable defect sizes when
examining light-scattering centers by adjusting the incident light strength, the receiving ND filter, or the reading
rate or gain of the television camera.
While all types of defects scatter light, not all scattered light can be observed. Depending on the anisotropic
structure of a defect, its scattered light may not be visible at 90° to the incident light or it may scatter extremely
low levels of light. See references 2 and 3 in the Annex (References) for more about the anisotropic structure
of defects. |
Defects having the same volume do not always produce the same scattered light intensity due to the refractive
indices of defects and the amount of deformities around the defects. These phenomena must be considered
when predicting defect sizes from light-scattering intensities. As long as the defect structures are the same
however, it is easy to find a correlation between scattering intensity and defect size.
It is advisable that both the equipment manufacturer and the end user retain reference wafers so measurement
equipment is manufactured and maintained with minimal deviations between units.
With this measurement equipment, a particle of dust on the examined sample may scatter the laser beam and
degrade the measurement accuracy. Therefore, it is recommended the equipment be installed in a class 10000 or
better clean room and measures be taken to remove vibration to enable the detection of scattered light from
microscopic BMDs,

Laser handling and safety precautions
The characteristics of a laser change with use over time. The laser power in particular is subject to deviation.
Therefore, it is necessary to correct the laser with a calibrated power meter.
Lasers generating the wavelengths used in laser-scattering tomography and outputting continuous waves at 500
milliwatts or more are categorized as Class 4 devices. Therefore, to ensure safe handling of the measurement
equipment, Class 1 shielding must be put in place so absolutely no direct laser light, reflected light, or scattered
light escapes from the device. Furthermore, maintenance technicians must carry out maintenance inspections
while wearing protective goggles. Dﬁring maintenance work, the area the equipment is installed in must be
controlled so no one other than maintenance technicians can enter or else a safety mechanism must be in place
to automatically disconnect the laser beam should anyone enter the area.
General users must operate the measurement equipment's laser mechanism in accordance with the directions of
the equipment administrator. The equipment administrator must also provide safety training on lasers to all

users.

54.4 Measuring BMD densities

The procedure for measuring BMD densities with laser-scattering tomography is essentially the same as that

with preferential etching, outlined in Section 5.3.2. BMD densitics are usually measured while being observed at a

normal magnification of 50 times to 100 times. The magnification used, however, may change in certain

circumstances, The volume density is calculated by dividing the number of observed BMDs by the volume

illuminated by the laser beam (the examination area ( laser beam diameter).

Since it is possible to measure defects automatically with laser-scattering tomography, measurements of the

BMD density distribution are taken, extending from the surface to the bulk of the wafer, Photo 3 shows a

laser-scattering tomograph of an internal wafer cross-section taken at 50-times magnification.
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Individual BMDs appear as points since they are smaller than the optical resolution, meaning only the defect
positions (Figure 4) are found. From the defect positional information, the area density distribution is found of
defects in the examination range, the thickness of which is defined by the laser beam's diameter. Next, the volume
density distribution (Figure 5) is calculated by dividing the area density by the beam diameter. The value where the
BMD density reaches a fixed saturation is seen from the distribution measurements in an annealed wafer, like those
in Figure 5. This saturation value can be used as a substitute for the BMD density measured at the wafer's internal
midpoint. In Figure 5, this value is found to be 1.3 X 10° cm™.

In wafers with low defect densities, a sufficient number of defects must be observed to maintain measurement
accuracy. This can be accomplished by either broadening the examination area or enlarging the examination volume.
The examination volume can be expanded by creating a 3D measurement, in which the laser's scan position is
stretched to deepen the observation depth. Conversely, when working with a wafer with a high density of defects,

care must be taken 1o separate defect images that overlap.
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54.5 Measuring DZ widths

The procedure for measuring DZ widths with laser-scattering tomography is essentially the same as that with
preferential etching, described in Section 5.3.3. In laser-scattering tomography, DZ width measurements are
normally taken while viewed at 50-times to 100-times magnification. The observation magnification, however,

changes in some circumstances.

6 Reported Data
The following information shall be reported:

a) the measurement method, the measurement equipment, the name of the operator, and the date of the
measurements;

b) (when preferential etching is employed) the preferential etching reagent and the etching depth;

¢} the type (features) of the sample;

d) measurement positions;

e) magnification used; and

f) measurement results (BMD area density or volume density, DZ width, and DZ-width determination method).

The release of this information shall be determined by agreement between the relevant parties.
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Explanation for Test Method for Bulk Micro Defect Density and
Denuded Zone Width in Annealed Silicon Wafers

This explanation is not part of JEITA EM-3508. The discussion that follows provides descriptions of items

defined or detailed in the standard body or in the Annex as well as other related topics.

1 Background to the Formulation of this Standard

Single-crystal silicon, used for semiconductor device substrates, includes substantial grown-in crystalline micro
defects. These defects are known to have qualities that cause semiconductor devices to fail when operated and trap
impurities during long semiconductor-device heating processes”, Therefore, assessing the micro defects contained in
a silicon substrate can give the user valuable information on the characteristics of the wafer prior to use.

Preferential etching” ® has been the standard method of evaluating these defects for many decades. The main
argument for this evaluation technique has been its ability to identify oxide precipitates in the silicon substrate. A
large number of oxide impurities exist in silicon substrates grown with the Czochralski process and these oxide
impurities become deposited in the substrate as it undergoes long heat treatments. Hence, preferential etching's value.

About 15 years ago, laser-scattering tomography was first applied to silicon to observe the same oxide
precipitates. This technique is referred to as infiared tomography'® since it uses infrared light, and it is widely
employed today. Optical-transmission methods and grazing-incidence methods also exist.

Until now, there has been no standard encompassing methods of defect examination (measurement) using light.
The formulation of a SEMI standard on annealed wafers however, has prompted a need for a standard on
measurements (density measurements and denuded zone width measurements) of bulk micro defects (BMD) in
silicon substrates. Standardization of this topic started from this need. Two techniques - preferential etching and
laser-scattering tomography - were evaluated in the initial stage of the standard's establishment, This study led to a
decision to develop descriptions of these techniques' measurement procedures and precautions.

There are many reagents that can be used for preferential etching. Many laboratories and production facilities
use reagents based on their application and historical background. Wright etch solution”, which includes toxic
hexavalent chromium, is the most widely used reagent for preferential etching. Etching solution standards have
existed in Japan as well and chromium-based reagents were stipulated by standards until non-chromium reagents
were standardized in 1996%. Since 1996, JIS have standardized non-chromium-based etching solutions and today
their application is commonplace.

While standards already exist on etching solutions for preferential etching techniques, their descriptions of
measurement methods as standards has been unsatisfactory. Thus, it was judged that a new standard was needed. It

was also believed that laser-scattering tomography should be standardized at the same time.

2 Progression of the Standard's Establishment

Three organizations - the Japan Society for the Promotion of Science's No. 145 Committee on Crystal
Fabrication and Evaluation Technologies (Committee 145), the Japan Electronics and Information Technology
Industries Association (JEITA), and the Semiconductor Equipment and Materials Institute Japan Site (SEMI Japan) -
agreed that BMD density and DZ width measurement practices should be standardized. In recognition of the
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necessity for a standard, a consensus was reached to formulate a standard at JEITA, after which work got underway
in August 2003,

Although Committee 145 had done some preliminary studies on the standardization of light-scattering
techniques, the "Standardization of Light-Scattering Defect Evaluation Techniques" F subcommittee was officially
inaugurated in April 2004. At JEITA, standardization commenced in October 2003 with the inception of the
Micro-defect Evaluation WG. This WG consisted of eight members - six from JEITA (selected after recruiting
peopie from JEITA corporate members) and two from Committee 145 to gauge the effectiveness of the standard
preparation work. Practical standardization activities took place at JEITA while academic studies were pursued at
joint meetings between the three organizations {JEITA, SEMI Japan, and Committee 145).

Policy and directions for standardization work at JEITA were determined in the preparatory stage. A survey of
the three organizations and other cooperating businesses was conducted to find out what equipment and techniques
were in use and the extent of their usage. Questionnaires were sent to 22 organizations - members from different
industries on JEITA's Silicon Technologies Committee and Wafer Measurement Standard Technical Committee. The
questionnaires looked at both preferential etching techniques and light-scattering techniques. The results showed that
JIS non-chromium, Wright, and Modified-Dash etching reagents were the most commonly used and that etching
depths ranged from two to 5 pm. Almost all organizations used optical microscopes for BMD measurements,
although some used auto-measuring devices equipped with microscopes. All organizations that responded to
questions about light-scattering techniques said they used laser-scattering tomography.'” Transmission-based devices
also exist, but there are no devices in circulation on the market. Therefore, transmission methodologies were
excluded from the standardization mandate. Measurement conditions were selected from these results, and

round-robin measurements were conducted.

3 Management of industrial properties, etc. '

Mitsui Mining and Smelting Co., Lid has patents or patents pending on these standards. This company has
announced its conditions for licensing those patents or patents pending as show below. For charged licenses, those
who would like to acquire such licenses to use the above-mentioned patents or patents pending, they are individually

supposed to negotiate with the patent owner or applicants of the patents pending.

) Number of industrial . . .
Patent owner Title . Conditions for licensing Remarks
property right

Measurement This industrial property right
Mitsu% Mining and 0’-f dfffect- No. 2604607 is licensedt on lreilisonable
Smelting Co., Ltd distribution and '| and non-discriminatory

apparatus therefor conditions.

Measuring method This industrial property right

itsui Mini d d devi is li bl

M1tsu% ining an an .cvu:c fo'r No. 2729362, is 1censed‘ onlre?sona e
Smelting Co., Ltd size information and non-discriminatory

of grain or flaw conditions.

Apparatus and This industrial property right
Mitsu% Mining and methoé for No. 2920056 is licensed‘ on-rez.asonable
Smelting Co., Ltd observing crystal and non-discriminatory

defects conditions.
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These revisions do not constitute any guarantee that there is no relevant industrial property right, etc., other than
the foregoing. JEITA assumes no responsibility concerning any industrial property right, etc., related to these

standards.

4  Preferential Etching and Laser-Scattering Tomography

Our standardization focused on two of the many possible techniques to observe defects. This section briefly
summarizes these two examination methods,

Explanatory table 1 surmnmarizes some, although not all, types of preferential etching solutions used with

single-crystal silicon.

Explanatory table 1 —List of Preferential Etching Solutions

) .. Etching Rate
Solution Composition . Detected Defects
(pm/minute)
Sirtt 2 HF(49%):Cr0; (5M) =1:1 <1 OSF/Dislocations
Secco ¥ | HF(49%):K,Cry0; (0.15M) =2:1 <15 OSF
Weighy @ | HF(@9%):HNO; (70%):Cr0; (SM):Cu (NOs)yHo0: | _ ) OSF/BMD/
£ CH;COOH = 60ml:30ml:30ml:2g:60ml:60ml = Dislocations
Dash? | HF(49%):HNO; (70%):CH;COOH (99.9%) =1:3:12 | <0.03 OSF
Schimmel © | HF(49%):Cr0; (1IM) =2:1 ‘ <175 Dislocations
Yang | HF(49%):CrO; (1.5M) =1:1 =Y3 solution <15 BMD
HF(49%): 0%):CH;COOH :H,0=1:12.7:3:3.7
Sato ¥ (49%):HNO; (70%)-CH; © <18 OSF - BMD
=JIS “A” solution
HF(49%):HNQ4:H,0: =1:2.5:10.5:0.005mol/1
M.Dash @ (49%) o? ,0:AgNQ; =1:2.5:10.5:0.005mo 4—33 OSF « BMD
=JIS “E” solution

These etching solutions are applied according to the type of defects to be observed. For example, Sirtl and
similar solutions are used to observe large-scale dislocations occurring during crystal pulling, whereas Dash
solutions and others with slow etching rates are employed to find extremely minute defects. Wright solution, a
versatile solution for all defects, is used prominently. Tt is essential to select the proper solution for the defect to be
viewed.

Explanatory table 2 details different classes of light-scattering methods. Including particle measurements and
other surface-fault inspections, common defect-evaluation methods based on light scattering are laser-scattering
tomography, grazing-incident methods, double dark-field methods, and perpendicular methods. See Section 5.4 in
the standard body for a discussion of laser-scattering tomography.

Grazing-incident tomography works by focusing the laser beam almost parallel to the crystal surface and
observing the scattered light from internal defects in same plane. This technique can test for the presence of defects
and measure defects in the denuded zone, but it does not readily measure defect densities in high-density bulk defect
layers.

Confocal back-scattering methods use a laser as the microscope's light source to illuminate extremely small
regions. A confocal optical sysiem permits observations of micro defects at a specific poin{ by raising the
three-dimensional resolution of light scattered by defects in the illuminated region. It is also possible to obtain

cross-sectional images of defects by panning either the crystal or laser beam laterally and vertically.
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Transmission differential-interference examinations, like back-scattering methods, illuminate extremely small
regions using a laser as the differential-interference microscope's light source. In differential-interference
observations, polarized transmitted light, light which is displaced slightly in two directions, is converted to electrical
signals by separate optical receivers. By taking the difference of the signals, even tiny signal fluctuations caused by
defect areas are sensed. It is also possible to obtain crosé-sectional images of defects by panning either the crystal or

laser beam laterally and vertically.

Explanatory table 2— List of Defect Examination Methods Using Light-Scattering Techniques

cl Model and-Function
ass
Manufacturer Model Summary of Functions
Mitsui Kinzoku MO-411 Obtaing fault-scattering images of bulk defects by finely
Laser focusing a laser on a small region of the crystal and scanning
Scattering Ratoc System with the laser, Detectable densities: 10*cm™ to 10cm™. Density
. MILSA-EXP . . .
Methods Engincering measurements and size evaluations are made through image
processing.
By focusing the laser at a slant to the cleavage plane, total
Total reflection is obtained at the wafer surface and defects
) Ratoc System . .
Reflection Engineeri MILSA immediately below the surface are detected. These methods can
ngineerin
Methods & & observe defects just below the surface at detection sensitivities
equivalent to laser-scattering methods.
For bulk defects: Obtains a s.et of bulk longitudinal defect image 'slitfes 'in a
MO-511 non-destructive manner to get bulk defect distributions.
Gragi Detectable densities: 10%cm™ to 10'%cm”
Iraiilngt- Mitsui Kinzoku For surface Gives the placement of defects near the crystal surface from the
nedet defects: MO-521 | measurement-position dependency in an non-destructive manner.
Methods . 3 g 3
LSTD Scanner | Detectable densities: 20cm™ to 10°%cm™. Totally automated
{Brewster’s .
Anal MO-6 non-destructive measurements of defects near the crystal surface.
ngle
L Hitachi High '
Ilumination) Hacht 1fg OSDhA Inspection device for surface-layer defects
Technologies
Ratoc System
. 4 . MILSA Non-destructive inspections for near-surface defects
Engineering
Doubl Hitachi DECO 156600 Inspection device for surface faults
ouble
- i i faul
Dark_Fieid Topcon WM-5000 inspectfon dz\nc‘e forf surfacef an ti. 1 ' —
1 t -inciden
Methods SPL.TRI nspection device for surface faults using grazing-inci
KLA-Tencor methods
SP1 Inspection device for surface faults using a perpendicular laser
. Semilab SIRM300 Ix?specticin c'ievice for bulk defects with 'a confocal, re.ﬂective
Perpendicular differential-interference system together with back scattering
Examination ACCENT OPP300 Defect measurements using transmission differential-interference
Methods measurements
Measures surface-layer defects, faults, and surface-shape
Lasertec MAGICS . . . .
transformations with a reflective, confocal microscope

The standard body enumerates the most important precautions when making measurements with laser-scattering
tomography. Some additional precautions, however, are listed here. |
1) Signals from laser-scatiering tomography television cameras will become saturated once the input exceeds a

certain level or, with CCD cameras, signals will exhibit a sort of charge "smearing." It is advisable to keep
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2)

3)

the maximum scattering intensity from light-scattering centers below this saturation level,

Band-edge fluorescence, however weak, will appear in measurements when using a laser wavelength of
1.064 um since this wavelength is larger than the band-gap energy of silicon. This necessitates the use of a
narrow-band laser-line filter to remove the fluorescence component, which is superimposed on the laser's
wavelength, and obtain just the scattered light.

The measurement range of BMDs is normally assumed to be from 1 X107 em™ to 1 X 10'° cm™. At least 10 or
more defect-examination areas must be selected within the examination range to prevent statistical errors
from appearing in density measurements. When working with low-density samples, however, this means
several contiguous examination views must be taken instead of just one examination view. The examination
view could be broadened by lowering the magnification, but this introduces the risk of overlooking micro
defects because the image of each defect is so small, and the fact that changing the magnification changes the
detection limits cannot be ignored. When defect densities fall below the range above, errors become more
significant regardless. On the other hand, the examination view can be expanded more readily with
high-density samples, but errors still occur because defects become superimposed at lower magnifications.
Yet these superimposition errors occur with preferential etching methods as well. Thus, it is conceivable to
find a good correlation where large discrepancies do not exist after measuring defects with both methods.
Applying the light-scattering image simulation shown in Explanatory figure 1, it is possible to predict a
density-measurement limit of 8X10' cm™ when using a CCD with 10-pm-square photo pixels and a

100-times objective lens with a 3-um-diameter laser beam.,
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Explanatory figure 1—Dependence of the Density Measurement Limit and the Objective Lens

Magnification when Making Measurements with a 3-um Laser Beam

4) The same problems as outlined in 3) above occur with DZ width measurements when the BMD density is low.

The statistical error in DZ width measurements becomes enormous when the number of defects observed is
extremely small. Various restrictions then must be put in place, such as ruling out measurements of DZ
widths in wafers with BMD densities less than 1 X 10® cm™ or requiring DZ width measurements to be taken
where a fixed number of defects, say 50 or more, are observed. Statistical errors are also present with
preferential etching methods, so a correspondence between etching and light scattering is often maintained.

In many cases where the defect density is very low, a DZ layer is not formed because there is little
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difference between the surface and bulk defect densities.

5 Round-Robin Measurements
5.1 Measurement Process ' .

The objective of performing round-robin measurements was to see the correlation among the participating sites
and to uncover any remaining problems or precautions related to the standardization. Another objective was to
compare measurements by preferential etching and laser-scattering tomography. Ten institutes participated in the
round-robin: six silicon wafer venders (Sumitomo Mitsubishi Silicon, Komatsu Electronic Materials, Shin-Etsu
Handotai, MEMC, Siltronic Japan, and Toshiba Ceramics), two light-scattering device makers (Ratoc and Mitsui
Kinzoku), and two overseas research institutes involved in laser-scattering tomography (Siltronic Germany and
IHP/BTU Joint Lab (both located in Germany)).

Note that only the wafer venders performed preferential etching measurements.

52 Measurement Samples

The prepared samples were p-type silicon wafers with a diameter of 200 nun and a thickness of 725 pm and had
a specific resistance of roughly 1 Q » cm. A two-stage heat treatment for BMD development - 780°C for three hours
and 1000°C for 16 hours (in a dry oxygen atmosphere) - was applied to all samples. These heat-treatment conditions
were selected because all organizations answering our earlier survey indicated they used these parameters. Samples
were prepared with three levels of BMD densities (1 X 10%, 5% 108, 9% 10°/cm®) and four DZ widths {7, 10, 30, and
200 pm). The samples were then cleaved in half. One half was reserved for light-scattering measurements and the
other was further processed into a rectangular section. Etching to a depth of 5 pm was done with a Modified-Dash
solution. The surfaces of the samples were wiped with ethanol or other organic solvents to ensure they were clean
before taking measurements, as contaminated examination surfaces are far more likely to incur measurement errors.
Measurements were taken at three points - 99 millimeterg, 100 millimeters, and 101 millimeters - by moving the
stage from the sample edge. At each measurement position, the BMD density was measured at the midpoint of the
* wafer's thickness and three DZ widths were recorded: DZ1 where the first defect was measured, DZ2 where the
second defect was measured, and DZ3 where the third defect was measured. Light-scattering measurements were
taken at the same positions opposite the positions on the cleavage plane of the etched samples where preferential
ctching measurements were taken.

5.3  Results and Comparisons of Preferential Etching and Laser-Scattering Tomography
5.3.1 BMD densities

Explanatory figure 2 compares the preferential-etching measurements of BMD densities from each site. There
were seven sample variations: three BMD density levels and four DZ widths. The Y axis indicates the three-point
average of each site. The X axis shows the average value of all sites for each sample. The dotted diagonal line in the
figure illustrates a 1:1 relationship. Almost as planned, the BMD densities ranged from 1 X 10% to 1X 10'%cm’. The
results indicate the practices for BMD density measurements defined in this standard are sufficiently reliable since
no remarkable differences appear between any of the sites. It is interesting to note that site D', which used automated
measurement equipment combining a CCD camera and optical microscope, had results consistent with visual
examination results. It would appear goed measurement conditions were maintained while the equipment was
operated.

Explanatory figure 3 gives the laser-scattering tomography measurement results from all sites. The X and Y
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axes have the same meanings as in Figure 2: the three-point average of each site and the average of all sites at each
density level,

"That site I' used a back-scattering method (scanning infrared microscopy (SIRM)) for its measurements. As with
the preferential etching measurernents, the results from each site show exceptional consistency.

This indicates the potential for standardizing measurements taken with laser-scattering tomography techniques.
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Explanatory figure 2— Comparison of Preferential Etching Measurements at Each Site
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Explanatory figure 3— Comparison of Laser-Scattering Tomography Measurements at Each Site

We made a comparison, shown in Explanatory figure 4, of preferential etching and laser-scattering
tomography from these results, This figure compares the averages of each technique from all measurement sites. The
Y axis indicates the BMD densities measured with laser-scattering tomography and the X axis gives the BMD

densities measured with preferential etching. This comparison points to a strong agreement between the two methods
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and suggests the possibility of standardizing the two concurrently. We also know, however, from this figure that a
large discontinuity appears between measurements when BMD densities are extremely low, under 10%cm’. This
phenomenon is thought to be caused by statistical error, which increases as the measurement area (examination

range) gets smaller,
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Explanatory figure 4 —Comparison of BMD Density Measurements by
Light Scattering and Preferential Etching

Measurements are generally taken manually after preferential etching. This means the operator can change the
magnification and the viewing area to suit the sample. Con\'rersely, light-scattering methods have fixed viewing areas,
which may lead to problems because measurements are not optimized. A similar problem has been projected to occur
when measurement conditions are not optimized for extremely high BMD densities (over 1 X 10'%cm?*). Thus, it is
recommended that light-scattering measurements be taken while adjusting the examined range in the same way as
manual measurements,

532 DZ widths

This section describes the DZ width measurements. Although there were four DZ width samples, the sample
with a DZ width of 200 pm was excluded from the data analysis because its defect density was too low to form a DZ.
Explanatory figure 5 shows the results of the DZ width measurements found with preferential etching. For these
measurements, DZ3 - that is, the distance to the third observed BMD from the surface of the silicon wafer - was
taken as the DZ width. The Y axis gives the DZ widths measured at each site and the X axis indicates the average
value for cach sample. The standard deviation between the results from each site was found to be +6.1 um. The
reason for this rather large standard deviation is thought to be the considerable effect of variations caused by the
position of DZ1 in the wafer, an effect discussed in the body of this standard. Another cause of error was
contamination of the examination surface due to repeated handling as the samples were passed from site to site. The
variances are believed to be caused by the slight differences in etch pit sizes between sites. The results do show it is

possible to classify the samples by their DZ widths.
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Examining the same samples with laser-scattering tomography gives the results in Explanatory figure 6. In this
case, equipment settings or measurement conditions were not specified except where necessary. Consequently, these
results indicate the actual operating states of the equipment. Only two sets of data are depicted in this figure. The
third sample was omitted because the data exceeded 50 pm. The standard deviation between the results from each
site was found to be £4.9 pm. We concluded that laser-scattering tomography, as with preferential etching, is

capable of classifying different levels of DZ widths.
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Explanatory figure 5— Comparison of DZ3 Values Found by Preferential Etching at Each Site
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Explanatory figure 6 — Comparison of DZ3 Values Found by Laser-Scattering Tomography at Each Site

Explanatory figure 7 gives a comparison of the two methods. The graph plots the average values of DZ1, DZ2,
and DZ3 obtained with each technique. The results show good agreement over a range of DZ widths from 10 pm to
25 pm. But when the DZ width is wider than this range, the discrepancies grow much larger. While it would be

preferable to confirm a correlation between preferential etching and laser-scatiering tomography at each site, the
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current results still hold out the possibility of concurrent use,
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Explanatory figure 7— Comparison of DZ Width Measurements by Light Scattering and Preferential Etching

5.4 Examination Range Effects at Low BMD Densities and Wide DZ Widths

The fewer the BMDs in one view, the larger the positional variance in measurements. This is thought to be the
reason behind the irregularities seen in Explanatory figure 7. To test this idea, we studied how larger viewing areas
with laser-scattering tomography changed the DZ width results. These results are depicted in Explanatory figure 8.
The correspondence between the two methods was good when the DZ width was 20 pm or less, the typical range for
annealed silicon. Still, the range recommended in this stanciard (40 pm or less) contains non-linearities. But when we
increased the number of observed defects by expanding the view window, the values measured by laser-scattering
tomography approached those measured by preferential etching (illustrated by the A — O transition). For
reference, the second measurements were taken with a view window of 200 pum X 166 pm, an increase in view from
three-times to eight-times. Therefore, results with good agreement between laser-scattering tomography and

preferential etching can be obtained by increasing the measurement area when BMD densities are low.
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Explanatory figure 8 — Changes in DZ Width Measurements as the

Light-Scattering Measurement Area is Increased

5.5 Conclusion

The results presented above clarify the following points. BMD density measurements showed encouraging
consistency at all sites and good correlation was seen in comparisons of preferential etching methods and
laser-scattering tomography methods. From this, we can determine that it is possible to formulate both techniques as
standards. We also know it is possible at the present time to sort samples by DZ width measurements. The results,
however, indicate that absolute measurements of DZ widths are not sufficiently consistent. Despite this, we

determined that standardization of DZ width measurement techniques is possible.

¢  Future Issues
6.1 Defining and Determining DZ Layer Widths
Future issues that have been raised are the definition of DZ widths and DZ width measurement methods. ‘
As originally defined, the DZ width is the region of the surface layer in which there are no crystal defects of any
kind. The DZ, as referred to in this standard, is a DZ bordered by oxide precipitates (BMDs) that grow larger with
heat processing. General-purpose devices require an electrically denuded zone several pm deep. The procedure in
this standard is capable of measuring DZ widths that are several times deeper than this requirement, In this context,
then, it holds that the demand for highly consistent DZ width measurements in this standard is low, especially in
contrast to BMD densities, which greatly influence the ability to trap heavy-metal contaminants. The probability is
much higher of tiny voids (vacancy defects), which are hard to eliminate with heat, surviving in the few-pum-deep
surface layer of the wafer. But the densities of these defects are roughly 10%cm’, a magnitude lower than BMD
densities. For this reason, they were excluded from this standard.

Furthermore, the DZ width is truly defined as the position of the first defect (etch pit or light-scattering center)
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observed from the polished surface. When it comes to determining the DZ width, many in the industry have been
making determinations from DZ1 to DZ3 for years. There are also several altemmative methods, such as finding the
average position from DZ1 to DZ3, but the basic definition is the position of the first observed defect from the
polished surface.

Deviations in this first position cause variances in measurements. For instance, DZ width measurements where
the BMD density is high are considered fo be accurate with either technique. But when the BMD density is low -
meaning the DZ is wide - inconsistencies emerge befween the techniques.

Since this test was the first large-scale test of defect measurements, we were able to discover the realities at
each site. From this knowledge, we clarified a number of problem areas. For instance, some questioned if we need to
think more carefully about the definition of the DZ width and others were of the opinion that a different reference
point should be chosen since the current reference point, the first defect from the surface, is dynamic.

This test exemplified that using DZ3 as the reference point improves the repeatability of measurements.
Explanatory figure 9 follows this logic, illustrating the depth distributions of BMD densities in six silicon wafers
with DZ structures. These BMD distributions were approximated with quadratic equations, from which DZ widths
were calculated. Next, positions of the first four defects were predicted from the calculated DZ widths. The predicted
positions were compared with the measured positions and their standard deviations found. The standard deviations
are plotted in Explanatery figure 10. The standard deviation at DZ2 and DZ3 is very small. This insinuates that
measuring DZ3 is often valid as an alternative to finding distribution functions of defect densities. Putting it another
way, this figure tells us the actual position of the first defect shows a great deal of variance with respect to the
position predicted statistically from density distributions. We can infer that the reason for this variance is because the
defect at DZ1 is a low-density void usually less than 10%cm’ in size that wasn't destroyed in thermal processing
rather than a BMD oxide precipitate caused by thermal processing. The void was measured because of examination
range limitations. '

The findings of Inoue et al'” are noteworthy. They pointed out that BMD density distributions can be found
from light-scattering measurements and that such measurements are free of operator variations. The authors
described differences in the detection limits between preferential etching and laser-scattering tomography. They also
suggested a way to determine the DZ zone from the BMD density distribution in the bulk, Since the distribution
curve drops off as it approaches the surface, the DZ width can be defined as a depth where the distribution curve falls
to, for example, 1/e or 1/10 of its peak value. (See Figure 5 in the standard body.)
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This depth, however, is less a real DZ width than a characteristic of the defect layer. We did not cite definitions
of this sort in this standard. Nevertheless, we are open to revising the standard if future device-measurement
technology development necessitates awareness of this methodology.

6.2  Detection Limit Effects

Our results showed Iless-than-anticipated measurement differences between preferential etching and

laser-scattering tomography. This is likely because the defect sizes are larger in annealed wafers than in as-grown

wafers, leading to fewer missed measurements. Te clarify this point, BMD sizes and the detection limits of each
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method must be known and, where required, the detection limits must be improved. In these round-robin
measurements, the average intensity of light scattered by BMDs in the wafers was, relatively, 300K to 5,000K counts,
In contrast, the detection limits were in the order of several tens of counts. Given that the intensity of light scattered
in laser tomography is proportional to the defect diameter raised to the sixth power, BMD sizes as small as one-tenth
of those found in our samples are detectable. Theoretically, these BMD sizes would be in the range of tens of
nanometers; however, direct observation of sizes this small are improbably with transmission electron microscopes
(TEM). We have read reports'” that BMDs can be directly observed by reactive ion etching (RIE).

As devices become smaller, device characteristics are sensitive to even tinier crystal defects. How to measure
and control these extremely minute crystal faults has become a big question. Additionally, it has been easy to identify
bulk micro defects and denuded zones in the past using preferential etching, But ensuring accurate measurements has
become more and more difficult as architectures shrink, even as miniaturization raises the importance of detailed
information on crystal defects close to the surface layer of wafers used for device actuation. A future issue that must
be tackled is a comparison study of TEM, RIE, and other direct examination methodologies in order to obtain

information on crystal defects approaching the light-scattering detection limits.
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