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<, LVAKHEBENRLTWERER-TWD, £/, 10pmEDOTE 7 x— 3256 BIEL LOEHEE
BTHAKERENARICA OGN, WEEHH I CHBEAR1 RUHBEMNRK2 &%y YV TEAEN2
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Standard of Japan Electronics and Information Technology Industries Association

The measurement method for recombination lifetime of the epilayer
of the silicon epitaxial wafer (p/p+, n/n+) by the short wavelength
excitation microwave photoconductive decay method

1. Scope This standard specifies the measurement method for recombination lifetime of silicon epitaxial wafer
(epiwafer; p/p+, n/nt) by the microwave photoconductive decay method (the short wavelength excitation g -PCD

method) using short wavelength excitation light source.

2. Terminoligy The definitions of main terms used in this standard are as follows.

2.1 Inmjection photon density  The number of photons that are injected by an optical pulse, per unit area (/fem?).

It may be called the carrier injection density.

2.2 Excesscarrier The electrons and holes that are generated by an optical pulse in the sample.

2.3  Recombination Phenomenon in which excess carriers are recombined and disappear.

24  1#-PCD method The method to measure the photoconductive decay by microwave that follow generation

of excess carries by an optical pulse.

2.5  Differential  -PCD method  The method that mount the microwave waveguide for signals equipped with

the excitation light source that generates an optical pulse and the microwave waveguide for reference, and detect

variation of excess carriers from the difference of the microwave power of both waveguides.

2.6  Surface recombination = Phenomenon in which excess carriers are recombined and disappear on the front

or back surface of a sample.

27  Recombination lifetime ()  The time required for the concentration of excess carriers to decay down to

1/e by recombination, It is roughly divided into the following two kinds.

2.1.1 Bulk recombination lifetime ( ;)  The lifetime that is determined by the defect in crystal and impurity

concentration and that is peculiar to the raw-material crystal.

2.7.2 Effective lifetime (t.) The lifetime that is directly obtained from measurement. For the u-PCD

method, it is obtained as a time constant of decay of reflective microwave power. It is the quantity which reflects the

crystallinity and surface condition of a sample but also injection photon density. Especially for measurement of

epilayer lifetime, it is the quantity which also depends significantly on the epilayer thickness. The following two

kinds are mainly used according to the decay part to be adopted. ' ‘

(1) 1st mode lifetime (z,) Time constant of decay obtained from such'decay part (1st mode part) that is
deemed to be the exponential function of reflective microwave power. For the short wavelength excitation
& -PCD method, it is the quantity which reflects the crystallinity and surface conditions of a sample.
(2) 1/elifetime(t,  The time required for reflective microwave power to decay down to 1/e of the power

at the time of optical pulse irradiation. For the short wavelength excitation w -PCD method, it is the
quantity which reflects not only the crystallinity and surface conditions of a sample but also injection

photon density.
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3. Test environment A measuring device shall be installed in the environment of room temperature (23 =3°C),
humidity of 30% to 70% and atmospheric pressure of 860hPa to 1060hPa.

Remark  Although mechanical vibration is not limited for installation environment, the measurement

result may be affected depending on the degree of mechanical vibration. Accordingly, caution is

required.

4. Outline of measurement method When excess carriers are generated by the optical pulse in which the
penetration length to silicon is shorter than epilayer thickness, and if a sample has low resistivity of substrate liks the
p/pt (++) or n/n+ (++) wafers ("), then excess carriers stays in the epilayer layer, causing its conductivity to increase.
According as excess carriers disappéar by the recombination, their conductivity decreases. The change can be
detected with the reflectivity of the microwave which was irradiated in the same location. By analyzing the time
variation, it is possible to measure the recombination (effective) lifetime of an epilayer.

Note (')  Generally, p+ and n+ refer to the substrate with resistivity of 0.05Qcm or less, while p-+ and

n++ refer to the substrate with resistivity of 0.01 Q cm or less in most cases.

5. Caution on measurement For evaluation of an epilayer, it is necessary to confine excess carriers in an
epilayer. Therefore, use a sample of the epitaxial silicon wafers of p/p+ (++) or n/nt+ (++). Moreover, the
recombination {effective) lifetime is strongly influenced by the epilayer thickness (*) and the injection photon density.
For mutual evaluation and data exchange between organizations, it is required to unify the measurement condition in
consideration of accuracy of measurement.

Note ()  Refer to 00-KI-19.

6. Measuring device A measuring device for recombination lifetime of epiwafer is shown in Fig. 1. A
measuring device comsists of a pulse light irradiator, microwave irradiator/detector, wafer stage, analyzer, and
controller/processor. Each component shall have the performance specified below. Conductivity of a sample must
correlate with the reflective microwave power which is received by the microwave irradiator/detector in a

monotonous increase or a monatonous decrease. For that purpose, the phase of microwave is required to be adjusted.

|
Controller/ | —
processor
Microwave
L irradiator/detector .
?ulsg light . #a:'e-r h-gi;t% » Analyzer
irradiator 1 =
. ()
| |
Microwave| ®
Sample wafer

Fig.1  Block diagram of measuring device for recombination lifetime of epiwafer
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6.1  Pulse light irradiator  Unit which has the laser () whose wavelength is 330 to 550nm. The pulse width
shall be 10ns or less. The injection photon density shall be 5 X 10'*/cm? or less (4.

Note )  Generally, laser with a wavelength of 523nm is used. Although the laser of other wavelength may
be used, recording and reporting are required in that case.

Note ()  Generally, 2X10"/cm’ is used. When the injection photon densities other than this density are
used, recording and reporting are required. -

Remark A pulse light irradiator shall have a cover to prevent direct sight of laser light, and an interlock
device for cover opening and closing motion (While an interlock is canceled, a pulse light

. irradiator must not be operated).
6.2  Microwave irradiator/detector  Unit which has the microwave source whose frequency is-10 to 100GHz
and measures the reflective power at the sample surface (°).

Note ()  Generally, the differential p -PCD detection system which has a microwave source with a
frequency of 26GHz is used. Although the other microwave frequency and detection systems
may be used, recording and reporting are required in that case,

Remark A microwave detector must keep the intensity of reflective microwave leaking from the detector
to outside at the level of 1 mW/cm? or less.

6.3  Wafer stage  Unit which holds a sample at the desired X and Y position relative to the source of a pulse
light. )

Remark 1 A wafer stage may have the heater which controls the temperature of a sample. If the temperature
of a sample lies outside of the temperature range specified in "3. Test environment", then
recording and reporting are required.

2 A wafer stage may have a computer-assisted X-Y or the R- § movement mechanism which
enables mapping on the sample surface. It may also have a loader and a fransfer mechanism
which measure plural samples automatically.

6.4  Analyzer It shall have an appropriate signal processor and a display unit. A sampling interval shall be
1/100 or less (%) of the measured lifetime,

Note (*) . If the sampling: intervals are equal to and more than 1/100, then recording and reporting are
required.

6.5  Controller/processor  Although manual measurement is possible, it is desirable to use-an appropriate
computer-assisted controlier/processor. in -order to control the following: loading/unloading of a sample, stage.
movement, operation of pulse light source. and detector, analysis of decay signal, statistical analysis of data,

recording and storage of data, and printing or plotting of results. .

7. Inspection of device When the same spot of a standard wafer ('} is measured 10 to 20 times, it shall be
confirmed that the repeatability (*) of the peak value of a signal shall be 10% or less and that the repeatability (%) of
lifetime is 5% or less. , .
Note () - Use the p/p+ (++) or n/n+ (++) wafer which has been controlled in the clean environment. An
epilayer thickness should be 10 2 m or more.

Note (®) . (Maximum minus minimum of measured values)/(2 X averages).
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8. Measurement/analysis method
8.1 Sample A sample is the epitaxial silicon wafer of p/p+ (++) or n/n+ (++). For the thickness of epilayer,
refer to Remarks.

Remark The laser describe in 6.1 has the Si penetration length of 1 um or less. Therefore, it is
theoretically possible to measure the lifetime of the sample having an epilayer of 1 1 m thick or
more. However, measurement of a thin wafer with an epilayer of less than 5 12 m thick is feared
to result in the decrease of sensitivity for detection of contamination in epilayer. A caution is
required.

8.2 Pretreatment  Surface recombination can be suppressed by the heat treatment including oxidation in the

following gas atmosphere.

Liquid oxygen Purity  99.8% or more

Oxygen gas Dew point —72°C or less

Hydrogen gas Purity  99.999% ormore; dew point —110°C or less
Nitrogen gas Purity  99.999% or more; dew point —110°C or less

In order to suppress surface recombination and to measure a recombination (effective) lifetime, it is necessary to
perform thermal oxidation (950°C to 1050°C) which forms the oxide film with low interface level density (Dit<10"
order/cm? + eV). The oxidation conditions shall be as follows. The oxidation treatment shall not produce the oxidation
precipitation which might affect a recombination lifetime. Any metallic impurities shall not be mixed. In order to
prevent metallic impurities from being mixed, the surface of sample shall be washed, before oxidation, to eliminate
metallic impurities thereon. A heat treatment furnace and jigs must be sufficiently clean.

Remark If the surface recombination can be suppressed to the extent that it does not affect measurement
of the recombination lifetime of the epilayer of a sample, and if a stable surface can be obtained,
then other passivation methods may be used. In that case, however, recording and reporting are
required

83  Loading of a sample A sample shall be loaded on a wafer stage so that the pulse light and microwave can
be irradiated to the measuring position of a sample.

8.4  Irradiation of microwave Microwave shall be irradiated. Then, the analyzer shall perform sampling of
the power of the microwave reflected by the sample. A recorder shall record the result.

8.5  Irradiation of pulse light A pulse light irradiator shall irradiate pulse light to a sample.

8.6  Analysis of decay curve and calculation of recombination lifetime A recorder shall record variation
(decay curve: refer to Fig. 2) of the power of the reflective microwave and give a recombination (effective) lifetime.
In Fig. 2, t; represents the moment that excess carriers are injected by optical pulse into a sample. The time constant
of decay obtained from such decay part that is deemed to be the exponential function of the decay curve, is the 1st
mode lifetime { = ;). The reflective microwave power V, at t, is supposed to decay by the recombination of excess
carriers down to 1/e (=0.368), and to reach Vg at tg. Then, t ;=tg—t4. Moreover, the reflective microwave power V,
at 1, is supposed to decay down to 1/e (0.135) and to reach V, at t,. Then, t,—t, is equal to 1/e lifetime (T .).
Furthermore, when the deviation from an exponential function is not large, 7, can be replaced by t.—t,.

The lifetime may be obtained from a single measurement of decay, but, if the signal-to-noise ratio (8/N) is not
sufficiently high, it is recommended to repeat the measurement and average the decay curve. © ; may be obtained by

fitting an exponential curve to the decay curve.
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Fig.2  Decay curve

9. Recording method The following information should be reported.
(1) Testtime and date
(2) Manufacturer and model of device
(3) Pretreatment (surface recombination suppression) method for sample
(4) Conditions of sample (epilayer thickness etc.)
(5) Measurement result

Remark  Specify clearly whether the measured value is 1st mode lifetime ( t ;) or 1/ ¢ lifetime ( t ).
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Explanation for the measurement method for recombination lifetime of the epilayer
of the silicon epitaxial wafer (p/p+, n/n+) by the short wavelength
excitation microwave photoconductive decay method

The following description have been compiled to describe the matters provided in the standard proper and their

associated matters, and is not part the standard.

1. Background of establishment of standard In recent years, ULSI and other devices have been increasingly
miniaturized and integrated. As a result, high-tech devices use more and more epiwafers (p/p+, n/n+}) which have
substrates with lower resistivity, because epiwafers are advantageous over other types of silicon wafers in several
respects. For example, their features include integrity of active region of device, gettering capacity, resistance for
latch up, etc. On the other hand, epiwafers are feared to present serious problems in their manufacturing process,
such as heavy metal contamination and defect formation in epilayers. Therefore, it is necessary to standardize the
measurement method for recombination lifetime as a means of quality evaluation of epiwafer contamination, and
crystal defects etc.

Incidentally, silicon wafers are specified by JEIDA-53-1997, ASTM F 1535-94 and other standards. But,

epiwafers are not specified by any standards. This is another reason for establishment of this standard.

2. Process of establishment of standard For the above-mentioned reasons, the increasing importance of
lifetime evaluation of epilayers was predicted by Wafer Measurement Standard Technical Committee of JEIDA and
its subordinate Epilayer Lifetime Quality Evaluation Method Working Group. Accordingly, nine organizations
participated in the following project with the main purpose of selection of devices to be standardized. The project
lasted from May 1997 to January 2000. The nine organizations evaluated the following measuring devices for
epilayer lifetime which were available in the market. The devices were the short wavelength excitation p -PCD
method, the short wavelength excitation photoluminescence method, the alternating-current SPV method, the short
wavelength excitation Kelvin probe method, the no contact C-t method and the corona discharge Kelvin probe
method. Every device had its own merits and demerits. Finally, the short wavelength excitation g -PCD method was
selecied to be standardized, because of its clear correspondence with Fe and Mo contamination as well as simplicity
of measurement (refer to 00-KI-19).

For standardization, it was necessary to grasp the appropriate conditions of measurement, the degree of data
variation between organizations and the secular change. Therefore, round-robin measurement was carried out. In July
2000, members were recruited to form newly Epilayer Lifetime Measurement Standardization Working Group and to
start activity. In August 2000, seven organizations started round-robin measurement. They finished the measurement
in January 2002. The result of round-robin measurement was reflected on this standard. This standard was
established in April 2003.

Remark  When the Japan Electronic Industries Development Association (JEIDA) and the Electronic
Industries Association of Japan (EIAJ) merged in November 2000, the Japan Electronics and
Information Technology Industries Association (JEITA) was formed.
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3. Principle Ifthe optical pulse has higher energy than the band gap of silicon in an epilayer, and it is irradiated,
then it generate surplus free electrons and free holes (excess carriers) in the conduction band and the valence band,
respectively. If the penetration length of light is shorter than the thickness of an epilayer, and if the resistivity of a
substrate is low like p/p+ (++) or n/n+ (++), then the potential barrier in an epilayer/substrate interface prevents the
excess carriers from being diffused into the substrate. The generated excess carriers stay in an epilayer, are
recombined and disappear via the impurity level of metallic contamination and crystal defects which were formed in
the forbidden band. The recombination process of carriers decreases the conductivity of an epilayer, which, in turn,
can be monitored by the change of reflectivity of microwave. Analysis of the shape of the decay curve can give a
recombination lifetime of an epilayer (the 1 -PCD method). If the concentration of impurity level increases, then a
recombination lifetime decreases, Therefore, if the recombination lifetime is obtained by performing the test
specified in this standard, the result will give the degree of metallic contamination and crystal defects in an epitaxial
wafer,

In this test method, however, if the resistivity of a substrate is low like p/p+ (+) or n/n+ (++) wafer, and if an
epilayer is thin, then the recombination lifetime will become short, and the sensitivity for contamination will become
significantly low (refer to 00-KI-19). The following two causes are possible.

(1) The volume density of excess carriers in an epilayer increases according as an epilayer becomes thinner,
Consequently, the density of excess carriers in an epilayer increases, causing non-linear recombination.
Excess carriers go over potential barrier at the interface, flowing into a substrate. They disappear via the
recombination center which is formed by high-concentration dopants. As a result, the total lifetime
observed becomes short.

(2) The interface level in an epilayer/substrate interface serves as a recombination center. A certain percentage
of the excess carriers which reached the interface by diffusion disappears. For this reason, if an epilayer is
thinner, then an observed lifetime is shorter.

This test cannot generally identify impurity elements. But, it can identify some specific impurity elements
within a limited range. Moreover, mapping measurement of a sample can sometimes infer the origin of

contamination induced in manufacturing process of semiconductors.

4. Explanation of items in standard

41  Sample (8.1 of the main text)  In this standard, a sample is an epiwafer of p/p+ (++) or n/n+ (++) because
of the following reason. In order to measure the lifetime, the injected excess carriers in an epilayer must be confined
by the potential barrier formed in epi/substrate interface of the above-mentioned wafer.

42  Measuring device (6. of the main text)

4.2.1 Pulse light irradiator (6.1 of the main text) The light penetration length d into silicon (the distance
required for the intensity to decrease down to 1/¢) decreases according as the wave length 1 becomes shorter. For
example, the light of 4 =1000nm (infrared) gives d=about 200 x m; 7 =500nm (bluish green color), d=0.5 4 m or
s0; and A =400nm (ultraviolet), d=0.1 » m or less. Accordingly, if the light of A =500nm or so is irradiated, and if
the epilayer of a sample is equal to and thicker than 1 1 m, then excess carriers can be confined in a epilayer, and the
recombination (effective) lifetime of an epilayer can be measured. The light sources to meet this specification
include YAG laser, double harmonic ( 2 =532nm), tnp]e harmonic (A =355nm); YLF laser, double harmonic (1=
523nm), triple harmonic (-:A =350nm); and N, laser ( 1 =337nm).
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At the surface of a sample, an optical axis must be adjusted so that the pulse light and the microwave are
irradiated to the same position on the surface.
4.2.2 Microwave irradiator/detector (6.2 of the main text) The frequency f of microwave is an important
factor for detecting the variation of excess carriers of an epilayer. If the penetration length D of the microwave to p+
(++) or ot (++) substrate is shorter, the power of reflected microwave will include the change in carriers of an
epilayer more faithfully. For example, if the resistivity of substrate silicon is 0.01Q cm, then the frequency
f=10GHz gives D=50 . m; £=26GHz, D=30 ¢ m; and £=100GHz, D=15 » m, approximately.

Microwave

oscillator |\
Phase -
adjuster
Directivity
coupler

Mixer

Reflectivity
signal

Wave lengt|
-
s selection

Reference
waveguide

Signal
wave-
guide

!
| NI RN

Automatic stage

Explanation Fig. 1  Configuration of differential x -PCD method

The p+ (++) and n+ (++) substrates doped with dopants, such as boron and antimony, in high concentration.
These dopants produce free carriers, such as holes and electrons at room temperature, and those carriers reflect
microwave at high efficiency. Therefore, if the method described in JEXDA-53-1997 is used to measure the p/pt (++)
and n/n+ (++) wafers and other wafers, the microwave detector will be saturated. As a result, it will be difficult even
to detect the change of excess carriers injected into epilayers. At the same time, a detecting signal is influenced by a
microwave noise, resulting in significant deterioration of S/N, and making it difficult to obtain a recombination
lifetime with a high accuracy. In order to solve this problem, "a differential z -PCD method" of configuration shown
in Fig. 1 has been developed. The microwave with a frequency of 26GHz is oscillated from the microwave oscillator,
passing a directivity coupler, and being branched by a magic T into two waveguides. After the microwave have been
introduced into both waveguide, they are reflected on a measurement wafer surface, passing the magic T again, being
mixed by a mixer with the phase-adjusted microwave, and becoming the reflectivity signal. The microwave
irradiated to the wafer from the reference waveguide is reflected with the reflectivity based on the conductivity
which is determined by free-carrier density in a wafer. On the other hand, the signal waveguide is equipped with a
semiconductor laser excitation Nd-YLF laser. It has a wavelength selector which can irradiate the light of wavelength
of 523nm or 1047nm to a wafer. If pulse irradiation of the laser beam generates excess carriers on the wafer surface,
conductivity will increase. As a result, the power of reflective microwave will increase. The output of magic T is
equal to a difference between the signal microwave power and the reference microwave power. Therefore, a mixer
output will have correlation with the density of excess carriers produced in the wafer. The time dependence analysis

of signal will give the minority carrier lifetime of wafer. Thus, the differential u -PCD method can extract only a
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differential of the wafer conductivity which is caused by irradiation of a laser beam. Thanks to this feature, this
method is applicable to the wafer with low resistivity of 0.001 to 0.1 Q cm, and the epiwafer whose substrate is low
resistivity (for these wafers, the reflectivity of microwave is as high as that of a metal). In addition, the detector
output is not saturated, and the detector can operate in & satisfactorily linear region, Moreover, it can cancel the noise
of a microwave oscillator or the external disturbance caused by mechanical vibration. Therefore, it is possible to
detect the change of reflectivity signal with a high S/N.

The microwave reflected on the sample surface must return to a detector efficiently. The sarhple conductivity
must correlate with the microwave power received by the detector. In order to maintain correlation, it is necessary to
adjust the phase of microwave inside an antenna.

4.2.3 Wafer stage (6.3 of the main text) By using the light source with a narrow beam and the wafer stage
which moves relative to the light source, measurement is made at every point on the wafer. Thus, it is possible to
draw a distribution map of recombination lifetime.

4.3  Recording method (9. of the main text)

4.3.1 Conditions of sample (epilayer thickness etc.) (9 (4) of the main text)  As described in 3, Principle of
this explanatory note, in this test method, if the resistivity of a substrate is low like the p/p+ (++) or n/n+ (++) wafer,
a thin epilayer results in a shorter lifetime of recombination. The sensibility to contamination also falls off greatly.
Therefore, this test method is applied to measurement of an epiwafer with a substrate of low resistivity, the thickness
of an epilayer must be recorded/reported.

4.4  Accuracy (8. of the main text)  Accuracy was confirmed by the result of round-robin measurement made

in the period from August 2000 to January 2002. The tested wafers were 12 kinds in total as follows.

Type of wafer p/p+ n/n+
Size (inches) 8 5
Thickness of epilayer { u m) ‘ 3,510 11,27, 12
_ . 3 <10", upto 1 X10"%, .
Mo contamination concentration (cm” ) 5 t0 10X 1012
Kinds 9 3

Seven organizations in total participated in the measurement. The appropriate measurement condition was
selected as follows according to thickness of epilayer. The variation between organizations was recorded at all test
levels as 12% or less for p/p+ and 9% or less for n/n+. The 1st mode lifetime is more recommendable than the 1/e
lifetime, because the former has higher sensitivity for heavy metal contamination. The recommendable injection
photon density is 2 X 10"cm™. The recommendable number of averaging according to thickness of epilayer should
be as follows: for less than 5 » m, 1024; for less than 10 x m and 5 z m or more, 512; and for 10 2z m or more, 256.
This condition is presented with a top priority being given to sensitivity for heavy metal. Therefore, it should be
additionally noted that this standard is not intended to specify such condition.

When the surface passivation method employed thermal oxidation (oxidation in dry oxygen gas at 1000°C for
30 min and keep in nitrogen gas at 1000°C for 1 hr), the seven-month secular change was 12% or less and 3% or
less for p/p+ and n/n+, respectively.

This test method shall be used after the testing organizations specify mutually the pretreatment condition and

the sample condition (thickness of epilayer etc.).



JEITA EM-3506 "Explanation

5. Committee member

Managing Committee on Information Technology Standardization

Chairman Akira Shibata DENSO WAVE INCORPORATED

Silicon Technologies Committee

Chairman Michio Tajima Institute of Space and Astronautical Science (2003. 2~)
Chairman Yasuo Tarui Tokyo University of Agriculture and Technology (~~2003. 2)
Co-Chairman Shigeo Okayama National Institute of Advanced Industrial Science and Technology
Co-Chairman Toshihiko Kanayama  National Institute of Advanced Industrial Science and Technology

Co-Chairman

Hiroshi Koyama

JEOL Ltd.

Member Nachisa Inoue Osaka Prefecture University

Member Hiromichi Ohashi Toshiba Corp.

Member Tetsuo Fukuda FUJITSU LIMITED

Member Morimasa Miyazaki SUMITOMO MITSUBISHI SILICON CORPORATION
Member Yukio Matsumoto Accent Optical Technologies Co., Ltd,
Member Hisaya Imai Asahi Kasei Microsystems Co., Ltd.
Member Manabu Tsujimura Ebara Corporation

Member Akira Yamaguchi MEMC Japan Ltd.

Member Hiroshi Morohoshi Canon Inc.

Member Hiroshi Isaji Canon Inc.

Member Kenichi Shindo "KURODA Precision Industries Ltd.
Member Yasuhide Nakai Kobelco Research Institute, Inc.

Member Mitsuo Kohno Komatsu Electronic Metals Co., Ltd.
Member Takao Takenaka Shin-Etsu Handotai Co., Ltd.

Member Takashi Shimada Sony Corp.

Member Seiji Fujino DENSO CORPORATION

Member Moriya Miyashita Toshiba Corp.

Member Yoshiaki Matsushita Toshiba Ceramics Co., Ltd.

Member Masanori Yoshise JAPAN ADE LTD.

Member Tomohisa Kitano NEC Corp.

Member Seiichiro Kobayashi  Eastérn Japan Semiconductor Technologies
Member Sadao Nakajima Hitachi Kokusai Electric Inc.

Member Naoyuki Kawai Hitachi, Ltd.

Member Toshio Nakanishi Fujitsu Laboratories Ltd,

Member Keiichi Yoshizumi Matsushita Electric Industrial Co., Ltd.
Member Hiroshi Ohishi Matsushita Electric Industrial Co., Ltd.
Member Yasuhiro shimizu SUMITOMO MITSUBISHI SILICON CORPORATION
Member Yoji Mashiko Mitsubishi Electric Corp.

—10—



. JEITAEM-3506 Explanation

Member Hideo Sakai RAYTEX CORPORATION

Member . Masahiro Miyauchi Wacker NSCE Corp.

Secretariat Makoto Nakase Japan Electronics and Information Technology Industries Association
Secretariat Kenichi Takanashi Japan Electronics and Information Technology Industries Association

* Wafer Measurement Standard Technical Committee

Chairman Morimasa Miyazaki ~ SUMITOMO MITSUBISHI SILICON CORPORATION
Member Naohisa Inoue Osaka Prefecture University

Member Tomoaki Takenawa Accent Optical Technologies Co., Ltd.

Member Norio Nakamura MEMC Japan Litd.

Member Noriaki Homma Canon Inc.

Member Shingo Sumie Kobelco Research Institute, Inc.

Member Kei Matsumoto Komatsu Electronic Metals Co,. Ltd.

Member Masaru Shinomiya Shin-Etsu Handotai Co., Ltd.

Member Ritsuo Takizawa Seny Corp.

Member Ryuji Takeda Toshiba Ceramics Co., Ltd.

Member Hiromasa Kikuchi NEC Corp.

Member Shigeaki Saito Hitachi, Ltd.

Member Hiroshi Kaneta Fujitsu Laboratories Ltd.

Member Kenji Yoneda Matsushita Electric Industrial Co., Ltd,

Member ‘Yasuhiro Kimuora Mitsubishi Electric Corp.

Member Atsushi Ikari Wacker NSCE Corp.

Guest Member Hiroshi Koyama JEOL Litd.

Guest Member Kenichi Kawai Kawai Standard Consulting

Secretariat Kenichi Takanashi Japan Electronics and Information Technology Industries Association

Epilayer Lifetime Measurement Standardization Working Group

Chairman Morimasa Miyazaki SUMITOMO MITSUBISHI SILICON CORPORATION
Member Yukio Okunuki MEMC Japan Ltd.
. Member Shingo Sumie Kobelco Research Institute, Inc
Member Kei Matsumoto Komatsu Electronic Metals Co,. Ltd.
Member Tomosuke Yoshida Shin-Etsu Handotai Co., Ltd.
Member Jyun Yoshikawa Toshiba Ceramics Co., Ltd.
Member Kazuhiro Fusegawa SUMITOMO MITSUBISHI SILICON.CORPORATION
Member Kouichi Kitahara ‘Wacker NSCE Corp.

Secretariat Hideo Kogure - Japan Electronics and Information Technology Industries Association



JEITA EM-35068 Annex (reference)

Annex (reference) The round-robin measurement for lifetime of the epilayer of the
epitaxial wafer (p/p+, n/nt+) by the short wavelength excitation microwave
photoconductive decay method (short wavelength excitation u -PCD method)

1. Purpose The purpose is to grasp the following parameters: appropriate measurement condition (injection
photon density, number of times of averaging); variation of measured value between organizations; and presence or

absence of secular change of measured value.

2. Experiment
2.1  Sample specification = The round-robin measurement used the epiwafer of the following specifications.

(1) p/pt epiwafer: 8 inches; epi-resistivity, 10Qcm; B substrate resistivity, 10 to 20m Qcm; orientation,
<100>; epi-thickness, ~3, ~5, ~10um '

(2) n/nt epiwafer: 5 inches; epi-resistivity, 1 Qcm; Sb substrate resistivity, 10m Qcm; orientation, <100>;
epi-thickness, 1.1, 2.7, 12 um

2.2 Experiment procedure  The sample was treated by the following procedure.

(1) p/ptepiwafer HF cleaning was followéd by HCI/H,O; cleaning. The spin coat method was employed
to perform the Mo quantitative contamination (the target value of surface concentration; <10'°, ~10", ~
10"cm™). In order to diffuse Mo and suppress surface recombination, oxidation with the following
conditions was performed before the round-robin measurement. After the measurement, one wafer for each
level was taken as a sample, the DLTS method was employed to measure Mo concentration in the epilayer
near the surface. Oxidation (1000°C for lhr in dry O; + 30min in N}

This oxidation was already tested as described in 00-KI-19. The resultant interface level density was 2 X
10"%cm’ - eV.

(2) n/nt epiwafer The sample was subjected to oxidation with the same conditions as the
above-mentioned p/p+ epiwafer. Then, the round-robin measurement was performed.

2.3 Measurement condition  The measurement condition was established as follows.

(1) Measured-value /e life-time ( ) and 1st mode lifetime ( 7 ;)

(2) Measurement position  Center point of two sample wafers for each level

(3) Number of times of measurement Each organization measured the above-mentioned center points 9
times continuously.

(4) Injection photon density level 1 (23X 10" photons/cm?)

level 2 (2 X 10" photons/em?)

(5) Number of times of averaging 256, 512, 1024 (for each injection level)

(6) Wavelength of excitation light  523nm

(7) Detection method  Differential u -PCD method (frequency of microwave is 26GHz)

24  Measurement sequence The measurement sequence was as follows. In order to examine the secular
change of measured values, the same measurement was repeated by Organization A after the round-robin
measurement was completed.

Organization A — Organization B — Organization C — Organization D — Organization E —

—i2—
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Organization F — Organization G — Organization A — Organization G (DLTS measurement)

In addition, each organization packed wafers info a bag of a synthetic film, and sent it to the next organization
for measurement.

3. Participating organizations This round-robin measurement was joined by the following seven
organizations.

Sumitomo Metal Industries, Ltd. (now, SUMITOMO MITSUBISHI SILICON CORPORATION); Toshiba
ceramics Co., Ltd.; Komatsu Electronic Metals Co., Ltd.; Kobelco Research Institute, Inc.; Wacker NSCE Corp.;
Mitsubishi Materials Silicon Corp. (now, SUMITOMO MITSUBISHI SILICON CORPORATION); Shin-Etsu
Handotai Co., Ltd.

The p/pt epiwafer was presented by Shin-Etsu Handotai Co., Ltd. The n/nt epiwafer was presented by
Komatsu Electronic Metals Co., Ltd. Moreover, the Mo quantitative contamination and oxidation treatment were
performed by Sumitomo Metal Industries, Ltd. The Mo concentration in epilayer by the DLTS method was
performed by Mitsubishi Materials Silicon Corp.

4. Result of round-robin measurement
4.1 Mo concentration of p/p+ epiwafer  The DLTS method was used to measure the Mo concentration in the

epilayer, and the result is shown in Annex Table 1.

Annex Tablel Mo concentration of p/p+ epiwafer measured by the DLYS method

Epi-thickness ( 2 m) 3 5 10
Low Mo concentration (cm ™) <l 10" <1 10" <Ix10"
Medium Mo coneentration (cm ™) 1.6X 10" 1.5x10" 1.6X 10"
High Mo concentration (cm™) 5.0%10" 8.6%x10" L.I1x 10"

The sample of low Mo concentration was not intentionally contaminated. The sample was below the lower limit

of detection for each level. The sample of medium Mo concentration was found to be higher by one digit than
expectation, being about 2 X 10'> cm ™. The sample of high Mo concentration had variation within the level, and the
Mo concentration was found to be higher by a half or one digit than the sample of medium Mo concentration.
4.2  Reasonable measurement condition In order to grasp a reasonable measurement condition,
Organizations A, B, C and D investigated the p/p+ wafer. They changed the kind of lifetime to be measured, injection
carrier density and the number of times of averaging in order to find out which measurement condition can indicate
the difference of Mo concentration more clearly.

Annex Fig. 1 shows the measurement made under the following conditions.

- Injection photon density: 2 X 10'? photons/cm?
* Number of times of averaging: 256, 512, 1024
* Epi-thickness: (2) 3um, (b) 5 m, (c) 10 m
- Participating organizations: Organizations A, B, C and D
* Kind of measured lifetime; 1/e lifetime
Two epiwafers were measured at one central point continuously 9 times each.

The black dot shows the average; the bar with larger number, maximum; and the bar with smaller number,

— 13—
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minimum. The larger the epi-thickness was, the clearer the difference between levels was. The epiwafers with
thickness of 3 1 m and 5 ¢ m did not show a clear difference between levels at low and high Mo concentration.

Annex Fig. 2 shows the 1st mode lifetime that was measured under the same conditions as those for Annex Fig.
1. Again, the larger the epi-thickness was, the clearer the difference between levels was. Although this tendency was
the same as the 1/e lifetime, the 5 m thick epiwafer showed a clear difference, even the 3 u m thick epiwafer
showed a clear difference between levels for low Mo concentration and medium Mo concentration. When the
difference between the maximum and the minimum was considered, the difference was more noticeable when the
number of times of averaging is 1024 and 512 or more for the 3 1 m thick and the 5 z m thick epiwafers, respectively.
Moreover, the 10 4 m thick epiwafer showed a clear difference when the number of times of averaging was 256 or
more.

Annex Fig. 3 shows the 1/e lifetime measured on the same conditions as Annex Fig. 1 and Annex Fig. 2 except
that the injection photon density is 2 X 10" photons/cm®. As a result that injection photon density increased by one
digit, the measured values are shorter for all the levels, the Mo concentration difference between levels also became
less clear. When epi-thickness was 10z m or less, the level difference was not clear between the low Mo
concentration and the medium Mo cc\mcentration.

Annex Fig. 4 shows the 1st mode lifetime measured on the same conditions as Annex Fig. 3. When compared
under the same injection photon density, the measured values became longer than the 1/e lifetime. When compared
with the 1st mode lifetime where the injection photon density is smaller by one digit, the measured values became
shorter. When epi-thickness was 5 4 m or less, the level difference was not clear between the low Mo concentration
and the medium concentration.

The above-mentioned result shows the following. The clearest level difference of Mo concentration was
indicated by the 1st mode lifetime and the injection photon density of 23X 10" photons/cm?. Under this condition, the
recommendable number of tiﬁles of averaging was 1024, 512 and 256 or more for epi-thickness of less than 5z m,
less than 10 z m and 10 12 m or more, respectively.

Under the same condition, the 1/e lifetime was shorter than the 1st mode lifetime, This is probably because of
the fact that a higher concentration of excess carrier results in Auger recombination and that more carriers flow into
the substrate beyond the potential barrier of epi/substrate interface. Under the same mode of lifetime, more injection
photon density produced the shorter lifetime. This is also because of the above-mentioned reason. The 1/c lifetimes
had smaller difference between the maximum and the minimum than the 1st mode lifetime had. The larger injection
photon density had also smaller difference than the smaller injection photon density had. This is probably because of
higher intensity of signals of the reflected microwave.

4.3  Variation of the measured values between the organizations

Annex Fig. § shows the following measurement. Three levels of Mo concentration in epilayers were addressed;
the epi-thickness was 3 1 m; the type of wafer was p/p+; the injection photon density was 2 10" photons/em®; the
number of times of averaging was 1024; the organizations A, B, C, D, E, F and G measured {a)1/e lifetime and (b)
1st mode lifetime. Two epiwafers were measured at one central point continuously 9 times each. The black dot shows
the average; the bar with larger number, maximum; and the bar with smaller number, minimum. The standard
deviation of average of each organization was divided by the average of average of each organization (average of
average between each organization which measured two wafers 9 times each). The quotient was defined as CVin %.
The CV of the 1/e lifetime was 6.7%, 4.7% and 7.9% for low, medium and high Mo concentration samples,
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respectively. On the other hand, the CV of the 1st mode lifetimes was 12%, 9.2%, and 9.3%, respectively. Therefore,
the 1st mode lifetime with low concentration of excess carriers had a larger variation than the 1/e lifetime had.
However, the variation was about 10% or less in.both kinds of lifetime, presenting no problems in both cases.

Annex Fig. 6 shows the following measurement. Three levels of Mo concentration in epilayers were addressed;
the épi—thickness was 5z m; the type of wafer was p/p+; the injection photon density was 2 10" photons/cm?; the
number of times of averaging was 512; all the seven organizations measured the 1st mode lifetime. The
above-mentioned CV was 7.1%, 3.7% and 9.5% for low, medium and high Mo concentration samples, respectively.

Annex Fig. 7 shows the following measurement. Three levels of Mo concentration in epilayers were addressed;
the epi-thickness was 10 12 m; the type of wafer was p/p+; the injection photon density was 2 X 10" photons/cm?; the
number of times of averaging was 256; all the seven organizations measured the lst mode lifetime. The
above-mentioned CV was 4.8%, 5.3% and 4.6% for low, medium and high Mo concentration samples, respectively.
This result suggests that, even for a small number of times of averaging, the thicker epilayer gives the smaller
variation.

Annex Fig. 8 shows the following measurement. The epi-thickness was 1.1 ym, 2.7 x m and 12 x m; the type
of wafer was n/n+; the injection photon desity was 2 X 10'? photons/cm?; the number of times of averaging was 1024,
1024 and 256, respectively; all the seven organizations measured the 1st mode lifetime. The above-mentioned CV
was 8.8%, 4.4% and 4.5% for epi-thickness of 1.1 pm,27pm and 12 1 m. The level was satisfactory.

4.4 Secular change of the measured values

Annex Table 2 shows the following measurement. Three levels of Mo concentration in epilayers were
addressed; the epi-thickness was 3 u m, 10 u m and 15 ¢ m; the type of wafer was p/p+; the injection photon density
was 2 X 10'? photons/cm?; the number of times of averaging was 1024, 512 and 256, respectively; then, the type of
wafer was changed to n/n+; the number of times of averaging was 1024, 1024 and 256, respectively; organization A
made a measurement in March and October 2001. Annex Table 2 shows the resultant Ist mode lifetime, the

difference of its averaging and its ratio.
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Annex Table 2 The 1st mode lifetime, the difference of its averaging and its ratio of the
following measurement: various p/p+ and n/n+ epiwafers; measured by
Organization A under appropriate measurement conditions; 7-month secalar

change indicated by measurements in Mar. and Oct. 2001

Type Epi-thickness/ ' Number | Mo con- 1st mode lifetime 1st mode lifetime Difference | Difference
of Activated of times centra- (us) (ns) of of
Wafer layer of avera- tion measured in Mar. measured in Oct. average average

thickness ging 2001 2001 (ns) Ratio
{(zm) (times) Max. | Ave. | Min. | Max. | Ave. | Min. (%)
P/p+ 3 1024 Low 402 3.60| 288 | 3.83| 334 | 298 —0.26 —7.2
Medium 354 299 246 3.04 | 264 | 2.24 —0.35 —11.7
High 1.65| 144 | 125| 167 | 143 1.23 —0.01 —0.7
5 512 Low 980 | 854| 684 | 890 824 752 —0.30 —3.5
Medium 644 | 557 | 4.85| 642 547 464 —0.10 —1.8
__| High 250 211 [ 165| 245) 211 1.80 0 0
10 236 Low 197 | 182 | i58 |20.1 [ 182 | 16.6 0 0
Medium 882 785 698 9.00| 829 7.40 0.44 5.6
High 258 | 232 207 | 254 | 235| 212 0.03 13
Nfn+ 1.1 1024 050 039 030| 049 038 031 —0.01 —2.6
2.7 1024 145 | 126 | 1.10| 143] 1251 1.08 —0.01 —0.8
12 256 6.76 | 599 522 | 668 | 592 4.94 —0.07 —1.2

As shown in Annex Table 2, the ratio of difference of average was about 10% or less for the samples of all
levels. The oxidation used in this experiment suppressed the surface recombination, resulting in the negligible

secular change.

5. Conclusion The level difference of Mo concentration was most clearly shown in the 1st mode lifetime with
the injection photon density of 2 X 10" photons/cm?®. Under this condition, the recommendable number of times of
averaging was 1024, 512 and 256 or more for epi-thickness of less than 5 x m, less than 10 z m and 10 z m or more,
respectively.

When the above-mentioned appropriate measurement was applied to both p/p+ and n/n+ epiwafers, the
variation of average of each organization was about 10% or less for all the levels,

When the same organization applied the above-mentioned appropriate measurement condition, the ratio of

secular change of about 7 months was about 10% or less.
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Annex Fig. 5  Epi-thickness, 3 z m; Mo contaminated; p/p+ epiwafer; carrier injection, 2 X 10"* photons/cm’;
Number of times of averaging, 1024; seven organizations; (a) 1/e lifetime, average, max. and min. (b) 1st

mode lifetime, average, max. and min.
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Annex Fig. 6  Epi-thickness, 5 m; Mo contaminated; p/p+ epiwafer; carrier injection, 2 X 10" photons/cm’;

Number of times of averaging, 512; seven organizations; 1st mode lifetime, average, max. and min.

1st mode Lifetime
p/p+. Epi thickness: 10um

Injection level :1(2X1013photon/cm2)
® : Low [Mol. A : Mid. [Mo]. M : High[Mo]

Average GV (%)
Low[Mo]l] 4.8

Mid. [Mo] 5.3
High[Mol 4.6

1st mode Lifetime (us)

Oreg.
Meas. 3 4 5 6 8 9 10
Month

Annex Fig. 7  Epi-thickness, 10 2 m; Mo contaminated; p/p+ epiwafer; carrier injection, 2 X 10" photons/cm?;

Number of times of averaging, 256; seven organizations; 1st mode lifetime, average, max. and min.
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Annex Fig. 8  Epi-thickness, 1.1, 2.7, 12 » m; Mo contaminated; n/n+ epiwafer; carrier injection, 2X10"

photons/cm’; Number of times of averaging, 1024 for epi-thickness of 1.1 and 2.7 m, and 256 for

epi-thickness of 12 1 m; seven organizations; 1st mode lifetime, average, max. and min,

Referenced Standards and Documents
ASTM F 1535-94 Standard Test Method for Carrier Recombination Lifetime in Silicon Wafers by Noncentact

JIS C 6802-91
JIS H 0604-95
JEIDA-53-1997

00-KI-19

Measurement of Photoconductivity Decay by Microwave Reflectance
Safety of laser product
Measuring of minority-carrier lifetime in silicon single crystal by photocenductive decay method

Test method for recombination lifetime in silicon wafers by measurement of photoconductivity

decay by microwave reflectance

Investigation research report of quality evaluation method for epilayer lifetime of epitaxial wafer
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