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BHB,
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42 GEEORTLEEOBER
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P type HF (5%), room temp., 2min. Spin-dryer
—UPW rinse, room temp., 10min.
HF (5%), room temp., 2min. Spin-dryer
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0.2 0.05
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Fe-B MR & IZTERL ST, ZHICHIS LIRBRE(EAEN S, £5785 &, BREREOEIPNEROL(L
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Standard of Japan Electronics and Information Technology Industries Association

Sample preparation method for minority carrier diffusion length
measurement in silicon wafers by surface photovoltage method

1  Scope
This standard defines sample preparation methods when measuring the minority carrier diffusion lengths of

silicon wafers using surface photovoltage (SPV) methods.

2 Referenced Standards
The standards listed below constitute a portion of this standard through their citation in this document. All cited
documents refer to the latest published versions (including supplements).
ISO 14644-1 Cleanrooms and associated controlled environments —Part 1: Classification of air
cleanliness
SEMI C28-0704 Specifications and Guidelines for Hydrofluoric Acid
SEMI C30-1101 Specifications and Guidelines for Hydrogen Peroxide

3  Terminology
Definitions of the primary terms used in this standard are given below.
3.1
Surface Photovoltage
Surface photovoltage is the change in electrostatic potential occurring at the sample surface when irradiated by
light. '
3.2
Minority Carrier Diffusion Length
Minority carrier diffusion length is the distance minority carriers in semiconductors diffuse in their lifetimes.
33
Fe-B (iron-boron) Pair

In B-doped p-type silicon, the pair that forms after an iron (Fe) donor binds with a boron (B) acceptor.

4  Safety Precautions

The methods defined in this standard involve the use of hydrofluoric acid and hydrogen peroxide solutions for
surface processing. These chemicals are toxic to humans and must be handled with the utmost care within apparatus
equipped with local ventilation. Personnel unfamiliar with danger precautions or emergency procedures must not
handle these chemicals. Furthermore, the methods defined in this standard include processes where samples are
heated. Therefore, measures must be in place to cope with burns and other injuries.

All appropriate health and safety practices inherent to this standard are the responsibility of the user of this

standard.
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5  Outline of Preparation Methods
5.1 p-Type Silicon Wafers

After applying a hydrofluoric acid solution to remove the oxide grown by high-temperature oxidation or
chemical-vapor deposition (CVD) or the oxide grown chemically with SC-1 cleaning or some other process, the
wafer undergoes the following two-step annealing process in a cleanroom atmosphere. First, the sample is oxidized
with a 210°C, five-minute heat treatment. Because this annealing step causes Fe-B pairs in the wafer to disassociate,
the Fe-B pairs are recombined with a second 80°C, 30-minute heat treatment.
5.2  n-Type Silicon Wafers ‘ '

After applying a hydrofluoric acid solution to remove the oxide grown by high-temperature oxidation or CVD
or the oxide grown chemically with SC1 cleaﬁing or some other process, the wafer is immersed in a hydrogen
peroxide solution between 70°C and 80°C to grow an oxide chemically. Following this treatment, the wafer is left

exposed to the atmosphere for no less than 100 hours.

6  Operating Conditions
The preparation procedures take place in a cleanroom with a temperature of 23 + 3°C and a relative humidity

between 30 percent and 70 percent. The cleanroom's grade is to be no lower than Class 4 as defined in ISO 14644-1.

7  Samples _ )

Samples are p-type or n-type single-crystal silicon wafers and must have a polished front surface. An oxide
layer grown with high-temperature oxidation or CVD may present on the front surface of samples. When lapped
wafers or slice wafers are used as samples, the layer of mechanical damage on the front surface must be removed
with etching or polishing before beginning the preparations defined in this standard. The Fe concentration in p-type

samples must not exceed 1 x 10"/cm’.

8 Reagents
8.1  Ultrapure Water

The specific resistivity of ultrapure water must be no less than 18 MQecm when the water is at 25°C.
8.2 Hydrofluoric Acid

The hydrogen fluoride concentration must be between 48.8 percent and 50.2 percent. Other specifications of the
hydrofluoric acid are to correspond to VLSI grade, the guidelines of which are indicated in SEMI C28-0704.
8.3 Hydrogen Peroxide Solution

The hydrogen peroxide concentration must be between 30 percent and 32 percent. Other specifications of the
hydrogen peroxide solution are to correspond to VLSI grade, the guidelines of which are indicated in SEMI
C30-1101.

9  Apparatus
9.1 Acid Surface-Processing Apparatus

The surface-processing device used when preparing p-type samples must be capable of removing the sample's
oxide layer with a hydrofluoric acid solution, rinsing the sample with ultrapure water, and drying the sample. All

operations are done at room temperature.
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When preparing n-type samples, in addition to removing the sample's oxide layer with a hydrofluoric acid
solution, rinsing the sample with ultrapure water, and drying the sample at room temperature, the surface-processing
device must be capable of performing surface processing with a hydrogen peroxide solution heated to between 70°C
and 80°C. This last function requires the device to be able to control temperatures with a heater and controller to
warm chemical solutions. Figure 1 gives a block layout of an example surface-processing device.

9.2 Hot Plate

A hot plate is used in the two-step annealing process applied during preparation of p-type samples after the
hydrofluoric acid solution treatment. A hot plate is normally used because the sample must be heated rapidly to
210°C in the first annealing step. The hot blate must be capable of heating the sample to both 210°C and 80°C.
Measures must be taken to prevent the hot plate from introducing metal contaminants to the sample. Therefore, it is
recommended to pass heat through a purified silicon wafer or a Teflon sheet placed between the hot plate and the
sample wafer. Since there are no conditions on the heating and cooling rates in the second 80°C annealing step, it is
acceptable to use a thermostatic oven for the second step.

9.3 Aluminum Plate

An aluminum plate is used to quickly quench p-type samples to room temperature after the 210°C annealing

step in their preparation. The aluminum plate must be sufficiently broad to accommodate the entire back surface of

the sample and be no less than one centimeter thick.

Draft Chamber with Local Ventilation Capability Hydrofluoric Acid Solution Tank
|

\ Heater

Ultrapure Water Inlet /

/

Y

Spin Dryer

Heater Power Supply and

fl:/ Temperature Controller

Hydrogen Peroxide Solution Tank

Ultrapure-Water Rinse Tank Drain Outlet
(To Waste Acid Treatment System)

Figure 1—Layout of an Example Acid Surface-Processing Apparatus

10 Preparation Procedure

10.1 p-Type Silicon Wafers

10.1.1 Immerse the sample in a hydrofluoric acid solution” diluted to five percent with ultrapure water and vremove

the oxide layer on the front surface. The immersion time is adjusted according to the oxide thickness. Next, the

sample is rinsed for ten minutes in ultrapure water and then dried. All operations are performed at room temperature.
Note”  Different concentrations may be used as long as the solution can fully remove the oxide layer from

the sample. When a different concentration is used, however, it must be recorded and reported.
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10.1.2 Preheat the hot plate so it can heat the sample to 210°C. Place the sample on the preheated hot plate and heat
the sample. Annealing lasts for five minutes. After annealing, transfer the sample at once to the aluminum plate
(making full contact with the plate) and rapidly cool the sample to room temperature.

Note It is possible to perform the first annealing treatment at lower temperatures and longer durations and
cool the sample to room temperature more gradually. But alternative annealing treatments (other than
five minutes at 210°C and rapid cooling to room temperature) cannot be used without first confirming
favorable correspondence of SPV minority carrier diffusion length measurements and Fe-concentration
measurements under the alternate conditions versus the standard conditions. Furthermore, when
different annealing conditions are used, they must be recorded and reported.

10.1.3 Next, heat the sample with the hot plate” in the cleanroom atmosphere. The annealing temperature and
duration are 80°C and 30 minutes respectively. ‘

Note”  See Section 9.2.

10.1.4 Cool the sample to room temperature. The sample must remain exposed to the cleanroom atmosphere until
measurements are taken.

10.2 n-Type Silicon Wafers

10.2.1 Immerse the sample in a hydrofluoric acid solution® diluted to five percent with ultrapure water and remove
the oxide layer on the front surface. The immersion time is adjusted according to the oxide thickness. Next, the
sample is rinsed for ten minutes in ultrapure water and then dried”. All operations are performed at room
temperature.

Note®  Different concentrations may be used as long as the solution can fully remove the oxide layer from
the front side of the sample. When a different concentration is used, however, it must be recorded and
reported.

the‘” The drying operation may be omitted if the sample moves directly to the process in Section 10.2.2.

10.2.2 Immerse the sample for 10 minutes in a hydrogen peroxide solution heated to between 70°C and 80°C. Use
an undiluted hydrogen peroxide solution. Next, the sample is rinsed for ten minutes in ultrapure water and then dried.
Both rinsing and drying are performed at room temperature.

Note The drying step in Section 10.2.1 can be omitted if the processes in Section 10.2.1 and Section 10.2.2
are done consecutively. ’

10.2.3 Leave the sample at room temperature for at least 100 hours either exposed to the cleanroom atmosphere or

stored in a shipping container for silicon wafers.

11 Recording
Record the following information:
a) The date, time, temperature, and humidity when the sample was prepared,
b) The preparation location and the apparatus used,
¢) The concentration of the hydrofluoric acid solution and the immersion time, and

d) The concentration of the hydrogen peroxide solution when n-type samples are prepared.
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Annex A
(References)
Round-Robin Testing of Sample Preparation Methods for Minority Carrier
Diffusion Length Measurements by Surface Photovoltage Methods

A.1 Objective
Round-robin testing was employed to ascertain the appropriate preparation conditions and the variance among

participating laboratories.

A.2 Tests
A.2.1 Sample Specifications

Plain-oriented (100) Czochralski (CZ) silicon wafers with diameters of 200 millimeters were used in the
round-robin tests, as shown in Table A.1. Laboratory B applied SC-1 cleaning to all samples to initialize the surfaces

before shipping the samples to the other laboratories participating in the round-robin tests.

Table A.1—Samples Used in the Round-Robin Tests

Conductivity type Resistivity (Qecm) Annealing
p-PW-L p 1.8 No
p-PW-M p 10 No
p-PW-H P 20 No
p-H-M P 10 Hydrogen
p-Ar-M P 10 Argon
n-PW-L n 1.5 No
n-PW-M n 7 No
n-PW-H n No

A.2.2 Test Procedure
A.2.2.1 p-Type Samples
Different preparations were performed on the samples in the sequence a) to d) below. After each surface
treatment, the minority carrier diffusion length was measured by a surface photovoltage (SPV) method. The goals set
out were to confirm the superiority of the conventional preparation practice and the method defined in this standard
over SC-1 cleaning by comparing the results of a) with those of b) and ¢); to compare the minority carrier diffusion
lengths obtained with the conventional method and with the method defined in this standard using the results from b)
and ¢); and to confirm the extent of internal sample change caused by the annealing in method ¢) by comparing the
results from b) and d).
a) As-received The minority carrier diffusion lengths were measured in the as-received samples, which had
undergone SC-1 cleaning at Laboratory B.
b) Conventional method (first repetition) The samples were immersed for two minutes in a five-percent
hydrofluoric acid solution. Following this, the samples were rinsed for 10 minutes in ultrapure water and then
dried in a spin dryer. After being exposed to a cleanroom atmosphere for 24 hours, the minority catrier diffusion

lengths of the samples were measured.
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©)

d)

HF + two-step annealing The samples were immersed for two minutes in a five-percent hydroﬂuoricvacid
solution. Following this, the samples were rinsed for 10 minutes in ultrapure water and then dried in a spin dryer.
Next, the samples were subjected to a two-step annealing process (210°C for five minutes and 80°C for 30
minutes) with a hot plate in a cleanroom atmosphere. Once the first-step heat treatment was completed, either
the samples were rapidly cooled by placing them on an aluminum plate at room temperature or the samples
were transferred within seconds to the second-step heat treatment by preparing separate hot plates side by side
for the first-step heat treatment and the second-step heat treatment. Once the second-step heat treatment was
completed, the samples were rapidly cooled by placing them on an aluminum plate at room temperature. The
minority carrier diffusion lengths of the samples were measured immediately after this processing was
completed.

Conventional method (second repetition) The samples were immersed for two minutes in a five-percent
hydrofluoric acid solution. Following this, the samples were rinsed for 10 minutes in ultrapure water and then
dried in a spin dryer. After being exposed to a cleanroom atmosphere for 24 hours, the minority carrier diffusion

lengths of the samples were measured.

A.2.2.2 n-Type Samples

The samples underwent four surface treatments given in the sequence a) to d) below. The minority carrier

diffusion lengths of the samples were measured after each surface treatment. The goals set out were to confirm the

superiority of boiling with hydrogen peroxide over SC-1 cleaning by comparing the results of a) with those of b)

through d); and to ascertain the most appropriate standing time by comparing the results from b), ¢), and d).

a)

b)

)

d)

As-received The minority carrier diffusion lengths were measured in the as-received samples, which had
undergone SC-1 cleaning at Laboratory B.

H,0, Samples were boiled for 10 minutes in a 30-percent hydrogen peroxide solution at a temperature of
between 70°C and 80°C. Following this, the samples were rinsed for 10 minutes in ultrapure water and then
dried in a spin dryer. The minority carrier diffusion lengths of the samples were measured by SPV immediately
after they were dried.

H,0, + 48-hour standing period After completing b) above, the samples were stored in a silicon-wafer
shipping box and left in a cleanroom for 48 hours. After this time, the minority carrier diffusion lengths of the
samples were measured.

H,0, + 100-hour standing period After completing ¢) above, the samples were stored in a silicon-wafer
shipping container and left in a cleanroom for 100 hours. After this time, the minority carrier diffusion lengths

of the samples were measured.

A.2.3 Measurement Conditions

Minority carrier diffusion length measurements were made with the Linear Photovoltage, Constant Photon Flux

(LPVCPF) method, one of the SPV methods defined in SEMI MF391-02. The detailed measurement conditions are
described by a) to d) below.

a)
b)
)
d)

Iuminating light wavelengths seven wavelengths from 0.8 pmto 1.0 pm
Lock-in amplifier time constant 100 milliseconds
Correction for wafer-thickness effects on minority carrier diffusion length measurements None

Measurement points Measurements were taken at five points on each reference sample (see Figure A.1)
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(-62,0) 0,0) (62, 0)

0, -62)

Figure A.1—Minority Carrier Diffusion Length Measurement Points Used in the Round-Robin Tests

A.2.4 Comments on the Timing of Preparations and Measurements

Laboratory B initialized all samples with SC-1 cleaning on October 20, 2004. One sample of each level (p-type:
five levels x one sample = five samples, n-type: three levels x one sample = three samples) was distributed to each
laboratory participating in the round-robin tests. Although the tests were conducted in parallel at each laboratory,
each laboratory's test timing was slightly different, ranging from October 29 to December 25, 2004. As a result,
variations were seen in the n-type sample "as-received” measurements among the laboratories. These variations are
believed to be caused by the temporal changes that occur after SC-1 cleaning. This aspect is described in greater

detail later.

A.3 Participating Laboratories
The laboratories listed (in alphabetic order) in a) and b) below took part in the round-robin tests.

a) p-type sample tests Komatsu Electronic Metals Co., Ltd., MEMC Japan Ltd., Shin-Etsu Handotai Co., Ltd.,
Sumitomo Mitsubishi Silicon Corporation, and Toshiba Ceramics Co., Ltd.

b) n-type sample tests Komatsu Electronic Metals Co., Ltd., MEMC Japan Ltd., Shin-Etsu Handotai Co., Ltd.,
and Toshiba Ceramics Co., Ltd.

A4 Round-Robin Results
A4.1 p-Type Sample Tests

Figure A.2 indicates the SPV signals, taken from part of the measurement data, corresponding to the shortest
illuminating light wavelength (0.8 pm) obtained using the LPVCPF method. Generally speaking, the SPV signals are
larger in the samples after the conventional method and the HF + two-step annealing method than in the as-received
samples after SC-1 cleaning. At Laboratory E, however, the SPV signals from the samples after conventional
processing were exceptionally small and, consequently, minority carrier diffusion lengths were impossible to
measure at many measurement points.

Figure A.3 shows the minority carrier diffusion length measurements found with SPV for each representative

sample. Each point in the plot represents the average value of the five measurement points on each sample. Minority
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carrier diffusion lengths cannot be measured when the linear-regression calculation of the ®.o/AV to « =

relationship produces a poor correlation factor (R? < 0.98). The symbol (U.D.) is used in the diagram to indicate
samples where measurements were not possible at one or more of the five measurement points. As mentioned above,
(U.D.) occurred frequently in the measurements after conventional processing at Laboratory E and occurred in one
instance at Laboratory B. This signifies the 24-hour standing time at room temperature after conventional preparation

is often insufficient.
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Figure A.2—SPV Signals (at wafer center) in p-Type Samples after Each Surface
Treatment - [llaminating Light Wavelength: 0.8 pm
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Figure A.4 plots the variance among the laboratories in two sets of minority carrier diffusion length
measurements — in the as-received state and after applying the HF + two-step annealing preparation method. The
variance in measurements after the conventional method is not given here because of the frequent U.D.
measurements. Although the SPV signals were small in the as-received samples, the variance among laboratories
was large. The CV value among the laboratories for the HF + two-step annealing measurements was within 13
percent. This value also includes variances caused by the use of different measuring instruments and variations

between the wafers.
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To verify to what extent changes occur within samples due to the annealing treatment in the HF + two-step
annealing preparation method, the minority carrier diffusion length after the conventional method (first repetition)
was compared with the minority carrier diffusion length after the conventional method (second repetition). Figure
A.5 indicates the results of this comparison. Data values from Laboratory B and Laboratory E, where U.D.
measurements occurred frequently, are not included in this diagram. The two sets of results show good
correspondence, but the minority carrier diffusion lengths after the conventional method (second repetition) were

slightly shorter, with an average change of about four percent.
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Figure A.4—Interlaboratory Variance in Minority Carrier Diffusion Lengths in the

As-Received Samples and after HF + Two-Step Annealing
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Next, Figure A.6 compares minority carrier diffusion lengths between the conventional method (first repetition)
and the HF + 2-step annealing method. Each ratio was calculated with the measurement after the conventional
method (first repetition) as the denominator and the measurement after HF + 2-step annealing as the numerator. The
ratios for Laboratory B and Laboratory E used a different denominator: the sample's diffusion length measurement
one month after performing the conventional method (second repetition). Differences between the conventional
method and the HF + 2-step annealing method were generally contained in a range of about 20 percent. Except for
the p-PW-L sample, it is believed the cause of the shortening minority carrier diffusion lengths after HF + 2-step
annealing is due to the continuiﬁg decrease in minority carrier diffusion length measurements after the conventional

method (first repetition) even beyond a standing period of 24 hours after HF treatment, as shown in Expalanatory

Figure 2.
Hp-PW-L
> Np-PW-M
S N Op-PW-H |
B Q \Y
g 5 § £ p-H-M |
g é § Ep-AI’-M@J"
g5 .
g8 §
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Figure A.6— Comparison of Minority Carrier Diffusion Lengths Between Conventional Preparation
(first repetition) and HF + 2-step Annealing (For laboratories B and E only, the sample
measurements one month after the conventional preparation (second repetition)

are compared with measurements after HF + 2-step annealing)

A4.2 n-Type Sample Tests

Figure A.7 indicates the SPV signals, taken from part of the measurement data, .corresponding to the shortest
illuminating light wavelength (0.8 pm) obtained using the LPVCPF method. After hydrogen peroxide processing, the
longer the standing time, the larger the SPV signals. There was no pattern at all in the measurements of the
as-received samples, with some laboratories recording the strongest signals among the tested references and others
recording the weakest signals. This disparity can be accounted for by the different times the laboratories took
between the pre-distribution SC-1 cleaning and the sample measurements. For example, Laboratory E took
measurements 12 days after SC-1 cleaning, but laboratories B and D took measurements after a 47-day interval. This
phenomenon is thought to be the result of a temporal change similar to that seen after hydrogen peroxide processing.

Figure A.8 shows the minority carrier diffusion length measurements found with SPV in each sample level.
Each point in the plot represents the average value of the five measurement points on each sample. Samples with one
or more measurement point having a poor correlation factor (R* < 0.98) are marked in the diagram with (U.D.). U.D.
measurement points were found in the as-received samples. As explained above, the shorter the interval between

SC-1 cleaning and measurements, the smaller the SPV signal. The U.D. occurrences finally disappeared when the
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samples were given a standing time of 100 hours after hydrogen peroxide processing.
Figure A.9 illustrates the variance among the laboratories' measurements 100 hours after hydrogen peroxide
processing. The CV value among the laboratories was within 13 percent. This value includes variances caused by the

use of different measuring instruments and variations between the wafers.
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Explanation for Sample preparation method for minority carrier diffusion length
measurement in silicon wafers by surface photovoltage method

This explanation is not part of this JEITA standard. 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

Shrinkage and advanced integration of semiconductor components demand lower metal contamination levels in
component-fabrication processes and in base silicon wafer substrates. The industry has for some time widely
employed surface photovoltage (SPV) measurements of minority carrier diffusion lengths as a technique to assess
metal impurities in silicon wafers. Samples, however, often require surface preparation prior to SPV measurements
because SPV measurements are sensitive to surface conditions. An associated problem is that surface characteristics
of samples tend to change over time after preparation, so samples must be left until their surfaces stabilize. Together

these factors created the need for standardization of a stable preparation method with reduced standing times.

2 Progression of the Standard's Establishment
The SPV Preparation Standardization Working Group (WG) was established in April 2003 under JEITA's Wafer
Measurement Standard Technical Committee. The WG put together a three-stage plan to undertake standardization.
(1) Expose problem areas with conventional preparation methods through surveys of and tests at laboratories
participating in the WG.
(2) Examine methods of reducing standing times after preparation. ‘
(3) Conduct round-robin tests of the methods discovered in Stage 2 and ascertain the variance among
laboratories.
A draft standard was prepared based on the activities above. The standard was formulated in July 2005 after
written deliberations by the Silicon Technology Committee and the Wafer Measurement Standard Technical

Committee.

3 Industrial Property Rights Matters

The standard asserts the fact that Semiconductor Diagnostics, Inc. has established a patent on the LPVCPF
method listed in Section A.2.3 of Annex A.

Japanese Patent Application No. H1-217186

Japanese Patent Publication No. H2-119236

Japanese Examined Patent Application Publication No. H7-44209

Note that JEITA does not guarantee that in addition to that asserted above there are no other industrial

property rights asserted in connection with this standard. JEITA assumes no responsibility whatsoever

concerning industrial property rights in connection to the content of this standard.
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4  Underlying Principles
4.1 SPV Measurements of Minority Carrier Diffusion Lengths

The SPV method illuminates the sample to inject excess carriers and then finds the minority carrier diffusion
length from the resulting change in surface potential (surface photovoltage). The procedure for this method is
defined in SEMI MF391-02"). In this procedure, the sample is illuminated with monochromatic light of several
different wavelengths. The minority carrier diffusion length, L, is found from the relationship between the SPV
signals, AV, generated in response to each wavelength of illuminated light and the light absorption coefficient of
silicon, a.. In theory, Equation (1) describes this relationship

e/ AV =A (S+D/L) (L+L/0) s+ +vereeresessesmesneeeiniiuiiiie. 1)

where @ is the effective photon flux, AV is the magnitude of the SPV signal, S is the surface recombination rate, D

1s the diffusion coefficient of minority carriers. Note that when the surface is depleted:

A= (qno /kT) exp (qV/kT) ................................................. (2)
and when the surface is inverted:
A= qni2 / (ano) ......................................................... (3)

In these last two equations, q is the electron electric charge, n, is the unilluminated free carrier concentration in the
bulk, k is the Boltzmann constant, V is the surface barrier height, and n; is the intrinsic free carrier concentration'. It
follows from Equation (1) that the relationship between ®./ AV and o' can be regressed to a linear line and that
the minority carrier diffusion length can be found from this regression line.

SPV minority carrier diffusion length measurements are also used to measure Fe concentrations in B-doped
p-type silicon wafers. Fe forms Fe-B pairs in B-doped p-type silicon at room temperature. However, interstitial Fe
donors and substitutional B are disassociated by annealing at about 200°C or by illumination to strong light (Fe
activation). Zoth and Bergholz”®! demonstrated that Fe concentrations can be calculated with Equation (4) using the
modulation in minority carrier diffusion length before and after activation.

[Fe] = (Du/f) ((C, (Fei) - C, (FeB) /exp [Er- 0.1eV/KT] ) ' x (L2 -Lg2) revrerreveres “)

In this equation, the units of [Fe] are cm™, Ly is the minority carrier diffusion length before Fe activation, and L; is

the minority carrier diffusion length after Fe activation (both Ly and L1 are in um). D, is the electron diffusion

coefficient, and Er is the Fermi level of the sample. f is the ratio of Fe-B pairs disassociated with Fe activation, and

C, (Fei) and C, (FeB) are the electron-capture coefficients of interstitial Fe and Fe-B pairs respectively.

Note In Equation (4), Zoth and Bergholz assumed that of the two energy levels at which Fe-B pairs form (Ey

+ 0.1 eV and E; - 0.29 eV) EV+0.1 eV acts as the dominant factor in recombination. How each of these
energy levels affects the minority carrier diffusion length is still under debate!. Nevertheless, it is
known® experimentally that the value of (D,/f) ((C, (Fei) - C, (FeB) /exp [Er - 0.1eV/KT] )" is in the
vicinity of 1 x 10",

4.2 Disadvantages with Conventional Preparation Methods

SPV measurements require that a depletion layer or an inversion layer exist at the sample surface. The depletion
layer or inversion layer is formed by the presence of a positive charge, for p-type wafers, or a negative charge, for
n-type wafers, at the sample surface. Consequently, conventional preparation methods have treated p-type wafer
surfaces with hydrofluoric acid and have boiled n-type wafers in hydrogen peroxide!'l. It is known, however, from
experience that with thesé methods the surface characteristics change with time after processing, requiring the

samples to be set aside for a time to get accurate SPV measurements.
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This WG conducted experiments to confirm the temporal changes in SPV signals and in measurement results of
minority carrier diffusion lengths. The surface treatments in given Explanatory table 1 were applied to the
plain-oriented (100) 200-millimeter-diameter Czochralski (CZ) silicon wafers listed in Table A.1 of Annex A.
Following the surface treatments, temporal changes were investigated by assessing surface barrier heights with a
contact - potential - difference measurement'”! and measuring minority carrier diffusion lengths with SPV. The Linear
Photovoltage, Constant Photon Flux (LPVCPF) SPV method, defined in SEMI MF391-02, was used to measure
minority carrier diffusion lengths. This method uses seven wavelengths ranging from 0.8 pm and 1.0 pm for the
incident light. Note also that no correction was applied for the effect of wafer thickness on minority carrier diffusion
length measurements.

The samples were stored in a silicon-wafer shipping container between measurements. Samples were left in

cleanrooms between 23°C and 25°C at a relative humidity of 40 percent.

Explanatory table 1 —Preparation Conditions for Experiments to

Ascertain Disadvantages of Conventional Methods

Surface treatment sequence Drying
P type HF (5%), room temp., 2min. Spin-dryer
—UPW rinse, room temp., 10min.
HF (5%, room temp., 2min. Spin-dryer
N type —UPW rinse, room temp., 10min

—H,0, (30%), 70-80 °C, 10min.
—UPW rinse, room temp., 10min.

Explanatory figare 1 shows the results of measuring the surface barrier height in 13 points on the wafer
surface. In both p types and n types, the barrier became lower a number of hours after the surface treatment. The
variance in barrier heights was particularly pronounced in the p-type samples.

Explanatory figure 2 and Explanatory figure 3 show the results of examinations at three laboratories on the
temporal changes, seen after treating p-type samples with hydrofluoric acid, in minority carrier diffusion lengths in
terms of the average and the variance (CV values) of the five measurement points. Measurements of minority carrier
diffusion lengths changed dramatically immediately after the surface treatment and only stabilized after about one
day. The in-sample variances also declined with time and stabilized after about one day. All three testing laboratories
confirmed these temporal changes. Because all surface treatments and storage of the p-type samples were conducted
at room temperature, it is unlikely the changes in variances and minority carrier diffusion lengths occurred within the

samples; therefore, changes in surface conditions are believed to cause these temporal changes.
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Explanatory figure I—Temporal Changes in Surface Barrier Heights after Surface Treatment
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Explanatory figure 2 —Results of Examining Temporal Changes in

Minority Carrier Diffusion Lengths at Laboratory A
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Explanatory figure 3—Results of Examining Temporal Changes in

Minority Carrier Diffusion Lengths at Laboratories B and C

Explanatory figure 4 shows data related to the temporal changes seen in n-type samples in SPV measurements
and in minority carrier diffusion length measurements. This data was taken from the results of the round-robin
testing described in Annex A. Explanatory figure 4 (a) gives the temporal changes in SPV signals corresponding to
the shortest illuminating light wavelength (0.8 pm) obtained with the LPVCPF method. These are the results from
one measurement in the center of the wafers. The SPV signals become larger the longer the samples are left after
surface treatment. Large differences are also seen in the intensity of SPV signals among the laboratories. These
differences are believed to be caused by variations in the metal impurity concentrations at the sample surfaces, which
result from differences in the purity of environments and reagents used for surface processing, besides differences in
equipment settings such as the light intensity. Many minority carrier diffusion lengths of samples from Laboratory B
and Laboratory D, where the smallest SPV signals were recorded, could not be measured because of the poor
correlation coefficient (R* < 0.98), shown in Explanatory figure 4 (b), after taking the linear regression of the
relationship of the SPV signal and the light absorption coefficient immediately after surface treatment.

These results confirm that conventional surface treatments suffer from temporal changes after processing, and

these temporal changes affect measurements of minority carrier diffusion lengths in both p-type and n-type samples.
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Explanatory figure 4—Temporal Changes after Surface Treatment on n-Type Samples

4.3
43.1

Sample Preparations Defined in this Standard
Preparation of p-Type Samples

The WG considered the formation of a native oxide and the adsorption/desorption of moisture and organic
materials might be the sources of the temporal changes occurring after hydrofluoric acid solution processing.
Therefore, the WG examined whether annealing could promote oxide growth or moderate temporal changes
associated with moisture and organic materials. At the same time, corona discharges were investigated since it is
known by experience stable sample surfaces without temporal changes can be obtained by applying a corona
discharge to samples after hydrofluoric acid processing.

Explanatory figure 5 compares the temporal changes in the native oxide thicknesses after hydrofluoric acid
solution processing with those in the native oxide thicknesses obtained after applying further annealing or corona
discharges to the samples. In this examination, annealing was carried out in a cleanroom for one hour at 200°C. The
corona discharge operation subjected samples to a charge of + 3000 nC/cm’. Oxide thicknesses were measured with
x-1ay photoelectron spectroscopy (XPS). Where the samples subjected to hydrofluoric acid processing exhibited only
gradual native oxide growth, oxides had grown on the samples subjected to hydrofluoric acid processing and the
subsequent annealing or corona discharge. Although the objective of the corona discharge itself is to shower the
wafer with charged molecules from the air, it is suspected that the ozone produced by the corona discharge is what
drives oxide growth.

Evaluation with thermal desorption spectroscopy (TDS) was also carried out in parallel with the above XPS.
Because the organic material in all samples was below detection thresholds, H, (m/z = 2) and H,O (m/z = 18) were
detected as primary desorption gases. Explanatory figure 6 and Explanatory figure 7 show the H, and H,0 signals

detected from the samples 5 to 6 hours after and two days after the surface treatment.
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After five to six hours passed, the highest hydrogen intensities were detected on the samples exposed to
hydrofluoric acid solution processing only, on which the surface is terminated with hydrogen. Conversely, lower
amounts of moisture were detected in the HF-only samples than in the samples that underwent additional annealing
or corona discharge and were already growing oxides. After two days passed, the differences among the processes
were less pronounced. These changes in the adsorption amounts of hydrogen and water are thought to correspond
with the growth of the native oxide.

These results confirm that the growth of native oxides and the accompanying process of hydrogen and moisture
adsorption/desorption differ between samples treated only with hydrofluoric acid and samples treated with
hydrofluoric acid followed by annealing or corona discharge. Explanatory figure 8 gives an example of the
surveyed temporal changes using SPV minority carrier diffusion length measurements from p-type samples treated
with these different surface preparation methods. Two-step annealing was applied to the samples after the
hydrofluoric acid solution treatment - one hour at 200°C followed by 80°C for one hour. One-step annealing would
be sufficient if the goal was only to promote oxide growth. The first annealing treatment, however, disassociates
Fe-B pairs in the sample that later gradually recombine when the sample is left at room temperature. This
recombination produces a corresponding temporal change, the cause of which is impossible to isolate to either
surface changes or internal changes. Therefore, a second 80°C» annealing treatment is used to recombine the

disassociated Fe and B ions. The results show no significant temporal changes after two-step annealing or corona

discharge.
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Explanatory figure 8 — Temporal Changes in Minority Carrier Diffusion Lengths after Surface Treatment

The WG selected the hydrofluoric acid solution treatment plus annealing method from the two preparation
methods confirmed to curb temporal changes. The WG next examined the conditions under which processing could
be performed in a short time.

While it is a necessary condition of any énnealing method that it grows an adequate oxide layer, it is known(®

that Fe precipitation within a sample progresses as annealing temperatures near 200°C, causing changes to the
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sample's internal characteristics. For this reason, annealing must be kept as short as possible. After examining
conditions that could balance these two contradictory factors, the WG found that performing two-step annealing—
210°C for 5 minutes and 80°C for 30 minutes —in a cleanroom atmosphere was ideal.

Explanatory figure 9 compares measurements of minority carrier diffusion lengths and Fe concentrations in
samples treated with a hydrofluoric acid solution, the conventional preparation practice, and left for one day or more
in a cleanroom atmosphere and in samples that underwent 210°C/5-minute + 80°C/30-minute annealing in a
cleanroom atmosphere after the hydrofluoric acid treatment. This comparison used the samples from Explanatory
table 1 as well as a p-PW-M sample intentionally contaminated with Fe. The comparison in Explanatory figure 9
uses the measurement results at each of the five or nine measurement points pér sample. The minority carrier
diffusion length measurements show good correlation with the conventionally prepared samples, with variances
limited to 20 percent or less. Samples with Fe concentrations ranging from 1 x 10 to 1 x 10%/cm® also showed a
close Fe-concentration-measurement correlation of 20 percent or less with the conventionally prepared samples. But
samples nearing 1 % 10'*/cm’® tended to give lower Fe concentration measurements than conventionally prepared
samples. This phenomenon is thought to be caused by the annealing process driving Fe precipitation when Fe

concentrations are high.
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Explanatory figure 9— Comparison of p-Type Sample Measurements after Conventional Surface Treatment
and after Hydrofluoric Acid Treatment + 210 °C/5-minute 80 “C/3-minute Annealing

4.3.2 Preparation of n-Type Samples

The WG examined the relationship of the basic parameters when boiling n-type samples in hydrogen peroxide
— hydrogen peroxide concentration and boiling duration—with SPV signals. In parallel with this, the WG
investigated the effects of adding aluminum to the hydrogen peroxide solution.

Explanatory figure 10 (a) shows the SPV signals from n-type samples after boiling for 10 minutes in

one-percent, 15-percent, and 30-percent hydrogen peroxide solutions as well as the SPV signals after boiling for 10

T, Y



JEITAEM-3509 Explanation

minutes in a 30-percent hydrogen peroxide solution with Al additives. The SPV signal measurements were taken at
an illuminating light wavelength of 0.8 pm. The sample processed with the 30-percent solution of hydrogen peroxide
with Al additives had an Al surface concentration of 2.3 x 10'*/ecm’. The higher the hydrogen peroxide
concentrations, the larger the SPV signals. The Al-added solution produced even larger SPV signals. Regardiess of
the concentration, however, temporal changes were seen for weeks after treatment.

Explanatory figure 10 (b) shows the dependence of SPV signals on the length of time the samples were boiled
in a 30-percent hydrogen peroxide solution. However, even extending the boiling duration to 30 minutes did not

contribute to larger SPV signals.
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(2) Dependence on Hydrogen Peroxide Strength (b) Dependence on Boiling Duration

Explanatory figure 10— SPV Signals Versus Hydrogen Peroxide and
Boiling Duration Conditions - Sample: n-PW-L

Explanatory figure 11 shows the results of XPS and TDS evaluations of oxide thicknesses and moisture
adsorption amounts in samples boiled for 10 minutes in a 30-percent hydrogen peroxide solution without Al
additives. Both oxide growth and increased moisture adsorption are seen after the hydrogen peroxide treatment.
Explanatory figure 12 shows the surveyed temporal changes in SPV signals after annealing wafers that had already
been treated in hydrogen peroxide. This data suggests SPV signals are dependent on surface moisture adsorption
levels. For this investigation, two-step annealing—300°C for five minutes and 80°C for 30 minutes —was applied in
a cleanroom atmosphere. The annealing lowered the SPV signals temporarily, but the SPV signals recovered when
left at room temperature in a cleanroom after annealing. This reversible heat dependency is thought to be the
moisture-adsorption contribution to the increase in SPV signals.

Because of these results, the purity of reagents and ultrapure water, the sources of metal impurities, and the
temperature and humidity levels of the cleanroom where samples are stored are viewed to have a large influence
when n-type samples are processed with hydrogen peroxidé. Thus, letting the samples stand for 100 hours or more
after hydrogen peroxide treatment was adopted as the standard method in line with the laboratory in the round-robin

testing requiring the longest standing time to obtain large SPV signals.
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Explanatory figure 11 —Temporal Changes of Oxide Thicknesses and Moisture Adsorption Amounts in

n-Type Samples Processed with Hydrogen Peroxide—Sample: n-PW-L

—o— SCiV(aS-received)
-0 1% ‘
15 . 2= 15%
Anealing —0—30%

U 7/' | —=—30%, Al added
10 : e

A

0 200 400 600 800 1000 1200 1400 1600
Time after H,O, boiling (h)

SPV signal (mV)

Explanatory figure 12— Influence of Annealing on SPV Signals in n-Type Samples Processed with Hydrogen
Peroxide (300 “C/5-minute and 80 °C/30-minute annealing was performed in a cleanroom atmosphere)—
Sample: n-PW-L

5  Special Issues Arising in WG Deliberations
The next sections detail special issues that arose during deliberations at the WG.

a) Preparation of p-Type Samples Section 4.3.1 of the Explanation revealed several preparation techniques
capable of limiting temporal changes by oxidizing p-type samples after the hydrofluoric acid solution treatment.
In addition to stabilizing samples with annealing, oxidizing surfaces with corona discharging, ozone gas, or
ozone water have the potential of being successful preparation methods leading to favorable SPV measurements.
The reproducibility of such methods, however, would be difficult to verify through round-robin testing because
of the possible dependence of preparation conditions on oxidizing apparatus specifications and because only a
few WG laboratories had access to the necessary oxidizing apparatus. For these reasons, the WG decided to

standardize hot-plate or oven annealing, an oxidizing method that all participating laboratories could employ.
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b) Preparation of n-Type Samples It is known that introducing Fe, Al, and other metal contaminants in the
oxide layer forms a negative charge and increases SPV signals in n-type samples!”’. Exploiting this phenomenon,
we considered a method in which samples are boiled in hydrogen peroxides with Fe or Al added intentionally.
Unfortunately, this method led to Fe and Al contamination of the reagent bath used for hydrogen peroxide
boiling and the water bath for ultrapure water rinsing, prompting fears of adverse effects on other surface
treatments, such as p-type sample preparation, that share the same equipment. For this reason, the WG decided

to pursue standardization without resorting to the addition of metal impurities.

Discussion of Requirements in the Standard
6.1  Outline of Preparation Methods (Section 5 of the Standard)

See Section 4 of the Explanation.

6.2  Operating Conditions (Section 6 of the Standard)

It was decided that preparation procedures take place inside a cleanroom because SPV signals are affected by Fe,
Al, and other metal contaminants on sample surfaces and are influenced by the humidity (moisture) conditions of the
sample surfaces.

6.3  Samples (Section 7 of the Standard)

Annealing temperatures at or in excess of 200°C cause Fe precipitation in p-type silicon wafers with high Fe
concentrations. As a result, SPV measurements give lower readings of Fe concentrations than actually exist. The
upper Fe concentration limit of 1 x 10"*/cm® on p-type samples was determined based on the experiments from
Section 3.3.1 of the Explanation.

6.4 Reagents (Section 8 of the Standard)

The purity of reagents and other chemicals was defined because SPV signals are sensitive to surface
contamination by Fe, Al, and other metals.

6.5 p-Type Silicon Wafers (Section 10.1 of the Standard)

Samples must be quickly cooled to room temperature following the first 210°C 5-minute annealing step of the
two-step annealing process after the hydrofluoric acid solution treatment. This is done to stop the progress of Fe
precipitation within the sample, which would continue if the sample was left at temperatures close to 200°C.
Furthermore, it was decided to store p-type samples while exposed to a cleanroom atmosphere over the period from
preparation to measurement because sealing samples in plastic shipping boxes could contaminate the surfaces with

organic material and thereby lower the surface barrier height of the samples™™.
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