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Electron Paramagnetic Resonance Study on 28Si
Single Crystal for the Future Realization
of the Kilogram

Shigeki Mizushima™, Naoki Kuramoto

Abstract—For the future realization of the kilogram using
the X-ray crystal density (XRCD) method, isotopically enriched
silicon crystals grown by the floating zone method are employed.
In this paper, we present quantitative electron paramagnetic
resonance (EPR) measurements on 23Si single crystal AVO28 to
increase the reliability of mass deficit correction in the XRCD
method. We detected phosphorus impurity in the crystal and
determined its concentration to be 3.2(5) x 1012 ¢m—3 , which is
consistent with that estimated using Fourier transform infrared
spectroscopy. In addition, the EPR measurements revealed that
the concentrations of nine types of vacancy defects with unpaired
electrons in the crystal are less than 1 x 1012 ¢m=3 at 25 K both
in a dark environment and under illumination. As a result, the
necessary mass deficit correction due to these vacancy defects is
estimated to be 0.0(2) ug for 1-kg AVO28 spheres.

Index Terms—Electron paramagnetic resonance (EPR), Kkilo-
gram, measurement uncertainty, metrology, silicon -crystal,
vacancy defects.

I. INTRODUCTION

HE X-ray crystal density (XRCD) method is one of

two independent methods that can realize the future
realization of the kilogram with the highest accuracy [1].
The mass of a 28Si single-crystal sphere with a diameter
of approximately 93.7 mm is determined by counting the
number of silicon atoms in the sphere along with using several
basic physical constants, including the Planck constant 4. If a
significant number of defects exist in the crystal, then the
mass deficit caused by their presence must be corrected. Here,
the mass deficit is defined as the mass difference between two
silicon spheres with a diameter of 93.7 cm, one of which is
made of an ideal crystal, and the other of which is made of a
real crystal containing defects. Fig. 1 shows the schematic of
a normal structure, monovacancy defect V, and substitutional
impurity defect in silicon crystals.
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Fig. 1. Ball-and-stick models of a normal structure, monovacancy defect V,
and substitutional impurity defect in silicon crystals. Gray lines: chemical
bonds between atoms.

Several studies on defects in silicon crystals have been
conducted to realize the kilogram using silicon crystals.
Deslattes and Kessler [2] reported a qualitative difference
between a silicon crystal with a natural isotope ratio of
National Metrology Institute of Japan (NMIJ), formerly
National Research Laboratory of Metrology, and that of
Physikalisch-Technische Bundesanstalt by employing electron
paramagnetic resonance (EPR) spectroscopy. They detected
the EPR signals of impurities only from the NMIJ’s crystal.
Gebauer et al. [3] determined that the vacancy concentration
in a silicon crystal grown by the floating zone (FZ) method
ranges from 1 x 10" cm™3 to 4 x 10'* cm™3 using positron
annihilation lifetime spectroscopy (PALS) that detects neu-
tral or negatively charged vacancies. They performed electron
irradiation with low doses to obtain a quantitative calibration
using an estimated introduction rate of 0.1 cm~! for monova-
cancies. They did not find any relation between the average
positron lifetime and the position in the radial direction of the
crystal. They concluded that a decomposition of the positron
lifetime spectra does not give reliable results because of the
low intensities of the defect components. They estimated that
hexavacancy Vg is a candidate for explaining their PALS
results. D’ Agostino ef al. [4] developed a method to measure
the void concentration of 10'* ¢cm™3 in a silicon crystal with
a few percent uncertainties using Cu decoration and neutron
activation.

At present, the International Avogadro Coordination
(IAC) project estimates a vacancy defect concentration
of 3.3(1.1) x 10" cm™3 in 28Si crystals grown by the
FZ method, which was determined using PALS [5]. The
IAC considers that this value represents the vacancy content
per unit volume for all vacancy types including vacancy
agglomerates and voids, which is expressed as >, nc(Vy),
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where n is the vacancy size (n = 1 for monovacancy V,
n = 2 for divacancy V,, n = 3 for trivacancy V3, etc.),
and c(V),) is the concentration of the vacancy V,. The value
3.3(1.1) x 10" c¢m—3 corresponds to a mass deficit correction
of 6.6(2.2) ug for a 1-kg 28Si sphere. To confirm the reliability
of this value, it is desirable to perform further measurements
using other independent methods.

To date, a lot of detailed studies on vacancy defects in sili-
con crystals have been conducted using EPR spectroscopy [6],
which is one of the high-sensitivity methods for identifying
and quantifying vacancy defects. This paper reports the quan-
titative EPR measurement on 28Si single crystal AVO28 to
increase the reliability of mass deficit correction in the XRCD
method. This paper is the extension of a presentation at the
2018 Conference on Precision Electromagnetic Measurements
(CPEM 2018) and a two-page summary published in the
CPEM 2018 Digest [7].

This paper proceeds as follows. Section II describes the
defect concentration measurement method using EPR spec-
troscopy. Section III shows the preparation of a sample cut
out from the AVO28 crystal. Section IV describes the mea-
surement results using EPR spectroscopy. Section V discusses
the measurement results obtained. Finally, Section VI presents
the conclusions of this paper.

II. MEASUREMENT METHOD

EPR spectroscopy detects unpaired electrons localized
at defects such as vacancies and impurities in a sample.
EPR spectra are recorded by irradiating the sample placed
in a microwave cavity resonator with the microwave
(frequency v) and sweeping an external magnetic field B.
Resonant microwave absorptions (i.e., EPR signals) are
observed under the resonance condition, where the energy of
a microwave photon is equal to the Zeeman splitting of the
energy levels of an unpaired electron

hv = gugB (1)

where h is the Planck constant, g is the gyromagnetic factor
(g-factor) of the unpaired electron, and up is the Bohr
magneton. The g-factor for free electrons has been deter-
mined to be 2.002319 - - - with a relative standard uncertainty
of 2.6 x 10713 [8]. The g-factor of the electron localized
at a defect has an inherent deviation caused by spin-orbit
coupling. Therefore, measurements of the g-factor are useful
for classifying defects.

Furthermore, since the wave function of the unpaired elec-
tron has a spatial distribution reflecting the arrangement of
atoms around a defect, the angular dependence of the g-factor
provides information on the symmetry of the defect in a crystal
sample. By choosing a particular Cartesian coordinate system,
the effective value of the g-factor for the defect in a certain
direction gefr is given by

12
gefi = (g5 cos” Oy + g5 cos” Oy + g2 cos” 0;) / (@)

where g, gy, and g, are the principal values of the g-factor
and costy, cosfy, and cos), are the direction cosines of the
magnetic field in the selected Cartesian coordinate system.
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Fig. 2. Simulation results of the anisotropic EPR signal of the positively

charged monovacancy defect V1 with the principal values of g, = 2.0087(3),
gy = 1.9989(3), and g; = 1.9989(3) [11]. This defect shows axial symmetry
about the <100> direction of the crystal. (a) Angular dependence of EPR
line positions. Angle 0: angle between the [100] direction of the silicon single
crystal and the magnetic field rotating in the (011) plane. (b) First-derivative
EPR spectra for & = 0°, 30°, 60°, and 90°. For this simulation, a microwave
frequency of 9.421 GHz and Lorentzian lineshapes with a half-width at half-
maximum I' = 0.1 mT was assumed. In an EPR spectrum, multiple EPR
lines appear depending on the direction of the magnetic field owing to the
rotational symmetry of the crystal. Taking into account the symmetry of the
silicon crystal, the maximum number of EPR lines observed is 12.

When the arrangement of atoms around the defect has cubic
symmetry such as tetrahedral group Ty, all three principal
values of the g-factor are equal and such an EPR signal is
expressed as “isotropic.” Otherwise, the EPR signal is referred
to as “anisotropic.”

Watkins [6] identified anisotropic EPR signals of vacancy
defects in silicon crystals, generated by high-energy elec-
tron irradiation. The principal values of the g-factor range
from 1.9989 to 2.0087 for positively charged monovacancy
defect VT and from 2.0028 to 2.0151 for negatively charged
monovacancy defect V™. Such anisotropy of EPR signals is
caused by the geometrical distortion of the four silicon atoms
around a vacancy defect due to the Jahn—Teller effect [9].

In addition, charged divacancy, trivacancy, tetravacancy, and
pentavacancy defects Vzi, Vi, V,,and Vs and monovacancy
defects trapped by impurities (VO)~ and (VP)? in silicon crys-
tals have been identified by EPR spectroscopy [6], [10]. These
anisotropic signals of the vacancy defects should appear in the
magnetic field ranging from 334 to 337 mT at the microwave
frequency of 9.421 GHz used in our study. Fig. 2 shows
the simulation results of anisotropic EPR signals of the pos-
itively charged monovacancy defect V' in a silicon single
crystal [11] as an example, which is available using the web-
based database system [12].
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The angular dependence of the EPR signals observed for
irradiation-damaged silicon crystals is explained by the geo-
metrical distortion of atoms around each type of vacancy,
based on the Jahn-Teller effect. Because the atoms around the
vacancy in undamaged silicon crystals should have the geo-
metrical distortion similar to that of the irradiation-damaged
silicon crystals, based on the Jahn-Teller effect, we believe
that the identification performed on irradiation-damaged sam-
ples using EPR is applicable to undamaged samples used in
this paper.

Among the 415 types of defects in silicon identified in
previous EPR studies [13], the largest vacancy agglomerate
is negatively charged pentavacancy defect Vi~ [14]. On the
other hand, to the best of our knowledge, the largest vacancy
agglomerate estimated using PALS is hexavacancy defect Vg
in an electron-irradiated FZ silicon doped with phosphorus for
an estimated positron lifetime of 400 ps [15].

Furthermore, when the wave function of an unpaired elec-
tron spreads to the position of an impurity atom having nuclear
spin 7, where [ is an integer or half-integer, the EPR signal
splits into (27 + 1) lines owing to the hyperfine interaction.
Since the number of lines and splitting width of the hyperfine
splitting depend on the impurity atom and the wave function of
the unpaired electron, they are useful for identifying impurity
defects.

The 28Si single crystal used in this paper contains 2°Si
atoms, which have a nuclear spin I = 1/2, with an amount-of-
substance fraction of only 4 x 107> [16]. This brings about
relatively narrow line widths of the EPR signals and makes
it possible to acquire high-resolution EPR spectra. This is a
great advantage in determining a small amount of vacancy
defect concentration compared to the measurement on silicon
crystals with a natural isotope ratio, which contains 298i atoms
with an amount-of-substance fraction of approximately 0.047,
causing inhomogeneous broadening in the EPR signals owing
to the hyperfine interaction.

Quantitative determination of the number of EPR-active
defects can be achieved through comparison with a reference
sample with a known number of unpaired electrons. This is
based on the measurement principle that each EPR absorption
intensity is proportional to the number of unpaired electrons in
a sample. When we use the reference sample with the number
of unpaired electrons nr, the number of unpaired electrons
localized at a certain type of defect X in the test sample nx,

is given by
Ax Tx
={— )= 3
> (AR)(TR)nR ®

where (Ax/AR) is the ratio of the EPR absorption intensities
for the test and reference samples and (Tx/TRr) is the ratio
of the absolute temperatures of the test and reference samples
being measured. Here, we used Curie’s law, which states that
the magnetization of the paramagnetic material is approxi-
mately inversely proportional to the absolute temperature.
The concentration of defect X with an unpaired electron
in the test sample cx is obtained by dividing the number
of unpaired electrons localized at the defect nx by a sample
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volume Vg
cx =nx/ Vs. 4)

We used a crystal of copper(Il) sulfate pentahydrate
CuSO4-5H>0 (molar mass M = 249.69 g mol’l) with a
mass of 12.53 mg as the reference sample, which retains
one unpaired electron per molecule. The number of unpaired
electrons in the reference sample nr was estimated to be
3.02(3) x 10'°. The EPR absorption intensity of the reference
sample Ar was determined at TR = 298 K before measure-
ments on the test sample using the same instrument.

All EPR measurements were carried out using a Bruker
Bio-Spin E500 X-band spectrometer equipped with a super-
high-Q cavity ER 4122SHQ. The signal-to-noise ratio of
the instrument is 3000 for the paramagnetic radical standard
material, called weak pitch, having a linear density of unpaired
electrons of around 10'3 cm™'. The detectable minimum
number of unpaired electrons in the sample placed in the
microwave cavity resonator was estimated to be around 1010,
which is ultimately limited by the thermal noise of the detector
and amplifiers [17]. The quality factor of the microwave
cavity resonator Q reaches 7500 under the best measurement
conditions. The sample temperature was controlled from 4 K to
room temperature using an Oxford ESR900 He-flow cryostat.
Standard magnetic field modulation technique was employed
at a frequency of 100 kHz with a modulation width of 0.1 mT.

In quantitative EPR measurements, it is necessary to avoid
microwave saturation that causes the underestimation of EPR
signal intensities. Without microwave saturation, the intensity
of any EPR signal should be proportional to the square root
of the microwave power. Therefore, the intensity of the EPR
signal was examined beforehand at four microwave powers
of 0.002, 0.02, 0.2, and 2 mW.

Furthermore, out-of-phase second-harmonic EPR signals
under rapid-passage conditions [18] were observed to selec-
tively detect defects with long electron spin relaxation times in
the sample. It was found that the concentrations of defects with
long electron spin relaxation times were below the detection
limit of our measurement in the expected magnetic field range
from 334 to 337 mT for the EPR-active vacancy defects.

III. SAMPLE PREPARATION

The sample for EPR spectroscopy was prepared from semi-
circular disk-shaped sample 9.R1, cut out from the tail side
of 28Si single-crystal Si28-10Pr11 (referred to as AVO28) [5].
The sample has a rectangular solid shape with the dimensions
of 1.§ mm x 34 mm x 104 mm. The axial distance
between the sample and the seed of the AVO28 crystal was
approximately 420 mm, and the radial distance from the center
was approximately 35 mm. The dimensions of the sample
were designed by taking into account the internal dimensions
of the microwave cavity resonator and the distribution of
the microwave field B; in the microwave cavity resonator.
The volume of the sample at 20 °C was determined to be
Vi = 0.065 029(5) cm? from the crystal density [16] and
the mass measured using a vacuum mass comparator [19].
Fig. 3 shows a photograph of the sample and the crystal
orientations.
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Fig. 3. Photograph of the mirror-polished crystal prepared from semicircular
disk-shaped sample 9.R1, cut out from the tail side of the AVO28 crystal.
The indices on the right side indicate the crystal orientations.

To detect a small EPR signal from the bulk crystal, we must
reduce the EPR signals of defects near the sample surfaces,
which were formed during the manufacturing process. For
this purpose, the surface area of 1.09 cm?, out of the total
surface area of 1.21 cmz, was mirror polished. Half of the
remaining surface is the as-etched surface, and the other half
is the as-cut surface finished using a dicing saw. From our
experience, the silicon surface, properly cut using a dicing
saw, is almost equivalent to the mirror-polished surface in
terms of the surface density of dangling bonds. After our
EPR measurement, it became apparent that chemical etching
is necessary to minimize the dangling bond density on the
sample surfaces.

The sample surfaces were then precisely cleaned to reduce
the signal of the surface contaminants. The cleaning was
conducted in four cleaning steps by successively using the
following solutions: sulfuric acid peroxide mixture, ammonia
peroxide mixture, hydrogen chloride peroxide mixture, and
diluted hydrofluoric acid.

IV. MEASUREMENT RESULTS

To detect vacancy defects in the sample, EPR measurements
were conducted in the presence of a magnetic field from 332 to
341 mT. EPR spectra were recorded at four different directions
6 = 0° 30° 60° and 90° by rotating the sample about
the [011] direction, where @ represents the angle between
the magnetic field and the [100] direction. Fig. 4 shows
the first-derivative EPR spectra under 100-W halogen lamp
illumination at 25 K. The halogen lamp illumination generates
a large number of electron-hole pairs in the silicon crystal
sample, provides additional unpaired electrons, and reveals
the defects that cannot be observed in a dark environment.
To guide light from the halogen lamp to the sample, a quartz
glass rod, on which the sample was mounted, was employed.

Electron—hole pairs excited near the sample surfaces under
illumination spread into all parts of the sample. The reason for
this is that the minority carrier diffusion length L = (¢ D)!/?
is estimated to be greater than a silicon sample thickness
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Fig. 4.  First-derivative EPR spectra of the AVO28 crystal sample under
illumination. To investigate angular dependence, the sample was rotated about
the [011] direction. Angle €: angle between the magnetic field and the [100]
direction. Each spectrum is accumulated for 3.7 h to improve the signal-
to-noise ratio. These spectra were measured without microwave saturation
for phosphorus impurity and defects on mechanically damaged surfaces at a
microwave power of 2 mW.

of 1.8 mm. Here, 7 is the minority carrier lifetime in silicon
crystals and D is the diffusion coefficient of carriers in silicon
crystals. If we use a value of the minority carrier lifetime
7 = 21.6 ms [20] and a value of the diffusion coefficient
of carriers D = 350 cm? s~! for electrons at 25 K [21],
the minority carrier diffusion length is estimated at 27 mm.

The observed EPR spectra identified the following three

types of defects.

1) Phosphorus (3'P, Nuclear Spin I = 1/2) Impurity:
The constituent element is represented by Siy = Pe,
where the lines symbolize chemical bonds and the
dot symbolizes an unpaired electron. Phosphorus is a
typical substitutional impurity in the silicon crystal. The
identification is based on the facts that the spectra show
a doublet hyperfine splitting of 4.04 mT owing to a 3P
hyperfine interaction, and the g-value of the spectral
center is 1.9990(1) and isotropic, which are in good
agreement with the well-established EPR signal of phos-
phorus donors in silicon crystal [22], [23]. This isotropic
signal results from the tetrahedral symmetric structure,
where four silicon atoms bond to a phosphorus atom
without geometric distortion. The observed linewidth of
the spectra was 2I" = 0.24 mT.

The number and concentration of the phosphorus impu-
rity with unpaired electrons under illumination are deter-
mined to be 0.21(3) x 10'2 and 3.2(5) x 10!2 cm—3,
respectively, based on (3) and (4). Table I shows
the numerical values used for this determination and
its uncertainty evaluation. The phosphorus EPR signal
fell below the detection limit in a dark environment.
This indicates that unpaired electrons of the phospho-
rus donors transferred to other compensating defects
sample in a dark environment (Siy =

in the P e—

Sig = P + ). This is known as a “compensation”
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2)

TABLE I
UNCERTAINTY EVALUATION OF CONCENTRATION OF PHOSPHORUS IMPURITY WITH UNPAIRED ELECTRONS UNDER ILLUMINATION
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Uncertainty component

Value Relative standard

uncertainty
EPR absorption intensity from the test 0.74 arb. units 0.06
sample, A,
EPR absorption intensity from the 8.8919 x 10° arb. units 0.06
reference sample, A,
Absolute temperature of the test sample, T, 25K 0.02
Absolute temperature of the reference 298 K 0.004
sample, T},
Number of unpaired electrons in the 3022 x 10" 0.01
reference sample, n,,
Difference in shape between reference and
test samples in nonuniform microwave 0.06
magnetic field B,
Difference in position between reference
and test samples in nonuniform microwave 0.06
magnetic field B,
Difference in transmission medium
between reference and test samples for 0.06
microwave magnetic field B,
Significant difference in temperature

0.06

between reference and test samples
Number of ph(?sphorus atoms  with 021 % 10” 0.14
unpaired electrons in the test sample, n,
Uncertainty component Value Relative sta ndard

uncertainty
Num}oer of ph(?sphorus atoms  with 021 % 10" 0.14
unpaired electrons in the test sample, n,
Volume of the test sample at 20 °C, V, 0.0650 cm’ 8x 107
Concentration of phosphorus atoms with 32 % 10” em” 0.14

unpaired electrons in the test sample, ¢,

phenomenon, namely, a decrease in the number of
charge carriers in a semiconductor material, which con-
tains both donors and acceptors. We suggest that such
compensating defects originate from boron impurity
with a relatively high concentration at the tail of the
AVO28 crystal and also from the defects on mechani-
cally damaged surfaces described in the following.
Defects Formed Near the Mechanically-Damaged
Surfaces of Silicon Single Crystal (Si3 Sie): The
identification is based on the result that the g-value of
the observed spectral center is close to 2.0055(2) [24]
and isotropic. Most of these defects may be formed at
microcracks near the as-cut surface with a surface area
of 0.06 cm?, finished using a dicing saw or mirror-
polished surfaces. The linewidth of the spectra on the
28Si single crystal used in this paper is 2I" = 0.41 mT,
which is clearly narrower than that reported for natural
isotope ratio crystals of 0.7-0.8 mT [24].

3)

The number of EPR-active defects on the mechanically
damaged surfaces was determined to be 1.67(23) x 1012
in a dark environment and 0.68(10) x 10'2 under
illumination. They are larger than the number of phos-
phorous impurity defects observed under illumination,
0.21(3) x 10'2. We judge that unpaired electrons of
phosphorus impurities acting as donors move to defects
on the mechanically damaged surfaces, hiding the EPR
signals of phosphorus in a dark environment. Under
illumination, some of the unpaired electrons at defects
on the mechanically damaged surfaces transfer to phos-
phorus impurity defects, thus recovering the EPR-active
state (Sig =P+ ¢ — Siy = Pe).

E’ centers (O3 = Si¢), oxygen-vacancy defects in the
quartz glass rod, on which the sample was mounted.
The identification is based on the observation of
isotropic and easily saturable signals with average
g-value close to 2.0008 [25]. The microwave saturation
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TABLE II

CONCENTRATIONS OF NINE TYPES OF VACANCY DEFECTS WITH UNPAIRED ELECTRONS AND THE
CORRESPONDING MASS DEFICITS FOR A 1-kg 281 SINGLE CRYSTAL

Types of vacancy defect with  Concentration

Mass deficit for a 1 kg *Si

an unpaired electron /(10" cm™) single crystal, dm/ug
v 0.0(6) 0.00(1)
s 0.0(6) 0.00(1)
A 0.0(6) 0.00(2)
v, 0.0(6) 0.00(2)
v, 0.0(6) 0.00(3)
v, 0.0(6) 0.00(5)
v, 0.0(6) 0.00(6)
(VOy 0.0(6) 0.00(1)
(vPy’ 0.0(6) 0.00(1)
Total 0.0(5.2) 0.00(23)

For conversion from concentration of vacancy defects to the mass deficit, a number

density of **Si atoms in a single crystal at 20 °C of approximately 4.99 x 10” cm™ was used.

occurred even at a microwave power of 0.02 mW.
This signal is detectable without the silicon sample and
is irrelevant to the silicon sample.

However, anisotropic EPR signals of the vacancy defects
were not observed in the expected magnetic field range
of 334 to 337 mT under illumination. This result indicates
that the concentrations of nine types of vacancy defects with
unpaired electrons V*, V—, V;,V{,V;,VJ,V;, (VO)~, and
(VP)?, which were previously identified by Watkins [6] and
Lee and Corbett [10] using EPR spectroscopy, are all below
the detection limit of our EPR measurement, estimated as
around 1 x 10'2 cm™3. This value of the detection limit was
estimated from the fact that the signals of the phosphorus
impurity with unpaired electrons having a concentration of
3.2(5) x 10'2 cm—3, which split into two spectra, are clearly
distinguished from background noise, as shown in Fig. 4.
Similar EPR measurement conducted in a dark environment
also revealed that anisotropic EPR signals of the vacancy
defects were below the detection limit of our measurement.

Table II shows the evaluated concentrations of the nine
types of vacancy defects with unpaired electrons and the
corresponding mass deficits for a 1-kg 28Si single crystal. Each
concentration of vacancy defects with unpaired electrons is
estimated to be 0.0 x 10'> cm™3. The standard uncertainty
is estimated to be 0.6 x 10'> cm™3, assuming a uniform
distribution with a half-width of 1 x 10'2 cm™3, which is the
estimated detection limit of our EPR measurements. The total
mass deficit due to vacancy defects with unpaired electrons om

is estimated to be 0.00(23) ug for a 1-kg 28Si single crystal
using the following equation:

om = omy+ + omy - —|—5mV2+ + 5’"\/{ + 5’"\/{
+5mv4— + 5mV5— + 5}’71(‘/0)— + 5}7’!(\/}))0 (5)

where dmy+, dmy-, - -+, omypy represent a mass deficit due
to each type of vacancy defect.

The vacancy concentrations estimated in this paper are
limited to those for the nine types of vacancy defects in silicon
crystals, as identified in previous EPR studies. Therefore,
it should be noted that the mass deficit estimated in this paper
corresponds only to these nine types of vacancy defects.

The standard uncertainty of the total mass deficit due to
vacancy defects with unpaired electrons u(Jdm) is given by

u(om) = u(Oomy+) + u(dmy-) + u((SmV;)
+ u(émvz—) + u(émv3—) + u(&mv4—)
+u(domy-) +u(@myo)-) + ul@@meypyp)  (6)
where u(dmy+), u(dmy-), -+, u(dmypyo) are the standard
uncertainties of mass deficits omy+, omy-, - -- ,5m(vp)o.

In this estimation, we assume that correlation coefficients
between the mass deficits are +1.

V. DISCUSSION

The sample cut out from 23Si single crystal AVO28 was
measured at 25 K using EPR spectroscopy. Under illumina-
tion, the number and concentration of EPR-active phosphorus
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impurity (Sig = Pe) in the sample were determined to be
0.21(3) x 10'2 and 3.2(5) x 10'> cm™3, respectively. In a
dark environment, the number of EPR-active defects on the
mechanically damaged surfaces (Si3 = Si®) was determined
to be 1.67(23) x 10'2. The clear observations of low concen-
trations of phosphorous impurity and defects on mechanically
damaged surfaces demonstrate that EPR measurements used
in this paper have adequate sensitivity to vacancy defects at a
concentration of 1 x 102 cm™3.

The concentration of phosphorus impurity obtained in
this paper, 3.2(5) x 10'2 cm™3, agrees with that of sam-
ple 4.12 of the AVO2S8 crystal shown in [26, Table 3],
10(10) x 10'2 cm~—3, which was estimated from measurement
results using Fourier transform infrared (FTIR) spectroscopy
for 28Si crystal Si28-23Prll. It is worth noting that the
phosphorus impurity in the silicon crystal serves as a common
scale for EPR and FTIR measurements.

The measured surface density of defects on
the mechanically damaged surfaces gives a value
of 1.67(23) x 102 / 1.21(2) em? = 1.4(2) x 102 cm™2.
This value is comparable to that of hydrogenated amorphous
silicon (a-Si:H) films, determined using photothermal
deflection spectroscopy, around 10'> cm~=2 [27].

On the other hand, anisotropic signals of nine types of
vacancy defects were not observed in the expected magnetic
field ranging from 334 to 337 mT both in a dark environment
and under illumination. The concentrations of the nine types
of vacancy defects were estimated to be 0.0(6) x 10'2 cm~—2,
respectively. Consequently, the mass deficit correction for
these vacancy defects is evaluated to be 0.0(2) ug for
a 1-kg AVO28 crystal.

There are vacancies without unpaired electrons that cannot
be detected by EPR. At present, it is difficult to estimate the
concentrations of these vacancies. However, we believe that
the comparison of EPR signals in a dark environment and
under illumination reveals a significant portion of vacancy
defects.

Substitutional nitrogen atoms in a silicon crystal (Sig = Ne)
were identified using EPR by Murakami er al. [28] and
Sprenger et al. [29]. However, in our experiment, the EPR sig-
nal of nitrogen impurity, which was considered to be contained
in the AVO28 crystal with a relatively high concentration,
was not detected. This can be explained by the geometrical
structure of atoms determined by Jones ef al. [30], where most
of the nitrogen atoms in silicon crystals exist in the form of
interstitial atoms without unpaired electrons (Siz = N:, where
the colon sign symbolizes a lone pair of electrons).

To the best of our knowledge, vacancies captured by nitro-
gen impurities have not been identified using EPR. They are
not listed in the collected EPR data of the 415 types of defects
in silicon [13].

Abe et al. [31] observed an FZ silicon crystal after copper
decoration using X-ray topography. They reported that the
vacancy concentration has a maximum value at the center of
the radial direction of the crystal. The sample used in our EPR
measurement was located near the rim of the AVO28 crystal.
We need to perform an EPR measurement on the sample near
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the center of the crystal to obtain additional results in the near
future.

VI. CONCLUSION

For the future realization of the kilogram using the
XRCD method, it is essential to ensure the reliability of
the mass deficit correction for vacancy defects. Therefore,
we conducted quantitative EPR measurements on 28Si single
crystal AVO28 at 25 K both in a dark environment and under
illumination. The following conclusions were obtained.

1) Isotropic EPR spectra from phosphorus impurity and
defects near the mechanically damaged surfaces were
observed. The concentration of phosphorus impu-
rity in the AVO28 crystal was determined to be
3.2(5) x 10'2 cm™3 under illumination, which was
consistent with that estimated using FTIR spectroscopy,
10(10) x 10'2 cm™3.

2) Anisotropic EPR signals of vacancy defects in the
AVO28 crystal were not observed. This demonstrates
that the concentrations of the nine types of vacancy
defects in the silicon crystal with unpaired electrons,
which were identified in previous EPR studies, were
less than the detection limit of our EPR measurement,
around 1 x 10'2 cm™3.

3) As a result, the mass deficit correction due to the nine
types of vacancy defects was estimated to be 0.0(2) ug
for 1-kg AVO28 spheres.
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