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Determination of Defect Concentrations
in 28Si Crystals Using EPR for the

Realization of the Kilogram
Shigeki Mizushima , Naoki Kuramoto , and Takahide Umeda

Abstract— To realize the kilogram using the X-ray crystal den-
sity method, 28Si crystals grown by the floating zone method were
employed. Samples cut from two 28Si crystals, the AVO28 crystal
(Si28-10Pr11 crystal) and the Si28-23Pr11 crystal, were ana-
lyzed by means of an electron paramagnetic resonance (EPR)
spectroscopy. The samples were prepared by mirror polishing
and subsequent etching using tetramethylammonium hydroxide
(TMAH) solution. TMAH etching eliminates signals from the
mechanically damaged surface layers of amorphous silicon and
allows for the observation of small signals from vacancy defects in
bulk crystals. In the study, the signal level of the vacancy defects
was below the detection limit of 1×1012 cm−3, and the amount of
vacancy correction required to realize the kilogram was estimated
to be 0.00(23) µg for both 28Si crystals. Therefore, it was
concluded that the 39(21) µg inconsistency between the kilogram
realizations achieved using the two 28Si crystals reported thus far
cannot be explained by the existence of vacancy defects that are
EPR active in the dark or under illumination.

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

I. INTRODUCTION

THE kilogram is the base unit of mass in the International
System of Units, and it has been defined by fixing the

value of the Planck constant h as 6.626 070 15 × 10−34 J s
[1]. Currently, there are two methods to realize the kilogram
with the highest accuracy, namely, the X-ray crystal density
(XRCD) method and the method of comparing electrical and
mechanical power by means of the Kibble balances [2].

The National Metrology Institute of Japan (NMIJ) adopts
the XRCD method to realize the kilogram [3]. The XRCD
method utilizes spheres with a diameter of approximately
93.7 mm, which are produced from 28Si crystals grown by
the floating zone method. The number of 28Si atoms in the
sphere is counted by measuring the volume of the sphere and
the lattice constant of the crystal. However, the counting of the
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total number of 28Si atoms in the sphere can be affected by
the presence of defects in the crystal. Therefore, the evaluation
of the amount of defects in 28Si crystals is essential for the
realization of the kilogram with the highest accuracy.

In this context, several studies have been conducted to date
on defects in silicon crystals to realize the kilogram. Deslattes
and Kessler [4] reported the qualitative difference between a
natural isotope ratio silicon crystal used by NMIJ (formerly the
National Research Laboratory of Metrology) and that used by
Physikalisch-Technische Bundesanstalt per the electron para-
magnetic resonance (EPR) spectroscopy. Gebauer et al. [5]
applied positron annihilation lifetime spectroscopy (PALS)
to a silicon crystal grown by the floating zone method and
found that the vacancy concentration in the crystal was in the
range from 1 × 1014 to 4 × 1014 cm−3 by measuring more
than 5 × 106 counts at a temperature ranging from 20 to
300 K. D’Agostino et al. [6] developed a method to measure
the 1014 cm−3 vacancy concentration in silicon crystals with
a few percentage uncertainty using Cu decoration and neutron
activation.

In recent years, it has been estimated that the Avogadro
constant determined using the Si28-23Pr11 crystal (produced
in 2015) is smaller than that determined with the AVO28 crys-
tal (Si28-10Pr11 crystal, produced from 2004 to 2007) by 3.9
(2.1)×10−8 in terms of relative value [7]. This corresponds to
a discrepancy of 39(21) µg for the realization of the kilogram.
In this regard, it has been pointed out that the presence of
undetected vacancies or self-interstitials could be a cause of
the discrepancy. Another possible cause is that the mass of the
oxide film and hydrocarbon contamination layer on the surface
of silicon spheres may have been determined imperfectly by
means of the surface analysis method [7]. If it is assumed
that vacancies are responsible for the discrepancy, it must be
noted that the AVO28 crystal contains more vacancies than the
Si28-23Pr11 crystal by a concentration of 2 × 1015 cm−3.

Against this backdrop, in this study, we used EPR spec-
troscopy to measure the concentration of vacancy defects in
both crystals and investigated whether the vacancies in the
crystals can explain this discrepancy. This article is an exten-
sion of the proceedings paper presented at the 2020 Confer-
ence on Precision Electromagnetic Measurements (CPEM) [8].

II. MEASUREMENT METHOD

As the details of the measurement method have already
been reported [9], only a brief description is provided here.
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Fig. 1. Splitting of energy levels of an unpaired electron placed in magnetic
field B and resonant absorption of microwave energy. Here, mS represents
the spin quantum number.

EPR detects unpaired electrons localized at the defects
in a sample. The spectrum is recorded by sweeping an
external magnetic field B under microwave irradiation with
frequency ν. As shown in Fig. 1, the energy level of an
unpaired electron placed in the magnetic field undergoes
splitting; and resonance absorption occurs when hν = gμB B ,
where h denotes the Planck constant, g the gyromagnetic
factor (g factor), and μB the Bohr magneton.

Because the g factor of an unpaired electron localized at a
defect deviates from that of a free electron due to spin-orbit
coupling, it can be used to classify the defect. The effective
g factor geff along a certain direction of the crystal can be
described by the following equation upon selecting a certain
Cartesian coordinate system:

geff = (
g2

x cos2 θx + g2
y cos2 θy + g2

z cos2 θz
)1/2

. (1)

Here gx , gy, and gz denote the principal values of the g
factor, and cos θx , cos θy, and cos θz the direction cosines of the
magnetic field. When all three principal values are identical,
the EPR center affords an “isotropic” signal independent of the
magnetic field direction. Otherwise, the resulting EPR signal
is “anisotropic.”

In this regard, previous studies have identified the
anisotropic EPR signals of vacancy defects in silicon crys-
tals [10], [11]. For example, the g factor of positively charged
single-vacancy defect V + in a silicon crystal is in the range of
1.9989–2.0087, and its EPR signal appears at a magnetic field
given by the resonance condition depending on the microwave
frequency. The simulation results of the EPR signals are avail-
able on the web-based database [12]. In this study, we focus
on nine types of silicon crystal vacancy defects that have been
identified by means of EPR, that is, charged vacancy defects
ranging in size from a monovacancy defect to a pentavacancy
defect, V +, V −, V +

2 , V −
2 , V −

3 , V −
4 , V −

5 , and monovacancy
defects trapped by impurities, (V O)− and (V P)0 [13].

The number of unpaired electrons localized at the defects
was determined by comparing with a reference sample with a
known number of unpaired electrons. We used a CuSO4 ·5H2O
crystal that retains one unpaired electron per molecule as the
reference sample. The number of unpaired electrons localized
at the defects in a test sample, nX, is given by the following

Fig. 2. Dimensions and orientation of a sample for EPR spectroscopy.
Magnetic field B rotates in the plane perpendicular to the [01̄1] direction.
Symbol θ denotes the angle between magnetic field B and the [100] direction.

equation:
nX = f (AX/AR)(TX/TR)nR (2)

where f denotes the coefficient compensating for the decrease
in sensitivity as a sample shifts from the center of a cavity res-
onator, (AX/AR) is the signal intensity ratio between the test
and reference samples, (TX/TR) is the absolute temperature
ratio between the test and reference samples, and nR is the
number of unpaired electrons in the reference sample.

All EPR measurements were performed using a Bruker
E500 X-band spectrometer equipped with a Bruker
ER4122SHQ cavity resonator (loaded Q-factor QL ∼ 105).
The sample temperature was stabilized using an Oxford
ESR900 He-flow cryostat. The standard magnetic field
modulation technique was used at a frequency of 100 kHz
with a modulation width of 0.1 mT.

In the setup, a sample can be illuminated by a 100-W
halogen lamp through a quartz glass rod, on which the sample
is mounted. The illumination produces electron-hole pairs in
the silicon crystal, providing additional unpaired electrons, and
reveals defects that cannot be detected by EPR spectroscopy
in the dark.

III. SAMPLE PREPARATION

The samples used for EPR spectroscopy in this study were
cut from the AVO28 crystal and the Si28-23Pr11 crystal grown
by the floating zone method [7]. Table I lists the positions
of the samples in the crystal boules. As shown in Fig. 2,
the samples have a solid rectangular shape with dimensions
of approximately 1.8 mm × 3.4 mm × 10.0 mm. Each edge
of the samples was aligned parallel to the [100], [011],
or [01̄1] crystal orientations. To reduce the EPR signal from
the defectson the sample surfaces after cutting, the surfaces
were mirror polished. In addition, the mechanically damaged
layers were removed by means of a chemical method. First,
the native oxide layer on the sample surfaces was removed
using buffered hydrofluoric acid, and, subsequently, the silicon
sample surfaces were etched by means of tetramethylammo-
nium hydroxide (TMAH) solution. The etching condition was
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Fig. 3. First derivative EPR spectra measured at a microwave power p =
2 mW for the AVO28 crystal in the dark. (a) Sample with mirror-polished
surfaces measured at a temperature of 25 K. (b) Sample with TMAH-etched
surfaces measured at a temperature of 20 K. The angle θ between the magnetic
field B and the [100] direction was set to 0◦ .

adjusted such that the thickness of the removed layer was
approximately 2 µm.

IV. MEASUREMENT RESULTS AND DISCUSSION

Fig. 3 compares the EPR spectrum for a sample with
mirror-polished surfaces and that for a sample with TMAH-
etched surfaces. Here we note that TMAH etching eliminates
the previously reported broad isotropic signal (g = 2.0055)
from defects in amorphous silicon (Si3 ≡ Si•, where the triple
lines symbolize chemical bonds between atoms and the dot an
unpaired electron) due to the mechanical damage of the mirror-
polished surfaces [9]. This has made it possible to detect small
anisotropic signals from various vacancy defects in silicon
crystals, which is the main purpose of this research.

Fig. 4(a) and (b) shows the results of observing the
AVO28 crystal at a temperature of 20 K with a microwave
power of 2 mW in the dark and under illumination,
respectively. First, the signals from the phosphorus impurity
defects are noticeable, which has been well established by
EPR measurements. This signal is characterized by a doublet
hyperfine splitting due to the interaction between an electron
and a phosphorus nuclear spin (I = 1/2). The concentration
of the phosphorus impurity defects with unpaired electrons
(Si4 = P•) is determined to be 0.14(2) × 1012 cm−3 in
the dark and 4.4(6) × 1012 cm−3 under illumination. The
observed signal is stronger under illumination than in the
dark, thereby suggesting a relatively high concentration of
compensation defects on the tail side of the AVO28 crystal.
This finding is consistent with the relatively high boron
impurity concentration of 344(28) × 1012 cm−3 observed by
infrared spectroscopy for a region near this sample [14].

Table II lists the measurement uncertainty evaluation for the
concentration of phosphorus impurity defects with unpaired
electrons under illumination for the AVO28 crystal. The main
uncertainty sources were the uncertainty of EPR absorption
intensity, nonuniform microwave magnetic field intensity, and
difference in temperature between the reference and test

Fig. 4. First-derivative EPR spectra measured at a temperature of 20 K
and microwave power p = 2 mW for the AVO28 crystal and the Si28-
23Pr11 crystal. (a) AVO28 crystal in the dark. (b) AVO28 crystal under
illumination. (c) Si28-23Pr11 crystal in the dark. (d) Si28-23Pr11 crystal
under illumination. Angle θ between magnetic field B and the [100] direction
was set to 0◦. The simulation results of the signal positions for the nine
different vacancy defects, which are based on g factors established by EPR
measurements carried out by others during the period from 1955 to 2000 [13],
are shown above.

samples. The concentration of phosphorus impurity defects
with unpaired electrons under illumination was estimated to
be 4.4 × 1012 cm−3, and its relative standard uncertainty was
estimated to be 0.15.

In addition, an isotropic signal from conduction band elec-
trons, which were generated by illumination, was observed
from the AVO28 crystal. We also observed an isotropic signal
from the E’ center (O3 ≡ Si•) in the dark. This signal
may arise from the quartz glass parts, which were used for
the sample rod and the liquid helium cryostat. Furthermore,
anisotropic signals (g = 2.0018–2.0093) were observed under
illumination. These signals were identified to originate from
the Pb centers (Si3 ≡ Si•), which correspond to dangling bonds
at the Si–SiO2 interface, based on the g factor and angular
dependence.

Fig. 4(c) and (d) shows the observation results of
the Si28-23Pr11 crystal at a temperature of 20 K with
a microwave power of 2 mW in the dark and under
illumination, respectively. The concentration of phosphorus
impurity defects with unpaired electrons is determined to
be 2.6(4) × 1012 cm−3 in the dark and 1.0(1) × 1012 cm−3

under illumination. The observed signal is stronger in
the dark than under illumination, which suggests that the
Si28-23Pr11 crystal has a relatively low concentration of
compensation defects. This result is consistent with the boron
impurity concentration of 4.4(1.7)×1012 cm−3 as determined
by infrared spectroscopy for a part of this sample [7].
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TABLE I

POSITION OF SAMPLES IN CRYSTAL BOULES FOR EPR SPECTROSCOPY. THE SURFACES WERE ETCHED IN TMAH SOLUTION AFTER MIRROR POLISHING

TABLE II

MEASUREMENT UNCERTAINTY EVALUATION FOR THE CONCENTRATION OF PHOSPHORUS IMPURITY DEFECTS WITH UNPAIRED ELECTRONS IN THE

AVO28 CRYSTAL UNDER ILLUMINATION

In addition, an isotropic signal from the conduction band
electrons and anisotropic signals from Pb centers were
observed as with the AVO28 crystal. The absence of the
E’ center signal in the spectrum observed for the Si28-
23Pr11 crystal may be explained by the fact that the quartz
glass parts of the liquid helium cryostat was replaced with a
new one before measuring the Si28-23Pr11 crystal.

However, anisotropic signals from vacancy defects in the
bulk crystal were not observed in the AVO28 crystal or the
Si28-23Pr11 crystal in the expected range of the g factor.
Therefore, we conclude that the concentrations of the nine
types of vacancy defects in both crystals were below the
detection limit of this measurement, 1 × 1012 cm−3.

The estimations of the mass deficit of a 1-kg silicon sphere
for the nine types of vacancy defects, V +, V −, V +

2 , V −
2 , V −

3 ,
V −

4 , V −
5 , (V O)−, and (V P)0 are listed in Table III. As the con-

centrations of the nine types of vacancy defects were below the
detection limit of 1×1012 cm−3 in this measurement, the con-
centration of each defect was estimated to be 0.0×1012 cm−3,
and its corresponding standard uncertainty was estimated to
be 0.6 × 1012 cm−3 upon assuming a uniform distribution

of possible values of the concentration with a half-width of
1 × 1012 cm−3, which is the value of the detection limit. The
mass deficit of a 1-kg silicon sphere was subsequently derived
using the fact that the density of 28Si atoms in a crystal at
a temperature of 20 ◦C is 4.99 × 1022 cm−3. As a result,
the total concentration of the nine types of vacancy defects
was estimated to be 0.0(5.2)×1012 cm−3, and the mass deficit
of a 1-kg silicon sphere was estimated to be 0.00(23) µg.

To calculate the total concentration of the nine types of
vacancy defects, the correlation coefficient between the mea-
sured concentrations of the nine types of vacancy defects was
assumed to be +1. This is because the concentrations of the
nine types of vacancy defects were below the detection limit
as described above, and each corresponding uncertainty was
assumed to be the uncertainty derived from the common quan-
tity, i.e., the detection limit of the same measuring instrument.

Table IV summarizes the concentrations of the phosphorus
impurity defects and vacancy defects obtained using
EPR spectroscopy for the AVO28 crystal and the Si28-
23Pr11 crystal. For the AVO28 crystal, the concentration of
phosphorus defects with unpaired electrons was higher under
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TABLE III

CONCENTRATIONS OF THE NINE TYPES OF VACANCY DEFECTS WITH UNPAIRED ELECTRONS AND THE CORRESPONDING MASS DEFICITS FOR A 1-kG
28Si SINGLE CRYSTAL PRODUCED FROM THE AVO28 CRYSTAL AND THE Si28-23Pr11 CRYSTAL

TABLE IV

CONCENTRATIONS OF DEFECTS WITH UNPAIRED ELECTRONS OBSERVED
BY MEANS OF EPR SPECTROSCOPY. (a) CONCENTRATION OF PHOS-

PHORUS IMPURITY DEFECTS/1012 cm−3. (b) TOTAL CONCENTRA-
TION OF THE NINE TYPE VACANCY DEFECTS/1012 cm−3

illumination than in the dark. On the other hand, for the
Si28-23Pr11 crystal, the concentration of phosphorus defects
with unpaired electrons was higher in the dark than under
illumination. As described above, this disparity is explained
by the difference in the concentration of boron impurities,
which is a compensation defect in the crystals. Concerning
the vacancy defects, EPR signals exceeding the detection limit

of 1 × 1012 cm−3 were not observed for the AVO28 crystal
and the Si28-23Pr11 crystal, resulting in the estimation of the
concentration of vacancy defects of 0.0(5.2) × 1012 cm−3 for
both crystals, as mentioned above.

The cause of the difference in the measured vacancy
defect concentration between the result obtained using EPR
in this study and that of PALS for a silicon crystal grown
by the floating zone method [5] is not clear. However, it is
important to note that the lower detection limit of vacancy
defect concentration using PALS under normal conditions
is 1.5 × 1015 cm−3 [15]. On the other hand, as shown in
this article, the lower detection limit of vacancy defect
concentration by our EPR measurement is considered to be
1 × 1012 cm−3, being around 1.5 × 103 times more sensitive
than PALS under normal conditions.

V. CONCLUSION

The 28Si crystals grown by the floating zone method are
used to realize the kilogram by means of the XRCD method.
The EPR measurements were performed on the AVO28 crystal
and the Si28-23Pr11 crystal to determine the corrections
for vacancy defects in crystals, which is necessary for the
accurate realization of the kilogram. We drew the following
conclusions.

1) Owing to TMAH etching, the broad EPR signal from
the mechanically damaged surface layers of amorphous
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silicon, which covers small signals from vacancy defects,
was no longer observed.

2) Anisotropic signals were observed for the g factor range
from 2.0018 to 2.0093 under illumination. These were
identified as signals from the Pb centers, corresponding
to dangling bonds existing at the Si–SiO2 interface.

3) Signals from vacancy defects with concentrations
exceeding 1 × 1012 cm−3 were not observed for both
crystals. As a result, the corrections for vacancy
defects necessary to realize the kilogram for both
the AVO28 crystal and the Si28-23Pr11 crystal were
evaluated to be 0.00(23) µg. Therefore, it is concluded
that the discrepancy of 39(21) µg between the kilograms
realized using the two crystals reported to date is not
attributable to the presence of vacancy defects that are
EPR active in the dark or under illumination.
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