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The new definition of the International System of Units (SI) of the kilogram based on a fixed numerical value of the
Planck constant, one of the fundamental physical constants, came into force on May 20, 2019. AIST has measured the
Planck constant with world’s highest level of precision and contributed substantially to the new definition of the kilogram
by X-ray crystal density (XRCD) method with 28Si-enriched spheres. In an accurate determination of the Planck constant
by the XRCD method, the surface characterization of the Si sphere is indispensable. We measured the composition and
the thicknesses of the oxide and carbonaceous layer existing on the Si sphere surface by X-ray photoelectron spectroscopy
(XPS) and succeeded in reducing the uncertainty caused by the surface layer in the determination of the Planck constant.
This paper describes an accurate thickness measurement of the surface layer on a 28Si-enriched sphere using XPS.
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Fig.1: International Prototype of the Kilogram (IPK) kept at the
Bureau International des Pois et Mesures (International
Bureau of Weights and Measures: BIPM). (color online)
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Fig.2: Unit cell of the silicon cubic crystal, with edge lengths
equal to the lattice parameter a. (color online)
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Fig.3: Isotopically enriched 28Si single crystal produced by
International Avogadro Coordination (IAC). (color online)
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Fig.4: Measurements for the determination of the Avogadro constant with 28Si-enriched sphere. (color online)
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Fig.5: Surface layer model of the **Si-enriched sphere.
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Fig.6: XPS equipment for surface analysis of Si sphere. (color
online)

Fig.7: Rotation stage for the Si sphere integrated in the XPS
system. (color online)
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Fig.8: XPS Si 2p core-level spectrum of the 2Si-enriched
sphere. (color online)
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Fig.10: Effects of the crystal orientation of the Si substrate on
the determination of the thickness of the SiO» layer. (a)
Polar plot of Si(100). (b) Thickness of the OL calculated by
temporarily using Lsio2 =3.485 nm and Rsio2 = 0.933 [27].
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Fig.11: (a) In [1+/sio2/(Rsio2 Isi)] versus dxrr/cosf. (b) Isio2
versus Isi.
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Fig.12: Markings on the 2%Si-enriched sphere. (a) on (100)
lattice planes, (b) on (010) lattice plane. (color online)
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Fig.14. Mollweide map projection of 52 measurement points (open circles) and some crystal planes with low plane index (filled circles)

on the 28Si-enriched sphere surface
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Table 1 (Z XPS (2 L % Si HifEsbERIKEL mBR(LIFED
RS E A SR & k97 [28]. IR dow 13 1.26 nm T,

TABLE I. Uncertainty budget for the evaluation of the OL
thickness on the Si sphere surface by XPS. (Previous
value by IAC are surrounded by parentheses.)

Evaluated thickness (nm) 1.26 (0.88)
Uncertainty source Standard uncertainty
in doL (nm)
dsion
Isio2 0.0570
Isi 0.0404
Angle of emission 0.0362
Attenuation lengths L 0.0358
Intensity normalization parameter R 0.0232
dso  Isio 0.0014
dsio  Isio 0.0039
dsios  Isio3 0.0131
Sphere curvature 0.0044
Combined standard uncertainty (nm) 0.09 (0.12)
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Fig.15. XPS Cls and Ols (inset) core-level spectra of the
sphere.
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Fig.16. XPS Cls and Ols (inset) core-level spectra of the
sphere immediately after cleaning.

W ZWMT 5 2 LI L > TRIEN S 2R 5
ZEINTEIL.

3.2 XPSIZ &L BEREERE D RFBIEIE OREEHIE
Figure 15 & XPS 12 & % Si HifEMERIARE D Cls
AT MVaERT. WIEOHEHZ D 285 eV & 287
eVICENZFN C—H & C—O BEReHsYy, £-mw»
FEAGT R X N CF, & CF MEET 5 Z &0y
MD. EHIT, O O0ls AT FAAd B ERS D
SiO, LIMMZ O—CF 58 DIFTEDLH 60 Th 5.

X (10) & (1) ZHAWT, REBYEOBIE doo
R L= [34].

dCL = LC(ESL) X COSH X ln {T X exp[_dsioz/(Lsioz (Esl)COS 9)] + 1} ....................................................... (10)
T

_ pPcQc(Ec)Ac(Ec)ocMs;
psiQsi(E)Asi(Es)osiMc

ZITC, RBBYREOBIE, Idls : RFBEIEYRE L
Si core DWFETHREL, L(E) : BT X /LX—E |C
B HDBEES, OE) : HIEBELL) B O IELR
%, AME): EBT x VX —E ([ZE ) 5 I EEL T
YIB BT, o BEWERE, M: o8& IR
&, p: BETHDH. TFHE C, Si, SiOL %, £h
ZIIRFIEYLE, Sicore, Si0, #FE 9. 728, L(E),
OE), o, MBE)X, T —HF—_X—RLSINEN 5
DB % L7=[32, 34, 35, 36].

WEOTARYT FrEE e =7 MIBWT, Si
Bk ER IR R I D IRFBIG B ITRILKFE TH S
LA SRS RRIE T, RFBIGRBEIITRIK
FOMIZ C—O0 BRREMS BFAET D2 LN oo
7o, PEmfR B SR TR TIE=% ) — L% {f
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MAT 5720, C—0 BREIEB /T F / —/LIZH K
ToHrLOEHER SIS, £z, CF, CF;, O—CF
1% PFA (perfluoroalkoxy) (ZHIKT 2 EEZHND.
M- T, IRFBIGYBIT= X 7 — VIR, RALKSE,
PFA O = 2DH 7 LA ¥ TR I, TNETNOE
FE% 0.79 g/em®, 0.99 g/em®, 2.15 glem® EARE L7-
X (10) &R (1) ZHWTIRBGRES T 7 L
A Y OIRE & R S &R 7=, Table 11 (IZF O
Reaomd. HIE L7z 52 SO FEHREE do 13 1.27 nm
ThY, RILKFRE, =%/ —)VEEWIE, PFAJEOD
EXXENEFL 0.62 nm, 0.45 nm, 0.20 nm T&H >
7o ALFRA AT 2B RAAR 007720, D
EORLREBRERNE L TEEREZOND. =X
J—IVIREYE, RALKSE, PFA J8 O EE (R 2
ITENFN02 g/em?, £0.2g/cm?, £0.4 g/em® & E
L7z, WRICEEN R ZWERNTRFETGYE OB T
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FETH Y, RBVGYIEIL Si HASSERIRR IR
V=20 L TnWbZ EmEZLND.

PFA {58 DAFIEIL TSN Ch o772, Z DR
RN DWW TRz, PEAl, Bk ERT=Z J —Lrod
ECHEE L= Si Bk, L—V—T#ioEZEF v
VN=THRREERIE LTk, XPSHEEZET v N
—WIZREL XPS MIEEITo7. WEK T#, K
BETF ¥ o N—=nEM]Y B LHOEREEITY, B
XPS JHIE % Fiti L7=. Figure 16 ([ZPEFEHZ D Cls &
Ols A7 F)L&ERT. CF), CF;, O—CF%Z/R7TE
— 7L TR L EN NS, L
— TR OREET ¥ =27 v R i
HENTEY, ZOEND OIGYME NERIRE |
WA LT &2 b5, Table I P4 DR #%E
HYE DR S L RN S 2oRd . =X ) — ViR
J& & IRALKFEDOBFIEGEHT 0.72 nm TH Y, RHEH
1% 0.08 nm Th o7z, Fox 3Ptk o8 &7l
BTV, TOREE, WEEIZICBWTOEEZIT
20.5 ng, AHEN 1L 3.9 pg TH-o72[37]. XPS TH
Y oI RBIBYRBIEE DO S ERICHE LT

-
—

o RAIXE BRI ORI R & A SFHANT—E L2
ZEND, ZHUTE T XPS FHHIOEFEMENFERA

.

4. FLVWEBREZERELTIF ST LDES
EFRICESTPWEZFEMT L7011, EXEE

Bt L, FEBEOWERLEL L HEXLBICTHZ L

Z LD EH, (Realization) & FES[38]. HATIL,

TABLE II. Uncertainty budget for the evaluation of the CL
thickness on the Si sphere surface by XPS.

Ethanol Hydrocarbon PFA
sublayer sublayer sublayer
Evaluated thickness 0.62 0.45 0.20
(nm) 1.27

Uncertainty source Standard uncertainty in dcL(nm)

Density 0.0718 0.0401 0.0120
Ic 0.0549 0.0325 0.0320
Isi 0.0241 0.0178 0.0083
Angle of emission 6 0.0144 0.0104 0.0046
Attenuation lengths L 0.0153 0.0003 0.0104
dsio2 0.0111 0.0083 0.0039
Lsio2(Esi) 0.0047 0.0035 0.0016
Sphere curvature 0.0090 0.0065 0.0029
Combined standard 0.097 0.057 0.037
uncertainty (nm) 0.12
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7T U TER R RIS S RN ARG HLRS S ER R oD
HEZRET LI LICEVF 0T L 52HHT 5.
ZLT, ZORFEREZEREL LT, x50
HENESH, HEEFEEL L THARRNICHG S
NoHZEllR5.

7T 7 B A FEYELT ST [RINL ARG FLAE f BR A
HEmix, X Q) & @), FICHREEREEDOK

DEE m

BrZELTkRoOA (12) TROBND.

_ 2th°° M(Si) svc;re +m
ca®* M(e) a

28Si [RIAL AR AE RS AR ER IR OMIFE 72 Si core

DAEFE Veore, ZEMIEDOE & ms1, ¥ TEE a, EL
BB MSHOHERRE 7T 7 ER h OEFHREL
MAGDOECEHRENEE m ZIRETHZLIZLD,
X/ T LEFEETEH[39]. ZhETCEHESX S
TAFBCLOF T MNIERSNTEER, K
ERORMEY DI D EFRE D b OV LB IR
ETERehode. FLWERIL, HiEN IR EE
ThDHIT TV IVERTHDLIZD, ERTOLOIIE
D e, BENE(LTHEEY T VT AR
IR TIEFICRE R L 72 o 70

5. &I

1889 FICERE X1 /T AFGNEEER L LT
BHIN DL, NVIChIEBREE#RRCTREL
ToBRBE CREEZREFENIE STV e, IRESCERE
WET D 7212 30 4E12 1 [BOEE THENCEAR S
7exXn 77 ARSIV ICED LN, EHEXe ST

TABLE III. Uncertainty budget for the evaluation of the CL
thickness on the Si sphere surface by XPS after cleaning.

Ethanol Hydrocarbon
sublayer sublayer
Evaluated thickness 0.45 0.27
(nm) 0.72

. Standard uncertainty in
Uncertainty source

dci(nm)
Density 0.0525 0.0243
Ic 0.0288 0.0308
Isi 0.0211 0.0130
Angle of emission § 0.0104 0.0062
Attenuation lengths L 0.0109 0.0002
dsio2 0.0111 0.0083
Lsio2(Esi) 0.0032 0.0020
Sphere curvature 0.0115 0.0069
Combined standard 0.067 0.043
uncertainty (nm) 0.08
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LR EORIENTONTE . 20k 5 Zpfmueft
FIRRITYS W 10 TERS L B0, 130
FED®RIZF e 7 T LAERITERES 77 T LRGN
WEERICKET SN, ToHEBIIWECTHY, EH
i a7 T AFEROEENREREY O FETEL
LTCWenrb Thd., ARCHERLIZE DI, FrL
WX B 7T AERICEWT, FKEOPTIE 2SI RN
BAE A RERARZ AW EROWRER O ERE X 2
LEEREME ootz b b RO
FEEF P COH LWVISHERICEN 5 Z £ BRI
MrEEh 5.
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