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Abstract: The first results of gravimetric measurementsgrowth of the oxide layer on thr8&Si spheres named Sm14,

of the growth of the oxide layer on single-cryssilcon
spheres are presented and compared with a thedneiiclel
and with measurements of the surface layer basex-@ay
and ellipsometric methods. From the results, caichs
can be drawn about the quantitative influence efdgfowth
of the oxide layer on the mass stability of silicpheres.
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1. INTRODUCTION

Sm15 and Sm220 was observed with gravimetric, Xaray
ellipsometric measurements.

2. ETCHING OF THE NATIVE OXIDE

The starting conditions of the native oxide groydkt
after the final chemical-mechanical (CM) polishistgp are
not known and presumably inhomogeneously distribute
over the spheres’ surface. Therefore, in accordamite
studies about the oxide growth on silicon wafeesgpheres
were dipped in a 5 % diluted hydrofluoric acid (DH#ch-
ing solution for twenty seconds in order to achieesv and

Silicon spheres are used as primary density stdedarhomogeneous starting conditions for native oxideagin [7].

and for the determination of the Avogadro and thenék

constants with the highest accuracy [1, 2]. Theefthe
new definition of the kilogram and its future raatfiion is
currently being prepared by means of silicon sph¢gs.

Since not all measurements which are required liesd
tasks can be performed at the same time and siftes,a
realisation of a new definition by means of silicgpheres,
these spheres will be considered as primary massiatds,
knowledge about their mass stability is required docer-
tainty analysis, drift corrections and the detemation of
appropriate realisation intervals. The mass stgbdf sili-

con spheres is influenced by the growth of the exaler
and by the sorption of water and carbonaceous dayeithe
surface of the spheres. While approved cleaninggquhaores
are applied [4, 5] in order to remove most of thebona-
ceous layers and to minimise the amount of phyisesbrva-
ter, the influence of the growth of the oxide layer the
mass stability of the spheres has not been inastign de-
tail in the past. From combined X-ray photoelectspec-
troscopy (XPS) and ellipsometric measurements padd

by Morita et al. [6] on cleaned silicon wafers w{tD0) ori-

entation it is known that the growth of the oxidgdr in air
is diffusion limited and follows a logarithmic lawhe aim
of the investigations described in the following swto

measure the growth of the oxide layer over all tedysrien-
tations on quasi-perfect single-crystal spheresentddhatu-

This selective etching removes the existing oxide does
not affect the silicon bulk. Before that, the sgsemere
treated with an organic solvent cleaning procedéfer the

DHF dip, the spheres were bathed in three deion{Béd

water tanks and then placed on a tripod where these

rinsed by some litres of DI water. The silicon agd bonds
are known to be terminated by hydrogen and by u semall

amount by fluorine after such a procedure. ThisbyHobic

surface state hinders the growth of the new naikide for

some hours. Hence, this phase was used to drpliezes in
ambient air and to transport them to the mass &bor

where they were stored in ambient air inside thestam-
parator. There the native oxide could grow withimuiching

the spheres’ surfaces for more than four weeks.

3. GRAVIMETRIC MEASUREMENTS OF THE
GROWTH OF THE OXIDE LAYER

The gravimetric measurements were performed ok 1
mass comparator (type Sartorius CCL1007) in aiteusan-
bient conditions (pressure 1010 hPa, temperaturéC21
relative humidity 40 %) at PTB. The mass comparhts a
weight exchange mechanism with eight positionsgsolu-
tion of 0.1 ug and allows mass comparisons withcip
standard deviations in air below 0.2 ug. In ordemeasure
the mass increase due to the growth of the oxigerja

ral silicon (*'Si) with a nominal mass of 1 kg and to com-fourth silicon sphere, named PTB02, was used asndmes

pare the results with the published values givef6]nfor
silicon wafers with (100) orientation. For this pase, the

reference. This sphere was not etched and has dtesd
over a period of more than six years in ambienuader a



cover. During the measurements, the mass stahildag

proven to be within +1 pg by comparison with a setaoy

stainless steel mass standard. From long-term nmerasats,
it is known that the carbonaceous contaminatioa gilicon

sphere with a nominal mass of 1 kg under laboratondi-

tions in ambient air amounts to between 1 pg/martt

2 ug/month [4]. Therefore, the mass increase dutirg
measurement time of about one month is considerduet
negligible in comparison to the influence of thedation

process.

In order to be able to compare the gravimetricaigas-
ured growth of the oxide layer with the resultsXefay and
ellipsometric measurements, the thickness of theeotayer
was calculated from the measured mass increasgeirceh-
sideration of the surface of the sphere, the simicbtry and
the density of the oxide [8]. During oxidation, pthe mass
of the oxygen is added to the mass of the sphenereas
the silicon atoms of the oxide stem from the sili@wre of
the sphere. Therefore, the mass increase of theresph
about half of the mass change in the oxide:

2mg

= 0.533 Q)
With this result, along with the mass and the dgrsi the
sphere and the oxide [8], the oxide-layer thicknemss be
calculated from the mass gain and vice versa:

Fo, =
St mgi+2mg

A 0X
A:'ilox = 7TdszphpoxFSt = 32.5 ug/nm

&)

Figure 1 gives a summary of the results of the ignat
rically measured growth of the oxide layers. Thesevlbed
mass changes of spheres Sm14 and Sm220 are inda
agreement with the logarithmic growth of the oxldgers
on the Si wafers described in [6].
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Figure 1. Results of gravimetric measurements ofrthss increase
of silicon spheres Sm14, Sm15 and Sm220 due tgrtheth of the

oxide layer after etching and comparison with rsspublished in

[6] for silicon wafers with (100) orientation. Egian (2) was ap-
plied for the conversion of the layer thicknes® iauivalent mass
values.

A significantly smaller and linear growth of the ide
layer was observed on sphere Sm15. Two possibsomea
for this different behaviour were identified: Bedothe etch-
ing treatment and the following oxidation, a snafiarface

roughnessR, = 0.5 nm) was measured on sphere Sm15 in
comparison with spheres Sm1R, (= 2.5 nm) and Sm220
(R = 2.4 nm). A second difference was observed wiéth r
spect to the cleaning state. After completion efghavimet-
ric measurements, the cleaning state of the spheess
checked by additional cleaning according to thearuieg
procedure described in [5]. The observed mass deeren
the surface of Sm15 was about 50 pg and four timggser
in comparison with the other spheres. It is theeefissumed
that the oxidation process on Sm15 was hinderedrnbyn-
known contamination layer on its surface.

In summary, a mass/thickness increase of about
30 pg/0.9 nm, 16 pg/0.5 nm and 34 ug/1.0 nm wasrebd
for spheres Sm14, Sm15 and Sm220 over 25 dayseafier

ing.
4. XRR AND XRF MEASUREMENTS

The silicon spheres Sm14, Sm15 and Sm220 were-inves
tigated in the PTB laboratory at the synchrotrodiation
facility BESSY Il in Berlin [9]. The plane gratinghono-
chromator beamline was used for the X-ray fluoresee
(XRF) analysis of carbon and oxygen, and to acpésson
energies around the oxygen absorption edge foryXrea
flectometry (XRR) which allows a separation of thdde
layer from a carbonaceous contamination layer [1Dj.
each sphere, the measurements were performed SCaddy
190 days after etching at the opposite positiortwaf or
three marks. For all orientations, the following asere-
ments were performed:

- XRR at several energies around the O-K edge
- XRF mapping scans (121 points on an area of about

900 1 ¢m x 1 cm) for oxygen (oxide layer)

- XRF line scans (11 points) for carbon (carbonaceous
contamination layer)

Before and after the measurements on the sphenas, f

flat reference samples with nominal oxide-layeckhiesses
between 2 nm and 10 nm were measured by XRR and XRF
The XRR result for the sample with the thickestdexiayer
was used to calibrate all XRF measurements. A backgl
correction was applied for the XRF measuremente Th
XRR measurements on the spheres were evaluatedheith
same procedure as for the flat samples. For théeoXRF
measurements, also the same calibration factorusesd. It
was assumed that all oxygen is bound in,Sit e.g. in
water, and that the oxide density is constant. fhilekness
of the oxide layer was measured on two points enstlr-
face of spheres Sm14 and Sm220 and on three pwirttse
surface of sphere Sm15. For this sphere, the diifar be-
tween the XRR and the local XRF results is alwayks11
nm. On both other spheres, a slight metallic (nyaglpper)
contamination has been found in the surface layich
increases also the uncertainty in XRR. Furthermibve,0x-
ide-layer thickness at both positions on Smi14 diffby
about 0.4 nm. The values obtained at the positioaiked +,
T and D are listed in Table 1. For the reasonsrgalgove,
only those for Sm15 are suited to investigate ttoavth of
the oxide layer. The XRR measurements at 50 andda9e
after etching are shown in Figure 2.



Table 1. Results of XRR and XRF measurements of tideday-
ers at different positions on spheres Smi4, Smib &m220
(measured mean values with standard uncertaiktie4,).

50 days after etching 190 days after etching
Sphere Thickness Thickness Thickness Thickness
XRR / nm XRF / nm XRR /nm XRF / nm
Smi4 + 1.50(23) 1.63(26) 1.60(24) 1.67(25)
Smi14T 1.21(18) 1.36(20) 1.13(17) 1.40(21)
Smi5 + 0.63(15) 0.71(11) 0.88(15) 0.88(14)
Smi5T 0.68(15) 0.72(11) 0.94(15) 0.92(15)
Sm15D 0.65(15) 0.71(11) 0.88(15) 0.88(14)
Sm220 +| 0.96(15) 1.16(17)
Sm220 T| 0.98(15) 1.10(17)
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Figure 2: Reflectance of sphere Sm15 at positiomBasured 50
(top) and 190 (bottom) days after etching at défferphoton ener-
gies around the oxygen absorption edge. The shifhie minima
towards lower angles indicates the growth of tlyedahickness.

5. XPS RESULTS

procedures [13]. The bulk Si 2p photoelectron ismcated

at 99 eV binding energy (Figure 3). In the oxidissdte,
this Si line is shifted to higher binding energlas 2.5 eV
for SibO; and 4.0 eV for Si@ This chemical shift enables
the identification of quantitatively different oxad. As a re-
sult, we found a total oxide-layer thickness of @@ on
spheres Sml14 and Smil5. It consists mainly of,SiO
(~0.7 nm). In most spectra a very small amount afub-
monolayer of SOz (~ 0.1 nm) is detectable. As shown ear-
lier [14], this S}O; is located at the top of the Si@ayer.
Other oxides are not detectable. The total oxiglelahick-
ness is much smaller than for native oxidised Sictvhs
(1.5+£0.2) nm[12].
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Figure 3. High-resolution scan of the Si (2p) pletgotron line.
Due to the oxidation, the Si peaks in $#nd SjO; are chemically
shifted to higher binding energies by 4 eV andeX/5respectively.

6. MEASUREMENT OF THE OXIDE LAYER
TOPOGRAPHY WITH SPECTRAL ELLIPSOMETRY

The spectral ellipsometer of PTB was used to meathg
variation of the oxide-layer thickness on the spheSpec-
tral ellipsometry (SE) is an optical technique, ethgains a
very high precision (the related reproducibilityimsthe or-
der of some ten picometres) with very low time aonp-
tion for the measurement (the thickness measuremteat
single point is finished within a few seconds). idiere, the
local variation of the oxide-layer thickness is ipeg with
approximately 5200 measured data points, distribateer
the entire surface of the spheres. With these meamnts,
the so-called thickness topography can be detechare
the average oxide-layer thickness calculated. Usaiipra-
tion points on the spheres with known thicknessieslfrom
combined XRR/XRF measurements, the average thisknes
can be determined with a typical standard uncestarf

The chemical composition of the surface of the SH(da) = 0.2 nm, mainly depending on the local thickness

spheres was analysed at the mass laboratory of NE-T#-
ing a new and unique instrument, which combine$ Ipige-

variation at the calibration point.
The results of the ellipsometric measurement ottihee

cision mass measurement and element specific surfaSPheres are summarised in Table 2. The calibratfoine

chemical analysis with X-ray photoelectron spedcopy
XPS [11]. It was especially designed for the arialysf
large objects such as real 1 kg standards andiersdike Si
spheres [1, 12].

For the determination of the oxide-layer thicknessl
the composition, high resolution narrow scan speofrthe
Si 2p photoelectron lines were analysed using &stetul

measurement on Sm14 could not be carried out usiag
calibration point marked with a cross, becausehef gpe-
cific conditions at this calibration point. Theredo it was
decided to apply the standard calibration procedime
overcome this problem, it was possible to use arskcali-
bration point, marked by a “T”. This calibrationippwas
also covered by ellipsometric measurements in tbimity



of this point. With an estimation of the thicknesdue at the
calibration point from the local variation of thieickness a
rough calibration could be carried out, resulting an
enlarged uncertainty for this sphere.

Already the standard deviation of the measured esxid
layer thickness of the spheres given in Table dcatds
large differences between the spheres. The snaidatd
deviation of Sm15 indicates a good homogeneityhefria-
tive oxide layer on this sphere. The mapping ardhisto-
gram (cf. Figures 4 and 5) of this thickness toppyy un-
derpins the results. As already assumed from tige lgal-
ues of the standard deviation for the Sm14 and Sm@2
mapping of the thickness topography shows a land@-i
mogeneity of the native oxide layer (cf. Figure 4).

Table 2. Results of the ellipsometric measuremett®thickness
topography. The average thickness is the weighted«f the cali-
brated ellipsometric thickness values.

Sphere Average thickness Standard deviation
in nm in nm

Sml4 0.8(7) 0.87

Smi15 0.90(27) 0.38

Sm220 1.35(30) 0.85

The topography gives evidence for a dependenchef t
oxide growth rate on the crystal orientation at dpecific
surface area, but the mechanism seems to be differehe
well-known effect for a thermal oxide layer. Thigpe of
oxide has a small growth rate at (100) surfacesahigh
value for (110) of (111) lattice planes [15]. Thespible cor-
relation of the thickness variation found in the as@re-
ments is the subject of further investigations.
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Figure 5. Comparison of the thickness distribuf@nSm14, Sm15
and Sm220.

7. SUMMARY OF RESULTS AND CONCLUSIONS
FOR MASS STABILITY

The results of gravimetric, XRR, XRF, XPS and SE
measurements are summarised and compared withethe r

sults published in [6] for silicon wafers with (106rienta-
tion in Figure 6. The uncertainty ranges are giasnstan-
dard uncertaintiesk(= 1). For the interpretation of Figure
it is important to consider that the XRR, XRF anBXre-
sults indicate mean values measured only on twfoto
points on the surface of the spheres, whereasrévengetric
and the SE measurements represent results witleatesp

The histograms of Sm14 and Sm220 show a broad pe#ke Whole surface of the spheres (see section I)ough
(compared to Sm15), followed by a shoulder at highethe topography of the oxide layer on spheres Snid

thicknesses.

The ellipsometric mapping of the thickness topobyap
proves the complex nature of the native oxide ghoafter
removing the original oxide layer with an HF dipyd@ con-
clusions can be drawn from these measurementdlyf-ias
small number of measurements are not sufficienatoulate
the average oxide-layer thickness with the requisedhll
uncertainty. Secondly, the growth of a native oxXalger on
a bare silicon sphere is not a reproducible proaessilting
in a smooth, uniform and stable native oxide layer.

d/nm

Figure 4. Mapping of the oxide-layer thickness tmaphy of
Smi4.

Sm220 impaired the calibration of the SE measurésném
general, the results of the X-ray and SE measurtsneem-
firm the order of magnitude of the oxide-layer Kriesses
determined by extrapolation of the gravimetric tesu

The gravimetric results are in good agreement with
characteristic function measured by Morita et &] ¢n
cleaned silicon wafers with (100) orientation. Theasured
mass gain is diffusion limited and follows a loglanic law.
The influence of the oxide layer on the mass stgtof sili-
con spheres can be estimated from this model. Alaogrto
this model and the results of the gravimetric mezrpents
of spheres Sm14 and Sm220, it can be concludedhbat
mass increases by about 30 pg to 40 pg in the tiivet
months, 40 pg to 50 pg in the first year, an addél 2 pg
to 4 pug in the second year and 1 ug to 2 ug intting year
after etching due to the oxidation process (TablerBe re-
sults reveal that the oxide layer needs a stabdisaime of
several months after the etching process beforeettized
silicon spheres can be used — in combination withap-
proved cleaning procedure — as high-accuracy m@ss s
dards. Further measurements are planned at PTRIér to
confirm the results of this first study.
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Figure 6: Logarithmic plot of the results of graeiric, XRR, XRF, XPS and SE measurements of the groithe oxide layer on silicon
spheres Sm14, Sm15 and Sm220 after etching andac@mop with results published in [6] for silicon fees with (100) orientation. Equa-
tion (2) was applied for the conversion of the mgasis into an equivalent layer thickness. All X-i@yd SE results are given as mean val-
ues of the measured points. Dashed lines and aimtgrbars indicate standard uncertaintles ().

Table 3. Estimated influence of the oxidation pescen mass sta-
bility of silicon spheres Sm14 and Sm220.

Time Sphere Sm14 Sphere Sm220
in days dox/ NM Am/ ug dox/ NM Am/ ug
7 0.76 24.8 0.86 28.1
60 1.04 337 1.18 38.5
90 1.09 354 124 40.5
183 1.18 38.3 1.35 43.9
365 1.27 41.2 1.45 47.3
730 1.35 44.0 1.56 50.7
1095 1.40 45.7 1.62 52.6
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