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Abstract:  The first results of gravimetric measurements 
of the growth of the oxide layer on single-crystal silicon 
spheres are presented and compared with a theoretical model 
and with measurements of the surface layer based on X-ray 
and ellipsometric methods. From the results, conclusions 
can be drawn about the quantitative influence of the growth 
of the oxide layer on the mass stability of silicon spheres. 
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1. INTRODUCTION 

Silicon spheres are used as primary density standards 
and for the determination of the Avogadro and the Planck 
constants with the highest accuracy [1, 2]. Therefore, the 
new definition of the kilogram and its future realisation is 
currently being prepared by means of silicon spheres [3]. 
Since not all measurements which are required for these 
tasks can be performed at the same time and since, after a 
realisation of a new definition by means of silicon spheres, 
these spheres will be considered as primary mass standards, 
knowledge about their mass stability is required for uncer-
tainty analysis, drift corrections and the determination of 
appropriate realisation intervals. The mass stability of sili-
con spheres is influenced by the growth of the oxide layer 
and by the sorption of water and carbonaceous layers on the 
surface of the spheres. While approved cleaning procedures 
are applied [4, 5] in order to remove most of the carbona-
ceous layers and to minimise the amount of physisorbed wa-
ter, the influence of the growth of the oxide layer on the 
mass stability of the spheres has not been investigated in de-
tail in the past. From combined X-ray photoelectron spec-
troscopy (XPS) and ellipsometric measurements performed 
by Morita et al. [6] on cleaned silicon wafers with (100) ori-
entation it is known that the growth of the oxide layer in air 
is diffusion limited and follows a logarithmic law. The aim 
of the investigations described in the following was to 
measure the growth of the oxide layer over all crystal orien-
tations on quasi-perfect single-crystal spheres made of natu-
ral silicon (natSi) with a nominal mass of 1 kg and to com-
pare the results with the published values given in [6] for 
silicon wafers with (100) orientation. For this purpose, the 

growth of the oxide layer on three natSi spheres named Sm14, 
Sm15 and Sm220 was observed with gravimetric, X-ray and 
ellipsometric measurements. 

2. ETCHING OF THE NATIVE OXIDE 

The starting conditions of the native oxide growth just 
after the final chemical-mechanical (CM) polishing step are 
not known and presumably inhomogeneously distributed 
over the spheres’ surface. Therefore, in accordance with 
studies about the oxide growth on silicon wafers the spheres 
were dipped in a 5 % diluted hydrofluoric acid (DHF) etch-
ing solution for twenty seconds in order to achieve new and 
homogeneous starting conditions for native oxide growth [7]. 
This selective etching removes the existing oxide but does 
not affect the silicon bulk. Before that, the spheres were 
treated with an organic solvent cleaning procedure. After the 
DHF dip, the spheres were bathed in three deionised (DI) 
water tanks and then placed on a tripod where they were 
rinsed by some litres of DI water. The silicon surface bonds 
are known to be terminated by hydrogen and by a very small 
amount by fluorine after such a procedure. This hydrophobic 
surface state hinders the growth of the new native oxide for 
some hours. Hence, this phase was used to dry the spheres in 
ambient air and to transport them to the mass laboratory 
where they were stored in ambient air inside the mass com-
parator. There the native oxide could grow without touching 
the spheres’ surfaces for more than four weeks. 

3. GRAVIMETRIC MEASUREMENTS OF THE 
GROWTH OF THE OXIDE LAYER 

The gravimetric measurements were performed on a 1 kg 
mass comparator (type Sartorius CCL1007) in air under am-
bient conditions (pressure 1010 hPa, temperature 21 °C, 
relative humidity 40 %) at PTB. The mass comparator has a 
weight exchange mechanism with eight positions, a resolu-
tion of 0.1 µg and allows mass comparisons with typical 
standard deviations in air below 0.2 µg. In order to measure 
the mass increase due to the growth of the oxide layer, a 
fourth silicon sphere, named PTB02, was used as the mass 
reference. This sphere was not etched and has been stored 
over a period of more than six years in ambient air under a 



cover. During the measurements, the mass stability was 
proven to be within ±1 µg by comparison with a secondary 
stainless steel mass standard. From long-term measurements, 
it is known that the carbonaceous contamination on a silicon 
sphere with a nominal mass of 1 kg under laboratory condi-
tions in ambient air amounts to between 1 µg/month and 
2 µg/month [4]. Therefore, the mass increase during the 
measurement time of about one month is considered to be 
negligible in comparison to the influence of the oxidation 
process. 

In order to be able to compare the gravimetrically meas-
ured growth of the oxide layer with the results of X-ray and 
ellipsometric measurements, the thickness of the oxide layer 
was calculated from the measured mass increase in due con-
sideration of the surface of the sphere, the stoichiometry and 
the density of the oxide [8]. During oxidation, only the mass 
of the oxygen is added to the mass of the sphere, whereas 
the silicon atoms of the oxide stem from the silicon core of 
the sphere. Therefore, the mass increase of the sphere is 
about half of the mass change in the oxide: 
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With this result, along with the mass and the density of the 
sphere and the oxide [8], the oxide-layer thickness can be 
calculated from the mass gain and vice versa: 
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Figure 1 gives a summary of the results of the gravimet-

rically measured growth of the oxide layers. The observed 
mass changes of spheres Sm14 and Sm220 are in a good 
agreement with the logarithmic growth of the oxide layers 
on the Si wafers described in [6].  

 

 
 

Figure 1. Results of gravimetric measurements of the mass increase 
of silicon spheres Sm14, Sm15 and Sm220 due to the growth of the 
oxide layer after etching and comparison with results published in 
[6] for silicon wafers with (100) orientation. Equation (2) was ap-
plied for the conversion of the layer thickness into equivalent mass 
values. 

 
A significantly smaller and linear growth of the oxide 

layer was observed on sphere Sm15. Two possible reasons 
for this different behaviour were identified: Before the etch-
ing treatment and the following oxidation, a smaller surface 

roughness (Ra = 0.5 nm) was measured on sphere Sm15 in 
comparison with spheres Sm14 (Ra = 2.5 nm) and Sm220 
(Ra = 2.4 nm). A second difference was observed with re-
spect to the cleaning state. After completion of the gravimet-
ric measurements, the cleaning state of the spheres was 
checked by additional cleaning according to the cleaning 
procedure described in [5]. The observed mass decrease on 
the surface of Sm15 was about 50 µg and four times higher 
in comparison with the other spheres. It is therefore assumed 
that the oxidation process on Sm15 was hindered by an un-
known contamination layer on its surface.  

In summary, a mass/thickness increase of about 
30 µg/0.9 nm, 16 µg/0.5 nm and 34 µg/1.0 nm was observed 
for spheres Sm14, Sm15 and Sm220 over 25 days after etch-
ing.  

4. XRR AND XRF MEASUREMENTS 

The silicon spheres Sm14, Sm15 and Sm220 were inves-
tigated in the PTB laboratory at the synchrotron radiation 
facility BESSY II in Berlin [9]. The plane grating mono-
chromator beamline was used for the X-ray fluorescence 
(XRF) analysis of carbon and oxygen, and to access photon 
energies around the oxygen absorption edge for X-ray re-
flectometry (XRR) which allows a separation of the oxide 
layer from a carbonaceous contamination layer [10]. On 
each sphere, the measurements were performed 50 days and 
190 days after etching at the opposite position of two or 
three marks. For all orientations, the following measure-
ments were performed:  
˗ XRR at several energies around the O-K edge  
˗ XRF mapping scans (121 points on an area of about 

1 cm x 1 cm) for oxygen (oxide layer)  
˗ XRF line scans (11 points) for carbon (carbonaceous 

contamination layer) 
Before and after the measurements on the spheres, four 

flat reference samples with nominal oxide-layer thicknesses 
between 2 nm and 10 nm were measured by XRR and XRF. 
The XRR result for the sample with the thickest oxide layer 
was used to calibrate all XRF measurements. A background 
correction was applied for the XRF measurements. The 
XRR measurements on the spheres were evaluated with the 
same procedure as for the flat samples. For the oxide XRF 
measurements, also the same calibration factor was used. It 
was assumed that all oxygen is bound in SiO2, not e.g. in 
water, and that the oxide density is constant. The thickness 
of the oxide layer was measured on two points on the sur-
face of spheres Sm14 and Sm220 and on three points on the 
surface of sphere Sm15. For this sphere, the difference be-
tween the XRR and the local XRF results is always ≤ 0.11 
nm. On both other spheres, a slight metallic (mainly copper) 
contamination has been found in the surface layer, which 
increases also the uncertainty in XRR. Furthermore, the ox-
ide-layer thickness at both positions on Sm14 differs by 
about 0.4 nm. The values obtained at the positions marked +, 
T and D are listed in Table 1. For the reasons given above, 
only those for Sm15 are suited to investigate the growth of 
the oxide layer. The XRR measurements at 50 and 190 days 
after etching are shown in Figure 2. 
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Table 1. Results of XRR and XRF measurements of the oxide lay-
ers at different positions on spheres Sm14, Sm15 and Sm220 
(measured mean values with standard uncertainties, k = 1). 

 50 days after etching 190 days after etching 

Sphere  Thickness  Thickness  Thickness  Thickness  
 XRR / nm  XRF / nm  XRR / nm  XRF / nm  

Sm14 + 
Sm14 T 

1.50(23) 
1.21(18) 

1.63(26) 
1.36(20) 

1.60(24) 
1.13(17) 

1.67(25) 
1.40(21) 

Sm15 + 
Sm15 T 
Sm15 D 

0.63(15) 
0.68(15) 
0.65(15) 

0.71(11) 
0.72(11) 
0.71(11) 

0.88(15) 
0.94(15) 
0.88(15) 

0.88(14) 
0.92(15) 
0.88(14) 

Sm220 + 
Sm220 T 

0.96(15) 
0.98(15) 

1.16(17) 
1.10(17) 

  

 

 
Figure 2: Reflectance of sphere Sm15 at position D, measured 50 
(top) and 190 (bottom) days after etching at different photon ener-
gies around the oxygen absorption edge. The shift of the minima 
towards lower angles indicates the growth of the layer thickness. 

5. XPS RESULTS 

The chemical composition of the surface of the Si 
spheres was analysed at the mass laboratory of METAS, us-
ing a new and unique instrument, which combines high pre-
cision mass measurement and element specific surface 
chemical analysis with X-ray photoelectron spectroscopy 
XPS [11]. It was especially designed for the analysis of 
large objects such as real 1 kg standards and artefacts like Si 
spheres [1, 12]. 

For the determination of the oxide-layer thickness and 
the composition, high resolution narrow scan spectra of the 
Si 2p photoelectron lines were analysed using established 

procedures [13]. The bulk Si 2p photoelectron line is located 
at 99 eV binding energy (Figure 3). In the oxidised state, 
this Si line is shifted to higher binding energies by 2.5 eV 
for Si2O3 and 4.0 eV for SiO2. This chemical shift enables 
the identification of quantitatively different oxides. As a re-
sult, we found a total oxide-layer thickness of 0.8 nm on 
spheres Sm14 and Sm15. It consists mainly of SiO2 
(~0.7 nm). In most spectra a very small amount of a sub-
monolayer of Si2O3 (~ 0.1 nm) is detectable. As shown ear-
lier [14], this Si2O3 is located at the top of the SiO2 layer. 
Other oxides are not detectable. The total oxide-layer thick-
ness is much smaller than for native oxidised Si which is 
(1.5 ± 0.2) nm [12].  

 

 
 
Figure 3. High-resolution scan of the Si (2p) photoelectron line. 
Due to the oxidation, the Si peaks in SiO2 and Si2O3 are chemically 
shifted to higher binding energies by 4 eV and 2.5 eV, respectively. 

6. MEASUREMENT OF THE OXIDE LAYER  
TOPOGRAPHY WITH SPECTRAL ELLIPSOMETRY 

The spectral ellipsometer of PTB was used to measure the 
variation of the oxide-layer thickness on the spheres. Spec-
tral ellipsometry (SE) is an optical technique, which gains a 
very high precision (the related reproducibility is in the or-
der of some ten picometres) with very low time consump-
tion for the measurement (the thickness measurement at a 
single point is finished within a few seconds). Therefore, the 
local variation of the oxide-layer thickness is mapped with 
approximately 5200 measured data points, distributed over 
the entire surface of the spheres. With these measurements, 
the so-called thickness topography can be determined and 
the average oxide-layer thickness calculated. Using calibra-
tion points on the spheres with known thickness values from 
combined XRR/XRF measurements, the average thickness 
can be determined with a typical standard uncertainty of 
u(dav) ≈ 0.2 nm, mainly depending on the local thickness 
variation at the calibration point. 

The results of the ellipsometric measurement of the three 
spheres are summarised in Table 2. The calibration of the 
measurement on Sm14 could not be carried out using the 
calibration point marked with a cross, because of the spe-
cific conditions at this calibration point. Therefore, it was 
decided to apply the standard calibration procedure. To 
overcome this problem, it was possible to use a second cali-
bration point, marked by a “T”. This calibration point was 
also covered by ellipsometric measurements in the vicinity 



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

Already the standard deviation of the measured oxide-
layer thickness of the spheres given in Table 2 indicates 
large differences between the spheres. The small standard 
deviation of Sm15 indicates a good homogeneity of the na-
tive oxide layer on this sphere. The mapping and the histo-
gram (cf. Figures 4 and 5) of this thickness topography un-
derpins the results. As already assumed from the large val-
ues of the standard deviation for the Sm14 and Sm220, the 
mapping of the thickness topography shows a large inho-
mogeneity of the native oxide layer (cf. Figure 4).  

 
Table 2. Results of the ellipsometric measurement of the thickness 
topography. The average thickness is the weighted sum of the cali-
brated ellipsometric thickness values. 

Sphere  Average thickness  
in nm 

Standard deviation  
in nm 

Sm14 0.8(7) 0.87 

Sm15 0.90(27) 0.38 

Sm220 1.35(30) 0.85 

 
The topography gives evidence for a dependency of the 

oxide growth rate on the crystal orientation at the specific 
surface area, but the mechanism seems to be different to the 
well-known effect for a thermal oxide layer. This type of 
oxide has a small growth rate at (100) surfaces and a high 
value for (110) of (111) lattice planes [15]. The possible cor-
relation of the thickness variation found in the measure-
ments is the subject of further investigations. 

The histograms of Sm14 and Sm220 show a broad peak 
(compared to Sm15), followed by a shoulder at higher 
thicknesses.  

The ellipsometric mapping of the thickness topography 
proves the complex nature of the native oxide growth after 
removing the original oxide layer with an HF dip. Two con-
clusions can be drawn from these measurements. Firstly, a 
small number of measurements are not sufficient to calculate 
the average oxide-layer thickness with the required small 
uncertainty. Secondly, the growth of a native oxide layer on 
a bare silicon sphere is not a reproducible process, resulting 
in a smooth, uniform and stable native oxide layer.  

 
Figure 4. Mapping of the oxide-layer thickness topography of 
Sm14.  

 
Figure 5. Comparison of the thickness distribution for Sm14, 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 with the re-
sults published in [6] for silicon wafers with (100) orienta-
tion in Figure 6. The uncertainty ranges are given as stan-
dard uncertainties (k = 1). For the interpretation of Figure 1 
it is important to consider that the XRR, XRF and XPS re-
sults indicate mean values measured only on two to four 
points on the surface of the spheres, whereas the gravimetric 
and the SE measurements represent results with respect to 
the whole surface of the spheres (see section 6). Although 
the topography of the oxide layer on spheres Sm14 and 
Sm220 impaired the calibration of the SE measurements, in 
general, the results of the X-ray and SE measurements con-
firm the order of magnitude of the oxide-layer thicknesses 
determined by extrapolation of the gravimetric results.  

The gravimetric results are in good agreement with the 
characteristic function measured by Morita et al. [6] on 
cleaned silicon wafers with (100) orientation. The measured 
mass gain is diffusion limited and follows a logarithmic law. 
The influence of the oxide layer on the mass stability of sili-
con spheres can be estimated from this model. According to 
this model and the results of the gravimetric measurements 
of spheres Sm14 and Sm220, it can be concluded that their 
mass increases by about 30 µg to 40 µg in the first two 
months, 40 µg to 50 µg in the first year, an additional 2 µg 
to 4 µg in the second year and 1 µg to 2 µg in the third year 
after etching due to the oxidation process (Table 3). The re-
sults reveal that the oxide layer needs a stabilisation time of 
several months after the etching process before the etched 
silicon spheres can be used – in combination with an ap-
proved cleaning procedure – as high-accuracy mass stan-
dards. Further measurements are planned at PTB in order to 
confirm the results of this first study. 
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Figure 6: Logarithmic plot of the results of gravimetric, XRR, XRF, XPS and SE measurements of the growth of the oxide layer on silicon 
spheres Sm14, Sm15 and Sm220 after etching and comparison with results published in [6] for silicon wafers with (100) orientation. Equa-
tion (2) was applied for the conversion of the mass gain into an equivalent layer thickness. All X-ray and SE results are given as mean val-
ues of the measured points. Dashed lines and uncertainty bars indicate standard uncertainties (k = 1).  
 
 
Table 3. Estimated influence of the oxidation process on mass sta-
bility of silicon spheres Sm14 and Sm220. 

 
Time 

in days 
Sphere Sm14 Sphere Sm220 

dox / nm ∆m / µg dox / nm ∆m / µg 
7 0.76 24.8 0.86 28.1 

60 1.04 33.7 1.18 38.5 

90 1.09 35.4 1.24 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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