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ABSTRACT

To achieve a new kilogram definition using the X-ray crystal density method, the Center for Measurement Standards, Industrial
Technology Research Institute in Taiwan has established the combined XRF (X-ray fluorescence)/XPS (X-ray photoelectron spectroscopy)
surface analysis system for the quantitative surface-layer analysis of Si spheres. The surface layer of a Si sphere is composed primarily
of an oxide layer, carbonaceous contamination and physisorbed/chemisorbed water. This newly combined instrument has been
implemented to measure the XRF for the direct determination of the mass deposition of oxygen (ng/cm?) with a calibrated silicon drift
detector and the XPS for the ratio between the elements (O, Si, C) and composition identification. These two complementary methods
of X-ray metrology allow an accurate determination of the surface-layer mass of the Si sphere. In this paper, the construction of a
combined XRF/XPS surface-analysis system is reported, including the surface characterisation method, the assembly of parts of the load-
lock chamber and ultra-high-vacuum analysis chamber, the vacuum-system design, hardware integration and the intended research on
surface-layer measurement. It is anticipated that the measured surface-layer mass will be combined with the core mass of the Si sphere.
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1. INTRODUCTION

At the 26" meeting of the Conférence générale des poids et
mesures (CGPM) in 2018 [1], the definition of the unit of mass,
the kilogram, was redefined by a fixed value of the Planck
constant / = 6.626 070 15X10-34 J s to replace the International
Prototype of the Kilogram (IPK), and the new definition came
into force on 20 May 2019 [2], [3]. There are two primary
methods for realising the definition of the kilogram, the Kibble
balance, which compares electrical power to mechanical power
[4]-[6] and the X-ray-crystal-density (XRCD) method [7]-[10].
With the transmission of the information and technology from
Physikalisch-Technische Bundesanstalt (PTB, Germany), the
Center for Measurement Standards, Industrial Technology
Research Institute in Taiwan (CMS/ITRI) adopted the XRCD

method to realise the new kilogram definition and established the
combined X-ray fluorescence (XRF)/X-ray photoelectron
spectroscopy (XPS) surface-analysis system to evaluate the
surface-layer mass of a Si sphere. In this paper, we report the
surface-characterisation method and current progress, which
includes the design,
hardware integration and the intended work on the construction
of the XRF/XPS sutface-analysis system.

system assembly, vacuum-chamber

2. THE SURFACE-LAYER COMPOSITION OF THE 2SI-
ENRICHED SPHERE

Based on the new Plank constant, XRCD will be used to
determine the mass of the Si sphere to realise the new kilogram.
The core mass #core Of the Si sphere is determined by counting
the number of Si atoms inside a 2Si-enriched sphere and
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Figure 1. Model of the surface layer of the Si sphere.

multiplying it by the Si mean molar mass [11], [12]. However, an
oxide layer and carbonaceous layer is formed on the sphere
surface. The mass of the Si sphere #phere should take the mass
cotrection of the surface layer into account:

msphere = Mcore T Mgy, - (1)

The surface-layer (SL) model (Figure 1) for the Si sphere is
composed of an oxide layer with SiO» and suboxides (Si20, SiO,
Si203) at the interface between the silicon crystal and
carbonaceous contaminations (COx, C, hydrocarbon) as well as
the physisorbed/chemisorbed water layer [13]-[15]. To identify
the chemical elements and determine the mass present in the
surface, an accurate evaluation of surface layers by XPS and XRF
spectrometry is conducted [10].

3. SURFACE CHARACTERISATION

3.1. Combined XRF/XPS analysis for a surface layer

The quantitative surface analysis of the silicon sphere
combines the XRF and XPS measurement techniques. XRF is
used to quantify the mass deposition of oxygen on the Si-sphere
surface layer based on the calibrated SiO; reference samples, and
the XPS measurement provides information on the chemical
state in the oxide and carbonaceous layers, which can be used for
a surface analysis of the composition by stoichiometry. With the
development of the combined XRF/XPS sutface-analysis
system, both the XRF and XPS measurements can be carried out
using this integrated instrument.

3.2. X-ray fluorescence

XRF is a typical method of elemental and chemical analysis.
The characteristic X-ray is emitted from a material that has been
excited by being bombarded with high-energy X-rays or gamma
rays (Figure 2).

For Si spheres, XRF is utilised to measure the surface density,
i.e. the mass deposition (ng/cm?), of the oxygen present in the
surface layer. Since the in-house X-ray source is not stable
enough for element quantification, a synchrotron radiation-
based reference-free X-ray fluorescence analysis [17]-[20] is
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Figure 2. Schematic diagram of X-ray fluorescence from an SiO: thin film with
a thickness of several nanometres.
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Figure 3. Schematic diagram shows the photoelectrons escaping from the
surface layer of a Si sphere.

employed for the direct determination of the mass deposition of
oxygen. With this technique, the mass deposition of oxygen from
five SiO; reference samples with a nominal thickness ranging
from 2 nm to 10 nm are measured at BESSY II, Berlin. The
combined XRF/XPS surface-analysis system is used to measure
the fluorescence intensities of oxygen and silicon to obtain the
intensity ratio between O ka (525 V) and Si ka (1740 eV) from
the reference samples. According to Sherman’s equation, the
correlation of the mass deposition in relation to its fluorescence
radiation of O ke./(Si ko) is given as

G
mdy = — - In(1 = Co Rosi Hiot)s @)

Ht
where mdpis the mass deposition of oxygen, Co is the calibration
factor, g is the total mass attenuation coefficient, G is the
geometry factor and R is the intensity ratio of O ka to Si ka.
Most of the Si ka signal is from the Si substrate. The ratio of O
kot/ (Si ko) reflects the amount of change in the oxygen. The mass
deposition of oxygen of the Si sphere can be obtained by
interpolation using the cotrelation curve with a ratio of O ket/(Si
ko) measured from the Si sphere.

3.3. X-ray photoelectron spectroscopy

XPS is a surface-sensitive measurement technique. The
photoelectrons escape from the sample because the X-ray energy
irradiating the sample is larger than the binding energy of the
elements. The kinetic energy of the photoelectrons is analysed by
an electron spectrometer to identify the chemical elements and
their binding states (chemical shift), as shown in Figure 3.

Without the reference samples used for XPS measurement,
only ratios between Si 2p, O 7sand C 75 are quantified according
to the amount of the photoelectrons detected. In the surface
layers, the relative atomic fraction Ca between the elements is
obtained by the normalised XPS signal [ja:

I

’ _ ]
Lja = 04" A(KE) - T(KE)’ ©

where T(KE) is the transmission function, g is the photoelectric
cross section of photoemission ; of element A [21] and A(KE) is
the inelastic mean free path of the photoelectrons [22]. The
atomic fraction can be expressed as follows:
I';
JA
= _ )
214
The ratio between the elements measured by XPS is
proportional to the number of atoms of each element. With the
mass deposition of oxygen determined by XRF, the number of
oxygen atoms per unit area can be obtained; the absolute mass

Ca
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depositions of Si and C can be calculated by the mass deposition
of oxygen in the surface layer based on XRF. The detailed XPS
scans of Si Zp and C 7s give the ratios corresponding to different
binding states. For example, there are several peaks in Si 2p in
the XPS measurement. The main peak is from the silicon bulk,
and the subpeaks are from SiO; and suboxides (Si2O, SiO and
Si203) in the interface. The distribution of the oxygen present in
the silicon oxide and carbonaceous layers can be evaluated using
a stoichiometric approach [23]. Since hydrogen cannot be
detected by XPS, the mass deposition of hydrogen is estimated
and addressed by the possible molecules in the carbonaceous
layer. For chemisorbed water, the estimation of the mass
deposition of hydrogen relies on the remaining oxygen and the
silicon-hydroxyl group in the silicon-oxide layer [24].

4. CONSTRUCTION OF XRF/XPS SURFACE-ANALYSIS SYSTEM

CMS/TITRI established the combined XRF/XPS surface-
analysis system in 2019. This system is designed to carry out the
XRF and XPS measurement for Si spheres. The construction
work includes the assembly of parts of the load-lock chamber,
the ultra-high-vacuum (UHV) analysis chamber, hardware
integration and the design of the vacuum system.

The combined XRF/XPS surface-analysis system is shown in
Figure 4. The system is mainly composed of two chambers, the
load-lock chamber and the UHV-analysis chamber. The Si
sphere is placed in the load-lock chamber and transferred into
the UHV-analysis chamber for the surface-layer measurement.
The incident radiation of the characteristic Al Ko fluorescence
line is 1486.6 ¢V with an energy resolution of AE of 250 meV by
quartz crystal using Rowland geometry. The geometry between
the incident radiation and the photoelectron detection channel
(electron spectrometer) is fixed at the magic angle of 54.7°, with
a pass energy of 80 eV for the spectrum survey and 40 eV for the
detailed scan of each element. A Bruker SDD (silicon drift
detector) fluorescence detector with a windowless detecting area
of 30 mm? is set up with respect to the incident radiation at angles
of 45 ° out of plane and 15 ° in plane. The key component of
this analysis system is the UHV five-axis manipulator to
investigate the full Si-sphere surface in different geometries
inside the UHV-analysis chamber (Figure 5). For the five-axis
manipulator, two of the axes are linear motors moving along the
vertical (axis (@) and horizontal (axis @) axes with a step
resolution of 0.000061 mm and 0.0001 mm, respectively, to
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Figure 4. The combined XRF/XPS surface-analysis system.

Figure 5. Schematic diagram (left) and the view (right) of the UHV five-axis
manipulator. Axes @ and @ are rotated around the centre of the Si sphere,
axis (5) is rotated around the centre of the chamber and axes (2) and (@)
move linearly to adjust the position of the Si sphere.

adjust the position of the Si sphere to the centre of the chamber.
The other three axes are composed of rotating motors. The
motor at the lowest axis (axis () rotates around the centre of
the UHV-analysis chamber with a step resolution of 0.0001 ° to
change the angle of incidence on the Si sphere. The upper two
motors rotate around the centre of the Si sphere to measure
element distribution. The step resolutions of horizontal axis @
and vertical axis (3) are 0.00014 * and 0.0001 °, respectively.

When the measurement is underway, the chambers should be
maintained in an ultra-high-vacuum environment with the
pressure of the load-lock chamber at 10> Pa and the UHV-
analysis chamber (main chamber) at 107 Pa. The design of the
vacuum system is shown in Figure 6. The load-lock chamber and
main chamber are connected by a gate valve, the turbo molecular
pumps are mounted on both chambers and connected to a root
pump and an ionisation gauge and Pirani gauge are used to
monitor the pressure in both chambers. As a buffer to the main
chamber, the load-lock chamber should be evacuated and re-
filled when changing the sample to be measured. An angled valve
with a soft pump is used to avoid the diffusion of dust and
particles in the load-lock chamber; the load-lock chamber will be
filled with nitrogen before being opened. Moreover, in order to
avoid the window on the chamber being damaged by the high
pressure of the nitrogen, a buffer volume is connected between
the source of the nitrogen and the load-lock chamber. To
maintain the pressure of the main chamber at 107 Pa, except
when using a turbo molecular pump, an ion pump is also used,
and a residual-gas analyser (RGA) is used to analyse the residual
pressure in the main chamber.
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Figure 6. The vacuum-system design of the combined XRF/XPS surface-
analysis system.
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In addition, for the preparation of the XRF measurement, the
response function and detector efficiency of the SDD has been
calibrated in the energy range of 100 eV to 1850 eV [25]. The
response function of the SDD is measured by changing the
energy of the incident beam from monochromatised
synchrotron radiation and will be convoluted with the theoretical
bremsstrahlung and resonant Raman scattering models [26]. To
quantify the mass deposition of oxygen on the five SiO»
reference samples with thicknesses ranging from 2 nm to 10 nm,
the samples were measured in PTB’s laboratory at the BESSY 11
in Berlin for synchrotron radiation. Monochromatised
synchrotron radiation at 684 eV photon energy was used to
irradiate the sample. With the calibrated photodiode and SDD to
collect the signal of the incident beam and fluorescence, the mass
deposition of the oxygen can be directly determined.

5. CONCLUSION AND FUTURE WORK

In conclusion, CMS/ITRI has completed the construction
wotk on the combined XRF/XPS surface-analysis system,
including the assembly of parts of the load-lock chamber, UHV-
analysis chamber, vacuum-system design and hardware
integration. It is anticipated that the system will measure the
surface-layer mass of the Si sphere periodically to maintain the
primary mass standard via the XRCD method. To measure and
characterise the surface-layer mass of a Si sphere, any future work
can be divided into two phases. In the first phase, the pre-
processing work before starting the XRF and XPS measurement
of the Si sphere should be completed. For this, the hardware and
software control system must be integrated - the light path is
adjusted to pass through the centre of the chamber and the
sample is aligned for the angle of incidence of the XRF and XPS
measurement, respectively. For the XRF measurement, the
correlation of the mass deposition measured by PTB will be
fitted with the fluorescence radiation of O ko/Si ka by the
XRF/XPS sutface-analysis system accotding to eqn (2). For the
XPS measurement, as one of the factors is intensity
normalisation (eqn (3)), the transmission function T(KE) of the
XPS spectrometer must be estimated using the quantified peak-
area approach method by measuring Au 4f, Au 4d, Au 4p3/2, Ag
3d, Ag 3ps/2, Cu 3p, Cu 2p3/2, Ge 3p and Ge 2ps/2 standard peak
areas from reference samples at a pass energy of 40 eV and 80
eV [27]. In the second phase, the expected goal is to provide the
surface-layer mass and uncertainty of the Si sphere. First, the
XPS or XRF measurement should repeat the scan of the Si
sphere several times to check for the angular setting liability of
the UHV five-axis manipulator. The measured O/Si
fluorescence intensity of the Si sphere is interpolated by the fitted
calibration curve to obtain the mass deposition of oxygen present
in the surface layer. The XPS measurement is then carried out on
the whole surface of the Si sphere to calculate the ratio of
photoelectrons between Si, C and O. The uncertainty of the
surface-layer mass will be evaluated from the source for the XRF
measurement, including the calibrated mass deposition of the
SiOz reference samples, the fitted O/Si ratios and the
reproducibility.

To give the mass of the ?8Si-enriched sphere, the mass of the
surface layer measured by the combined XRF/XPS surface-
analysis system should be monitored for its stability and
combined with the mass from the sphere core. However, since
the surface-layer measurement is carried out in a vacuum, the
sorption correction for evaluating the mass difference of the

mass standards transferred between in air and in vacuum have to
be considered for mass dissemination [28].
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