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ABSTRACT
To achieve aFor realizing the new kilogramkg definition using theby X-ray crystal density (XRCD) method, the Center for Measurement Standards, Industrial Technology Research Institute in TaiwanCMS/ITRI has established the combined XRF (Xx-ray fluorescence)/XPS (Xx-ray photoelectron spectroscopy) surface analysis system for the quantitative surface- layer analysis of Si spheres. The surface layer of a Si -sphere is mainly composed primarily of an oxide layer, carbonaceous contamination and physisorbed/chemisorbed water. ThisThe newly combined instrument has beenis implemented to measure the XRF for the direct determination of the mass deposition of oxygen (ng/cm2) 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 work of a combined XRF/XPS surface- analysis system is reported, including the surface characterisationcharacterization method, the assembly of parts of the load- lock chamber and ultra-high-vacuum UHV analysis chamber, the vacuum- system design, hardware integration and the intended research onwork for surface- layer measurement. It is anticipated that the The measured surface- layer mass will beis anticipated to combined with the core mass of the Si -sphere for mass dissemination.
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Introduction
At the 26th meeting of the CGPM in 2018 [1], the definition of the unit of mass, the kilogram, wasis redefined by a fixed value of the Planck constant h = 6.626 070 1510-34 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 realisingto realize 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 XRCDX-ray-crystal-density method to realiserealize the new kilogramkg definition and established the combined X-ray fluorescence (XRF)/X-ray photoelectron spectroscopy (/XPS)  surface- analysis system to evaluatefor evaluating the surface- layer mass of athe Si -sphere. In this paper, we report the surface-characterisation characterization method and the current progress, which includes the system assembly, vacuum- chamber design, hardware integration and the intended work onof the construction of the XRF/XPS surface- analysis system.	Comment by Proofed: You would be better off using full terminology here since the term is not used again after this.

Click here for more information about using acronyms and initialisms in writing.
	Comment by Proofed: You have requested British English for this document, but you appear to have used the American spelling here. I have made the necessary changes here and elsewhere in this paper.

Click here for more information on spelling conventions in US and UK English.
	Comment by Proofed: These abbreviations should be introduced the first time they are used in the body of the text. 

THE SURFACE- LAYER composition OF THE 28SI-ENRICHED SPHERE
Based on the new Plank constant, XRCD will be used to determine the mass of the Si sphere to realiserealize the new kilogram. The core mass mcore of the Si -sphere is determined by counting the number of Si atoms inside a 28Si-enriched sphere and multiplying it by the Si multiply with its mean molar mass of Si [11], [][12].  However, anthe oxide layer and carbonaceous layer is formed on the sphere surface. The mass of the Si -sphere msphere should take the mass correction of the surface layer into account:  
	
	[bookmark: _Ref20308543](1)
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[bookmark: _Ref316054575]Figure 1. ModelThe model of the surface layer of the Si -sphere.
[bookmark: _Hlk67466664]The surface- layer (SL) model (Figure 1) for the Si -sphere is composed of an oxide layer with SiO2 and suboxides (Si2O, SiO, Si2O3) at the interface betweenon top of 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 thea surface, an accurate evaluation of surface layers by x-ray photoelectron spectroscopy (XPS), and x-ray fluorescence (XRF) spectrometry is conducted [16]. 	Comment by Proofed: I believe this is what you mean here. Please check that I haven't altered your intended meaning. 

SuRFACE CHARACTerisationCHARACTerization
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 onof the Si-sphere surface layer based onof the Si-sphere on the basis of the calibrated SiO2 reference samples, and the XPS measurement provides the information onof the chemical state in the oxide layer and carbonaceous layers,layer which can be used for a surface analysis of the composition by stoichiometry.  With the development of the combined XRF/XPS surface- analysis system, both the XRF and XPS measurementsmeasurement can be carried out usingwith this integrated instrument.
X-ray fluorescence 
(XRF)	Comment by Proofed: As this has already been defined, it doesn't need to be defined again. 

X-ray fluorescence (XRF) is a typical method offor elemental and chemical analysis. The characteristic Xx-ray is emitted from a material that has been excited by being bombarded with high-energy X-raysx-ray or gamma rays-ray (Figure 2).
[image: ]
[bookmark: _Ref66635417]Figure 2. SchematicThe schematic diagram of Xx-ray fluorescence from ana SiO2 thin film with a thickness of several nanometresnanometers.
For Si -spheres, XRF is utilisedutilized to measure the surface density, i.e. the mass deposition (ng/cm2), of the oxygen present in the surface layer. Since the in-house Xx-ray source is not stable enough for element quantification, athe synchrotron radiation-based reference-free X-ray fluorescence analysis [17]-[20] is employed for the direct determination of the mass deposition of oxygen. With this technique, the mass deposition of oxygen from five5 SiO2 reference samples with athe 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 kα (525 eV) and Si kα (1740 eV) from the 5 SiO2 reference samples. According to Sherman’s equation, the correlation of the mass deposition in relation to its fluorescence radiation of O kα/(Si kα) is given as:	Comment by Proofed: As a rule of thumb, you should write out numbers up to ten as words. 

Click here for more information about writing numbers in academic English.
	Comment by Proofed: I removed some language here to avoid repetition. 
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[bookmark: _Ref66635430]Figure 3. SchematicThe schematic diagram shows the photoelectrons escaping from the surface layer of a Si -sphere.
where mdO is the mass deposition of oxygen, C0 is the calibration factor, μtot is the total mass attenuation coefficient, G is the geometry factor and Rosi is the intensity ratio of O kα to Si kα. Most of the Si kα signal is from the Si substrate. The ratio of O kα/(Si kα) reflects the amount of change in the oxygen. The mass deposition of oxygen of the Si -sphere can be obtained by interpolation using the correlation curve with athe ratio of O kα/(Si kα) measured from the Si -sphere.
X-ray photoelectron spectroscopy 
(XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive measurement technique. The photoelectrons escape from the sample becauseas the Xx-ray energy irradiating on 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 insee Figure 3. 
Without the reference samples used for XPS measurement, only ratios between Si 2p, O 1s and C 1s 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 normalisednormalized XPS signal I’jA:
	
	(3)


where T(KE) is the transmission function, σjA is the photoelectric cross section of photoemission j of element A [21] and λ(KE) is the inelastic mean free path of the photoelectrons [22]. TheAnd the atomic fraction can be expressed as followsfollowing:
	
	(4)


The ratio between the elements measured by XPS is proportional to the number of atoms of each elementelements. With the mass deposition of oxygen determined by XRF, the number of oxygen atoms per unit area can be obtained;. And the absolute mass 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 2p and C 1s 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 silicon dioxide (SiO2) and suboxides (Si2O, SiO and Si2O3) in the interface. The distribution of the oxygen present in the silicon oxide layer and carbonaceous layerslayer can be evaluated using aby stoichiometric approach [23]. Since the hydrogen cannot can’t 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].  	Comment by Proofed: I have changed this because contractions are not typically used in formal writing.

Click here for more information on contraction usage.


CONSTRUcTIONCONSTRUNTION OF XRF/XPS SURFACE- ANALYSIS SYSTEM 
[bookmark: _Hlk67554636]CMS/ITRI has 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. 
[image: ]	Comment by Proofed: In this figure, 'load lock' should be hyphenated, i.e. 'load-lock chamber'.

[bookmark: _Ref66635440]Figure 4. The combined XRF/XPS surface- analysis system.
[image: ]	Comment by Proofed: In this figure, 'load lock' should be hyphenated, i.e. 'load-lock chamber'.

Figure 6. The vacuum-system design of the combined XRF/XPS surface-analysis system.
The combined XRF/XPS surface- analysis system is shownshowed in Figure 4. The system is mainly composed of two2 chambers, the: The load-lock chamber and the UHV- analysis chamber. The Si -sphere is placed in the load-lockloadlock chamber and transferred into the UHV-analysis chamber forto carry out the surface- layer measurement. The incident radiation of the characteristic Al Kα fluorescence line is 1486.6 eV with anthe energy resolution of ΔE of 250 meV by quartz crystal usingin 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 athe pass energy of 80 eV for the spectrum survey and 40 eV for the detailed scanscans of each element. Aelements. The Bruker SDD (silicon drift detector) fluorescence detector with a windowless detecting area of 30 mm² 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 five5-axis manipulator to investigate the full Si- sphere surface in different geometries inside the UHV-analysis chamber (Figure 5). For the five5-axis manipulator, two2 of the axes are linear motors moving along the vertical (axis ②)  and horizontal (axis ④) axesdirections with athe step resolution of 0.000061 mm and 0.0001 mm, respectively, to adjust the position of the Si -sphere to the centrecenter of the chamber. The other three axes are composed of rotating motors. The motor at the lowest (axis (axis ⑤) rotates⑤)is to rotate around the centrecenter of the UHV- analysis chamber with athe step resolution of 0.0001 ° to change the angle of incidence on the Si -sphere. The upper two motors rotate around the centrewith center of the Si -sphere to measure the element distribution. on the Si-sphere. The step resolutions of horizontal axis ① and vertical axis ③ are 0.00014 ° and 0.0001 °,° respectively. 
[image: ]
[bookmark: _Ref66635449]Figure 5. SchematicThe schematic diagram (left) and the view (right) of the UHV five5-axis manipulator. AxesThe axes ① and ③ are rotated around the centrecenter of the Si -sphere, the axis ⑤ is rotated around the centrecenter of the chamber and the axes ② and ④ move linearly to adjust the position of the Si -sphere.
[image: ]
[bookmark: _Ref66635460]Figure 6. The vacuum system design of the combined XRF/XPS surface analysis system.
When the measurement is underwayproceeded, the chambers should be maintainedkeep in an ultra-high- vacuum environment with the pressure of the load-lockloadlock chamber atof 10-5 Pa and the UHV- analysis chamber (main chamber) atof 10-7 Pa. The design of the vacuum system is shownshowed in Figure 6.: The load- lock chamber and a main chamber are connected by a gate -valve, the. The turbo molecular pumps are mounted on both chambers and connected to a root pump and an ionisation. An ionization gauge and Pirani gauge are used to monitor the pressure in both chambers. As a buffer toof the main chamber, the load- lock chamber shouldsupposed to be evacuated and re-filled regularlyusually. An angled valve with a soft pump is used to avoid the diffusion of dustofdust and particles in the load- lock chamber; the. The load- lock chamber will be filled with nitrogen before being opened.open the chamber. 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 maintainFor keeping the pressure of the main chamber atof 10-7 Pa, except when using a turbo molecular pump, an ion pump is also used, and. And a residual- gas analyser (RGA) is used to analyseanalyze the residual pressure in the main chamber. 	Comment by Proofed: 'Proceeded' isn't the right word here. Is this what you mean?
	Comment by Proofed: Is this what you mean?

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 offrom 100 eV to 1850 eV [25]. The response function of the SDD is measured by changing the energy of the incident beam from monochromatisedthe monochromatized synchrotron radiation and will be used to be convoluted with the theoretical model of bremsstrahlung and resonant Raman scattering models [26]. To quantify the mass deposition of oxygen onof the five SiO2 reference samples with thicknessesthickness ranging from 2 nm to 10 nm, the samples were measured in PTB’s laboratory at the BESSY II in Berlin for synchrotron radiation. Monochromatised BESSY II in Berlin. The monochromatized synchrotron radiation atof 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 the fluorescence, the. The mass deposition of the oxygen can be directly determined.
Conclusion and FUTURE WORK
In conclusion, CMS/ITRI has completedfinished the construction work onof 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. ItThe system is anticipated that the system will to measure the surface- layer mass of the Si -sphere periodically to maintainfor maintaining the primary mass standard via the XRCD method. To measure and characterisecharacterize the surface- layer mass of athe Si -sphere, anythe future work can be divided into two phases.directions to be discussed. In the first phase, the pre-processing work before starting the XRF and XPS measurement of the Si -sphere shouldis expected to be completed. For this, the: The hardware and software control system mustare required to be integrated - the. The light path is adjusted to pass through the centrecenter 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 kα/Si kα by the XRF/XPS surface- analysis system according to eqn. (2). For the XPS measurement, as one of the factors isin intensity normalisationnormalization (eqn (.(3)), the transmission function T(KE) of the XPS spectrometer mustis required to be estimated using the quantiﬁed peak-area approach (QPA) method by measuring Au 4f, Au 4d,  Au 4p3/2, Ag 3d, Ag 3p3/2, Cu 3p, Cu 2p3/2, Ge 3p and Ge 2p3/2 standard peak areas from reference samples at awith the pass energy of 40 eV and 80 eV. [27]. In the second phase, the expected goal is to providegive the surface- layer mass and uncertainty of the Si -sphere. First of all, the XPS or XRF measurement should repeatbe repeated the scan ofover the Si -sphere several times to check for the angular setting liability of the UHV five5-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. TheThen the XPS measurement is then carried out onaround the wholefull 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 SiO2 reference samples, the fitted O/Si ratios and the reproducibility.	Comment by Proofed: The abbreviation isn't needed here because it isn't used again in this paper. 

To give the mass of the 28Si-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 core of 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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