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ABSTRACT:
Total Reflection X-ray Fluorescence Analysis (TXRF) is a well established energy dispersive XRF multielement technique for trace analysis and is specially suited for samples where only small amounts are available. Using Synchrotron radiation as excitation source in TXRF offers several advantages over X-ray tube excitation in TXRF (Total Reflection X-ray Fluorescence Analysis):  detection limits in the fg range can be achieved and efficient excitation for low Z as well as high Z elements due to the features of synchrotron radiation like intensive radiation with a wide spectral range. These low detection limits are achieved using a multilayer monochromator. A crystal monochromator selects a smaller energy bandwidth from the white synchrotron spectrum than the multilayer. Though it reduces the intensity it allows absorption spectroscopy measurements (XANES) in fluorescence mode to perform chemical speciation at trace levels. 

Various applications of  K-edge XANES measurements will be shown:  Speciation of Arsenic in xylem sap  of cucumber plants at concentration levels of 30 ng/g., Fe in aerosols collected in a size fractioning impactor and Fe contamination on Si wafer surfaces at contamination levels of E12 atoms/cm2. 

Introduction:
Total Reflection X-ray Fluorescence analysis (TXRF) is a powerful analytical tool with respect to  detectable elemental range, simplicity of quantification and detection limits.
 This includes the capacity to detect almost all elements of the periodic system namely from Boron to Uranium. Even the highest Z elements of the Actinides can be detected. Quantitatively the dynamic range covers several orders of magnitude so ultra trace element levels to major elemental concentrations can be determined. In terms of detection limits the levels of femtogram (10-15g) absolute detectable masses under optimized excitation-detection conditions can be reached. Some of these features can be topped with additional properties like rapid analysis time of a few seconds and simultaneous detection of the elements present. In some applications non destructiveness is of importance e.g. dealing with precious substances of cultural values from fine arts or also in cases of forensic investigations if only small amounts are available. TXRF is an energy dispersive XRF (EDXRF) technique with an excitation geometry at angles below the critical angle of total reflection .
Table 1: Advantages of TXRF

· Double excitation by direct and     reflected beam

· Almost no penetration of the primary radiation into the substrate resulting in low background

· Large solid angle as the detector can be placed close to the reflector surface

· Conclusions: signal to background ratio improved, detection limits improved

· Femtogram levels, pg/g Concentrations,  E8 atoms/cm2 of metal contamination on wafer surfaces detectable
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Fig.1 Setup for TXRF

As the outstanding features of synchrotron radiation such as high flux, continuous energy spectrum, natural collimation, linear polarization in the orbital plane are perfect prerequisites for TXRF, Synchrotron Radiation induced Total Reflection X-ray Fluorescence Analysis (SR-TXRF) allows the determination of ultra trace elements in various kinds of samples from the environment, medicine and (semiconductor-) industry, at concentration levels below ng/g. SR-TXRF is especially suitable for samples where only small amounts (volumes) are available, as only a few µl or some ng of sample are required. Using a multilayer for monochromatisation, detection limits in the low fg range can be achieved for medium Z elements
.

XANES (X-ray absorption near edge structure) is a method of absorption spectroscopy. It can be performed in transmission as well as fluorescence mode. The later measures the fluorescence signal as function of the excitation energy around the absorption edge. Comparing the data with data from standard samples, the oxidation state ( energy position of the absorption edge) or even the compound  (fingerprint method from standard sample) or a linear combination of various compounds can be determined. 

Using the TXRF geometrical set-up, X-ray absorption near edge structure (XANES) measurements on tiny sample amounts and low concentrations in the trace element region are feasible, if a high resolution monochromator like the Si 111 crystal monochromator is available. Previous experiments have been performed at HASYLAB, Beamline L
. The determination of the oxidation state of a chemical element present in a sample is often the next question of interest after the determination of elements in a specimen. Keeping in mind that TXRF is requiring only small sample volumes and being aware that there are several samples difficult to collect e.g. environmental, medical or precious samples XANES in TXRF geometry is an interesting approach.

 In a set of experiments performed at HASYLAB Hamburg DESY some ng of sample mass are enough to analyze them in TXRF geometry. By measuring the characteristic line intensity and plotting the data versus the energy a typically XANES distribution is observed. 
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Fig.2 Principle of XAS, adapted from Neville M. “Fundamentals of XAFS”, 2004

Using the fingerprint method, a set of standards have to be measured and linear combinations from known spectra from model compounds  are fitted to the measured XANES spectrum of the unknown compound that a ratio of the various oxidation states present in the sample can be determined 

Combining SR-TXRF with XANES has the advantage of measuring samples which are only available at low amounts and determine their oxidations state.
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Fig3: Principle of absorption spectroscopy in fluorescence mode

Experimental setup:
XANES measurements in fluorescence mode and grazing incidence geometry were carried out using the setup at the Beamline L at the HamburgerSynchrotronstrahlungslabor (HASYLAB) at DESY
 
. A Si(111) double crystal monochromator was used for selecting the energy of the exciting beam from the continuous X-Ray spectrum emitted by the 1.2 Tesla bending magnet at Beamline L. The primary beam was collimated to 200μm x 1400 μm (horizontal x vertical)  by a cross-slit system. The incident X-ray intensity was monitored with the aid of an ionization chamber. During the measurements the excitation energy was tuned in varying steps (5eV to 0.5eV) across the  K-edge. At each energy a fluorescence spectrum was recorded by a Silicon Drift Detector (SDD, VORTEX 50 mm2, Radiant Detector Technologies) 
,The distance between SDD and sample carrier was 1mm . 

A sample changer for the Synchrotron Radiation induced Total reflection X-Ray Fluorescence (SR-TXRF) analysis vacuum chamber  at Beamline L at HASYLAB, Hamburg was developed by the X-Ray Group of the Atomic Institute of the Vienna University of Technology. The performance of the instrumentation was improved by an automated reflector carrier capable of containing 8 quartz or silicon reflectors at the same time. After preliminary beam adjustments the sample changing and parts of the sample adjustment are automated. This establishes the opportunity to measure 8 samples consecutively without the necessity to close the beam shutter and open the vacuum chamber - resulting in significant time saving during the beam time. 
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Fig.4 Hasylab, Beamline L, experimental setup
APPLICATIONS:

 Silicon Wafer Surface Analysis of Fe contaminations 
SR-TXRF-XANES  was used to determine the chemical state of Fe contaminations on a silicon wafer surface. The ability to characterise chemically the contamination on silicon wafers is of critical importance to the semiconductor industry. It provides information on possible unwanted chemical processes taking place on the wafer surface and helps in determining the true source of the contamination problem. This type of information is not readily accessible with standard laboratory equipment. Main purpose of the study was to test the method for a contamination issue as it could appear in a microelectronic VLSI (Very-Large-Scale Integration) production fab.

It could be shown that SR-TXRF in combination with XAS enables a XANES analysis of wafer surface contaminations even in the pg region within a reasonable time frame. The setup allows a spatially resolved multi-element analysis of the wafers surface. Additionally the type of the contamination (residual, surface layer, bulk) and the chemical state of a specific element can be determined. All these investigations can be done non-destructively using the same experimental setup. The vacuum chamber was removed and the wafer mounted on an x/ y stage for scanning the surface. The major problem of this setup is the measurement time and the need for an intense and energy tunable X-ray source. The wafer mapping and XANES scans are time consuming particularly for such low concentrations. The XANES evaluation showed, that a peak to background ratio below 10 for the element of interest in the fluorescence spectra will cause serious problems for the interpretation of the data. Within the time frame of 48 hours 3 points of interest could be investigated. A determination of the oxidation state of iron in the samples was possible. However, for the determination of the iron compound satisfactory results could be achieved for only one point (P5). The evaluation of the other points (P7, P21) with the linear combination fit procedure was not satisfying due to the low Fe concentrations and the limited measurement time resulting in a poor signal to noise ratio of the XANES spectrum. The pre-edge peak intensity of an XANES spectrum of a 3d transition metal generally depends on its coordination number. Therefore it is reasonable to evaluate this region. However, a detailed analysis of the pre-peak of the XANES spectra suffers even more from high noise levels because the pre-edge region generally shows a much lower signal than the fine structure above the edge. A reliable, detailed analysis was therefore not possible.
The evaluation of the XAS data revealed that the iron contamination in point P5 is a mixture of iron compounds dominated by iron-nitrate. Although the evaluation for P5 showed a low statistical uncertainty it can not be concluded that the contamination is a mixture of iron-nitrate and iron-sulfate exclusively. Within the frame of this feasibility study it was not possible to compare the Fe contaminations with every possible Fe compound. However, the presence of iron-nitrate and iron-sulfate on a contaminated wafer shows that several chemical reactions are taking place. The iron-sulfate is particularly surprising and we are trying to better determine why or how it was formed. This will be topic of further investigations.
Details can be found in
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Fig. 5 Experimental setup at Hasylab, Beamline L
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Figure 6: Laboratory TXRF maps (left) with marked regions of the areas scanned by means of SR-TXRF (right). The marked regions on the left correspond to the areas on the right. The white boxes on the right localize the points of maximum Fe contamination which were selected for further investigations (P21, P5 and P7).
[image: image7.png]©
-

[ | =
\! a\
()
) S o )
=5 C
\ w-= O _
\/ 5C e.u_“ >
¢ o 0w (
D _ )
/ _ _
\ _ 1
\ \
||||| vllllllllllllll vl
Ny >
X 7
< :
.
/)
A | %
» >
/5 <
- »
= <
A [
| o~
-
!
1
| | | | | | |
A N o o © A N o
— — — o o o o o

[suun -gJe] Ajisusjul pazijewJou

7120 7140 7160 7180 7200

7100

energy [eV]




Figure 7: Result of the best linear combination fit for sample P5

	
	Fe2O3
[%]
	Fe(NO3)3
[%]
	Fe2(SO4)3
[%]
	R-factor
	chi-square

	P5
	26 (7
	48 (8
	26 (10
	0.001424
	0.1478


Table 2: Results and fit parameters of the best fit for P5.

	
	compound 
	edge position [eV]

	FeS
	Iron(II)-sulfide
	7117

	FeCl2
	Iron(II)-chloride
	7119

	FeSO4
	Iron(II)-sulfate
	7119.5

	Fe3O4
	Iron(II,III)-oxide
	7119.5

	FeC2O4
	Iron(II)-oxalate
	7120.5

	(NH4)2Fe(SO4)2
	Ammonium-Iron(II)-sulfate
	7122.5

	NH4Fe(SO4)2
	Ammonium-Iron(III)-sulfate
	7123

	Fe2O3
	Iron(III)-oxide
	7123.5

	Fe(NO3)3
	Iron(III)-nitrate
	7125

	Fe2(SO4)3
	Iron(III)-sulfate
	7126

	Wafer at P5
	Fe(III)
	7125

	Wafer at P7
	Fe(II)
	7121.5

	Wafer at P21
	Fe(III)
	7124.5


Table 3: Oxidations states and edge positions of standards and samples
Fe K-dge TXRF-XANES of atmospheric aerosols collected in the city of Hamburg

To understand the effects of aerosols on human health and global climate a detailed understanding of sources, transport, and fate as well as of the physical and chemical properties of atmospheric particles is necessary. An analysis of aerosols should therefore provide information about size and elemental composition of the particles and - if desired - deliver information about the chemical state of a specific element of interest in the particles. Using the combination of SR-TXRF and XANES analysis it was possible to investigate the elemental composition of size fractioned atmospheric aerosols and the oxidation state of Fe in the aerosols even for small sample amounts due to short aerosol collection times.
The results from the Fe K-edge SR-TXRF-XANES analysis of the aerosol samples showed that mainly Fe(III) was present in all particle size fractions.

The results of the Fe K-edge SR-TXRF-XANES analysis of the aerosol samples showed that Fe was present in the oxidation state of three (predominately in the form of Iron(III)‑oxide) in all collected aerosols. This corresponds to other studies on the oxidation state of Fe in aerosols although in rain and cloud samples high amounts of Fe(II) were reported. Possible reasons why exclusively Fe(III) was found in the aerosols analyzed here may be the place or the height where the aerosols have been collected, or some oxidation which may have occurred during the condensation process. Finally it can not be excluded that oxidation took place during storage or sampling, even though the sampling time was kept short and the samples were stored under Argon atmosphere. Further studies will have to focus on these problems

Details can be found it
.
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Fig 7: Principle of size fractioned direct sampling on Si wafers with a Berner impactor. (left). XANES Spectra of impactor stages ( right)

Analysis of Arsenic in Cucumber Xylem Sap
The applicability of SR-TXRF-XANES was further tested for the determination of the arsenic species in cucumber (Cucumis sativus L.) xylem saps. The speciation of arsenic is relevant because the toxicity of arsenic differs considerably dependent on the oxidation state and chemical form and it is known that plants have the capability to change the oxidation state of arsenic.

It can be concluded that SR-TXRF offers good sensitivity for XANES speciation of chemical elements present in droplet samples at trace element levels. It could be demonstrated that a speciation of As is possible down to the 30 ng/mL level with this method. Repetitive measurements showed high reproducibility and no alteration of the oxidation state of the samples during the measurements. Due to the grazing incidence geometry, self-absorption effects for droplet samples with high concentrations have to be considered.

The presented data shows that cucumber plants treated with arsenate in concentrations of 150 ng/mL convert As(V) to As(III). A quantification of this effect reveals almost no difference in the ratio of As(V) to As(III) in the xylem sap of plants treated with nutrient solutions containing these two arsenic species. The presence of As(V) in the xylem sap of plants treated with As(III) containing nutrient solution suggests a partial oxidation of As(III) to As(V) in the nutrient solution before uptake. This suggestion could be assured as an analysis of the As(III) containing nutrient solutions revealed a partial oxidation of As(III) to As(V) (<30% after 48h).

All results concerning arsenic speciation in xylem saps and nutrient solutions are in good agreement with those obtained by HPLC-HR-ICP-MS. This indicates the competitive capability of SR-TXRF XANES for trace element speciation.
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Figure 8:Fluorescence spectrum of xylem sap recorded at 12200 eV.

Figure 3:Normalized arsenic K-Edge XANES spectra for xylem sap, nutrient solution and As reference samples. 

Details can be found in 

CONCLUSIONS:

X-Ray Absorption Near Edge Structure (XANES) analysis in total reflection geometry was used to determine the chemical state of Fe contaminations on a silicon wafer surface. The ability to characterise chemically the contamination on silicon wafers is of critical importance to the semiconductor industry. It provides information on possible unwanted chemical processes taking place on the wafer surface and helps in determining the true source of the contamination problem. This type of information is not readily accessible with standard laboratory equipment. Main purpose of the study was to test the method for a contamination issue as it could appear in a microelectronic VLSI (Very-Large-Scale Integration) production fab.
To understand the effects of aerosols on human health and global climate a detailed understanding of sources, transport, and fate as well as of the physical and chemical properties of atmospheric particles is necessary. An analysis of aerosols should therefore provide information about size and elemental composition of the particles and - if desired -deliver information about the chemical state of a specific element of interest in the particles. Using the combination of SR-TXRF and XANES analysis it was possible to investigate the elemental composition of size fractioned atmospheric aerosols and the oxidation state of Fe in the aerosols even for small sample amounts due to short aerosol collection times.
The applicability of this combined technique was further tested for the determination of the arsenic species in cucumber (Cucumis sativus L.) xylem saps. The speciation of arsenic is relevant because the toxicity of arsenic differs considerably dependent on the oxidation state and chemical form and it is known that plants have the capability to change the oxidation state of arsenic.

it could be shown that TXRF analysis in combination with XANES analysis is a powerful and multifunctional method to perform chemical speciation studies at trace element levels.
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