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Abstract
A procedure and calibration samples were developed for X‑ray fluorescence spectrometry and scanning electron microscopy with energy dispersive spectrometry analysis methods for Sn and Pb amounts in solder and coatings.  Test methods are needed by laboratories that perform Destructive Physical Analysis of high-reliability electronics for MIL-STD-1580B.  Calibrants are prepared by evaporative deposition of multiple, alternating quantities of pure Sn and pure Pb having mass per unit area proportional to mass fractions of Sn and Pb in a solder being mimicked.  Validation reference materials are prepared by evaporative deposition of thin films of SRM 1729 Tin Alloy (97Sn-3Pb).  Films are created on high-purity Ni foil to mimic some actual electronics structures and prevent charging during SEM‑EDS measurements.  Maximum thickness of films prepared this way must be kept below approximately 1 m to ensure the entire thickness is probed by the primary X‑ray or electron beam and that measured X‑rays come from the entire thickness of all films.  Detailed procedures are presented and method performance was characterized.  The primary purpose is to create calibrations for Sn and Pb that are simple to implement and establish traceability to the SI.  The secondary purpose is to validate calibrations using a certified reference material to prove that, for simpler structures of thin solder coatings on metal, both XRF and SEM‑EDS provide accurate results.  Keeping films thin may be unrealistic in comparison to some, if not many, electronic structures, but this approach enables a laboratory to demonstrate competence in a controlled manner.

Introduction
Solder and other coatings used in military, aviation, space and related technologies are subject to Department of Defense Test Method Standard MIL-STD-1580B for Destructive Physical Analysis for Electronic, Electromagnetic, and Electromechanical Parts [1] (hereafter called 1580B), which includes a detailed section on prohibited materials analysis of package coating and plating materials using X‑ray fluorescence (XRF) spectrometry or scanning electron microscopy with energy dispersive spectroscopy (SEM‑EDS).  The general purpose of the destructive analyses is to improve ruggedness of electronics in space and weapons vehicles and systems.  Solder and metal coatings must contain a maximum of 97 % Sn and a minimum of 3 % Pb (pure Zn and Cd are not allowed either) to prevent whisker formation.  Because solder and tin coatings are applied to small parts in electronics, microXRF and SEM‑EDS are popular tools for analysis.  Standard 1580B requires the use of reference materials having values traceable to the International System of Units (SI) [2,3].  Therefore, analysts must provide estimates of uncertainty for test results.  The U.S. Air Force sponsored development of SRM 1729 Tin Alloy (97Sn-3Pb) [4] to provide a reference material for validation of test methods as discussed in Requirement 9 of 1580B

SRM 1729 was created by semi-chill casting of molten alloy into individual steel rings of 40 mm inside diameter on a chilled aluminum plate.  Chill casting is designed to impart unidirectional solidification with small grain structure.  It is used to create solid metal reference materials of relatively high homogeneity from compositions that normally exhibit phase segregation on solidification [5].  One problem with Sn and Pb alloys is that the structure and composition change after solidification as a result of diffusion to the surface by alloying and contaminant elements.  In SRM 1729, it has been shown that the surface quickly becomes enriched in Pb, Zn, and other elements to depths of a few micrometers with alteration of alloy composition to as deep as 10 μm.  A representative depth profile of a disk of SRM 1729, obtained by glow discharge optical emission spectrometry[footnoteRef:2], is shown as Figure 1.  Within 1 m of the surface, the Pb mass fraction has increased to between 6 % and 9.5 % as a result of diffusion.  The altered region is deep enough that the electron beam of an SEM cannot probe the undisturbed, bulk composition.  The same is true for Pb M5-N6,7 X‑rays created beneath the surface, which cannot escape from deeper than approximately 5.5 m.  It is not sufficient to simply cut a fresh surface on a disk because the diffusion may take just minutes to significantly alter the near surface region [6,7].  Diffusion makes the disk form of SRM 1729 useless for validation of SEM‑EDS analyses by direct measurement, and it can cause biased Pb results when Pb M lines are used in an XRF method. [2:  Certain materials, commercial equipment, and commercial laboratories were named in this paper for the purpose of adequately specifying the experimental conditions and the sources of analytical results.  Such descriptions do not constitute endorsement by the National Institute of Standards and Technology, nor do they imply that the materials, equipment and services are necessarily the best for the purpose.] 


Two options exist for overcoming limitations of SRM 1729.  To enable the use of the chill cast disks for direct analysis, it would be necessary to quantitatively map the depth profiles of Pb and Sn, and to know the information depth for SEM‑EDS analysis conditions.  Because the cast solid contains dendritic structures characteristic of phase solidification controlled by the solubility of Pb in Sn, the depth profiles change on a nanometer scale by depth and on a millimeter scale laterally.  There are simply too many variables preventing quantification of the depth profiles with the needed low uncertainties.  The second option to make use of SRM 1729 is to convert the alloy into thin foil or deposited thin film matching the bulk composition.  The hypothesis is that the forces driving diffusion of Pb and other elements to the surface will be greatly reduced in a sufficiently thin film.  Suppression of diffusion would minimize alteration of the near-surface region.  Sufficiently thin films could be probed through their entire thickness further reducing effects of remaining concentration gradients.  To this end, films created by evaporative deposition and foils created by cold pressing were tested for use with microXRF and SEM‑EDS.  Deposited films were found to be the only viable choice because they can be made very thin with sufficient homogeneity and controlled compositions.

Experimental
SEM‑EDS experiments were carried out with a Cambridge 240 SEM and iXRF Systems model SphinX 130 S3400 EDS Si(Li) detector.  The analyzer for the detector was an iXRF model 550i.  All analyses were performed at 20 kV beam acceleration potential, beam incidence normal to the surface, a working distance of 19 mm and a detector take-off angle of 35°.  MicroXRF experiments were carried out using this SEM instrument equipped with an iXRF model Xb microXRF X‑ray source with a 50 W, 50 kV Mo anode, primary beam incidence of 35° to the sample surface, side-window X‑ray tube and a polycapillary focusing optic with a nominal beam spot size of 40 m.  This instrument was used for evaluation of the final quantitative microXRF method.  For SEM‑EDS data acquisition mode, the spectrum acquisition time was 100 s live time.  For microXRF data acquisition, spectrum acquisition times ranged from 20 s to 50 s live time because acquisition ended at a total spectrum integral of 150 000 counts.

An EDAX Eagle III microXRF spectrometer, equipped with a 40 W, 40 kV, small spot, side window Rh X‑ray tube, polycapillary optic (50 m nominal beam diameter), Si(Li) detector, and x-y-z- (three axis plus rotation) stage, was used for initial evaluations of deposited films and mechanically produced thin foils.  Measurements were made in vacuum (< 10 Pa).

Wavelength-dispersive XRF experiments were carried out with a PANalytical model PW2404 spectrometer equipped with a 4 kW Rh anode, end-window tube.  Measurements were made in vacuum with a viewed diameter of 29 mm and under the conditions listed in Table 1.

Elemental analyses of deposited films of SRM 1729 and of mixtures of pure Sn and pure Pb were performed by a contract laboratory utilizing inductively coupled plasma mass spectrometry (ICPMS).  Thin films on polyester supports were dissolved in acid solution, diluted to 1 L volume and analyzed for Sn and Pb.  SRM 1729, chipped during its certification project, was used as the quality assurance material.  Solutions contained from 0.06 mg/L to 5.5 mg/L Pb and 1.9 mg/L to 11 mg/L Sn.

Preparation of Thin Specimens
For SEM‑EDS and microXRF, 1580B requires reference materials to be ≤ 15 m thick with 97 % Sn, 3 % Pb composition.  It is believed that this thickness was chosen because most, if not all, metal coatings and solder in electronics are that thickness or less.  On the basis of the data in Fig. 1, it was decided that the ideal thickness is that for which both XRF and SEM‑EDS test methods probe the entire layer, and are not affected by heterogeneity within the layer.  A target thickness of 1 m was chosen for three reasons.  Figure 1 shows that the first 1 m of the surface of a disk of SRM 1729 is the most altered part of the near surface region.  The penetration depth for 20 kV electrons is estimated to be approximately 1.5 m.  Therefore, 1 m of any Sn-Pb film is less than infinitely thick for all impinging radiation and measured, emitted X‑rays.  Efforts were made to find a process to create materials of controlled composition.

Mechanical Approach
Because it is known that Sn-Pb foils are offered commercially[footnoteRef:3], tests were conducted to see if chips of SRM 1729 could be made thin enough by mechanical means without changing their compositions.  Attempts to thin small chips of SRM 1729 by hydraulic pressing failed because the resulting foils, which were still >> 1 m thick, could not be handled, and the composition changed, because Pb was deposited on the surfaces of the steel die pellets.   [3:  Thin foils of Sn-Pb alloys with thicknesses in the range of 2.5 m to 10 m are available from commercial sources.  This paper makes no claims, pro or con, relative to the acceptability of these products.] 


Evaporative Coating
Evaporative coatings, such as those made by the proprietary Micromatter process [8], can be made reliably down to mass loadings of 10 g/cm2 or less and up to several hundred g/cm2 in a single deposition.  For years, the process has been used to create thin films of pure elements and simple compounds, but with compounds, the stoichiometry of the resulting films is not guaranteed.  The primary application of these films is in XRF methods for analysis of particulate matter on filters.  Typically, these films are deposited on circular, supports of thin polyester or polycarbonate mounted on a plastic ring for handling and loading into sample holders.  

For this project, films were prepared from chips of SRM 1729 and characterized for morphology, homogeneity and composition.  To produce a film of SRM 1729 approximately 1 m thick, the mass loading needed is 800 g/cm2, which requires several depositions of lesser amounts due to limitations of the deposition equipment.  Figure 2 is a comparison of a small portion of the surface of a bulk unit of SRM 1729 (left) to a similar region of the surface of a deposited film approximately 1.4 m thick on a circular, polyester support (right).  For better contrast, a backscattered electron image was chosen to illustrate the bulk 97 % Sn-3 % Pb SRM, and a secondary electron image was chosen for the thin film.  In the backscatter image, the lighter regions are Pb-rich islands formed on cooling of the alloy.  The phase diagram of the Sn-Pb system gives the eutectic composition as 61.9 % Sn and 38.1 % Pb [9].  Therefore, the semi-chill cast process used to make SRM 1729 did not prevent some microscopic segregation of a more Pb-rich phase.  In the secondary electron image of the film, the lighter regions are higher topographically.  Backscatter images of the film showed no discernible Pb-rich regions.

In imaging measurements and SEM‑EDS measurements, it was discovered that thinner films of SRM 1729 on polyester were prone to charging.  Therefore, a metallic substrate was sought.  In electronics components, solder is most often found on leads between components.  The leads are typically made from copper, or sometimes iron-nickel alloy 42 (specification UNS K94100), or similar alloys.  Platings on leads are typically nickel, gold or sometimes just tin plating.  The typical interface left behind after soldering would be tin-nickel intermetallic or tin-copper intermetallic.  Often, nickel is used as an intermediary between the tin and copper, because the intermetallic growth rate of tin-nickel is more favorable.  Nickel foil (99.99 % metals assay) was chosen, because it is available as high-purity, thin foil with smooth surfaces.  Initially, additional pure Ni (50 mg/cm2) was deposited because it was thought the foil would be too rough to support quality films of SRM 1729.  XRF measurements of SRM 1729 films on Ni-coated Ni foil showed what appears to be evidence of mixing of the added Ni with the Sn-Pb film added later.  SEM roughness analyses showed that the clean foil was sufficiently smooth, and the addition of an evaporative coating of Ni was eliminated from the process.

The homogeneity of the film in the right half of Fig. 3 was evaluated using microXRF (Eagle III) to map a square area of the film 1 cm on a side.  The entire film is circular with an area of about 10 cm2.  Table 2 gives a summary of the data to show that for the four X‑ray lines of interest the relative standard deviation (%RSD) values are low.  The relative uncertainty due to X-ray photon counting (%cse) is given for comparison.  The one issue with the data is the poor precision of the Pb L data.  Figure 3 shows the cause of the high variance to be a few locations having Pb L count rates from 1.7 to 2.4 times the mean count rate of the data set.  The locations are discrete as seen by an X‑ray beam of 50 m nominal diameter.  Based on discovery of eleven locations across seven maps of five different films, the mean distribution of these high Pb locations is approximately 1.6 per cm2, and a single film would likely contain 15 to 20 such high Pb locations.  When the three high locations were removed from the data, the RSD decreased from 20 % to 8.5 %.

Because it was unknown whether the evaporative deposition process preserves the composition of SRM 1729, a second form of thin sample was designed to be prepared from pure Sn and pure Pb.  This version consists of alternating deposits of Pb and Sn on pure Ni foil at mass loadings chosen to match the relative amounts of the two elements in the desired final composition of the film.  For example, a 97 % Sn – 3 % Pb film is prepared by depositing 3 g/cm2 pure Pb followed by 97 g/cm2 pure Sn, and repeating these alternating deposits eight times for a total of 16 individual deposits with the last being pure Sn for its greater resistance to oxidation.  The total mass per unit area of this example film is 800 g/cm2, and its thickness is 1 m, measured in cross‑section using SEM images.  Films of this design were made to overall compositions of 97 % Sn – 3 % Pb, 90 % Sn – 10 % Pb, and 60 % Sn – 40 % Pb.  The experimental plan was to use the multi-deposit films as calibrants and to use the SRM 1729 films to validate the calibrations.  The films of pure Sn and Pb are called multi-deposit films because the individual deposits do not create a complete layer covering the entire diameter of the Ni foil supports.  When viewed in electron micrographs, the resulting film structures do not contain layers corresponding to each metal.  As seen in the cross‑section view in Figure 4, the films are agglomerations of very small particles of metal.  The image resembles a black and white photograph of a stone wall found along old farm fields.

Homogeneity testing of multi-deposit films began with preparing three replicate films for each of the compositions above.  Using SEM‑EDS, each of the films was measured at five locations, viz. at the four locations of the compass and at the center.  Table 3 contains a summary of the measurements showing within and between sample statistics on data acquired using a 20 kV electron beam potential.  Similar data was obtained using the instrument in its microXRF mode with 50 kV X‑ray tube potential.  The data shows that when films are prepared from the correct amounts of Pb and Sn, the repeatability within each film is acceptable.  It was determined that sample 35519 contains more Pb than planned, due to an error in the deposition of Pb.  There is a trend toward poorer precision for Pb L3-M4,5 with decreasing Pb content in the films.  Otherwise, performance is good for the Sn L3-M4,5 and Pb M lines typically used in SEM‑EDS analyses and acceptable for Pb L3-M4,5.  WDXRF measurements were made on these sets of films with a fourth film on polyester added to each composition.  Ni foil was placed behind the polyester support to simulate deposition directly onto foil.  The WDXRF measurements confirmed the between sample precision from the SEM‑EDS measurements, plus WDXRF provided measurements of Sn K, which also showed good precision between films of 1.9 %RSD to 2.6 %RSD.  WDXRF showed that the polyester-supported, 60 % Sn – 40 % Pb film also was made incorrectly with the same error in amount of Pb as sample 35519.

Film Composition Validation
Determinations of the Pb/Sn ratios of thin films showed that the compositions of films of SRM 1729 matched the composition of SRM 1729 on average.  Summarized in Figure 5, ICPMS elemental analysis results for chip-form samples of SRM 1729, thin films made from SRM 1729 and multi-deposit films showed that the average compositions matched the target ratios, expressed as 100 % recovery of the expected Pb/Sn ratio.  Error bars represent the repeatability standard deviation, and all three intervals overlap all three mean values.  For the SRM 1729 results, the contributing variances are differences among specimens consisting of just a few chips each of the SRM 1729 metal and the inherent repeatability of the ICPMS test method.  Variance among results for thin films of SRM 1729 is expected to be the same as for the chip samples because each films was prepared using just one or two chips.  Their mean result for multideposit films is slightly lower, but it is indistinguishable from the other values.  This indicates that deposited thin films prepared from SRM 1729 preserve the ratio of Pb to Sn in the original metal.  Again, this statement must be qualified by saying that composition is preserved on average because each set of results has approximately 10 % relative standard deviation, which serves as a constraint on the ultimate overall uncertainty of a test method involving these thin films.

WDXRF Calibrations
Using the multi-deposit Sn-Pb films and blank Ni foil as calibrants, calibration curves were prepared for both Sn lines and both Pb lines, shown in Figure 6.  Each point represents measurement of a 29 mm diameter area on a single thin film specimen.  For all Sn and Pb regressions, the lines were constrained to pass through the origin because the count rates were corrected for background, giving zero net count rates for two Ni blanks.  With this constraint, there was no need to weight the points during regressions to account for the natural heteroscedastic nature of XRF data.  At the upper end of the curves, the scatter of points is the result of inclusion of a number of films made early in the development process with apparently poorer control.  The calibrations for the higher energy Sn K-L2,3 line and Pb L3-M4,5 line were checked for matrix absorption effects, but inclusion of calculated alpha coefficients did not improve the fit of the data.  Therefore, corrections are not needed.  In contrast, the lower energy Sn L3-M4,5 and Pb M5-N6,7 lines benefit from empirical absorption correction coefficients, because these energies of X‑rays are absorbed by the Sn-Pb films to significant extents.  Equation 1 is the generalized model for the calibrations, where C = mass per unit area, D = intercept, E = inverse sensitivity, R = net count rate,  = empirical absorption correction coefficient, i = analyte element, and j = absorbing element.  For Sn L in 1 m thick films, the terms ΣijCj range from 0.018 to 0.53, i.e. roughly 2 % correction to > 50 % correction for absorption.  For Pb M5-N6,7, the range is 0.002 to 0.40 or 0.2 % to 40 % corrections.  The calibration regressions were performed using the WDXRF spectrometer operating system software [10].

Eq. 1				

These calibrations yield results for the mass per unit area of each element in the solder film.  To obtain results in terms of the mass fractions of Sn and Pb, it is necessary to apply Equation 2, where X denotes mass fraction (%) and i = either Sn or Pb.

Eq. 2				

Calibrations of Micro Scale Methods
SEM‑EDS
Again using multi-deposit Sn-Pb films as calibrants, calibrations in Figure 7 were prepared for both Pb lines and the Sn L3-M4,5 line.  The Sn K-L2,3 line cannot be excited by 20 kV electrons.  Each point on a graph represents the mean of five measurements of 1 mm2 locations on each multi-deposit film specimen.  X‑ray signals were obtained by using the NIST Desktop Spectrum Analyzer II [11] software to draw regions of interest (ROI), to integrate counts in the regions, and to define automatically the baseline under each peak within each ROI.  Regions were drawn to include the full width of each peak.  The region of interest for Pb M lines covers both M5-N6,7 and M4-N6.  For Pb L3-M4,5 and Pb M X‑rays, line equations were fit by regression with the lines constrained to pass through the origin because the net counts for uncoated Ni foil were equal to zero.  No absorption corrections were applied, and it appears that none are needed for the range of Pb mass per unit area from 0 g/cm2 to 320 g/cm2.  For Sn L3-M4,5, a quadratic curve was fit by regression with the curve constrained to pass through the origin.  The purpose of the constraint is to show the behavior of the full range of Sn response from no coating to the heaviest used in this work.  The upward quadratic shape of the curve results from the fact that, except for the blank, the samples are all the same thickness, and the Pb/Sn ratio decreases as the amount of Sn increases.  For solder films having high levels of Sn, a line could be fit with adequate performance through the points from 400 g/cm2 to 800 g/cm2.

MicroXRF
Because many labs use SEM instruments equipped with an X‑ray tube to perform microscale XRF measurements, calibrations from an example instrument are presented in Figure 8.  Qualitatively, the calibrations are similar to the SEM‑EDS curves in Fig. 8.  The microXRF (iXRF) spectra were obtained and processed in the same ways as the SEM‑EDS data.  Calibrations are shown for the two Pb lines and the Sn L3-M4,5 line.  The Sn K-L2,3 line was not used because the Sn K sensitivity is very low and the peaks were not useful for quantitative analyses.  For Pb M, a line equation was fit by regression with the line constrained to pass through the mean net counts for uncoated Ni foil, which was greater than zero.  No absorption correction was applied, and it appears that none is needed for the range of Pb mass per unit area from 0 g/cm2 to 320 g/cm2.  For Pb L3-M4,5 and Sn L3-M4,5, quadratic curves were fit by regression.  The curve for Sn L3-M4,5 was constrained to pass through the non-zero, net counts from the blank.  The curve for Pb L3-M4,5 was constrained to pass through the origin.  For typical solder films having high levels of Sn, a line could be fit with adequate performance through the Sn L points from 400 g/cm2 to 800 g/cm2.

Comparisons to WDXRF
For a set of five films prepared from SRM 1729, three measurements of each film were made by SEM‑EDS and three by microXRF.  In Table 4, the results are compared to WDXRF results from the same samples with one WDXRF measurement per sample.  Table 4 shows the several combinations of results obtained by pairing the available Sn lines measurements and Pb lines measurements.  To the right of the sample specific columns are columns showing the means across all five samples for each line pair with standard deviations and %RSD values.  The mean values show that all three methods are accurate.  However, the variability of Pb measurements is worse for each of the micro scale methods than for WDXRF.  The reason is that the small areas measured on a sample by these methods are combined with low spectrum acquisition times yielding poor counting uncertainties for the low intensity peaks of both Sn and Pb.  Testing facilities must use low acquisition times for high sample throughput.  Even low relative variance for Sn results translates to high variance for Pb because the sum of mass fractions is constrained to 100 %, and the amount of Pb is 30 times less than the amount of Sn.  There is little that can be done to improve the situation, except making numerous measurements and averaging them.

Method Summary
This section is provided to summarize the proposed approaches to calibrating and validating SEM‑EDS and microXRF test methods compliant with Mil-Spec 1580B.  The authors found it necessary to summarize for the benefit of laboratories responsible for Destructive Physical Analysis.
1. Calibration standards are created by evaporative deposition onto pure Ni foil of multiple deposits of pure Pb and pure Sn in relative amounts matching solder compositions to be analyzed.  Multi-deposit structures should not exceed 1 m thickness or about 800 g/cm2.  It is recommended to have some thinner films for a better calibration model.  Prior to coating it, check the Ni foil for excessive roughness.
2. Using chips taken from a disk of SRM 1729, validation samples are created by the same evaporative technique with Ni foil substrate.  Do not exceed 1 m thickness or about 800 g/cm2.  
3. Verify compositions of sacrificial films using ICP-MS or other independent analyses to check the ratios of Pb to Sn.  Use chips of SRM 1729 as control samples to validate these analyses.  It is recommended to obtain a log of the evaporative coating process showing the individual masses of Sn, Pb, and SRM 1729 used to create all thin film samples.  These things are critical to the documentation of traceability to the SI unit of mass through the certified values of SRM 1729 and weighed amounts of pure Sn and Pb.
4. Measure calibration and validation films using significantly longer spectrum acquisition times than for normal samples.  Measure replicate locations on each film to assess heterogeneity.  Additional time invested at this stage will yield rewards in the form of lower variance among calibration measurements.  
5. If possible, apply matrix absorption corrections to the calibrations for Sn L3-M4,5 and Pb M lines, because these lower energy X‑rays are subject to significant absorption by Sn and Pb atoms in the thin films and in real solder coatings.
6. Verify that measured results for the films of SRM 1729 yield accurate results.

Discussion and Conclusions
Because Pb and other elements in Sn diffuse to the surface, analysts must consider carefully the physics of their measurements by SEM‑EDS and XRF.  With bulk samples and thick coatings, the measured X‑rays will represent a surface region that is different in composition from the bulk.  Higher energy Pb L3-M4,5 and Sn K- L2,3 emitted X‑rays may represent the bulk composition, but can only be measured if excited by higher energy primary X‑rays or electrons.  Certainly, primary electron beams using the typical 20 kV excitation potential cannot probe deeply enough to see the original bulk composition.  Therefore, measurements of thick specimens by SEM‑EDS are biased high for Pb and low for Sn.  Given an accurate calibration, analyses biased in this way could cause a failing solder coating to appear to meet Mil-Spec 1580B.  Attempts to calibrate using thick films, foils, and bulk calibrants will produce biased calibrations.  The approaches to calibration of XRF and SEM‑EDS instruments presented in this paper will not prevent biased results from real solder coatings of electronic parts that are greater in thickness than a few micrometers because compositions altered by diffusion are likely present.  

The purposes of these methods are to provide a means for obtaining unbiased calibrations and a means to validate the calibrations using thin film specimens created from a certified reference material.  Thin films of customizable compositions can be prepared by alternate depositions of pure Pb and Sn.  Conceivably, additional elements could be introduced in appropriate proportions to mimic other solder compositions.  Such films were used as calibrants because they are characterized by sufficient homogeneity and repeatability of preparation.  ICPMS results show that the composition of SRM 1729 Tin Alloy (97Sn-3Pb) is preserved by the evaporative coating process used to prepare the thin films studied here, and that multi-deposit films have the intended compositions.  All films were prepared on Ni foil substrates to prevent charging during SEM‑EDS measurements, to improve durability of specimens, and to mimic some actual electronics structures.  

Shortcomings encountered in this work include some limitations that can likely be overcome by more careful design.  A good case in point is the variability of compositions of multi-deposit films.  Because the mass per unit area values are very low, the amount of Pb per deposit is clearly less than a full atomic monolayer.  By viewing them in front of a strong light source, films made of Pb on polyester with mass loadings < 50 g/cm2 can be seen to be non-uniform across a 30 mm or 40 mm diameter coating.  Interestingly, films used in this work were no more heterogeneous within a single film than among several films.  Design alterations can be pursued, for example, by reducing the total number of deposits from 16 (8 each of Pb and Sn) to 12 or even 8.  Then, individual deposits would be 50 % to 100 % heavier than those used in this work.  In a related issue, several multi-deposit films created for this effort were found to contain 10 % to 20 % more Pb than intended.  One possible cause is a mistake during the numerous depositions leading to an extra deposition of Pb at some point in the synthesis of the structure.  Here again, a design with fewer deposits may reduce the probability of error.  It is recommended that any laboratory attempting to implement procedures based on this work invest in extra films that can be analyzed by ICPMS or another destructive test method to ensure the film compositions are correct.

Measurements of Ni K-L2,3 X‑rays passing through solder or another coating can be used to estimate total coating thickness.  However, a calibration created from films on thick Ni foil may not be appropriate when actual samples have substrates that contain Ni as a thinner foil or in several layers.  For such cases, a lab must create multideposit substrates similar to the structures found in electronic assemblies.  Anomalous measurements made during this work may indicate a mixing of Ni deposited onto the Ni foil with Pb and Sn layers added afterward, such as Ni-Sn intermetallics.  This cause for caution is amplified by the evidence in Fig. 5, showing that multi-deposit films have no layer structure even though the Sn and Pb deposits were made as discrete events.  Therefore, creation of more complex substrate structures is not recommended.

Future refinements of this work are likely to be helpful.  It would be useful to find additional sources of thin coatings by evaporation and deposition.  All multi-deposit films employed were 800 g/cm2.  A greater variety of thicknesses would be used to better define curves and absorption coefficients.  Films of SRM 1729 were made much thinner from 20 g/cm2 to 100 g/cm2, but the measurement results were not quantitative.  Application of correction coefficients to SEM‑EDS and microXRF calibrations may improve their reliability across a broader range of compositions.  Finally, it would be interesting to study other solder systems, including Cu, Ag, and the other elements found in high temperature solder in electronics.
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Table 1.  WDXRF Measurement Conditions

	Line:
	Sn K-L2,3
	Pb L3-M4,5
	Sn L3-M4,5
	Pb M5-N6,7
	Ni K-L2,3

	Tube
	60 kV/30 mA
	60 kV/30 mA
	40 kV/45 mA
	32 kV/55 mA
	60 kV/30 mA

	Crystal
	LiF(220)
	LiF(220)
	LiF(200)
	Ge(111) curved
	LiF(220)

	Angle, °2
	19.7766
	48.6892
	126.7794
	108.0396
	71.1990

	Bkg. Offset, °2
	1.0000
	-0.9000
	-2.0000
	2.0000
	

	Collimator, m
	100
	300
	100
	300
	100

	Tpeak, Tbkg (s)
	42, 8
	14, 6
	16, 2
	14, 4
	6, -








Table 2.  Statistical Summary of Count Rate Data from MicroXRF Map(a) of SRM 1729 Thin Film on Polyester
(Values in counts per second)

	    X-Rays
	Pb M
	Sn L3-M4,5
	Ni K-L2,3
	Pb L3-M4,5
	Sn K-L2,3

	
	
	
	
	(b)
	(c)
	

	Mean
	284.5
	2448
	22214
	52
	50.9
	24.3

	s
	4.9
	14
	293
	10
	4.3
	1.4

	Minimum
	273.0
	2410
	21511
	41
	40.6
	19.2

	Maximum
	297.6
	2474
	22882
	124
	66.8
	27.5

	%RSD
	1.7
	0.56
	1.3
	20
	8.5
	5.7

	%cse
	1.3
	0.45
	0.15
	3.1
	3.1
	4.5



(a) 121 points in a square array with 1 mm step size
(b) All 121 points in the array
(c) 3 high count rate locations removed



Table 3.  SEM‑EDS Homogeneity Data from Five Locations on Each of Three Films of Each Composition
(Values are net X-ray counts in the listed peak)

	Pb M Peak
	Pb L3-M4,5
	Sn L3-M4,5

	60Sn-40Pb Films

	Sample
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD

	35518
	17010
	1490
	8.7
	
	1908
	150
	7.8
	
	16791
	1530
	9.1

	35519
	23120
	2860
	12
	
	2558
	330
	13
	
	19334
	2620
	14

	35520
	19150
	2770
	14
	
	2216
	219
	10
	
	19737
	2230
	11

	Mean
	19760
	
	
	
	2062
	
	
	
	18621
	
	

	sb
	3100
	F = 1.60
	
	218
	F = 1.77
	
	1598
	F = 0.54

	%RSD
	8.4
	
	
	
	11
	
	
	
	8.6
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	90Sn-10Pb Films

	Sample
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD

	35521
	3880
	622
	16
	
	454
	132
	29
	
	28227
	4270
	15

	35522
	4280
	634
	15
	
	607
	201
	33
	
	31973
	4990
	16

	35523
	3800
	288
	7.6
	
	438
	93
	21
	
	29771
	2980
	10

	Mean
	3990
	
	
	
	500
	
	
	
	29990
	
	

	sb
	253
	F = 0.23
	
	93
	F = 0.39
	
	1883
	F = 0.21

	%RSD
	6.3
	
	
	
	19
	
	
	
	6.3
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	97Sn-3Pb Films

	Sample
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD
	
	Mean
	sw
	%RSD

	35524
	1410
	212
	15
	
	181
	41
	22
	
	30773
	4910
	16

	35525
	1570
	182
	12
	
	163
	83
	51
	
	34042
	3310
	9.7

	35526
	1510
	264
	18
	
	212
	52
	24
	
	36006
	4190
	12

	Mean
	1500
	
	
	
	185
	
	
	
	33607
	
	

	sb
	81
	F = 0.13
	
	24
	F = 0.16
	
	2643
	F = 0.40

	%RSD
	5.4
	
	
	
	13
	
	
	
	7.9
	
	



Symbols:  sw = standard deviation within sample; sb = standard deviation among samples; F = F test ratio from one-way analysis of variance, Fcritical = 4.30
1


Table 4.  Compilation of Mass Fraction Results for Sn and Pb in Thin Films of SRM 1729 on Ni Foil
(All values in %)

	Sample
	33148
	33149
	33341
	33342
	34521
	
	
	
	
	
	
	
	
	

	
	Sn
	Pb
	Sn
	Pb
	Sn
	Pb
	Sn
	Pb
	Sn
	Pb
	Tin
	Lead
	Overall Results

	Line Pairs
	WDXRF Results (Single measurement per sample)
	Mean
	s
	%RSD
	Mean
	s
	%RSD
	Mean
	s
	%RSD

	Sn K/Pb L
	97.2
	2.8
	96.4
	3.6
	96.3
	3.7
	97.1
	2.9
	96.9
	3.1
	96.8
	0.4
	0.4
	3.2
	0.4
	12
	96.6
	0.8
	0.8

	Sn L/Pb L
	96.5
	3.5
	95.4
	4.6
	95.5
	4.5
	96.5
	3.5
	98.3
	1.7
	96.5
	1.1
	1.2
	3.5
	1.1
	32
	3.4
	0.8
	23

	Sn K/Pb M
	97.2
	2.8
	96.0
	4.0
	96.0
	4.0
	97.2
	2.8
	97.2
	2.8
	96.7
	0.7
	0.7
	3.3
	0.7
	21
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	SEM‑EDS (Mean of 3 measurements per sample)
	
	
	
	
	
	
	
	
	

	Sn L/Pb L
	94.3
	5.7
	94.5
	5.5
	94.3
	5.7
	94.9
	5.1
	98.1
	1.9
	95.2
	1.7
	1.7
	4.8
	1.7
	35
	95.5
	1.7
	1.8

	Sn L/Pb M
	96.4
	3.6
	93.7
	6.3
	94.5
	5.5
	96.1
	3.9
	98.7
	1.3
	95.9
	1.9
	2.0
	4.1
	1.9
	46
	4.5
	1.7
	39

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	MicroXRF (Mean of 3 measurements per sample)
	
	
	
	
	
	
	
	
	

	Sn L/Pb L
	98.8
	1.2
	95.7
	4.3
	95.9
	4.1
	98.1
	1.9
	97.4
	2.6
	97.2
	1.3
	1.4
	2.8
	1.3
	47
	96.4
	1.7
	1.8

	Sn K/Pb M
	97.0
	3.0
	94.1
	5.9
	94.1
	5.9
	95.2
	4.8
	98.2
	1.8
	95.7
	1.8
	1.9
	4.3
	1.8
	43
	3.6
	1.7
	48






[image: ]
Figure 1.  Depth profile of lathe-cut surface of bulk SRM 1729.  Glow discharge:  0.8 mm diameter, 600 V discharge spot in Ar-H2 gas (5 Pa).  Color green indicates Sn in the range of 90 % to 100 %.  Color black indicates Pb in the range of 2 % to 10 %.  Other colors indicate contaminant elements Al, C, Cu, Zn and others in the range of 0 % to 0.1 %.  Vertical bars show approximate penetration depth of 20 kV electrons and approximate escape depth of 2346 eV Pb M5‑N6,7 (Pb M) X‑rays.  [Courtesy TAZ GmbH, Germany]













Figure 2.  Electron micrographs of bulk SRM 1729 (left, backscattered electron image) and a thin film created by evaporative deposition of SRM 1729 onto polyester (right, secondary electron image).
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Figure 3.  MicroXRF (Eagle III) map of Pb L3-M4,5 count rates across a 1 cm2 area of the film shown in Fig. 3 (right).  Contour grid intersections mark measurement locations.




















Figure 4.  Backscattered electron image of the cross section of a multi-deposit film on Ni foil.  Film created from 16 alternating deposits of Pb and Sn with a Pb to Sn mass ratio of 1 to 9.  Magnification 10 000; film thickness 1 m.
[image: ]




[image: ]

Figure 5.  Comparison of Recovery of Pb/Sn Ratios for SRM 1729 Chips, SRM 1729 Films and Multideposit Films.  Error bars are standard deviation, 1s.
[image: ]
Figure6.  Calibrations from WDXRF measurements of multi-deposit Sn-Pb films.
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Figure 7.  Calibrations from SEM‑EDS measurements of multi-deposit films.
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Figure 8.  Calibrations from microXRF (iXRF) measurements of multi-deposit films
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