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c.  Purpose

This program seeks to develop a predictive understanding of the effects of directed energy sources (ions, electrons, and photons) on the composition, structure, and material properties of surfaces and other materials whose dimensions are of atomic scale.  Tools, based on laser postionization of atoms and molecules desorbed by directed energy sources, have been developed at Argonne National Laboratory (ANL) and provide the program with uniquely sensitive methods for trace analysis of surfaces and nano-materials, and for probing particle-surface and laser-surface interactions.  In the case of nano-materials the tools developed here allow analysis of samples whose volumes are smaller by two orders of magnitude than any other instrument.  In the case of trace analysis of bulk materials, a detection limit of 100 parts per trillion has been demonstrated and methods to improve the detection limit to a level of 1 part per trillion are being developed.
e.  Approach

W. F. Calaway (80%), M. J. Pellin (35%), J. F. Moore (20%), M. R. Savina (20%) and I. V. Veryovkin (20%)

Trace analysis

Efficient detection of small numbers of atoms: Detection of a small number of atoms present at low concentration in a solid sample is an important and challenging analytical problem. The two extremes of this problem are (1) small samples that contain limited numbers of atoms, such as nanoparticles, and (2) samples that contain very low concentrations of the element of interest in a background of potentially interfering species (ultra-trace analysis).  Examples of the practical importance of such measurements are found in the semiconductor industry, where feature sizes have shrunk to the point where single impurity atoms can be detrimental; in environmental processes where particulates play a dominate role in atmospheric pollution and radiation forcing; and in nanoscience where devices contain very few total atoms.  The difficulty comes from the need to efficiently detect and unambiguously identify very small numbers of trace atoms and molecules in such structures, while discriminating against the vast numbers of matrix atoms that constitute the bulk of the material under investigation.  Tools developed based on Resonant Ionization Mass Spectrometry (RIMS) are the most sensitive in the world by several orders of magnitude for such surface and particulate analyses.  This sensitivity arises from an ability to very efficiently ionize and detect atoms and molecules using advanced tunable laser techniques.  The resonant nature of the process ensures high discrimination against matrix species, even those having the same mass as the analyte.  The unique combination of RIMS with high quality in situ optical microscopes and tightly focusable ion beams allows us to perform these challenging analyses on sub-micron samples.  Sub-part per billion concentration measurements have been achieved while measuring samples containing only a few thousand atoms of interest.  Future work will extend this limit to 1 part per trillion. To utilize these instruments to their full potential, collaborations with many other research groups and industrial partners have been established.

Universal elemental analysis: A second grand challenge for analytical science arises from the need to quantitatively determine the concentration of every element present in a sample. An ideal detection technique would postionize every desorbed species with such high efficiency that mass dispersive detection would be a direct measure of composition. When applied to laser postionization, this criterion requires a laser source capable of universal photoionization, despite the large variation in photoionization cross sections among elements. Several techniques are being explored in the analysis community including intense non-resonant laser ionization and femtosecond laser ionization.  By contrast, our program is focused on laser sources that produce short laser wavelengths and high pulse energy, such that ions of most elements are created by single photon ionization (SPI).  This approach is both simpler and more efficient than other methods, but has been limited by the availability of appropriate laser sources.  Recently, our research program was enhanced by incorporation of both fixed frequency and tunable vacuum ultraviolet (VUV) sources. The present state of the art for VUV light sources is the fixed frequency F2 laser (157 nm; 7.87 eV).  Two such lasers are now in operation on two of our time-of-flight (TOF) instruments.  Depending upon the photon energy and laser intensity, SPI techniques can access a large fraction of the periodic table while matching the efficiency of resonance ionization methods.  Recently, free electron lasers (FEL) able to produce coherent, tunable VUV radiation have been developed at Argonne and in Germany. These tunable light sources expand the number of elements amenable to photoionization techniques (especially, heretofore inaccessible light elements).
Analysis of organic and biological molecules: The VUV spectral region from 7-11eV has two attributes that make it attractive for photoionization of biomolecules and other organics: (1) high photoionization cross sections, leading to high detection efficiencies, and (2) overlap with the first ionization energies of nearly all of these molecules.  Furthermore, control over fragmentation is in principle possible by accessing different final states using different wavelengths. The lack of available tunable lasers in this energy range has generally hindered exploitation of these methods thus far. The free-electron laser in operation at ANL provides high pulse energy and widely tunable light pulses (660-120 nm; 1.9-10.3 eV) making it ideal for photoionization of organics including biomolecules such as peptides and nucleosides.  This tunable laser, along with a fixed frequency (7.87 eV) F2 laser, is presently coupled to our newly constructed laser post-ionization (LPI) Secondary Neutral Mass Spectrometry (SNMS) instrument (referred to as “SPIRIT”).
Presently, research in this program is emphasizing the analysis of molecules of biological interest. These molecules are either prepared with polycrystalline organic matrixes, or absorbed onto textured metal substrates. Either a pulsed ultraviolet laser or a primary ion beam is used to introduce the sample to the gas phase, followed by photoionization with one of the VUV lasers.  SPIRIT uses a novel ion optical system developed to extract photoions from a large photoionization volume, while maintaining high mass resolution.  By this method, dramatically improved detection limits over more conventional analytical tools are achievable.
Instrument Development: The potential high sensitivity of LPI SNMS can only be achieved with an instrument of extremely high efficiency.  With such an instrument, detection limits can be reached that are superior to other analytical techniques. To perfect instrument efficiency, every aspect of operation (such as photoionization, extraction, transmission and detection of photoions) needs to be thoroughly examined and optimized.  The goal is to maximize instrument useful yield (defined as the number of atoms detected divided by the number of atoms consumed) while maintaining high mass resolution. This effort is aided by three-dimensional computer modeling of the sputtering and photoionization processes and by modeling photoion transport through the time-of-flight mass spectrometer. The unique expertise accumulated within our group on the fundamentals of ion sputtering and on ion optical modeling creates the perfect basis for this effort.  The design and construction of new highly efficient mass spectrometers underpins our entire trace analysis program.  For this reason, the SNMS instruments at ANL are designed and built in-house, and experimental innovations and instrumental improvements are continually being developed, tested and implemented. This research effort has created the world class instrumentation now being used throughout our entire research program.
Fundamental Studies of Particle Desorption

Ion Sputtering: The goal of this research is to identify, to study and to understand mechanisms that govern the basic chemistry and physics of phenomena initiated by energetic ion bombardment. The experimental characterization of the abundance and energy distributions of atoms and molecules or clusters ejected during the ion sputtering process is necessary to develop more accurate theoretical models describing the deposition and dissipation of energy in solids and liquids during particle-surface interactions. This, in turn, improves the understanding of the underlying fundamental mechanisms. Ion sputtering can occur in physical (knock-on) or chemical regimes. Ion mixing and preferential sputtering (observed for multi-component targets) also increase the complexity of the phenomena. In addition to the dependence on the primary ion energy and mass, significant differences are observed in emission phenomena for atomic and polyatomic ion bombardment. As the dominant species ejected in the sputtering process are almost always neutral species, the detection of sputtered neutrals (as opposed to secondary ions) is very important. These neutral atoms and molecules must be postionized to be detected. Our research program relies primarily on LPI SNMS as the most accurate and sensitive technique for characterization of the ejected neutral material. At the same time, the complementary detection of secondary ions is of considerable importance because it provides information on ionization processes in one of the energy dissipation channels. To this end, Secondary Ion Mass Spectrometry (SIMS) is also used.
Laser desorption: Laser-surface interactions can vary enormously depending on laser parameters such as wavelength, pulse length, and power density.  Our studies encompass (1) laser-stimulated desorption, which is ideal for desorption of a few monolayers of material for analytical purposes, and (2) material damage due to laser interactions with embedded nanoparticles in transparent media.  These regimes span the continuum of mechanisms by which lasers remove material from surfaces.  Our investigation of laser desorption phenomena follows the same principles as our study of ion sputtering, namely it relies on the detection and characterization of ejected neutrals to gain insight into the energy deposition and distribution processes occurring at or near the surface. As with sputtering, directly accessing the neutral channel provides a probe of the abundance and energy distributions of the majority species that are ejected and is used to test and improve models of laser-surface interactions.
Surface segregation: Chemical potentials at surfaces drive the surface segregation of elements in materials.  Developing new materials by taking advantage of this effect requires understanding the phenomena at play.  Kinetics during etching reactions, for example, can be greatly affected by the segregation of components in a material, particularly at temperatures where thermal diffusion is limited.  Treatment of materials in aggressive (typically oxidizing and high-temperature) environments is performed in a specially designed apparatus with controlled temperature and on-line gas composition measurement.  Surface analytical tools, particularly x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy are then used to measure the composition and the nature of chemical bonding at surfaces and in films. Scanning electron microscopy is used as a complementary tool to measure the surface morphology and microstructure of the materials.

f.  Technical Progress

Trace analysis
Efficient detection of small numbers of atoms: We have continued our work on abundance and isotopic analysis of trace elements in micron and sub-micron sized objects.  Silicon carbide stardust grains have been analyzed for a variety of trace elements (Ba, Sr, Mo, Zr, Ru and Fe).  This work has an isotopic precision comparable to SIMS, yet it is done on grains containing 1000-fold fewer atoms and demonstrates the unique capabilities of RIMS for isotopic trace analysis on small samples.  These measurements are important because they provide significant insights into the inner workings of stars and into the physics of neutron capture processes.  We have discovered traces of extinct technetium in stardust grains.  Because technetium has no stable isotopes, we have proved directly that the stars were actively producing atoms at the time the dust grains formed.  This is the first detection of extinct technetium in extraterrestrial materials, despite more than a decade of searching by other groups, and could not have been done any other way.  We have also used this data to show that some neutron capture measurements are likely in error, and have made predictions as to the correct values.  

We have also begun work on detecting live 244Pu (half-life = 80 million years) in deep-sea sediments.  This is undertaken to determine the frequency with which supernova explosions have delivered material to the Earth over the last 800 million years.  Previous measurements using accelerator mass spectrometry set an upper limit of 106 244Pu atoms per 1 kg sample of sediment, but failed to make a positive detection.  This is true ultra-trace analysis, and we have begun developing the special techniques required for this project (i.e. sample preparation, instrumental methods, etc.) using proxy elements and will attempt the plutonium detection this year.

Universal elemental analysis: With completion of construction of the SPIRIT instrument in FY2003, efforts have focused on testing instrument capabilities and understanding the barriers that remain to achieving the goal of quantitative analysis for all elements simultaneously while maintaining the earmark sensitivity of RIMS.  Past efforts to examine photoionization cross sections of transition metals at 157 nm have been reinitiated using a new F2 laser having a higher pulse energy (8 mJ/pulse).  In addition, measurements of a series of elements (Ca, Mg, Si, Ti, Fe, Ni and Sn) in complex matrices (SiC, CaTiSiO5 and MgCaSi2O6) have been completed as a first step of a comprehensive study to assess quantitative analysis in the presence of isobaric interferences.  While sensitivity can be improved with SPI SNMS compared to SIMS, both techniques suffer from the same difficulties associated with molecular interferences.  We have begun a collaborative effort with Academia Sinica, Taiwan to develop methods to improve instrument mass resolution for the purpose of separating isobaric interferences from the signal.  Studies of SPI using the tunable VUV FEL at ANL have also continued.  A series of measurements on samples (Si, Au, SiC, AuBe and AuP alloys) containing high ionization potential (IP) elements have been performed by measuring signal intensities for elements and molecules above and below the ionization potentials of the various species.
Analysis of organic and biological molecules: A more powerful F2 laser was recently placed into operation on SPIRIT, and a number of studies were performed to demonstrate the value of VUV photoionization for analysis of biomaterials by SPI SNMS.  Guanosine and cisplatin both show a substantial increase in signal levels over the direct ion channel when using VUV photoionization.  Using the free-electron laser, peptides were photoionized at wavelengths between 160 and 130 nm and detected with very little fragmentation.  Measurements of functionalized surfaces for use in biosensors has also begun, with some promising early results using laser desorption.

In the case of the common peptide, substance P, a substantial improvement over the direct ion signal is found in addition to very little observed fragmentation of the molecule using 8.5 eV photons. Nucleosides were also measured with good improvements in detection efficiency when using SPI.  For example, increased signal levels of from one to two orders of magnitude are measured for guanosine and a guanosine-phenyl adduct.  For cisplatin, an important cancer drug, the photoion signal with 7.87 eV photons was a factor of 500 higher than the secondary ion signal.  These and other examples show the clear benefits of SPI SNMS to high sensitivity mass spectrometry of biomolecules with the increasing availability of VUV laser sources and our unique mass spectrometer design.

Instrument Development: SPIRIT is the first of three similarly designed high efficiency LPI SNMS instruments built at ANL. Since construction completion, SPIRIT has undergone extensive tests with both the VUV FEL and F2 lasers. One of the main goals of these tests is to characterize instrument useful yield and mass resolution. Measurements from sputtered Mo samples followed by photoionization with an F2 laser produce a useful yield near 20% and a mass resolution (m/Δm) of better than 1500.  Instrument development work with SPIRIT this year includes: (1) addition of a second detector, which permits operation in a linear TOF mode for measuring large biomolecules, (2) installation of a N2 laser and optics to enable the laser desorption analysis mode, (3) optimizing the alignment and cross sectional area of the F2 lasers, (4) equipping SPIRIT with an optical spectrometer to measure the wavelength of the VUV FEL and with photoelectron emission sensors to measure laser pulse energies.  Installation of these last instruments is the first step toward measuring photoionization cross sections for high IP elements at various wavelengths.
The second new instrument (which will have the name SARISA) is under construction and is due to be completed during the spring of 2004.  In contrast to the vertical geometry of SPIRIT, SARISA is horizontal, permitting a longer ion flight path and thus improved mass resolution.  SARISA will also have two additional ion sources, a liquid metal ion gun for high spatial resolution (50 nm) analysis and a normal incident, low energy ion gun under development at ANL for high resolution depth profiling.  A new sample manipulator stage and a loadlock system were designed and constructed for SARISA.  Once perfected, these improvements also will be installed on the other two LPI-SNMS instruments. The sample manipulator features in-vacuum closed loop travel with precision that is better than 30 nm. The loadlock system has been designed with special transportable chambers that will allow samples to be moved between instruments and/or directly loaded from remotely located cleanrooms, minimizing contamination.
Fundamental Studies of Particle Desorption

Ion Sputtering: Experimental studies chosen to test and refine sputtering theory continue to be emphasized.  The characterization of cluster sputtering, which has proven so productive for gleaning how particle-solid interactions differ from binary collision theory, continue with studies of binary alloys.  The availability of the VUV FEL at ANL permits studies of new systems that were previously inaccessible.  In particular, clusters ejected from Al-Au alloys under 15 kV Ar+ ion bombardment are being examined.  Interestingly, only clusters containing Au-Al and Al-Al are present in the sputtered neutral flux, while clusters containing only Au are absent. This result may be unique to the Al-Au system due to the reasonably strong Al-Au bond and the large mass difference between the two constituents. Significantly, this study and its surprising result could only be accomplished at ANL, due to the sensitivity of our instrumentation and the presence of the VUV FEL, since Au has such a high ionization potential (9.2 eV).

Our collaboration with the Universities of Antwerp and Ghent (both in Belgium) to study sputtering with polyatomic primary ions has continued. Kinetic energies of Tan+ and Nbn+ ions (1≤n≤10) sputtered from pure Ta and Nb targets by 6 keV/atom Au-, Au2- and Au3- ions were compared after energy spectra of these ions had been recalibrated using a newly developed data processing algorithm. Most probable and mean energies were determined for the sputtered ions, and their energy spectra were converted into flux distributions over inverse velocities. Strong differences were observed between results for atomic and diatomic sputtered secondary ions when compared to larger sputtered cluster ions (having more than seven atoms). Examination of the secondary ion flux generated by atomic and polyatomic primary ion bombardment showed dramatic changes in emission of atomic and diatomic sputtered species, but almost no differences for larger sputtered clusters.  A comparison of Ta and Nb as target material, revealed many similarities and no principal differences, the only differences being attributable to the difference in mass of the two elements.
Laser desorption: We have studied the effects of nanoparticles on the damage threshold of optical materials.  This project encompasses both trace analysis and laser desorption fundamentals.  Gold nanoparticles are used to simulate grit particles like those used in polishing high quality optical materials intended for use in the world’s most powerful lasers, such as the National Ignition Facility in the US and the Laser MegaJoule in France, but also has applications in understanding damage mechanisms in any brittle transparent material.  Because the gold particles are small (a few nm in diameter), and embedded relatively deeply in the substrate (a few hundreds of nm), the number of atoms that absorb laser energy and are subsequently ejected from the sample is very low.  We have shown that although the energy deposited in the nanoparticles is insufficient to account for the observed damage (micron-size craters), the particles are nonetheless the cause of the damage.  We have done this by establishing that gold emission always precedes material damage, and that there is an incubation period of several tens of shots between gold emission and detectable damage.  This result, coupled with Nomarsky and Photothermal microscopy, clearly shows that the nanoparticles initiate defect sites in the material, which then absorb laser radiation and grow until a critical defect density is attained, at which point catastrophic damage occurs.  We are the first to directly observe this process.
Surface segregation: Work in surface segregation in chemically aggressive environments continues.  Over the last year, an effort was made to better understand the selective etching processes in silicon carbide exposed to He/H2/Cl​2 mixtures at high temperatures and ambient pressure. The resulting carbide-derived carbon (CDC) films have been claimed by some researchers to have diamond inclusions, a claim that has not been readily verified.  In our experiments, the created film thickness varied from 100 nm to 1 µm in direct proportion to the treatment time at the fixed gas mixture.  Under aggressive treatment (Cl2 concentration greater than 3.5% and/or temperatures exceeding 1000°C) the film surface became friable and most likely consisted of amorphous carbon.  At lower temperatures and lower Cl2 concentrations, the films have a dense structure and show excellent adhesion to the SiC substrate. XPS and Raman spectra showed that the created films were predominantly nanocrystalline graphite but also have some sp3 bonded carbon (up to 15% of the composition), with some impurities due to oxygenated species. We propose that CDC films could be used to seed growth of ultra nanocrystalline diamond (UNCD). To date, some experiments have confirmed this possibility, but the density of sp3 bonded carbon is not sufficiently high to create uniform UNCD films.

g.  Future Accomplishments

Trace analysis

Efficient detection of small numbers of atoms: As our new instrumentation comes on line, we will have the ability to analyze smaller objects, to analyze for elements present at lower concentrations in those objects, and to perform multiple element analyses on those objects.  This will allow us to extend our stardust analyses to smaller grains that are more representative of the particle size distribution (our current analyses are done only on the largest grains), and to analyze for rare elements in the grains such as tungsten and lead, which are important in understanding key features of stellar nucleosynthesis and in determining the ages of the grains.  We know that the gains are older than the sun, but no one knows how much older.  The new instrumentation will also allow us to conduct analyses at higher precision than is currently possible.  This is important in the investigation of elements in grains where deviations from terrestrial composition are small but significant.  Our current results show that this is important in a particular class of grains whose origins are unknown.  Not only can higher precision analyses assign origins to these grains, more precise results are also important in studying galactic chemical evolution, that is the history of the elemental and isotopic abundance pattern of the galaxy from formation to the present day.  We are also planning a measurement campaign designed to detect live 244Pu in deep-sea sediments as described above.

Universal elemental analysis: We will continue to pursue the goal of producing an instrument as sensitive as our RIMS instrument without the single-element limitation of resonance ionization.  Such an instrument is important for the total analysis of one-of-a-kind grains and nanometer-scale surface features.  There are two areas that require attention to achieve this goal, namely universal photoionization and mass resolving power.  To obtain universal photoionization, several research directions will be pursued that employ SPI, since all elements with ionization potentials below the photon energy may then be photoionized.  For postionization of neutrals, high sensitivity can only be achieved when the photoionization volume is large and photoionization within that volume is saturated. This is a difficult task, since SPI cross sections are smaller than those for resonance transitions. To maintain the power density required for saturation, we will develop a multi-pass system for the F2 laser beam. With this multi-pass system in combination with more intense high repetition rate F2 lasers, it should be possible to saturate photoionization for most elements possessing ionization potentials below the F2 laser photon energy of 7.87 eV.  With such a system in place, relative sensitivity factors (RSFs) for SPI analyses using 157 nm light can be established.  Such a database will allow simultaneous quantitative analyses of most metallic elements from a solid sample (>75% of the periodic chart).  The second area that will be addressed is improvements in instrument mass resolution.  Universal elemental analysis will be possible only if molecules and elements having similar masses can be distinguished. Optimization of the mass resolving power of an electrostatic mirror time-of-flight instrument is a complex task. Ion trajectory calculations will be combined with experimental tests to search the large parameter space of the instrument and to help assess the trade-off between signal intensity and mass resolution.

Analysis of organic and biological molecules: Further reductions in detection limits for biological molecules and the demonstration of selective fragmentation are primary goals in the coming years.  Fundamental studies are planned to better understand how excess energy from photoionization partitions within molecules and how fragmentation occurs in large molecules.  Given planned improvements to the experimental technique, measurements of larger molecules with potential for diagnostic value in biological systems will become possible and will be explored.  Finally, surfaces functionalized with peptides and membrane proteins prepared by our collaborators will be studied.

Instrument Development: Further optimizations and improvements to the SPIRIT and SARISA instruments are planned as well as conversion of the CHARISMA instrument to the new design. The SPIRIT and CHARISMA machines will be equipped with sample manipulation and loadlock systems identical to those on SARISA. Major sources of vibrations in SPIRIT will be identified and damped.  This will improve the lateral and depth resolutions of the SPIRIT instrument when the high-resolution sample manipulator stage is installed.  Work on characterization of the analytical capabilities of the instruments will continue. This will include testing a dual-beam depth profiling analysis mode as well as sample imaging using a rastered ion beam and secondary electron detection.
Future instrument developments will include a method to filter the ion flux reaching the detector as a function of time and energy.  The detector assembly for SARISA has been redesigned to accommodate a series of electrically isolated grids in front of the detector face. This will permit improved filtering of low-energy ions transmitted through the reflectron mass analyzer and controlled attenuation of individual mass peaks.  Filtering of low-energy ions is extremely important for all trace analysis applications since they represent a significant noise source in LPI SNMS measurements.  Controlled attenuation of individual mass peaks in a spectrum (time filtering) is important in order to protect a detector from saturation effects.  This has application when measuring a weak signal shortly after the arrival of a strong signal at the detector, as is often the case for less abundant isotopes.  Another possibility is to use the new grid design to improve detection efficiency.  It has been suggested, but never demonstrated, that the efficiency of microchannel plates (MCP) can be improved by placing an electric field in front of the MCP face, which will reflect secondary electrons back on to the detector. We will also comparatively study pulse height distributions of different detectors in order to identify the best type of detector and its optimal operation mode.

Fundamental Studies of Particle Desorption

Ion Sputtering: Studies will continue to focus on understanding the fundamental mechanisms of ion sputtering through characterization of the atomic and molecular flux as well as the neutral and charged fractions of the sputtered flux.  A predictive capability of the partitioning between neutrals and ions, and atoms and molecules, is crucial for accurate quantitative analysis and for surface modification applications when using sputtering. Ion fraction and molecular abundance can vary substantially for different sputtered materials, surface conditions and primary ion projectile size and energy.  Future studies will focus on examining sputtering of multicomponent materials such as metal alloys and layered materials such as thin oxide films. In studies aimed at quantifying neutral and ion fractions, ANL’s tunable VUV FEL and the F2 lasers are valuable tools since a large range of atoms and molecules can be single-photon ionized with these lasers. Also available at ANL are ion guns capable of providing various atomic and molecular species for primary ion bombardment, which will be used to produce comparative sets of experimental data on sputtering yields and ionization probabilities.
Laser desorption: New instrumentation will also play a significant role in the future direction of laser desorption studies.  Current studies rely on the detection of a few atoms ejected from the samples.  With better detection limits, laser desorption processes can be studied in much greater detail.  In addition, VUV ionization will enable studies of the flux of matrix atoms (which have high ionization potentials) ejected during the initiation, incubation, and damage phases of the process, in order to gain a better understand of mechanisms during energy flow and defect formation.

Surface segregation: Continuing studies on the interaction of SiC with H2/Cl2 resulting in selective Si etching and CDC film growth are planned.  Determination of the optimal conditions (gas mixture, temperature, and exposure time) for the creation of sp3 structured carbon will be conducted. Different gas mixtures (CH4 instead of H2) will be used to significantly change the chemistry.  Additional structural characterization of the CDC films will be done using scanning tunneling microscopy and X-ray diffraction.  Density-functional based molecular dynamics calculations will be used for modeling the rearrangement of carbon atoms during the silicon carbide etching.  

Segregation during ion sputtering will also be explored.  For near-surface compositions (the top 5 nm of a material), XPS is a quantitative technique above the ~0.5% detection limit.  Ion probe techniques, such as used in LPI SNMS, exhibit a changing sensitivity in this depth scale due to preferential sputtering, but have much lower detection limits as we have demonstrated.  These complimentary techniques will be used to study materials known to segregate strongly at the surface, such as In-Ga alloys.

h.  Relationships to Other Projects

This program has major collaborations with (1) other ANL programs in the Energy Systems and Technology Development Divisions as well as at the Advanced Photon Source; (2) other DOE programs at Lawrence Livermore National Laboratory, Los Alamos National Laboratory and Oak Ridge National Laboratory; (3) other federal laboratories at NASA’s Johnson Space Center and the Jet Propulsion Laboratory; (4) university programs in the U.S. at California Institute of Technology, University of Chicago, Northwestern University, University of Illinois – Chicago, Loyola University – Chicago, Clemson University, and Washington University (St. Louis); (5) university and academia programs around the world at Universität Essen (Germany), University of Newcastle (Australia), Australian National University (Australia), Technische Universität Wien (Austria), University of Antwerp (Belgium), University of Ghent (Belgium), Institute of Earth Sciences (Academia Sinica, Taiwan); Universität Kaiserslautern (Germany) , Universitá de Torino (Italy), Hebrew University of Jerusalem (Israel), Cambridge University (United Kingdom), Warwick University (United Kingdom) and (6) Commissariat a l'Energie Atomique (France).



