Chemistry 331

Chapter 21: Surface Characterization by Spectroscopy and Microscopy

Introduction to the Study of Surfaces:

The surface of a solid in contact with a liquid or gaseous phase usually has very different chemical composition and physical properties from the interior of the solid.  Characterization of these surface properties is often important in many fields, including heterogeneous catalysis, semiconductor thin-film technology, corrosion and adhesion mechanisms, activity of metal surfaces, embrittlement properties, and studies of the behavior and functions of biological membranes.  

A surface may be defined as the boundary layer between a solid and a vacuum, a gas or a liquid.  We generally think of a surface as a part of the solid that differs in composition from the average composition of the bulk of the solid.  The surface will, therefore, compromise the top layer of the atoms or molecules of a solid as well as a transition layer with a nonuniform composition that varies continuously from that of the outer layer to that of the bulk.  Thus, a surface may be several or even several tens of atomic layers deep.  The difference in composition of the surface layer does not significantly affect the measured overall average composition of the bulk because the surface layer is generally only a tiny fraction of the total solid.  It appears best to adopt an operational definition of a surface as that volume of the solid that a specific measurement technique samples, which recognizes the fact that if several surface techniques are employed, one may obtain different results as a consequence.  

Surface Measurements

1) Classical methods: These provide useful information about the physical nature of surfaces but less about their chemical nature.  They involve obtaining optical and electron microscopic images, as well as measurements of adsorption isotherms, surface areas, surface roughness, pore sizes and reflectivity.  

2) Spectroscopic methods:  These began in the 1950s and provided information about the chemical nature of surfaces, as well as determine their concentration.  

3) Microscopic methods:  These specialize in imaging surfaces and determining their morphology, or physical features.

Spectroscopic Surface Methods:

The chemical composition of a surface of a solid is often different from the interior of the solid.  One should not focus solely on this interior bulk composition because the chemical composition of the surface layer of a solid is sometimes much more important.   Spectroscopic surface methods provide both qualitative and quantitative chemical information about the composition of a surface layer of a solid that is a few angstrom units to a few tens of angstrom units in thickness.  

Technique in Surface Spectroscopy

A spectroscopic examination of a surface is performed in a general way.  The solid sample is irradiated with a primary beam consisting of photons, electrons, ions, or neutral molecules.  The impact of this beam on a surface results in formation of a secondary beam also made up of photons, electrons, molecules, or ions from the solid surface.  The particle making up the primary beam does not necessarily have to be the same as that of the secondary beam.  The scattering, sputtering or emission that results in the secondary beam is studied by a variety of spectroscopic methods.  The most effective surface methods are those in which the primary beam, the secondary beam, or both is made up of either electrons, ions, or molecules and not photons because this limitation assures that the measurements are restricted to the surface of a sample and not to its bulk.  

A general scheme for surface spectrometry is as follows: 


Surface spectroscopy serves to get information about the chemical nature of sample surfaces or surface near regions. The X-ray photoelectron spectrometer allows it to analyze the elemental surface composition quantitatively. Different binding states of the detected elements may be distinguished. Angle resolved X-ray photoelectron spectroscopy is a non-destructive method to investigate the distribution of elements or functional groups in the depth of the sample surface. Time-of-flight secondary ion mass spectrometry may be used to get more information about the molecular structure of the surface layer. Functional groups, oxidized species, additives and other impurities influencing the surface reactivity may detect and imaged according to their lateral distribution on the surface. The knowledge of the chemical surface composition and the kind of functional surface groups is the fundament to evaluate surface reactivity and apply chemical and physico-chemical methods to modify the solid surface. 
Sorption processes (physi/chemisorption, diffusion) at polymer or inorganic surfaces play an important technological role in biomedicine and diagnostics (bioadhesion), galenics (drug stability and delivery), polymer processing (surface modification, coatings), catalysis und sensoric systems. As a valuable tool ATR-FTIR-spectroscopy represents a surface sensitive, integral method enabling quantitative in-situ-studies of processes at relevant surfaces (polymer films, metal oxides) on the molecular level. Methodical Options are in-situ-detection of adsorbed surface active species (gases, surfactants, drugs, reactive polymers, proteins, cells), molecular identification of adsorbates at surfaces by their diagnostic IR-bands, providing of kinetic data (adsorption, diffusion), quantitative surface coverage of adsorbates via a modified Lambert-Beer-law, conformation analysis of adsorbed proteins, orientation of molecules or functional groups by dichroic measurements, and modulation spectroscopy at reversible systems. Adsorption measurements from aqueous or organic solutions are performed on a special ATR-IR-attachment with thermostatable flow through cell, adapted to a BRUKER IFS55. As internal reflection elements (IRE) Ge, Si and ZnSe are used, which may be (spin- and dip-) coated by polymers or metal evaporation. ATR-IR spectra are recorded applying a novel pseudo double beam technique (Single Beam Sample Reference/SBSR).
Scanning Electron Microscopy:

The physical nature of the surfaces of solids is very important to know in various fields of science.  The classical method for obtaining this information was by optical microscopy, which is limited by diffraction effects to about the wavelength of light.  There are currently higher resolutions obtained by new techniques, one being scanning electron microscopy (SEM).  The surface of a solid sample is swept in a raster pattern with a finely focused beam of electrons or with a suitable probe  (a raster is a scanning pattern similar to that used in a cathode-ray tube or in a television set).  This process is repeated until a desired area of the surface has been scanned.  During this scanning, a signal is received above the surface (the z direction) and stored in a computer system, where it is ultimately converted to an image.

	SEM - Scanning Electron Microscopy
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A very widely used technique to study surface topography. A high energy (typically 10keV) electron beam is scanned across the surface. The incident electrons cause low energy secondary electrons to be generated, and some escape from the surface. The secondary electrons emitted from the sample are detected by attracting them onto a phosphor screen. This screen will glow and the intensity of the light is measured with a photomultiplier. 

The incident electrons will also cause X-rays to be generated, which is the basis of the EDX technique. Some of the incident electrons may strike an atomic nucleus and bounce back into the vacuum. These electrons are known as backscattered primaries and can be detected with a backscattered electron detector. Backscattered electrons can also give information on the surface topography and on the average atomic number of the area under the electron beam. 




The Scanning Electron Microscope (SEM)15
The Scanning Electron Microscope (SEM) is a microscope that uses electrons rather than light to form an image. There are many advantages to using the SEM instead of a light microscope. 

The SEM has a large depth of field, which allows a large amount of the sample to be in focus at one time. The SEM also produces images of high resolution, which means that closely spaced features can be examined at a high magnification. Preparation of the samples is relatively easy since most SEMs only require the sample to be conductive. The combination of higher magnification, larger depth of focus, greater resolution, and ease of sample observation makes the SEM one of the most heavily used instruments in research areas today. 

Understanding how the SEM works:

The Electron Source
	The electron beam comes from a filament, made of various types of materials. The most common is the Tungsten hairpin gun. This filament is a loop of tungsten, which functions as the cathode. A voltage is applied to the loop, causing it to heat up. The anode, which is positive with respect to the filament, forms powerful attractive forces for electrons. This causes electrons to accelerate toward the anode. Some accelerate right by the anode and on down the column, to the sample. Other examples of filaments are Lanthanum Hexaboride filaments and field emission guns. 
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A beam of electrons is generated in the electron gun, displayed in the picture above- located at the top of the column, which is pictured to the left. This beam is attracted through the anode, condensed by a condenser lens, and focused as a very fine point on the sample by the objective lens. The scan coils are energized (by varying the voltage produced by the scan generator) and create a magnetic field, which deflects the beam back and forth in a controlled pattern. The varying voltage is also applied to the coils around the neck of the Cathode-ray tube (CRT), which produces a pattern of light deflected back and forth on the surface of the CRT. The pattern of deflection of the electron beam is the same as the pattern of deflection of the spot of light on the CRT.

The electron beam hits the sample, producing secondary electrons from the sample. These electrons are collected by a secondary detector or a backscatter detector, converted to a voltage, and amplified. The amplified voltage is applied to the grid of the CRT and causes the intensity of the spot of light to change. The image consists of thousands of spots of varying intensity on the face of a CRT that correspond to the topography of the sample.
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SEM Ray Diagrams 
These schematics show the ray traces for two probe-forming lens-focusing conditions: small working distance (left) and large working distance (right). Both conditions have the same condenser lens strength and aperture size. However, as the sample is moved further from the lens, the following occurs: 

· the working distance S is increased 

· the demagnification decreases 

· the spot size increases 

· the divergence angle alpha is decreased 

The decrease in demagnification is obtained when the lens current is decreased, which in turn increases the focal length f of the lens. The resolution of the specimen is decreased with an increased working distance, because the spot size is increased. Conversely, the depth of field is increased with an increased working distance, because the divergence angle is smaller. 
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When a SEM is used, the column must always be at a vacuum. There are many reasons for this. If the sample is in a gas filled environment, an electron beam cannot be generated or maintained because of a high instability in the beam. Gases could react with the electron source, causing it to burn out, or cause electrons in the beam to ionize, which produces random discharges and leads to instability in the beam. The transmission of the beam through the electron optic column would also be hindered by the presence of other molecules. Those other molecules, which could come from the sample or the microscope itself, could form compounds and condense on the sample. This would lower the contrast and obscure detail in the image. 

A vacuum environment is also necessary in part of the sample preparation. One such example is the sputter coater. If the chamber isn't at vacuum before the sample is coated, gas molecules would get in the way of the argon and gold. This could lead to uneven coating, or no coating at all. 

Scanning Probe Microscopes:

Scanning probe microscopes (SPMs) are capable of resolving details of surfaces down to the atomic level.  An example of this type of microscope is the scanning tunneling microscope (STM), which was described in 1982, and used essentially for measuring surface topography of samples.  Scanning tunneling microscopes, unlike optical and electron microscopes, reveal details not only on the lateral x and y axis of a sample, but also on the z axis.  The atomic force microscope (AFM) is another widely used scanning probe microscope, which was invented in 1986, and permits resolution of individual atoms on both conducting and insulating surfaces.  A flexible force-sensing cantilever stylus is scanned in a raster pattern over the surface of the sample, and the force causes small deflections of the cantilever.  Both microscopes are based upon scanning the surface of the sample in an x/y raster pattern with a very sharp tip that moves up and down along the z axis as the surface topography changes.  This movement is measured and translated by a computer into an image of the surface topography, which often shows details on an atomic size scale.  

The Scanning Tunneling Microscope

The scanning tunneling microscope3 (STM) provides a picture of the atomic arrangement of a surface by sensing corrugations in the electron density of the surface that arise from the positions of surface atoms.  A finely sharpened tungsten wire (or "tip") is first positioned within 2 nanometers of the specimen by a piezoelectric transducer, a ceramic positioning device that expands or contracts in response to a change in applied voltage. This arrangement enables us to control the motion of the tip with subnanometer precision. At this small separation, as explained by the principles of quantum mechanics, electrons "tunnel" through the gap, the region of vacuum between the tip and the sample. If a small voltage (bias) is applied between the tip and the sample, then a net current of electrons (the "tunneling current") flows through the vacuum gap in the direction of the bias. For a suitably sharpened tip--one that terminates ideally in a single atom--the tunneling current is confined laterally to a radius of a few tenths of a nanometer. The remarkable spatial resolution of the STM derives from this lateral confinement of the current.
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Next, additional piezoelectric transducers are used to raster the tip across a small region of the sample. As the tip scans the surface, corrugations in the electron density at the surface of the sample cause corresponding variations in the tunneling current. By detecting the very fine changes in tunneling current as the tip is swept across the surface, we can derive a two-dimensional map of the corrugations in electron density at the surface.
Procedures for synthesizing various nanoengineered materials often involve depositing the atoms onto a surface in such a way that the surfaces remain free of contamination. The use of ultra-high vacuum enables the preparation and atomic-resolution imaging of atomically clean surfaces, which would otherwise be contaminated immediately in air. That is why we integrated a scanning tunneling microscope into an ultra-high-vacuum environment that includes facilities for the preparation and maintenance of atomically clean surfaces, as well as sources of the material to be deposited. We also integrated complementary, conventional surface diagnostics equipment, such as a low-energy electron diffraction probe, into this environment. The latter measures the long-range order on a surface, and STM presents the short-range order that otherwise might not be detected. In this environment, the STM offers a new opportunity for direct diagnosis of how the processing conditions affect the atomic details of surfaces.
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Figure 1. Artist's renderings of a scanning tunneling microscope (STM). (a) Plan view of the STM mounted in an ultra-high-vacuum chamber. (b) The probe tip as held by a tripod, which consists of three piezoelectric cylinders that expand or contract in the directions (x,y,z) shown to displace the tip. (c) A close-up of the tip within tunneling distance of the surface of the specimen being viewed, showing the ribbon-like path that the tip follows above the surface atoms during scanning.
A Copper Surface
This is what a copper surface looks like through the Scanning Tunneling Microscope:
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Chain of Carbon atoms

STM image, 7 nm x 7 nm, of a single zig-zag chain of Cs atoms (red) on the GaAs(110) surface (blue):




The Atomic Force Microscope

The atomic force microscope (AFM) was invented by Binnig, Quate, and Gerber, in 1986. Like all other scanning probe microscopes, the AFM utilizes a sharp probe moving over the surface of a sample in a raster scan. In the case of the AFM, the probe is a tip on the end of a cantilever, which bends in response to the force between the tip and the sample.  The first AFM used a scanning tunnelling microscope at the end of the cantilever to detect the bending of the lever, but now most AFMs employ an optical lever technique.  The diagram illustrates how this works; as the cantilever flexes, the light from the laser is reflected onto the split photo-diode. By measuring the difference signal (A-B), changes in the bending of the cantilever can be measured.   Since the Cantilever obeys Hooke's Law for small displacements, the interaction force between the tip and the sample can be found.  The movement of the tip or sample is performed by an extremely precise positioning device made from piezo-electric ceramics, most often in the form of a tube scanner. The scanner is capable of sub-angstrom resolution in x-, y- and z-directions. The z-axis is conventionally perpendicular to the sample. 
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The atomic force microscope (AFM) operates by measuring attractive or repulsive forces between a tip and the sample. In its repulsive "contact" mode, the instrument lightly touches a tip at the end of a leaf spring or "cantilever" to the sample. As a raster-scan drags the tip over the sample, some sort of detection apparatus measures the vertical deflection of the cantilever, which indicates the local sample height. Thus, in contact mode the AFM measures hard-sphere repulsion forces between the tip and sample.  In noncontact mode, the AFM derives topographic images from measurements of attractive forces; the tip does not touch the sample. 

AFMs can achieve a resolution of 10 pm, and unlike electron microscopes, can image samples in air and under liquids.

In principle, AFM resembles the record player as well as the stylus profilometer. However, AFM incorporates a number of refinements that enable it to achieve atomic-scale resolution: 

· Sensitive detection 

· Flexible cantilevers 

· Sharp tips 

· High-resolution tip-sample positioning 

· Force feedback 
AFMs can generally measure the vertical deflection of the cantilever with picometer resolution. To achieve this most AFMs today use the optical lever, a device that achieves resolution comparable to an interferometer while remaining inexpensive and easy to use.

The optical lever (figure 1) operates by reflecting a laser beam off the cantilever. Angular deflection of the cantilever causes a twofold larger angular deflection of the laser beam. The reflected laser beam strikes a position-sensitive photodetector consisting of two side-by-side photodiodes. The difference between the two photodiode signals indicates the position of the laser spot on the detector and thus the angular deflection of the cantilever.

Because the cantilever-to-detector distance generally measures thousands of times the length of the cantilever, the optical lever greatly magnifies motions of the tip. Because of this ~2000-fold magnification optical lever detection can theoretically obtain a noise level of 10-14 m/Hz1/2 Putman et al., 1992). For measuring cantilever deflection, to date only the relatively cumbersome techniques of interferometry and tunneling detection have approached this value.
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Figure 1. Concept of AFM and the optical lever: (left) a cantilever touching a sample; (right) the optical lever. Scale drawing; the tube scanner measures 24 mm in diameter, while the cantilever is 100 µm long.

Gold cluster

10 nm gold cluster on mica substrate. Non-contact:
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Some Useful References include…

http://www.people.vcu.edu/~srutan/chem409/pp222_231/sld002.htm
http://www.ipfdd.de/research/res15/res15.html
http://www.uksaf.org/tech/sem.html
http://www.mse.iastate.edu/microscopy/home.html
http://www.llnl.gov/str/Scan.html
http://stm2.nrl.navy.mil/how-afm/how-afm.html
http://spm.phy.bris.ac.uk/techniques/AFM/
http://www.nobel.se/physics/educational/microscopes/scanning/gallery/6.html
_1145644439.bin

