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Introduction to Surface Studies with Scanning Probe Microscopies


Surface analysis begins with the understanding that the outermost plane of any object is characterized by significantly different physical properties than either the bulk material or its surroundings.  The idea of “surface” usually connotes the discontinuous segregation of a solid material from a surrounding fluid; but all surfaces are more generally categorized as interfaces between two distinct materials, whether that distinction happens to be physical or chemical.  A melting ice cube is a common example of an interface between like molecules of two phases, while the paint on your car forms a solid-solid interface with the metal, plastic, or fiberglass of the body.  However, even these interfaces are not as severely discontinuous as one might think, except in a strictly atomic scale consideration.  An interface will consist of a few or more molecular layers that transition from one phase to the other in a gradual, step-wise fashion.  The water-ice interface is characterized by a density gradient.  Most metal elements under ambient conditions have several or more monolayers of water vapor, hydrocarbons, and atmospheric gases like carbon dioxide and nitrogen adsorbed to an oxide layer coating the “pure” metal.  Even the interface of two immiscible liquids is probably some finite, though extremely minute, thickness filled with some mixture of the two molecules.


Directed study into the composition and properties of interfaces has tremendous value for all theoretical and practical fields of science.  Knowledge of a system’s interfaces has applications in adhesion, friction, wear and corrosion, catalysis, rheology, metallurgy, biology, electronics, meteorology, and the list goes on ad nauseam.  Surfaces and interfaces are quite literally everywhere; this fact alone is enough to establish their importance.


Perhaps the greatest improvement in surface analysis technology in the previous decade was the invention of the scanning probe microscope (SPM), and more specifically the scanning tunneling microscope (STM), by Gerd Binnig and Heinrich Rohrer in 1981 at IBM Ruschlikon Laboratories in Zürich [1].  Scanning tunneling microscopy uses an atomically sharp metal probe to image the microscopic topography of conducting or semi-conducting surfaces by rastering the tip over an area while recording the current of tunneling electrons “jumping” the few Ångstroms that separate tip and surface [2].  This rastering, or scanning, is accomplished by piezoelectric transducers (PZTs) that can manipulate either the probe or the sample in all three spatial dimensions by microns or fractions of an Ångstrom.


All SPMs operate with the same basic design (Fig. 1) using a sharp probe to measure surface properties [3].  Initially, these measurements were limited to morphological probing only.  It was soon discovered that the STM was capable of atomic resolution in the x-y plane and sub-Ångstrom resolution in the normal direction.  STM is also useful for studying the electronic structures of materials, both qualitatively and quantitatively.  Special systems have been designed that even allow non-conducting organic molecules to be probed by STM when supported by conducting or semi-conducting substrates.


While the microscopic world is dominated by the metric system, the Ångstrom is still ubiquitous for atomic discussions (1 Å = 10-10 m).  In order to associate better the magnitude of these scales, some examples from the world of microstructures are valuable as references.  The unaided human eye can distinguish between two points separated by a tenth of a millimeter—100 microns (m)—under the right lighting and background; the diameter of a human hair is typically ~100 m.  A red blood cell is several microns and a smoke particle may be as small as 0.1 m, or 100 nanometers (nm).  The common, optical (far-field) microscope is capable of resolving all of these except the smoke particles, which might possibly be discernible via scattered light.  The true far-field microscope resolution is limited to scales of /2.3, where  is the wavelength of light used [4]; for “white” lighting /2.3 is 200-300 nm.  It was this physical limitation that spurred the use of shorter wavelength probes.  The next most common probe is the electron that behaves with wave-like properties under many conditions.  The scanning electron microscope (SEM) and the transmission electron microscope (TEM) have been in use for several decades and are able to routinely image morphological features ranging from 10 m to 1 nm.  The TEM is capable, under ideal circumstances, of atomic resolution.  (The average bond length between two aliphatic carbon atoms is 1.54 Å; the atomic radius of gold is ~3 Å.)
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SPMs have some very important advantages over the electron microscopes.  Generally, SPMs are cheaper, smaller, operable in ambient conditions, and capable of real topographic probing where optical and electron microscopes can directly give only two-dimensional measurements.  The invention of the atomic force microscope (AFM) [5] has enhanced human capabilities to deal with the nanoscale realms of reality and extended SPM applications to insulating substrates.  Continuing in the footsteps of its older brother the STM, the AFM (Fig. 1) uses a sharp probe mounted on a flexible, reflective cantilever to raster over a surface for acquiring three-dimensional topography ranging from microns to Ångstroms and measurements of van der Waals attraction, double-layer repulsion, electrostatic, magnetic, chemical, friction, and hydration forces below nanoNewton sensitivity [3,4].  Optical lever techniques and interferometry are most commonly used to detect deflections of the cantilever caused by these interparticle interactions between tip and surface.  Numerous modes of operation are continuously being discovered that broaden the SPM applications to map surface properties such as adhesion, viscoelasticity, phase transition temperatures, thermal expansivity, diffusivity, and conductivity, capacitance, electric and electrochemical potentials, and more [6]. 


SPM setups have varied in a few important ways since their production, from homemade units to standard commercial models [1-3].  Designs for ambient and/or vacuum operating conditions are common.  The SPM can be fitted with a liquid cell under ambient or purged atmospheres (i.e. N2 or Ar) for solid/liquid, liquid/liquid, or liquid/gas operations.  Depending on the unit, usually only small samples can be probed—just a few centimeters in any dimension.  But freestanding designs capable of scanning any size sample (e.g. semiconductor wafer dia. ~15 cm) are also available.
 Another common difference in design is the manner of vibration isolation.  Since very small dimensions are of interest, any acoustic, electrical, or structural vibrations can seriously hamper the SPM’s capability to resolve features.  SPMs are often mounted on air tables or suspended from bungy cords, but these are not always reliable noise isolators.  Magnetic flotation or cryogenics coupled with air tables or damping plates are more efficient and expensive.


In most designs the probe is stationary while the sample is mounted on the scanner housing the piezotube (Fig. 1).  Depending on scanner size, square regions microns on a side may be imaged without having to move the sample either manually or with motors.  Surface features varying more than several microns from peak to valley are not accessible and may damage the probe tip or cantilever even for the largest SPM scanners.  When ambient noise is an issue, better resolution is obtained with smaller scanners.  Atomic resolution can be routinely achieved even under ambient conditions with good isolation and extremely flat samples.


SPM has proven to be a great asset in solid surface characterization over the past two decades and has in more recent years been applied to studies on soft materials and fluids, such as organic specimens, colloidal dispersions, fibers, thin films, and fluid interfaces.  While SPMs can easily probe and image on nanometer scales, extracting the desired information above and beyond spatial measurements is often very trying.  The AFM is one of a handful of tools with nearly direct access to these fundamental interaction forces; and even though its operation is fairly straightforward, forethought in preparation and data interpretation are often complex and time intensity.  The following sections explain in some detail how AFM and STM are used to characterize the morphology and chemistry of nanoscale surfaces, and further, the AFM’s ability to determine the presence, magnitude, and significance of interaction forces.

Atomic Force Microscopy:  Exploitation of Interparticle Forces

AFM Instrumentation


The atomic force microscope (AFM), like all scanning probe microscopes (SPM), uses a very sharp tip to image features and measure forces within the near field of a sample surface [3]:  < 1 m between probe tip and sample, often less than 10 Å [4].  The magnitudes of probe mass and dimension are small enough that the weaker, surface interactions become dominant and, therefore, accessible for scrutiny.  Typical radii of curvature for AFM cantilever tips are 10-100 nm [7] with high aspect ratios and force sensitivities
 of 10-7-10-12 N making possible the measurement of a single, chemical bond-breaking force [8].


Having an appropriately sized tip is important for acquiring real surface features and atomic resolutions, but advancements in piezoelectric transducers (PZT) are responsible for enabling SPMs to probe a surface with sub-Ångstrom precision.  Planar (x-y) and height (z) resolutions around 20 Å and 1 Å, respectively, are typical for today’s instruments with proper vibration isolation [3], and even two orders of magnitude better under ideal conditions.  Most AFMs use piezotubes sectioned into four quadrants to manipulate a sample (Fig. 1).  The piezoelectric material of the tube expands preferentially with the application of a potential bias between the appropriate electrodes and ground:  one volt potential gives ~10 Å displacement for the usual ceramics [4].  The piezotube can wag in the x or y direction by exciting opposing quadrants to accomplish scanning of an area while the feedback loop controls piezo extension in the z direction to regulate tip-sample separation.


The key information gathered in AFM comes with measuring the deflections of the cantilever on which the probe tip is mounted.  Various applications and experimental setups acquire qualitative and quantitative knowledge about morphology, material properties, and interaction forces of diverse systems.  The total equilibrium force acting between tip and sample at a given separation is simply the product of the cantilever force constant—often supplied by the manufacturer
—and deflection from the zero point.  The most challenging aspect of AFM is separating the different types of interactions from a total force measurement by a strategic series of experiments and controls.


Cantilever deflection is detected by a position sensitive photo-diode (PSPD).  A laser beam bounces off the reflective top surface of the cantilever and onto the photodetector.  This data is collected for imaging, feedback, and force vs. distance information.  Feedback is required for all constant deflection modes of scanning where the tip and sample are kept at a constant separation, i.e constant deflection mode.  The scanner movement is recorded and used for creating the image morphology.  Feedback is disabled for constant height mode when the deflection signal is used to create the image and is only recommended for atomically flat surfaces.  Force-distance curves are accomplished without scanning in the x, y directions or using feedback.  The AFM cycles through a z-approach to contact and retracts to the starting point, which is controlled by input variables before acquisition.


Cantilever deflection versus z-displacement gives a force curve.  Force constants for commercial cantilevers span a few orders of magnitude, i.e. 0.01-100 N/m.  Deflections corresponding to typical atomic interactions such as van der Waals attraction and electrostatic , repulsion are usually of the order of nanometers given forces less than 10-7 N (0.1 N), but studies in friction, nanowear, and nanoindentation often deal with force greater than 1 N [9].  The hardness and softness of the sample, in general, dictates the desired stiffness of cantilever as well as the particular forces of interest.

AFM Applications


AFM was first used as a topographic tool; now it yields a greater harvest of information.  Contact AFM (C-AFM) is the standard imaging mode for hard surface topography.  The tip is said to be "touching" the surface at zero separation, even though hard-wall contact is attained at ~0.16 nm.  Since it is difficult to specify what touching is on this scale, it may be better to think of contact as steeply increasing, repulsive forces.  The mechanical force exerted by the cantilever toward the sample, plus any adhesion force and capillary force due to adsorbed liquid—water is often present in significant amounts under ambient conditions—is countered by Born repulsion, i.e. the Pauli exclusion and Heisenberg uncertainty principles at work:  no two particles can occupy the same space simultaneously, or even come infinitesimally close to it.  The tip may also be “in contact” at zero and negative cantilever deflections when the cantilever's restoring force is pulling the tip away from the sample against strong adhesion and/or liquid bridging.  This configuration is metastable against vibrations that can dislodge the tip from contact.


Under usual operating conditions for C-AFM, the tip exerts some net force on the surface including the downward spring-restoring component as the sample is imaged.  Contact forces for sharp tips are usually 0.1-100 nN resulting in pressures from 4 to 300 MPa [4], yet even very soft samples may sometimes be imaged with C-AFM.  It has been shown that “fluid membranes can be imaged stably at high scan rates” where the tip slides across the surface “faster than the molecules can rearrange” so the adhesion forces cannot pull the tip through the membrane [10].  Samples probed under ambient conditions always have 10 to 30 monolayers of water vapor, hydrocarbons, and atmospheric gases like carbon dioxide and nitrogen adsorbed to their surfaces [3].  This layer of contaminants forms a liquid bridge with the AFM tip, having a meniscus (or capillary) force associated with surface tension around 10-100 nN, and significantly adds to the total tip-sample attraction, even dominating the van der Waals forces.  Menisci can be eliminated by scanning under ultra-high vacuum (UHV) where the surface can be thoroughly cleaned or under a liquid that removes the adlayers.  Using ethanol as a probing medium can remove adsorbed water and organic layers, reducing the capillary force to <0.1 nN [11].
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Another contact application of AFM is lateral or friction force microscopy (LFM or FFM).  LFM images are constructed from cantilever torsion (Fig. 2) as opposed to the vertical deflection signal used in AFM
.  The torsion data give clues to changes in coefficient of friction and topography.  There is evidence that topographic features have only small effect on the friction forces measured by AFM [9].  A smooth and chemically homogeneous sample would give a very uninteresting response; but given an atomically flat surface, differences in surface composition can be readily revealed through the intrinsic differences in lubricity.  For example, estimations of the surface coverage of a monolayer film could be acquired through LFM.  FFM does not use torsion but estimates an average coefficient of friction by taking data at various applied normal forces.  Experiments done on hard surfaces and organic films suggested that topographic features like slope changes and surface roughness contribute little to friction forces on films [9], specifically silica (SiO2), gold (Au), straight chain hydrocarbon silanes bound to silica (C18), octadecylthiol (ODT) coated gold, and zinc arachidate Langmuir-Blodgett film on ODT/Au.


Materials packages for AFM have developed the means to measure and map thermal expansivity, conductivity, diffusivity, and phase transition temperatures with the application of dc and ac temperature changes to a heated tip (Micro Thermomechanical Analysis—TMA, Micro Thermal Analysis—TA, Micro Modulated Differential Thermal Analysis—MDTA) (TA Instruments, New Castle, DE).  Contact electrical potential differences, such as between two different metals, can also be mapped using Kelvin probe force microscopy.  Other material properties, like elastic modulus and viscoelasticity, can be mapped from the cantilever’s response amplitude and lag when in contact with a modulated sample during scanning (force modulation microscopy—FMM).
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While it has been shown that contact AFM can be used on very soft samples under certain operating conditions, sometimes even the weakest cantilevers may alter and damage the sample.  Noncontact AFM (NC-AFM) operates a few to several nanometers above the surface (Fig. 3) within the van der Waals dominating region without being pulled into adhesive contact by oscillating the cantilever near its resonance frequency (100-300 kHz).  Modulating the cantilever effectively increases its stiffness.  Nondestructive imaging of soft polymers or specimens with high mobility, for example, can be accomplished with picoNewton sensitivity.  However, with NC-AFM, distinguishing true morphological features from interaction features is not so clear.  This is when Intermittent Contact (IC-AFM—Park Scientific Instruments) or TappingMode™ (Digital Instruments) AFM can help clarify the picture.  Unlike NC-AFM, there is more confidence that “true surface morphology” is measured with intermittent contact [3].  IC-AFM operates like NC-AFM except that the tip touches the surface at the bottom point of the cantilever’s oscillation.  Since the oscillation is much faster than the scanning rate, lateral forces that are the primary source for surface damage in contact mode are greatly reduced.  Phase detection imaging (PDI) during intermittent contact scanning provides an image map of the complex net response to material, chemical, and topographic properties through monitoring the phase lag between drive and response signals.


Noncontact schemes have proven very useful for accessing longer-range magnetic and electric forces.  Magnetic force microscopy (MFM) compares topography to magnetic field domains.  MFM scans at separations of around 100 nm with a magnetically coated tip to generate a force gradient.  Magnetic information storage surfaces like digital audio tapes and computer hard drive platters have been inspected with MFM to reveal discrete data integrity of different magnetic field gradients [3].  Coulombic forces are also accessible through a charged tip-surface interaction via the very similar electrostatic (or electric) force microscopy (EFM).  Non-contact modes for thermal (scanning near-field thermal microscoopy—SNAM), mechanical and material properties (ultrasonic force microscopy—UFM), hydrodynamical (scanning near-field acoustic microscopy—SNAM), and capacitance scanning (scanning capacitance microscopy—SCAM) have also been developed [6].

Force Spectroscopy (FS) and Pulsed Force Mode (PFM)
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AFM force spectroscopy (FS), a.k.a. colloidal probing, measures pseudo-equilibrium forces between the cantilever tip or a colloidal particle and a second particle or extended surface in almost any fluid as a function of probe-sample separation.  A force-separation curve is generated from the static cantilever deflections taken at a single x-y location while slowly changing separation by scanner z-displacement (Fig. 4).  A force trace has three major features:  1) zero deflection for no interactions at large tip-sample separations, 2) nearly linear (constant) compliance during contact, 3) transition region prior to contact exhibiting surface interactions during approach, or adhesion pull-off force when retracting the probe.  Within nanometers of the surface, the tip begins to feel the van der Waals attraction and is dynamically pulled into contact when the force gradient exceeds the spring constant of the cantilever [7].  While advancing in contact, the cantilever is in “constant compliance” until the force setpoint is reached [12]. Deviations from contact linearity are indicative of sample indentation that can be useful for determining materials properties.  The sample is then retracted, pulling the cantilever with it until the restoring cantilever force detaches the tip from the surface.  This pull-off force required to detach the probe from an interface is a measure of adhesion usually including a meniscus force.  The work of adhesion may be estimated from the pull-off force using one of several theories that seem to work reasonably well, the most commonly used (and misused) one being the JKR theory for elastic solids that only interact within the contact area [13].

AFM is presently limited to measuring repulsive and weakly attractive equilibrium forces directly and inferring stronger attractions from force-gradients.  The separation between sphere and plate is controllable only while the force field gradient is less than the cantilever stiffness [14].  A gradient larger than the spring constant causes a dynamic snap-in, jump-in, or pull-in event during which the cantilever-particle assembly accelerates toward the interface until the particle makes contact.  Custom modifications have used force feedback schemes to maintain constant cantilever deflection by using a magnetic force transducer [15] and a differential capacitance sensor [16], respectively, to control the effective cantilever stiffness.  These designs increase stability within attractive regimes, but the ability to control separation is first limited by the finite feed-back response time and ultimately by surface deformation when van der Waals attraction finally overcomes the material strength, regardless of cantilever stiffness, pulling the surfaces together.  Conventional AFM, however, is limited to a single spring constant during a given measurement where a stiffer cantilever allows greater force range at the expense of lower sensitivity.  Another possible way of gathering the otherwise inaccessible information in large force gradient regimes is to deconvolute the snap-in with a dynamic force analysis of the deflection accounting for mechanical and hydrodynamic forces to reconstruct a true equilibrium surface force profile [17].  This has yet to be successfully accomplished in a quantitatively meaningful way.  Attempts have also been made to operate FS with an oscillating cantilever, but this dynamic probing is also very complex.


Detailed force profile analyses of the transition and compliance regions help explain the relations and origins of the surface forces responsible for particle attachment and adhesion, material strength, and colloid behavior including but not limited to van der Waals attraction, adhesion, electrostatics [11], viscous and elastic properties [18], chemical bonding [8], capillary, osmotic and hydration forces [19], hydrophobic interactions, etc.  The idealized geometry is easy to model using Deryaguin’s approximation for comparison to the crossed cylinders of the surface forces apparatus (SFA) and with theoretical parallel plate calculations.  The AFM is not restricted to large, extremely smooth substrates like the SFA and can measure interaction forces outside of total internal reflection microscope (TIRM) regimes [20].
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Pulsed force mode (PFM) AFM uses an intermittent contact scheme operating well below the cantilever resonance frequency (100 Hz-5 kHz) to electronically pick a specific and reproducible force-profile feature (Fig. 6) at thousands of locations along a scanned area [21-28].  Essentially, each period of the cantilever modulation qualitatively reproduces as single FS profile.  Relative maps of some FS information, like long-range attraction or snap-in (pt. 1), elasticity or stiffness (pt. 2), adhesion or pull-off (pt. 4), are constructed from data gathered simultaneously with topographic scanning.  The feedback acts on constant maximum load Fmax (pt. 3) and all force values are scaled relative to the cantilever deflection at large separation from the substrate (pt. 5).  In this manner, several kinds of information can be quickly acquired on-line without having to painstakingly construct a force map from numerous FS profiles.  However, the inherently dynamic nature of PFM makes it useless for measurements of equilibrium surface forces at this time.

The AFM is a potentially powerful tool for revealing surface coverage morphology and surface energy modification imparted by sizing and other coupling agents through imaging and adhesion mapping.  Recent experiments with sized paper furnishes distinguished between higher and lower energy sites and suggested that the application of hydrophobic sizing chemicals “removed” the higher energy surface [29]. By simply changing the probe of interest and/or the sample substrate, any number idealized materials processing and manufacturing systems can be investigated and then optimized from the improved understanding of the interactions.  In most cases, the commercial tips (silicon or silicon nitride) are coated or replaced with microspheres for a nearly infinite number of possible systems to investigate.  Silica particles are most often chosen as probes because of their ideal sphericity and availability in a wide range of sizes and surface functionalities.  For similar reasons, silica plates or mica sheets are the ideal, solid substrates.  The substrates are modified to mimic a variety of materials.  A majority of investigators have theoretically fit observed interactions with some success using FS, but without having the dynamic information about the events during the snap-in process that is the crux to measuring the entire force profile.

FS is rapidly diversifying, even recently being applied to fluid interfaces such as air bubbles [17,30,31] and oil droplets in water [32,33] relating to flotation and agglomeration processes.  Probing fluid interfaces is inherently difficult because of how easily and rapidly they can deform under colloidal influences.  AFM force curves are used to compare nonspecific and specific adhesion forces between surface-immobilized proteins and protein-specific ligands by measuring unbinding events between one or more ligand-protein pair(s) [8,34].


The system setup must be carefully considered before concluding the nature of the interactions.  There is always a likelihood for electrostatic double-layer forces when aqueous probing is done since many surfaces hold charges under water [19].  Adsorbed ions or dissociated surface groups may supply the charge, or a charged surface may induce charging in an otherwise neutral tip.  Mica and glass usually have a negative surface charge, and some materials, like alumina and titania, have significant charge dependence on pH.  Resulting electric fields decay exponentially with distance but can still be considered as long range forces compared to van der Waals interactions.

When non-electrostatic interactions are of interest, it is possible to reduce or remove surface charges by irradiating the tip and sample before probing with appropriately charged ions [7] or by operating under sufficiently strong electrolyte concentrations to collapse the double-layer [19]. Also, many AFMs have the ability to bias the sample such that surface charges are canceled, which would be useful for ambient probing.  Hydration forces in very concentrated salt solutions were also found to contribute to the total interaction force of water-sample interfaces [19].  The presence of more highly hydrated cations in the medium electrolyte increased the repulsive forces and this is thought to be due to the resistance of the cations to dehydrate when space becomes restricted.  Even though the hydration forces have not yet become discernible at low salt concentrations, it is suspected that they always play a role in repulsion.  Very long-range attractions observed between hydrophobic (non-polar) materials in aqueous media are of great interest and have been studied extensively with FS.  Continued investigations of the hydrophobic force and other long-range interaction mechanisms strive to establish a theory that explains the collective results in a unified manner [35-39].

Issues with AFM


AFM is not so straightforward to interpret whether data analysis involves morphology or force deconvolution; there are different perspectives on what the data means and how big the true errors are.  The main source of hysteresis in FS and PFM is adhesion.  In most cases, the residual hysteresis between approaching and retracting contact lines is due at least in part to piezotube scanner nonlinearity [9].  There is convincing evidence that sample approach velocity has a direct effect on hysteresis and that viscosity of the probing medium also plays a role in the noncontact line hysteresis [11,18].  To begin with, piezo-scanners are nonlinear by nature and electronic compensation is applied to linearize the response.  Experiments also show that higher scan rates (>m/s) cause an increase in hysteresis.  This can be minimized and usually eliminated in the noncontact regions by decreasing the viscosity of the medium.  For example, probing in air shows negligible hysteresis out of contact, independent of scan rate.  Regardless of the medium, contact line offsets show strong dependence on scan rate.  Hysteresis in this region decreases with decreasing scan rate until stick-slip friction and shear forces become significant at low scan rates.  Lower cantilever spring constants, thinner cantilevers, and larger probe tips, i.e. attached spheres as opposed to ultra-sharp tips, also increase the hysteresis [8,11].


Lateral forces may cause cantilever buckling that exaggerate deflection signals at the detector [8,18].  Most cantilevers are mounted to the holding chip at small angles from horizontal (12-20°) in attempt to make the tip approach to the surface as nearly vertical as possible [10].  This reduces the lateral component of movement for the tip along the surface, thus decreasing the friction effect.  For instrumentation and design reasons the cantilevers are not easily mounted horizontally.  Instruments using parallel mounted cantilevers have shown negligible friction effects in force-distance curves [18], but they are probably not totally removed.  For any mounted angle, if there are deflections involved there will be some lateral component that can bring about friction induced effects; the greater the deflection is the more these effects will be pronounced.  Hoh and Engel briefly mentioned two ways to compensate.  One method involves moving the sample laterally to minimize relative tip-sample displacements in the x-y plane, the other requires a nondeflecting cantilever design.


The optical lever technique also has some inherent errors in operation.  The first is the approximation relating deflection angle linearly to tip displacement.  This is usually a perfectly valid and is, in fact, implemented in the most, if not all, AFMs.  Optical interference at the photo-diode due to scattered light from various sources can create artifacts in a force curve [12].  Dirty optics or scattered light from sample, cantilever, or tip may superimpose unwanted signals.  Careful positioning and focusing of the laser each time reduces scatter effects and increases the likelihood of reproducible data [8].  Pierce et al observed that, for a four-quadrant photo-diode, only reflected beams with symmetrical cross sections give accurate deflection measurements [34].  Further, they found it necessary to modify their AFM with another photo-diode capable of measuring larger deflections in order to see snap-in and pull-off events for some strong interactions. Greater sensitivity is also gained by positioning the PSPD farther from the cantilever; smaller deflections then show up as larger displacements.


Another ubiquitous difficulty is the error in cantilever force constants as provided by manufactures from ±28% to ±94%.  If only relative force measurements are of interest then this is sufficient.  But if absolute magnitudes are desired, the large errors of these reported values dictate a necessity for individually determining the force constant for a given cantilever.  Environmental concerns are also relevant for absolute force measurements.  Humidity and temperature may effect the reproducibility of data for some systems [7].  SPMs have a tendency to experience thermal drift.  Allowing a few hours warm up for the instrument can usually eliminate most of this.


There is little doubt that tip-sample geometry effects are significant to the total interaction [12].  Many calculations and experiments show that even the sharp fabricated tips can be assumed to be spherical when the samples are relatively planar.  In many cases, the researchers desire a regular, symmetric probe tip with the smallest contact area possible.  This reduces the presence of geometry-dependent artifacts in imaging and ensures better resolution in topography as well as force measurements, as the averaging effect over contacting surfaces will be minimized.  Some times, surface averaging with a larger microsphere is beneficial for FS or PFM as it reduces irreproducibilities from noise and nanoscale topographical differences by essentially sampling a larger area and increasing the signal-to-noise ratio.

AFM Summary


It is well established that AFM is capable of more qualitative and quantitative information than simple topography.  AFM is an excellent, appropriate tool for investigating many systems of surfaces, interfaces, and particles under a great number of situations on extremely small, fundamental scales.  Many research groups in a variety of disciplines have applied AFM and modified modes of microscopy to the pursuit of directly identifying and making relative, as well as absolute, measurements of intermolecular forces such as adhesion, attraction, repulsion, electrostatic, magnetic, hydration, friction, bond strength, meniscus, and osmotic.  Observations of the effect on force measurements due to chemistry, contact area, geometry, contact time, scanning rate, and physical properties of the probing medium, and how these factors lead to “false” data can lead to better understandings of the interactions of matter in the unseen worlds around us.
Scanning Tunneling Microscopy:  Topographic and Electronic Structures

STM Instrumentation


Scanning tunneling microscopy (STM) has often been used for imaging hard, inorganic samples with atomic resolution.  It must be noted that, until recently, a great wealth of experience and some artistic flare was involved in obtaining a good image with even nanometer detail.  As commercial STM systems improve, the task becomes more routine.  STM designs are nearly identical to the AFM.  Instead of using the optical lever or interferometry for feedback and data acquisition, the STM uses tunneling current; a metal probe tip replaces the AFM cantilever.  The STM works by amplifying the signal of the electrical tunneling current between a very sharp, metallic tip and a conducting or semiconducting surface for detailed imaging.  Typical radii of curvature for tungsten (W) wire tips are ~100 nm with varying end forms.  Tip positioning with respect to the sample surface is accomplished by piezoelectric maneuvering within the near field—often less than 10 Å separates the probe and sample [3,4].  It is very important to isolate the system from acoustic, electrical, or structural vibration isolation for producing good quality data.  (Refer to AFM Instrumentation section.) 


Ambient air scanning has proven to be very dependent on humidity.  High humidity accelerates the oxidation of the metallic tip, forming irregular oxide structures on the surface.  This oxide “epidermis” increases the radius of curvature for the probe tip and can further distort images or hamper electron tunneling.  While platinum-iridium (Pt-Ir) tips may be easily cut for STM and do not readily oxidize, it is difficult to get regular end forms appropriate for imaging.  Most often tungsten (W) wire is electrochemically etched into a sharp, uniform tip.  Secondary etching with concentrated HF is common to reduce the irregular oxide layers that quickly form on W and has proven to increase the lifetime of a tip.  With more effort, Pt-Ir tips may also be etched or flame polished.  Humidity can always be controlled with a little effort by operating under vacuum, inert and dry atmospheres, or by scanning under hydrophobic liquids like ethanol or decane.  


The important information gathered in STM is the tunneling current.  The quantum mechanical nature of the electron allows its position and energy to be governed by probability, and it is this wave-like behavior of the electron that is responsible for the phenomenon known as tunneling.  When the tip and sample are close enough (<10 Å) the spatial probability distributions for the electrons in each overlap, allowing free mobility in a preferred direction associated with the applied bias voltage, or potential difference, between the two materials.  The tunneling current falls off exponentially with distance [2-4,40]:

I ( (V/d) exp(-Kd);  V = bias voltage, K = material constants, d = separation.

The K term includes a square root dependence on the tip and sample work function, which is related to the energy difference between the highest occupied electronic state in the electron donor and the lowest unoccupied state in the acceptor.  The strong dependence of d on I makes atomic features resolvable.  Tunneling currents are typically range 0.01-10 nanoAmperes (nA).
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STMs use two modes for scanning (Fig. 6).  In constant current mode, the feedback loop continuously adjusts the vertical positioning of the tip with respect to the sample to maintain constant separation, i.e. constant current, with each mountain and valley passed by.  The tip is actually tracing the surface.  The potential applied to the z-component of the piezotube is recorded as a function of x, y positioning and used for creating the image morphology.  Constant height mode is often used for atomically flat surfaces—e.g. mica, MoS2, highly-ordered pyrolytic graphite (HOPG)—where the z-feedback for adjusting tip-sample separation can be disabled without the hazard of crashing the tip into large surface features.  Here, the tunneling current is monitored to create an image rather than the z-piezo displacement.


The STM, very similarly to the AFM, initially cycles through a z-approach controlled by the hardware to electrical “contact” before any data acquisition.  A tunneling current setpoint is prescribed for approach.  This is perhaps the most critical step in STM imaging because it is the crux of this technique.  For any given substrate or system to be scanned, there is a bias and current best suited for the image desired.  This requires some knowledge about the materials.  First, if the substrate is a conductor, perhaps gold, then either a positive or negative bias will work for imaging.  Magnitudes are typically in the Volt range but not usually more than 3 V.  For semiconductors, the bias sign is more critical since electron current in one direction is greatly resisted compared to the other, and tunneling currents are often lower in magnitude.


If the main goal is atomic resolution rather than larger scale topography, then again, bias will be critical.  STM actually measures electron densities, which on the larger scales of tens of nanometers and up are analogous to imaging a physical surface.  But as soon as the instrument zooms in to resolve atomic or molecular dimensions, morphology and electronic structure diverge.  For a negative applied bias, electron transfer from filled orbitals, or states, in the sample to empty states in the tip generates the tunneling current.  The net transfer of electrons makes it necessary to have proper circuit integrity and grounding to keep the tip or sample from charging.  Conversely, the electrons in filled states in the tip tunnel to the empty states in the sample for positive biases [2].  In this manner the electronic structure can be measured and deconvoluted from a series of STM images at different bias-current settings.

STM Applications

[image: image7.wmf]
Though STM is being applied to more and more diverse systems, it is most often connected with solid surface studies of conducting materials.  STM is an excellent tool for confirming surface reconstruction:  that is, the atoms at a surface arrange in a different manner than those atoms if the bulk of the material in order to lower the surface free energy.  This can be understood by realizing that the surface atoms are not only acting on each other but are being pulled from below by van der Waals attraction, as opposed to those bulk atoms which are being acted on symmetrically, from all sides.  Therefore, in order to have equilibrium of forces, the atoms occupying the surface must rearrange.  The best examples for observing this phenomenon is on crystal surfaces in ultra-high vacuum (UHV)—less than 10-9 torr.



A more popular study is that of the silicon reconstructed surface Si(111)-7 x 7 (Fig. 7)
 which had been pondered over for two decades [4].  The bulk Si crystal had four nearest neighbors (coordination number = 4), but a (111) plane surface rearranges into a much larger repeating pattern [2].  Another important discovery was the real-time imaging of gold atoms “self-diffusing” to fill in holes made in a gold surface with an STM tip [4,41].  Over a period of hours, craters two or three monolayers deep were seen to slowly repair themselves.


Graphite (HOPG) may be the most ideal and common substrate for imaging atomic structure.  Graphite’s anisotropic yet highly organized nature (Fig. 8)
 allows atomically flat samples to be prepared by cleaving.  A freshly prepared graphite surface will not reconstruct [image: image8.wmf]because the surface coordination number is not much different from the bulk coordination number.  There is only very weak covalent bonding between layers of the planar, familiarly hexagonal carbon matrix.  An STM image of HOPG may reveal a three-fold symmetry rather than the expected hexagonal ring structure (Fig. 8B)
.  The peaks, seen as brighter spots, are high electron density regions caused by the overlapping of carbon atoms in adjacent layers by the  carbon sites.  The darker regions are positions of low electron density at hollow spots in the six-member rings [4].  The result of an STM scan of HOPG is highly dependent on the condition of the probe tip, whether three- or six-fold symmetry is observed, and the tunneling current and potential.


On the organic side, STM images of polyimide Langmuir-Blodgett films on graphite showed evidence of the chains of ring structures [42].  The helical structure of DNA both in air and under distilled water on gold substrates has been observed.  It is important to realize that the tunneling mechanism is quite different through this insulating organic structure than through a conductor.  Other organics such as bacteria and chloroplasts have been coated with conducting layers and scanned with STM.  However, it would seem that the coating of these samples would alter their surfaces, making the results unique but inconclusive at best as to the true molecular and electronic structures.


Some rather unique applications are beginning to sound like science fiction.  Several research groups involved in STM have shown the ability to write on gold by ablating the surface with high potentials
 and organizing atoms by mechanical manipulation into patterns.  Perhaps most noteworthy was the ordering of xenon atoms on a Ni(110) surface into the letters IBM [4,43].  These more delicate procedures are accomplished under UHV and often at cryogenic temperatures.  Research at Cornell University has led to a miniature STM they call the microelectromechanical STM (MEM STM) which might be the precursor to a new kind of data storage.  This micro-STM is 200x200 m2; an array of these devices working parallel could increase computer store densities by thousands of times
.  It’s fiction today, but what about tomorrow?  Still other research directions include imaging amino acids and small molecules, self-assembled monolayers (SAMs), DNA nucleotides, proteins and protein reorganization, plasma-deposited ultrathin polymeric films, and polyurethane degradation.

Issues with STM


A major concern in everyday scanning is tip crashing on approach since the tunneling regime is so extremely close to physical contact and the STM tip is not flexible like an AFM cantilever.  The approach unit cycle, consisting of piezo extension-retraction followed by stage lowering with screws, is repeated until the tunneling current setpoint is detected.  Unfortunately, a significant number of approaches conclude with a tip crashing into the sample because the required setpoint could not be achieved.  A dirty, heavily oxidized tip is sometimes the culprit since very thick oxide layers hinder electron tunneling.  Also suspect is the method for approaching.  The motor velocity may be much greater than the piezo extension velocity during a step in the approach cycle.  This allows a fairly large probability for tip crashes due only to the automatic approach routine.  The motor moves forward more quickly than the piezo can retract resulting in a crash, damaging the sample and tip in almost all cases.  Typically, only a very small percentage of the sample may be destroyed, but the tip will have to be sharpened again or replaced.  Sample damage due to high currents or ballistic electron transfer may also be an issue.

[image: image9.wmf]
Probably the biggest limiting factor on image resolution is tip convolution.  A fresh, well-etched tungsten (W) tip may have a radius of curvature around 100 nm while the surface detail may be ten to a hundred times smaller.  In most cases, this results in the surface imaging the tip rather than the tip imaging the surface.  These artifacts are open to observer interpretation and can look much like real surface features.  In actuality, the end form of the tip is much too large to act as the tunneling site.  Binnig and Rohrer originally surmised through calculations that a tunneling current from a tip with radius of curvature 100 nm would only promote itself with a resolution of 45 Å—much too large for atomic scales.  They later imaged atomic patterns with a similar tip and suggested that the tunneling site was probably some smaller asperity on the surface of the much larger end form.  It was later discovered for W tips that tunneling will come from either a single W atom or a crystal of six W that protrude from the tip—sometimes called mini-tips.


These same asperities that are so key to imaging atoms are also the cause for tip convolution with larger scale topographic features.  When the scanning surface is fairly rough (i.e. not atomically flat), the tunneling site is not stable.  The point of closest separation between tip and sample may change as the tip is rastered over the substrate (Fig. 9).  This jumping of tunneling sites can be responsible for washing out or exaggerating features to differing degrees.  For example, gold nanoclusters known to be in the range of 2-4 nm appear to be 10-20 nm in diameter from STM scans in air and under decane with an electrochemically etched W tip
.

STM Summary


While STM is an excellent tool for morphological studies of metals and semiconductors on micron to Ångstrom scales, it is also very useful for probing electronic structures.  Observations of surface reconstruction and surface mobility of solids have been made on many systems.  There is an increasing amount of research being done using STM to image molecular structures and confirmations of organic molecules including DNA fragments and self-assembled monolayers (SAMs).
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Figure 1:  AFM and STM Schematic
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Figure 2: Lateral Forces





Figure 3: Cantilever Oscillation
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Figure 4: Force Spectroscopy
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Figure 6: STM Scanning





Constant Height





Cut, etched, or polished wire tip: W, Pt, or Pt-Ir





Single atom or


cluster asperity





tips





Probe Mini-tip





Constant Current





Figure 7: STM Image Si(111)-7x7
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A. Hexagonal symmetry shows atomic repeat units. 





B. Three-fold symmetry from dominant -C sites. 





Figure 8: Graphite (HOPG) STM Images
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Figure 9: Tip Convolution
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Figure 6: Pulsed-Force Mode Deflection Cycle
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