ChE 404/504 Surface Instrumentation – Spring 2004

Instructor:  D. Eric Aston

(Updated 19 Apr 2004)

Final Report:  Rough drafts due Apr 28th (or sooner!)

Final Report:  Due Wed. May 5th, Deadweek!

Text:  various, none required.

Meeting times:  M 8:30-9:20, W 1:30-3:20

Meeting Place:  ChE Conference Room (BEL 308) until further notice

Daily assignments – due by the beginning of next period:  Label files as “Assign##name.doc,” short (~1 pg), literature reviews of research – texts, journals, abstracts, web, etc. (reputable sources: e.g., institutional, national labs, professional societies, scientific publishers, news organization (?), etc.).

Final Paper - critique, review (in depth), personal research paper; hopefully related to personal research or interest.


12 Times New Roman, Double-spaced, 15-20 pages, not including references, be VERY conservative on copying other source graphs, images, drawings, etc. (no more than 2-3).


Formatted like a refereed publication i.e., journal: e.g., Abstract, Intro/Background, Methods & Materials/Theory, Results & Discussion, Conclusions (Answers thesis statement) or Summary.

Significant Journals in the Field

Though many of the “regular” publications have a preponderance of surface science-related issues in them, here are a few specifically dedicated to these topics:

Advances in Colloid and Interface Science

Applied Surface Science

Chemistry and Physics of Solid Interfaces

Colloids and Surfaces A:  Physicochemical

Colloids and Surfaces B:  Biointerfaces

Critical Reviews in Surface Science

Langmuir

Journal of Adhesion Science and Technology

Journal of Cluster Science:  Including Nanoclusters and Nanoparticles

Journal of Colloid and Interface Science

Journal of Electron Spectroscopy and Related Phenomena

Journal of Vacuum Science and Technology

Nano Letters

Progress in Surface Science

Scanning Probe Microscopy

Surface Science

Surface Science Reports

Thin Solid Films

Daily Assignments

Assign #1: Look up solid-vacuum interfaces:  Try to find a topic related to something of particular interest to you and/or your research.

Here would be a good place to start:  e.g., silicon in a vacuum (e.g., Si(111) 7x7 = has three distinct atomic layers different from bulk:  surface rearrangement is due to equilibrium tendency of balancing forces.

Assign #2:  Investigate the electron/energy physics of ESCA.

Assign #3:  Look up sources and source types for XPS, specifically, synchrotron and others. Have an understanding of the differences, when they used/needed, and w.r.t. binding energies, i.e., chemical species of interest.

Assign #4:  Intro to SEM & TEM.

Assign #5:  Focus on TEM and find out about E-SEM.

Assign #6:  Detection for an image in TEM/SEM, per cent of signal that get transmitted, signal loss, image contrast, etc.  Electron spectroscopy, related to XRD. 

Assign #7:  Examples of XRD sample diffraction patterns (outputs, pictures).  E.g., protein crystals, polymers, polycrystalline, amorphous examples.  

Assign #8:  ISS/LEIS, Rutherford Backscattering, SIMS (static & dynamic – HEIS), TOF-SIMS – specifically, find energy ranges of incident (probe) ions for these.  Please choose your own (brief) topic area for further discussion, e.g., pumps, detectors, spectra, sample issues, trouble-shooting, etc.

Assign #9: Continue SIMS review; look at charging effects, source ions, mechanisms, etc.

Assign #10: Small Angle Neutron Scattering (SANS), Total Internal Reflection Microscopy (TIRM/ATR?), Surface Force(s) Apparatus (SFA), Measuring and Analysis of Surface Interactions and Forces (MASIF)

Assign #11: Scanning Tunneling Microscopy (STM) – Profilometry, Field Emission Microscopy (FEM), Scanning Probe Microscopes (SPM)

Formal Report: Topic Choice by Wednesday, March 31st.  Minimum one paragraph discussion turned in.

Assign #12: STM tip fabrication, AFM cantilever fabrication & custom modification:  Veeco Metrology, Pacific Nanotechnology, Molecular Imaging, WITec, Nanoscience, Mikromasch, Nanosensors, etc.

Assign #13: AFM (or STM) images or various samples to discuss imaging artifacts in class.

Assign #14 (Due Wed 21 Apr): AFM adhesion measurements.

Final Report:  Rough drafts due Apr 28th (or sooner!)

Final Report:  Due Wed. May 5th, Deadweek!

Chapter 2:  What is a surface?

What is “surface” in regarding science issues?  What kinds are there?  What IS a surface?  (Compare to “bulk.”) What is an interface?  (Philosophy:  everything has a surface.)  

Surface = interface:  Outer layer of anything, (how bodies interact with each?), physical area separating “systems.” the boundary layer(?):  how thick is it?

Some scientists consider surfaces to be the fourth phase of matter: i.e., gas, liquid, solid, surface? (plasma, etc….)

Q: Does a liquid have a surface?  Yes.  Does a surface have a surface? Maybe.

Can we consider an interface to be 2D? (When we constrain one dimension to scales, i.e., thicknesses, of the order of atoms/molecules) When do we have to treat it as 3D? (Interphases)

It depends on what scale you are investigating!

An interphase could be a thick interface and an interface can be a thin layer of molecules rather than a discrete change in order, matter, etc.

Interface is usually defined by more than one layer, on average, of molecules/atoms that have different physical properties than the rest of the contiguous matter.

An interphase is…. (see in-class notes and drawings.)

Diamonds as semiconductors….

Ammonia adsorption to ice….

Crystal structures, lattice order (Miller indices)

Intermolecular forces determine the behavior of all material, with provisos to other EM, photonic, gravimetric interactions.

Generic surface combinations:

solid-vacuum – as much as ultra-high vacuum (UHV) <10-9 ~10-12 Torr

solid-gas (vapor) 

solid-liquid

solid-solid

liquid-liquid

gas-liquid

gas-gas (?) - can there be an extended surface? NO!!!  Not here.  An interphase is possible though it has never been observed at equilibrium; the like-like pair-wise interactions have to be very strong compared to unlike molecular interactions and yet not exhibit phase change for either constituent.

What science issues are we interested in?  What sciences require knowledge about surfaces and their interactions?

Mat’l Sci., Geochem., Env., Phys., chemistry, bio., optics, microscopies, fluids, JUST ABOUT EVERY FIELD!

How do you identify and describe a surface?

Adatom = adsorption + atom – an isolated surface atom that lies above the mean plane of the surface.

Look up famous people in this area:  Einstein, Gibbs, Langmuir, Young, Bohr, Hertz, Planck

Binding Energy Shift w.r.t. intermolecular forces (mol. thermo.) of unbound species

Intermolecular Forces

Repulsive vs. Attractive forces caused by electromagnetic (10^13 Hz electron frequency) - van der Waals (guy?), fitted data/equation; London dispersion (attractive), dipole-dipole (attractive), dipole - induced dipole (attractive) in contrast Pauli exclusion/Born repulsion (excluded volume).

Types of Equipment/Techniques

Summary of Surface Instrumentation

· AD – atom diffraction 

· AED – Auger electron diffraction 

· AFM – atomic force microscopy; also SFM (scanning force microscopy), generally, SPM (scanning probe microscopies) 

· ARPEFS – angle-resolved photoelectron emission fine structure 

· ARUPS – angle-resolved ultraviolet photoemission spectroscopy 

· ARXPD – angle-resolved x-ray photoelectron diffraction 

· ATR – attenuated total reflection

· ED(S) – electron diffraction 

· GIXS – grazing-incidence x-ray scattering 

· HEIS – high-energy ion scattering 

· HREELS – high-resolution electron energy loss spectroscopy 

· IGC – inverse gas chromatography

· IS - ion scattering 

· LEED – low-energy electron diffraction 

· LEIS – low-energy ion scattering 

· LEPD – low-energy positron diffraction 

· MASIF – measuring and analysis of surface interactions and forces

· MEED – medium-energy electron diffraction 

· MEIS – medium-energy ion scattering 

· ND – neutron diffraction 

· NEXAFS – near-edge x-ray absorption fine structure 

· NMR – nuclear magnetic resonance 

· NPD – normal photoelectron diffraction 

· OPD – off-normal photoelectron diffraction 

· PD – photoelectron diffraction 

· PED – photoelectron diffraction 

· RHEED – reflection high-energy electron diffraction 

· SANS – small angle neutron scattering

· SEELFS – surface extended energy loss fine structure 

· SEXAFS – surface extended x-ray absorption fine structure 

· SFA – surface force(s) apparatus

· SFM – scanning force microscopy, a.k.a., AFM

· SPM – scanning probe microscopies (a generic group of surface sensitive techniques)

· STM – scanning tunneling microscopy (a kind of SPM)

· TED – transmission electron diffraction 

· TEM – transmission electron microscopy 

· TIRM – total internal reflection microscopy

· TOF-SARS – time-of-flight scattering and recoiling spectrometry 

· XAFS – x-ray absorption fine structure 

· XANES – x-ray absorption near-edge spectroscopy 

· XRD – x-ray diffraction 

· XSW – x-ray standing waves 

Of the scanning probe techniques, here is an incomplete list of all the modes of operation:

	Contact AFM imaging
	AFM/C-AFM
	Nanoscale profilometry

	Lateral or Friction Force Microscopy
	LFM/FFM
	In-plane lubricity/friction (tribology)

	Oscillating Lateral Force or Differential Force Microscopy
	DFM
	Change in force with lateral displacement

	Kelvin Probe Force Microscopy
	KPFM ?
	Contact potential difference

	Micro Thermal Imaging/Micro Modulated Differential Thermal Analysis
	MDTA
	Thermal conductivity (dc), diffusivity (ac), phase transitions (calorimetry)

	Micro Thermomechanical Analysis
	TMA
	Thermal expansions, softening

	(Scanning) Force Spectroscopy
	FS/SFS
	Force vs. distance profiling, quantify adhesion and surface forces

	Fluid Interface AFM
	FI-AFM
	FS for fluid drops or bubbles

	Chemical Force (Spectroscopy)
	CFM
	Specific chemical bond force mapping

	Force Modulation
	FMM 
	Material properties by sample modulation:  amplitude damping

	Pulsed-Force Mode (& Digital PFM)
	PFM
	100-1000 Hz, oscillating cantilever well below resonance

	Tapping Mode or Intermittent Contact
	Tapping or IC-AFM
	100-300 kHz, oscillating cantilever near resonance

	Phase Detection Imaging
	PDI
	Material, chemical, & topo. properties by phase lagging

	(Scanning) Electrochemical
	ECM/SECM
	“Non-contact” Faradaic current, cyclic voltammograms

	Non-contact, Oscillating Modes
	100-300 kHz, near resonance 

	Non-Contact
	NCM
	Near-field “van der Waals” via resonance frequency shifts

	Magnetic Force
	MFM
	Magnetic tip for local magnetic domains

	Electrostatic (or Electric) Force 
	EFM
	Coulombic charge domains

	Scanning Capacitance
	SCAM
	Capacitance vs. tip-sample separation

	Scanning Near-Field Acoustic
	SNAM
	Dynamic fluid damping

	Scanning Near-Field Thermal
	SNTM
	Heated thermocouple tip usually oscillated

	Ultrasonic Force
	UFM
	MHz to sub-GHz sample vibration for material properties


Chapter 3:  Ion scattering

Ion Scattering Spectroscopy (ISS, also LEIS), Rutherford Backscattering Spectroscopy (RBS, also HEIS), and Secondary Ion Mass Spectroscopy (SIMS) – invented by NASA for moon rock analysis

SIMS – GC-MS analogy, similarity with the mass spectroscopy aspect of determining molecular and/or atomic masses of the ionized species


Up to 1 million amu (Dalton, atomic mass) with the better instruments


Ion beam energy 1-30 keV


Sputtered ions have kinetic energies related to their masses, but commonly the ions are all accelerated in a field to the same kinetic energy (3-8 keV); however, there is varying spread in the distribution depending on the instrument quality.


Ionization yield: dependent on first ionization potential and electronegativity


Detectors:  Time-of-flight (TOF) – energy spectrum (peak-broadening) of the same mass fragments, charged source (reflectron) to get them to hit the detector at the same time for the same mass (increased resolution by over an order of magnitude)



Mass Analyzer – electromultiplier 



Quadropole Mass Analyzer – four charged electrodes using TOF for an sinusoidal path



Ion detector/ion trap – larger range, improved resolution; contains ions before releasing them to the detector.


Pre-existing ions at the surface require less energy to sputter for detection


Molecular SIMS – interested in ionized molecules

Ion beam energy range of LEIS = 100 eV – 10 keV; MEIS = 100-200 keV; HEIS = ~0.2-2 MeV; >2 MeV = RBS (begins to have nuclear reactions as a significant probability)

Common source elements for LEIS:  He, Ne, He/Ne, Ar (MEIS)

More resolution with decreasing atomic mass of the source ion

Negative SIMS – using negative source ions for detecting electro-positive elements

Static SIMS – low energy, low sputter rates (less than 10% of the surface atoms), very surface sensitive (~10^-9 atomic fraction = ppb, maybe better; 10^12-10^16 atoms/cc)

Dynamic SIMS – higher energy, more destructive, good for depth profiling (~1 micron deep with ion etching), penetration depth of 1-10 nm, implantation down to 0.2 microns.

Ion-beam milling = ion etching.

Cs and O (e.g., plasmatron) are common for ion sources; Cs (positive makes negative secondary ions), O (negative (??) source makes positive secondary ions; implanting oxygen into the substrates encourages positive charges.)???

Oxygen as bombadier, increase yield of positive ions, breaks metal oxide bonds, scavenging the oxygen to create more positive metal ions, giving off O2 gas

Detection Schemes:  electron multiplier (amplifier = column that scatters multiple electrons for each input), Faraday cup (catches ions and funnels into a current, then adjusts for appropriate range to send to multiplier), two image detectors (1 million gain directed onto a phosphor screen)

Sensitivity Limitations

TOF sensitivity – time = length * sqrt(mass/2*charge*accelerating potential function)

Ionization efficiency determines ultimate sensitivity – secondary ion yield varies WIDELY for incident and sample atoms.

Dark current = stray ion signal from random “sources”

Surface charging – over time, must be eliminated to keep clearer peaks and resolution, due to ion beam “diffusing;”


Electron bombardment (low energy to reduce net charge)


Adjacent conductors (coat sample or cover with a grid with conducting material; must sputter away the coating to reach the sample)


Negative primary ion beams (used on insulators – Oxygen)


Automatic voltage offset (biasing the sample)

Ion beam mixing – recoil (direct source ion collision with sample ions coming off), cascade (sample-sample atoms interact with each other), and radiation-enhanced diffusion (concentration-driving diffusion:  void filling) mixing

“Matrix effect” – species sensitivity changes depending on its surroundings in the particular sample, relative atomic fraction vs. varying species output = beam intensity.

Empirical/Modeling errors – software models the concentrations via the relative measures of secondary ion beam intensity; requires careful standardization.

Depth profiling

Depth profiling – as the etched hole gets deeper, more of the signal comes from the walls; also unequal etching depth over the area being exposed.

Optimal impact angle for optimal resolution in depth profile.

Sputtering time correlated with depth into the sample.

Chapter 4:  X-ray Photoelectron Spectroscopy & Diffraction

XPS/ESCA – X-ray Photoelectron Spectroscopy/Electron Spectroscopy for Chemical Analysis/Applications

Kai Siegbahn – refiner of ESCA, cir. 1960-70, (Noble Prize 1981) 

Hertz (1880s) – adhesion, photoelectric effect, etc.

Einstein – EB = hv – KE - Cinstrum

Binding energy = that required to displace a core electron completely out of its orbital; the order of 100s eV


*K, L, M, N – electron energy levels that refer to the shell into which an electron drops!!! These are replacements for principal quantum numbers 1, 2, 3, etc., respectively.

 - used as subscript to designate a single shell-level drop, i.e., n = 1.

 - used as subscript to designate a double shell-level drop, i.e., n = 2.

Double subscripted numbers designate the “sublevel” the descending electron came from, viz., the energy state representative of what angular momentum (l = 0, 1, 2, 3... = s, p, d, f...) and spin (s = ( 1/2), with spectroscopic notation j = l + s.

Fermi level = energy state of the free electron

Photon (X-ray) energy = 1-10 keV (10 MeV - synchrotron)

Instrument constant (energy):  Fermi level difference with vacuum level energy, particle moving through an electric field (e.g., two charged plates) to slow down; secondary retardation field.

· Hemispherical detector

· Minimum photon frequency for detected signal

Source energy vs. sample size and resolution – energy level (wavelength) determines spatial resolution

Ideal source:  Monochromatic, high intensity, high energy (>1 keV), narrow energy spread  (Aren’t these all or mostly interrelated?)

Monochromatic light, number of electrons, energy levels

1. Eliminates satellites and Bremsstrahlung = background electron noise, “break-ragged???”

Bremsstrahlung (German: “break rag”) – inelastic electron scattering with nuclei.

2. Quartz “prism” refraction, (like diffraction scattering), usually less intense than polychromatic source

3. Reduces line-width

4. Reduces sample damage

5. Allows better focusing, smaller spot size

Surface composition:  depth profile 

Classification by kinetic energy of emitted electrons from the surface.  

John’s Q:  How destructive to the sample is it?  How long can you “look” at one spot?

Most instruments look at 10-200 micron diameter spot with X-rays.

All energy inputted does not come back out as completely-converted electron energy.  Why? 

Synchrotron Radiation as an XPS Source

First synchrotron – 1948 by GE 

Part of an “Advanced Light Source”

Radiation intensity is constant, in the GeV range: for access of 0-10 keV (IR to X-rays) for XPS experiments (Cu and Au for higher end energy sources for non-synchrotron sources)

Has three magnet types:

· Undulator – type of magnet

· The bending or “big wow” magnet keeps charged particles in the pathway

· The wiggler magnet – increases energy flux, field enhancing, concentrate intensity of the beam

Types of Sources – 1. Storage ring, and 2. Ordinary (booster ring speeds up and increases energy before going to the storage ring)

Storage ring:  ~24-hr “recharging” of particles

Several experiment beam-lines off a single ring for simultaneous users.

Radio Frequency cavity for boosting energy in circuit

Free electron laser to produce x-rays

Usually have more than one source in XPS instrument.

***High Pressure (~10 Torr) XPS for liquid surfaces

X-Ray Diffraction (XRD)

 
Reflected and refracted x-ray light onto a photographic film to get the diffraction pattern from the diffracted beam.

Invented by Max Von Laue 1914 Nobel Prize

Bragg’s Law defines the diffracted angle from the incident angle and the spacing/orientation of the atomic structure.

Overlapping peaks from molecular order (or larger, like nanoscale) vs. just atomic.

Stronger signals from crystalline structures than amorphous. 

Sample types:  single crystal, polycrystalline, amorphous, powder crystals.

What happens to the signal in powder XRD?

Chapter 5:  Electron Microscopies & Related Techniques

Knoll & Ruska (1931) – 1st Electron microscope (TEM)

SEM:  EM lenses, E-gun with metal filaments (e.g., W plates, La, Field emission), electrons fly from cathode to anode and focussed on the sample; also produces secondary electrons, back-scattering, and x-rays

Scanning surface where image is acquired, reads deflected, 5-nm spot size?, 2.5 nm resolution (being able to determine 2 separate objects spaced apart by that length scale)

Modes:  usually back-scattered electron detection vs. secondary electrons for imaging; current through the specimen; photodetector for UV/Vis and sometimes x-rays;  

Imaging with separate detectors:  limited at 50 eV for secondary; back-scattering is detected at 180 degrees.

High Vacuum:  >10^-5 Torr for W filament; sample must withstand that vacuum level

Samples usually coated with metals (e.g., sputtered coated) for conducting, coating thickness ~1 nm.

Drawback: you only get 2D information, no 3D quantification

Vacuum Ranges in Torr (American Vacuum Society, 1984):

Low
25-750
Medium
7.5(10-4–25

High
7.5(10-7–7.5(10-4 
Very High
7.5(10-10–7.5(10-7 

Ultrahigh
7.5(10-13–7.5(10-10 
Extreme UH
<7.5(10-13 

Transmission Electron Microscope (TEM):  reads transmitted electrons; 2-nm spot size?, pseudo-atomic resolution, Airy disks


200-nm thick samples or less for good resolution.  The sample must to “transparent” to the source particle/wave.


~100 kV for source energy


phosphorescent screen for particle collision to map (what is the difference between fluor- and phosphor-escence?)


true atomic resolution? – e.g., 0.19 nm point-to-point resolution at Boston College, Moray patterns give atomic spacing and order but not the ability to distinguish adatoms or missing atoms


The atomic number determines contrast between species in the specimen.


Elastic and inelastic scattering are both important – “no” energy loss vs. significant energy loss of primary electron



Elastic analysis does not account for angle

SEM/TEM combined in more expensive/functional systems.

Environmental-SEM (Low Vacuum, Eco, WET, etc.) 


Resolution much more limited due to higher pressure, ~10 nm, also limited by the amount of focusing, i.e., spot size.


3-40 torr range for detection scheme


Working distance with pressure is very important:  6-15 mm vs. 6-40 mm for regular SEM


GDD (Gaseous Detection Device) – e-beam hits the sample and ionizes the gas or causes scintillation (produces natural coloration), used in tandem with the back-scattering detection.


GSED (Gaseous Secondary Electron Detector) – secondary electrons collide with gaseous water molecules, charge them, and they fly toward the sample.


Benefits:  not as destructive as other EM; can observe real processes in environmental situations (or nearly so), no or little sample prep and faster throughput/analysis times; can actually add liquid water to the sample if cooled.


Applications in art preservation, Dead Sea scrolls, anything that must stay hydrated, watching things react or hydrate (fibers, cement, biology, etc.)

Small Angle Neutron Scattering (SANS)

Chapter 6:  Surface Forces

Total Internal Reflection Microscopy/Attenuated Total Reflection (TIRM/ATR?)

Surface Force(s) Apparatus (SFA), MASIF (Measuring and Analysis of Surface Interactions and Forces)

Measuring surface forces between “ideal” surfaces, crossed cylinders or prisms in the SFA; surfaces are brought into hard contact and separated for adhesion measurements.

Also, the intermolecular forces upon approach of the two surfaces, in a fluid medium, are measured in real time

The interference of a partially transmitted light source are used to measure actual separation between the two surfaces.

Scanning Tunneling Microscopy (STM)

Scanning a surface on length and width scales of Angstroms to ~100 microns - using piezoelectric transducers

The occupied and unoccupied ortibals are being plotted, rather than true topography.

Practical spatial resolutions limited to ~1/20 of the radius of curvature of the STM tip; typically ~ 100 nm radius.

Tips are conducting metals usual, ideally an atomic asperity sticking out beyond the bulk tip form.

Distance between probe and sample ~ 1 nm to get a tunneling current

Tunneling from sample or to sample, depending on applied bias and natural electron densities, e.g., unoccupied vs. occupied orbitals, a.k.a., electron density.

Modes:  constant “height” (records changes in current – only good for very flat surfaces and small areas) or constant current (follows the surface at constant separation – even though we may have feedback time delay and differences electron).

High-frequency tip oscillation to get an idea of the work function.

Field Emission Microscopy (FEM) 

Sharp tip similar to an STM probe, can be used as an electron source for TEM/SEM.  Electrons in the tunneling current toward the phosphors screen.

Field Ion Microscopy (FIM) – similar setup to FEM in the presence of a low-pressure noble gas. 

Atomic Force Microscopy (AFM)

Similar to the STM in scanning and probing of a surface; uses a cantilever rather than a sharp, rigid tip.

Can plot images of topography or other materials properties or surface interactions.

Cantilever deflection is registered by a diode laser that reflects to a position sensitive detector.

Basic Imaging Modes


Cantilever in direct contact at all times.


Oscillating cantilever intermittently hits the surface.


Noncontact with oscillating mode usually only feasible and consistent in vacuum.

Magnetic or electrostatic imaging

Force Profiles of Interactions

Plot cantilever deflection vs. sample or probe displacement.

Adhesion

Elasticity – constant compliance = linear slope

Nanoindentation – Hardness, Plasticity, Elastic Modulus, etc.?

AFM & STM Probes:  Conducting Tips and Cantilevers

STM tips:

Pt or Pt/Ir wire – cut and pull with pliers and wire cutters, technique

Electrochemical etching – tungsten (W) wire dipped in etching solution and powered by potential with a cut-off current; critical time delay between tip breaking off and actual current cut-off; conical tips made this way.

Field gradient-induced diffusion – W crystal above silicon to give tunneling effects directly, will naturally etch the crystal into a tip

Carbon nanotubes, perhaps coated to make more conductive.

Use thermal emission to deposit single atom on a substrate to use as a tunneling site; this is the precursor to quantum dot deposition and manipulation.

Two types of cantilevers:  rectangular and triangular

AFM tips by standard lithography – pyramidal tips ~3 microns tall, ~10 nm radius; can add sharp carbon tips to these with electron beam deposition; ultrasharp silicon tips can also be etch for high aspect ratio (Park Scientific Instruments, now owned by Veeco as part of ThermoMicroscopes). 

Newer AFM tips – MikroMasch ~<1 nm radius tips; is this standard lithography? Also make tipless cantilevers for attaching your own tips or particles; carbon nanotubes as tips;







