
Scanning probe microscope (SPM) 

 SPM are a family of instruments used for studying surface properties 

of materials at the atomic to micron level. 

 All SPM contain the components illustrated in Figure 1. 



1- Atomic Force Microscopy (AFM) 

             Atomic force microscopes probe the surface of a sample with 

a sharp tip, a couple of microns long and often less than 100 Å in 

diameter. 

 

             Forces between the tip and the sample surface cause the 

cantilever to bend, or deflect. A detector measures the cantilever 

deflection as the tip is scanned over the sample, or the sample is 

scanned under the tip. 

 

             Several forces typically contribute to the cantilever deflection. 

The force most commonly associated with AFM is an interatomic force 

called the van der Waals force. The dependence of the van der Waals 

force upon the distance between tip and sample is given in Figure 2. 



Figure  2- Van der Waals force vs. tip-to-sample separation. AFM can be 

designed to operate in either of the two regimes indicated by heavy lines. 



i- Contact Mode 

 In contact mode, also known as repulsive mode, the AFM tip 

makes soft "physical contact" with the sample. The tip is attached to the 

end of a cantilever with a low spring constant, lower than the effective 

spring constant holding the atoms of the sample together. 

 As the scanner gently traces the tip across the sample (or the 

sample under the tip), the contact force causes the cantilever to bend to 

accommodate changes in topography. 

 At the right side of the curve the atoms are separated by a large 

distance. As the atoms are gradually brought together, they will first weakly 

attract each other. 

 This attraction Increases until the atoms are so close together that 

their electron clouds begin to repel each other electrostatically. 

 This electrostatic repulsion progressively weakens the attractive 

force as the interatomic separation continues to decrease. 

 The force goes to zero when the distance between the atoms 

reaches a couple of angstroms, about the length of a chemical bond. 

When the total force becomes positive (repulsive) the atoms are in contact. 



 Most AFM currently on the market detect the position of the 

cantilever with optical techniques. In the most common scheme (Figure 

3) a laser beam bounces off the back of the cantilever onto a position-

sensitive photo detector (PSPD). 

 As the cantilever bends, the position of the laser beam on the 

detector shifts. The PSPD itself can measure displacements of light as 

small as 10 Å. The ratio of the path length between the cantilever and 

detector, to the length of the cantilever itself produces a mechanical 

amplification. As a result, the system can detect sub-angstrom vertical 

movement of the cantilever tip. 

 A new technique that is generating excitement in the AFM 

community is particularly elegant: fabricating the cantilever from a 

piezoresistive material so that it can detect its own deflection electrically. 

In piezoresistive materials, strain from mechanical deformation causes a 

change in the materials resistivity. Piezoresistive detection has the 

advantage that aligning a laser beam and PSPD isn't necessary. 

 Once the AFM has detected the cantilever deflection, it can 

generate the topographic data set one of two ways. 



Figure 3- Schematic of optical-deflection technique for detecting cantilever 

deflection. This method is also called beam-bounce detection 



 The spatial variation of the cantilever deflection can be used 

directly to generate the topographic data set. Or the deflection can be used 

as input to a feedback circuit that moves the scanner up and down in z, 

responding to the topography by keeping the cantilever deflection 

constant. In this case the image is generated from the scanner's motion. 

The former method is called constant-height mode, because the height of 

the scanner is fixed as it scans. The latter method is called constant-force 

mode. With the cantilever deflection held constant, the total force applied 

to the sample is constant. 
 

 In constant-force mode, the speed of scanning is limited by the 

response time of the feedback circuit, but the total force exerted on the 

sample by the tip is well controlled. Constant-force mode is generally 

preferred for most applications. 
 

 Constant-height mode is often used for taking atomic-scale 

images of atomically flat surfaces, where the cantilever deflections and 

thus variations in applied force will always be small.  

 Constant-height mode is also essential for recording real-time 

images of changing surfaces, where high scan speed cannot be sacrificed.  



ii- Non-Contact Mode 

           In non-contact mode, also known as attractive mode, the AFM 

monitors attractive van der Waals forces between the tip and the sample. 

The tip-to-sample distance Is generally in the range of 50 to 100 Å. At this 

distance, the electronic orbits within the atoms of the tip begin to 

synchronize with the electronic orbits within atoms of the sample. A weak 

attraction results because at any instant in time, the atoms in the tip and 

sample are polarized in the same direction. In free space, the atoms will 

move closer together until the strong electrostatic repulsion takes over. 
 

          Figure 2 shows that in the non-contact AFM region, the slope of the 

van der Waals curve is shallower than in the contact region. 
 

          Furthermore, a stiffer cantilever must be used because a soft 

cantilever would flop onto the sample surface as soon as its tip came 

close enough to the sample surface to experience the attractive force. A 

stiff cantilever deflects even less in response to a small force than a soft 

cantilever. Thus a more sensitive detection scheme must be employed for 

non-contact AFM.  



 In non-contact mode, the system vibrates the stiff cantilever near 

its resonant frequency (typically 200-300 kHz) with amplitude of a few tens 

of angstroms and then detects changes in the resonant frequency or 

amplitude as the tip comes near the sample surface. The sensitivity of this 

detection scheme provides sub-angstrom vertical resolution in the image, 

as with contact AFM. 

 Why does the resonant frequency of the cantilever vary with the 

tlp-to-sample distance? Because the attractive force varies with the tip-to-

sample distance (see Figure 2). The resonant frequency changes because 

the force acting on the cantilever has one value at the top of its oscillation 

cycle and a different value at the bottom. 

 In non-contact mode, the AFM monitors the resonant frequency of 

the cantilever and keeps it constant with the aid of a feedback system that 

moves the scanner up and down. By keeping the resonant frequency 

constant, the system also keeps the average tip-to-sample distance 

constant. As with contact AFM (in constant-force mode), the motion of the 

scanner is used to generate the data set. 

 Non-contact mode involves very low total force between tip and 

sample, generally about 10-12 N. This low force is advantageous for 

studying soft or elastic samples. A further advantage is that samples like 

silicon wafers are not contaminated through contact with the tip. 



iii- Tapping Mode 

 Tapping mode is a variation of contact AFM that is operationally 

similar to non-contact AFM. 

 In tapping mode, the cantilever oscillates at its resonant 

frequency with a high amplitude, on the order of 1000 Å. 

 The tip touches the sample during each oscillation (hence the 

term tapping mode). 

 Tapping mode is less likely to damage the sample than contact 

mode because it eliminates lateral forces (friction or drag) between the 

sample and the tip. 

 However, the vertical forces in tapping mode must be 

significantly higher than the capillary force (10-8 N) in order to allow the 

tip to penetrate into and emerge from the water layer unimpeded. 

 This vertical force is large enough to deform the surface of a soft 

or elastic material. 

 Tapping mode images often represent a mixture of topographic 

and elastic properties of the sample surface. 



2- Lateral Force Microscopy (LFM) 

 A LFM is a contact AFM that images lateral deflections (twisting) 

of the cantilever, arising from forces on the cantilever parallel to the 

plane of the sample surface. 
 

 LFM studies are useful for imaging variations in surface friction 

which can arise from in homogeneity in surface material, and also for 

obtaining edge-enhanced images of any surface. 
 

 As depicted in Figure 4, lateral deflections of the cantilever 

usually arise from two sources: changes in surface friction and changes 

in slop in the first case, the tip may experience greater friction as it 

traverses some areas, causing the cantilever to twist more strongly, in 

the second case, the cantilever may twist when it encounters a steep 

slope. To separate one effect from the other, the LFM should be capable 

of collecting simultaneous lateral-deflection and vertical-deflection 

(topographic) images. 



Figure 4- Lateral deflection of cantilever arising from (A) changes in 

surface friction and (B) changes in slope. The lower line in A and B 

represents the LFM image, while the upper line the surface topography 

traversed by the tip, or, equivalently, the topographic AFM image. 



 LFM systems use position-sensitive photo-detectors to detect the 

deflection of the cantilever. 

 The difference is that In LFM systems, the PSPD also senses the 

cantilever's twist, or lateral deflection. 

 Figure 5 illustrates the difference between an AFM measurement 

of the vertical deflection of the cantilever, and an LFM system 

measurement of lateral deflection as well. 

 The AFM system uses a "bi-cell" PSPD, divided into two halves, 

A and B. The LFM system requires a "quad-cell" photo detector, divided 

into four quadrants, A through D. 

 By adding the signals from the A and C quadrants, and 

comparing the result to the sum from the B and D quadrants, the quad-

cell PSPD can sense the vertical component of the cantilever's deflection, 

measuring topography like a traditional AFM. 

 By taking the sum of the left quadrants, A+B. and comparing it to 

the sum of the right quadrants, C+D. the quad-cell can also sense the 

lateral component of the cantilever's deflection. A properly engineered 

system can gather both AFM and LFM data in the same scan. 



Figure 5- Comparison of AFM system measuring vertical deflection of 

cantilever and LFM system simultaneously measuring vertical and lateral 

deflection of cantilever. 



3- Magnetic Force Microscopy (MFM) 

 A MFM images the spatial variation of magnetic forces on a 

samples surface. In an MFM, the tip is coated with a ferromagnetic thin 

film. The MFM operates in non-contact mode, detecting changes in the 

resonant frequency of the cantilever induced by the magnetic field's 

dependence on tip-to-sample separation. MFM can image naturally 

occurring and deliberately written domain structures in magnetic 

materials. 

 An image taken with a magnetic tip contains information about 

both the topography and the magnetic properties of the surface. Which 

effect dominates depends upon the distance of the tip from the surface, 

because the interatomic magnetic force persists for greater tip-to-

sample separations than the van der Waals force. If the tip is close to 

the surface, in the regime where standard non-contact AFM is operated, 

the image will be predominantly topographic. As you increase the 

separation between tip and sample, topographic effects diminish, and 

magnetic effects become apparent. Collecting a series of images at 

different tip heights is a good way to separate magnetic from 

topographic effects. 



4- Near-Field Scanning Optical Microscopy (NSOM) 

 A NSOM is a special type of scanning probe microscope that 

operates using visible light. Traditionally, the resolution of optical 

microscopes has been limited by the wavelength of light to about half 

micron. The NSOM improves the resolution of an optical microscope by 

an order of magnitude. 

 The probe in an NSOM is a "light funnel" scanned over the 

sample. Visible light emanates from the narrow end of the light funnel, a 

couple of hundred angstroms in diameter, and either reflects off the 

sample or travels through if into a detector. The intensity of the optical 

signal collected by the detector at each measurement point constitutes the 

data set, the NSOM Image. The NSOM can generate a visible-light image 

of the surface with a resolution of about 150 Å, provided that the distance 

between the light source and the sample is very short, about 50 Å. 

 An NSOM must keep the distance between tip and sample 

constant in order to obtain a simple optical image of the surface. 

Techniques similar to those used Io maintain constant cantilever deflection 

in traditional AFM can be used to keep the tip-to-sample distance constant 

in NSOM. 



5- Force  Distance Curves 
 F  d curves is essential for measuring the vertical force that the tip 

applies to the surface. 

 This technique can also be used to analyze surface contaminants 

viscosity, lubrication thickness and local variations in elastic properties of 

the surface. 

 Strictly speaking, a force vs. distance curve is a plot of the 

deflection of the cantilever versus the extension of the piezo tube measured 

using a position-sensitive photodetector. 

 F  d curves is quite complex and specific to the given system 

under study. The discussion here represents a gross simplification, where 

shapes, sizes and distances should not be taken too literally. We will first 

consider the simplest case of AFM in vacuum [Figure 6a). 

 At the left side of the curve, the scanner is fully retracted and the 

cantilever is undeflected since the tip is not touching the sample. As the 

scanner extends, the cantilever remains undeflected until it comes close 

enough to the sample surface for the tip to experience the attractive van 

der Waals force.  



Figure 6a- Force vs. distance curves in vacuum, in humidity air and in 

humidity air with contamination layer. 



 The tip snaps into the surface (point a in Fig. 6a) a equivalently the 

cantilever suddenly bends slightly towards the surface. As the scanner 

continues to extend the cantilever deflects away from the surface 

approximately linearly (region b in Fig. 6a). After full extension, at the 

extreme right of the plot, the scanner begins to retract. The cantilever 

deflection retraces the same curve as the scanner pulls the tip away from 

the surface in free space. 

 In air the retracting curve is often different because a monolayer or 

a few monolayers of water are present on many surfaces (Figure 6b). This 

water layer exerts a capillary force that is very strong and attractive. As the 

scanner pulls away from the surface the water will hold the tip in contact 

with the surface bending the cantilever strongly towards the surface (region 

c in Fig. 6b). 

 At some point depending upon the thickness of the water layer the 

scanner will retract enough that the tip springs free (point d in Fig. 6b). This 

is known as the snapback point. As the scanner continues to retract 

beyond the snap-back point the cantilever remains undeflected as the 

scanner moves it away from the surface in free space. 



Figure 6b 



 If a lubrication layer is present along with the water layer, 

multiple snap-back points can occur, as shown in Figure 6c. The 

positions and amplitudes of the snap-back points depend upon the 

viscosity and thickness of the layers present on the surface. 
 

 A contact AFM can be operated anywhere along the linear 

portion of the force vs. distance curves, in regions (b) or (c). Operation in 

region (c) might be used for soft samples, to minimize the total force 

between tip and sample. 

 Operating with the cantilever bent towards the surface is 

inherently a less stable situation and maximum scan speeds may have to 

be reduced. Note that operation in region (c) is still called contact mode, 

since the tip is touching the sample.  

 In the linear regime of the F  d curves (b), the slope is related to 

the elastic modulus of the system. When the cantilever is much softer 

than the sample surface, as would be the case for non-destructive 

imaging, the slope of the curve mostly reflects the spring constant of the 

cantilever.  



Figure 6c 


