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(57) ABSTRACT 

An apparatus and method for determining a force of inter 
action between a Sample and a tip on a cantilever. The 
method uses a non-Hookian equation to model the cantilever 
as it is deflected by the force of interaction between the 
Sample and the cantilever tip. The Sample is positioned at a 
predetermined distance from the cantilever tip Such that the 
cantilever is deflected by the force of interaction. The 
positions of a plurality of points on the cantilever are then 
rapidly measured and the force of interaction from the 
measured positions is then obtained using a non-Hookian 
model that accounts for higher order Vibrational modes of 
the cantilever. 

12 Claims, 3 Drawing Sheets 
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SCANNING FORCE MCROSCOPE TO 
DETERMINE INTERACTION FORCES WITH 

HIGH-FREQUENCY CANTILEVER 

The present application relies on the benefit of priority of 
U.S. provisional patent application Serial No. 60/128,332, 
filed on Apr. 8, 1999. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a Scanning force micro 
Scope used for Studying Surface properties of materials on 
Size Scales ranging from the angstrom to the micron level. 

2. Description of Related Art 
Scanning force microscopes (SFM), also referred to as 

atomic force microscopes (AFM), are known for their use in 
a broad range of fields where high resolution information 
regarding the Surface region of a Sample is desired. Some 
types of SFMs utilize a Small probe comprising a tip 
attached to the free end of a flexible cantilever for probing 
the Surface of a Sample. The tip of the probe is sharp and may 
either contact the Sample or Sense the Sample without direct 
contact. The position of the tip is normally determined in all 
modes of operation of the machine. This position is usually 
obtained by measuring the angular deflection of the canti 
lever to which the tip is attached. The cantilever tip assembly 
is conventionally modeled as a mechanical simple harmonic 
oscillator (SHO) having an effective mass and effective 
Spring constant. 

The length of the cantilever is generally less than 300 um. 
Forces between the tip of the probe and the Sample Surface 
cause the cantilever to deflect (i.e., bend), and a detector 
measures the cantilever deflection as the tip is Scanned over 
the Sample, or the Sample is moved under the tip. The 
measured cantilever deflections can be used to generate 
constant force contours that are related to the Surface topog 
raphy. SFMS can be used to Study Solids, liquids, insulators, 
Semiconductors or electrical conductors. 

In addition to imaging, SFMs are used to measure forces 
of interaction between the probe tip and the surface. This is 
accomplished by performing a force-distance measurement. 
Conventional SFMs measure the position of the tip and the 
position of the Sample. The value of a Single Spring constant 
asSociated with the elastic properties of the cantilever is 
determined experimentally. In a Static calibration, the deflec 
tion caused by known loads applied to the cantilever is 
measured, and the constant is obtained from the deflection. 
In a dynamic calibration, the shift in the lowest resonance 
frequency of the cantilever is measured for different mass 
loads, and the constant is derived from that frequency shift. 
The Spring constant is then used to convert cantilever 
deflections into forces. 

The forces that contribute to the deflection of the SFM 
cantilever can be divided into two categories: repulsive and 
attractive. The repulsive force that typically dominates at 
very short range (tip-to-sample separation <0.3 nm) is the 
Strong core repulsive force. At larger Separations, the tip 
to-sample force arises from a number of physical phenom 
ena Such as electroStatics, magneto-Statics and Surface ten 
Sion. One important long range force that affects all SFMs 
is the electrostatic force commonly referred to as the Van 
Der Waals force. The variation of the total force, including 
the Van Der Waals force, upon the distance between the tip 
and the Sample depends on whether the distance is within the 
contact region or the non-contact region. In the contact 
region, the cantilever is held less than a few tenths of a 
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2 
nano-meter from the Sample Surface, and the total inter 
atomic force between the cantilever and the Sample is 
repulsive. In the non-contact region, the cantilever is held on 
the order of one to ten nano-meters from the Sample Surface, 
and the inter-atomic force between the cantilever and the 
Sample can be either attractive or repulsive. The Significance 
of these two forces can be illustrated with Some examples. 
The repulsive force is responsible for keeping individual 
elements of Systems dispersed, Such as keeping red blood 
cells Separate and preventing coagulating of the blood in 
blood vessels. The attractive force is responsible, for 
example, for the attachment of drugs to the proper receptors, 
So that the drugs can have effect. 
When used as imaging tools, SFMs operate in one of two 

modes: Variable tip position or constant tip position. In the 
variable tip position mode, forces between tip and Sample 
are allowed to alter the Z-axis position of the tip. The point 
at which the tip probes the Sample Surface is raster Scanned 
(the tip and Sample Surface move with respect to one another 
in an X-Y plane) while the position of the tip (along the Z 
direction) is recorded. In this manner, a Series of positional 
data point Sets (x,y,z) are obtained. In the constant tip 
position mode, the Z position of the tip is maintained fixed 
during the raster Scan, by applying forces to the cantilever 
through a piezoelectric actuator. In this mode, the Z portion 
of the positional data point (x,y,z) is obtained by measuring 
the piezoelectric Voltage necessary to maintain a constant 
Separation. 

Cantilever based SFMs utilize three distinct Sub-modes of 
operation which can be performed in either the constant tip 
position mode or the variable tip position mode. These 
Sub-modes are contact, intermittent contact, and non 
contact. In contact-SFM, also known as repulsive-SFM, the 
probe tip makes physical contact with the sample (i.e., the 
tip is brought close enough to the Sample Surface So that the 
dominant repulsive force is the strong core force). The tip is 
attached to the free end of a cantilever having a 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 moves under the tip), 
the contact force causes the cantilever to bend to accom 
modate changes in Sample topography. The Z position of the 
cantilever is typically measured using optical techniques. 
The most common method involves the use of an optic lever, 
consisting of a laser beam reflected by the Surface of the 
cantilever onto a position-sensitive photo-detector (PSPD). 
AS the cantilever bends, the position of the laser beam on the 
detector Shifts, indicating the bending of the beam, which is 
approximately equal to the change in the Z-displacement of 
the free end of the cantilever. Other methods to detect the 
cantilever deflection are known, and include optical 
interference, a tunneling microscope, the use of a cantilever 
fabricated from a piezo-electric material, or a magnetic 
pickup System. 
An SFM can also be operated in a mode where the tip is 

not in direct contact with the sample Surface (i.e., where the 
dominant force is not the strong core repulsion). The Sim 
plest non-contact mode of operation places the tip far 
enough above the Surface So that the Structural Stiffness of 
the cantilever at the equilibrium position is Sufficient to 
counter the Sum of all attractive forces. The tip-to-sample 
Separation (usually a few nano-meters) must be Small 
enough So that the force field generated by the Sample is 
sufficient to measurably deflect the cantilever. The sample is 
then moved towards the tip, and the tip displacement is 
recorded as in the variable contact mode technique. This is 
the only conventional non-contact mode to work in fluid, but 
it is difficult to implement. 
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Another non-contact technique involves oscillating the 
cantilever near its resonant frequency. The tip-to-sample 
distance is then reduced until the existence of tip-to-sample 
forces causes a shift in the resonant frequency of the 
cantilever. Either the amplitude of vibration at the original 
resonant frequency is measured or the shift in phase between 
the driving Signal and the cantilever oscillation is measured. 
A major shortcoming of the oscillating non-contact mode is 
that it provides lower lateral resolution than the contact 
mode. Generally, lateral resolution around 10 nano-meters is 
obtained. 

Non-contact SFM is desirable because it provides a means 
for measuring Sample topography with no contact between 
the tip and the Sample and thus causes minimal damage to 
the Sample. It is desirable to have the highest possible 
resonant frequency So that physically meaningful averages 
can be taken at reasonable raster Scanning rates. Typically, 
cantilevers with Spring constants around 100 N/m having 
resonant frequencies in the range of 300-600 kHz are 
utilized. The total force between the tip and the sample in the 
non-contact region is typically very low, generally about 
10' N. This low force is advantageous for studying soft or 
elastic Samples as well as non-covalently bound adsorbates 
on Surfaces. A further advantage is that Samples like Silicon 
wafers are not contaminated through contact with the tip, 
conferring an advantage in the microelectronics industry. 

Intermittent contact mode is a hybrid of the contact and 
non-contact modes. In this mode, the cantilever is also made 
to oscillate near its resonant frequency. The amplitude of 
oscillation is typically tens to hundreds of nano-meters. A 
tip-sample Separation is chosen So that, at the bottom of its 
Stroke, the probe tip comes into direct contact with the 
Sample Surface. Current literature does not describe in detail 
how the physical interaction between the tip and Sample 
generates the Signal measured in intermittent contact mode. 
In general, it can be said that Some combination of the long 
range force of interaction, the adhesive force, and the Strong 
core repulsion experienced at the bottom of each Stroke 
alters the vibrational amplitude of the cantilever. When 
operated in air, intermittent contact mode is usually per 
formed with a stiff cantilever like that used in non-contact 
mode. A benefit of intermittent contact mode is that it 
reduces lateral dragging of the Sample, as compared with 
contact mode. When Scanning in a fluid, lower resonant 
frequency cantilevers are used (10-100 kHz) to prevent 
Viscous damping forces from extinguishing the Signal. An 
advantage of intermittent contact mode is that it routinely 
provides very high lateral resolution (almost as high as 
contact mode) but does not present high shear forces in the 
X-Y plane. This permits imaging of delicate Samples that are 
easily pushed around by the tip. 

In conventional devices, the cantilever-tip assembly is 
interpreted as a mechanical Simple harmonic oscillator 
(SHO) that cannot vibrate at more than one frequency. In 
reality, multiple vibrational frequencies are excited during 
normal SFM operation, and many frequencies exist Simul 
taneously in the System. The linear equation F=-kZ (where 
F is the force, k the Spring constant, and Z the tip’s deflection 
measured from its equilibrium position) given by Hooke's 
Law for an SHO, does not allow modeling of an oscillator 
resonating at more than one frequency. AS the cantilever 
approaches the Snap-to-contact point (the tip-sample sepa 
ration where the attractive force gradient exceeds the effec 
tive Spring constant obtained using the SHO model), the 
SHO model gives incorrect results. This is because as the 
cantilever approaches the Sample beyond the Snap-to 
contact point, the cantilever moves fast and cannot oscillate 
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4 
only in its lowest frequency mode. The SHO model thus is 
not useful in evaluating measurements at and beyond the 
Snap-to-contact point. 
The Snap to contact point is the point where a large and 

rapid increase in the attractive force occurs. This increase is 
analogous to the increase in attractive force experienced 
when two magnets of opposite polarity are approached. The 
attractive force gradually increases, up to a point where a 
further Small movement greatly increases the force, and it 
becomes difficult to keep the poles from contacting. 

Conventional devices in which the cantilever is consid 
ered to be a simple harmonic oscillator (SHO) also limit the 
Speed with which data can be meaningfully collected. These 
Systems use Hooke's Law, where the expression F=-kZ is 
used to convert cantilever displacement measurements to 
tip-sample force values. In these devices, the value of k is 
assumed to be known, the cantilever vertical deflection Z is 
measured, and thus the force F can be computed. AS indi 
cated above, this method is only useful for measurements 
taken at frequencies lower than the lowest resonant mode of 
the cantilever. This means that high-speed topographs as 
well as force-distance measurements taken at high Speed are 
not well modeled using conventional Systems. 

Static, 3-dimensional measurements of topographic Sur 
faces of materials, Such as carbon fiber/polymer composites 
and Semiconductors, can be made using the SHO methods. 
However, rapid topographical measurements, force-Volume 
images, or real time measurements of interactions of mol 
ecules necessary to study biological Systems cannot be done 
reliably using an SHO model, because they require very 
rapid measurements. 

Another problem with conventional devices is that the 
Speed at which the cantilever approaches the Sample must be 
Slow enough So that the cantilever does not vibrate above its 
first mode. If the speed of motion of the cantilever is above 
a certain value, then vibrations will be induced in the 
cantilever, and the measurements of the force will give 
inaccurate readings of the tip-to-sample distance (d). Con 
ventional methods can provide only one data point (tip-to 
Sample distance) each millisecond, and thus cannot Scan a 
Surface topography of an area fast enough for real-time 
imaging of a biological living Sample, Such as a protein, 
which can move many pixels in one Second and change the 
topography of the area during the Scan. To have chemical 
Specificity while resolving the motion of Such a biological 
living Sample, meaning that the chemical composition of the 
Sample can be determined, one needs to get force-distance 
measurements at each pixel consisting of Several measure 
ments at each location on the X-Y plane. Thus, even for a 
modestly sized 64x64x64 points image, the frequency of the 
cantilever must be larger than 10 voxels/sec. Under those 
conditions, vibrational modes having frequencies larger than 
the lowest natural frequency of the cantilever will be 
excited. 

In light of the foregoing, there is a need in the art for an 
improved SFM. 

SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to a method 
and device that Substantially obviate one or more limitations 
of the related art. To achieve these and other advantages, and 
in accordance with the purposes of the invention, as embod 
ied and broadly described herein, the invention involves a 
method for determining a force of interaction between a 
Sample and a tip on a cantilever. The method includes 
positioning the Sample and the cantilever tip a predeter 
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mined distance from each other, rapidly measuring respec 
tive positions of a plurality of points on the cantilever as the 
cantilever is deflected by the force of interaction, modeling 
the cantilever with a non-Hookian model that accounts for 
higher order Vibrational modes of the cantilever, and calcu 
lating the force of interaction from the measured positions of 
the plurality of points using the model. 

Another aspect of the invention includes a method for 
determining a force-distance curve for an interaction 
between a tip on a cantilever and a Sample. The force 
distance curve is determined by positioning the Sample and 
the cantilever tip a predetermined distance from each other, 
rapidly measuring the respective positions of a plurality of 
points on the cantilever as the cantilever is deflected by the 
force of interaction, modeling the interaction with a non 
Hookian model that accounts for higher order vibrational 
modes of the cantilever for the predetermined distance, 
calculating the force of interaction from the measured posi 
tions of the plurality of points using the model thus deter 
mining one point of the force-distance curve, varying the 
predetermined distance by a preselected distance increment, 
and repeating the rapidly measuring, the modeling, the 
calculating, and the varying of a preselected number of times 
until the force-distance curve is determined. 

In yet another aspect, the invention includes an apparatus 
for determining a force of interaction between a Sample and 
a tip on a cantilever. The apparatus comprises a positioning 
mechanism to position the tip at a known location in relation 
to the sample, a deflection measurer for determining rapidly 
the deflection due to the force of interaction of a plurality of 
points on the cantilever, a processor for modeling the 
cantilever with a non-Hookian model accounting for higher 
order vibrational modes of the cantilever, and for calculating 
the force of interaction from the measured deflection of the 
plurality of points using the model of the cantilever, a 
memory for Storing instructions for the processor to model 
the cantilever, and a controller for directing the positioning 
mechanism to position the tip at predetermined locations. 

The present invention preferably obtains accurate force 
measurements using an SFM at high Speed. This invention 
allows the distance between the cantilever tip and the Sample 
to be changed rapidly at an exact point (or "pixel’) that is 
being probed over the Sample, and also allows rapid move 
ment of the tip acroSS the Sample, in a “raster-Scanning” 
movement to analyze the entire Surface of the Sample. There 
are two Specific Situations in which this accuracy at high 
Speed is desired. First, when the tip-to-sample Separation is 
very Small (within the Snap-to-contact region). Second, 
when high data collection rates are desired for high-Speed 
imaging and/or high Speed force-distance measurements, as 
required when analyzing chemical or biological Systems. 

These accurate high Speed force measurements are 
accomplished by a System utilizing a non-linear equation to 
model the resonant frequencies of the cantilever used to 
measure the tip-to-sample interaction. This System interprets 
accurately the higher order resonance modes of the cantile 
ver that are excited in high Speed applications. The method 
of the present invention does not necessarily require exact 
knowledge of the Shape of the cantilever in order to obtain 
measured forces. Thus, it can be applied to existing SFM 
technology. 
More Specifically, the present invention allows for a direct 

Spatial analysis of the data retrieved from Scanning force 
microScopes working at high frequencies. Instead of deter 
mining the force of interaction between the cantilever tip 
and the sample by measuring the deflection of one location 
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6 
on the cantilever over time, the System of this invention 
measures cantilever deflection for a Snapshot in time, at 
different locations on the cantilever. These rapid measure 
ments of the deflection at multiple points are used in the 
model to obtain the force of interaction at a specific distance 
and location of the tip over the sample. The measurements 
are taken rapidly So that the cantilever does not Substantially 
move between measurements of Successive points. 

For example, a modulated laser beam can measure the 
deflection of Several points on the cantilever rapidly. 
Alternatively, more than one laser beam may be used, one 
measuring the deflection of each different point. Other 
Suitable known methods for rapidly measuring the deflection 
of the cantilever at Several locations can be used. 

The force of interaction between the cantilever tip and the 
Sample is thus determined according to the invention by 
applying a non-Hookian equation to data describing the 
deflection of points of the cantilever at one instant in time. 
In a preferred embodiment, the Sample is moved toward and 
away from the cantilever, and the force computation accord 
ing to the invention is repeated at Several known distances 
between the Sample and the cantilever. A force-separation 
curve can then be constructed, describing how the force of 
interaction changes as the tip is moved toward/away from 
the Sample, over a specific X-Y location of the Sample. 
The force-separation curve is expected to have a charac 

teristic shape for Specific chemical elements. If the curve is 
compared to a library of curves from known elements and 
chemical compounds, the composition of the Sample at the 
point being analyzed could be determined to obtain infor 
mation about the distribution of elements within the sample 
on a molecular Scale. However, at the present time a 
quantitative cataloguing of curves has not been developed, 
and the measurements could only be evaluated qualitatively. 

In another embodiment according to the invention, the 
entire Sample may be raster-Scanned by the tip of the 
cantilever, So that force-distance curves can be constructed 
at Successive locations over the sample, to produce an image 
of the entire Sample that includes the Sample's chemical 
composition. The raster-Scan can be repeated to produce 
Successive images showing the development over time of 
the Sample, if the Scanning is performed fast enough. 

These applications are possible due to the ability of the 
System according to the present invention to interpret the 
higher oscillation modes of the cantilever that are excited 
when the cantilever is moved very rapidly toward the 
Sample, and is moved from one position to the next on the 
Sample at high Speed. The System according to the present 
invention preferably only requires measurements of canti 
lever deflection at one instant in time at each distance 
between the Sample and the cantilever. In the preferred 
embodiment, the force-separation curve can be generated 
more rapidly in this manner than is possible in Systems 
requiring Several measurements in time for each discrete 
distance. 

Information regarding dynamic Systems, Such as cells and 
other biological Samples, can also be determined by the 
System of the invention, before the Sample has time to 
change. The ability of the System to interpret the higher 
Vibrational modes of the cantilever that are excited during 
fast operation permits completing a raster Scan of the entire 
Sample before the Sample changes Substantially. 

Besides the arrangements Set forth below, the invention 
could include a number of other arrangements, Such as those 
explained hereinafter. It is to be understood that both the 
foregoing general description and the following detailed 



US 6,452,170 B1 
7 

description are exemplary, and are intended to provide 
further explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings are included to provide a 
further understanding of the invention and are incorporated 
in and constitute a part of this Specification. The drawings 
illustrate embodiments of the invention and, together with 
the description, Serve to explain the principles of the inven 
tion. In the drawings, 

FIG. 1 is a Schematic diagram showing a cantilever and a 
laser beam to measure the deflection of the cantilever, 

FIG. 2 is a graph of the computed force as a function of 
tip-to-sample Separation; and 

FIG. 3 is a Schematic diagram of a Scanning force 
microScope according to an embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A preferred embodiment of the System according to the 
invention will now be described with reference to FIG. 3. A 
sample (100) to be examined is placed on a sample holder 
on the Scanning force microscope. A probe (90) including a 
cantilever (104) with a tip (102) is used to scan the sample. 
Any Suitable combination of known cantilever and tip can be 
utilized. The cantilever (104) is connected to a base with a 
piezoelectric actuator (107), used to oscillate the cantilever 
(104). A positioning mechanism (106) is configured to move 
the sample (100) with three degrees of freedom (i.e., x, y, z). 
The positioning mechanism (106) could include, for 
example, motor driven gears or electro mechanical actuators 
that move the sample (100) away from and toward the probe 
(90) along the Z axis, as well as sideways in the X-Y plane. 
Alternatively, the probe (90) can be moved with respect to 
the sample (100). In a preferred embodiment, positioning 
mechanism (106) is located in the base of the machine, 
below the sample (100), to minimize the effect of vibrations 
on probe (90). Positioning mechanism (106) preferably also 
generates a signal reporting the (x, y, z) position of the probe 
(90) relative to sample (100). 
One exemplary embodiment of the positioning mecha 

nism (106) can include a coarse adjustment and a fine 
adjustment. Both adjustments can vary the X, y, Z position of 
the tip relative to the Sample. The coarse positioning System 
preferably includes mechanical elements, Such as finely 
threaded Screw drives, inchworms, Stepper motors or 
micrometers, and has a range of motion typically around 100 
tim to 10 mm. The fine positioning System preferably 
includes an octupole piezo tube, and has a range of move 
ment between about 0.01 nm to 100 um. 

In a preferred embodiment, a laser (108) is used to locate 
several points on cantilever (104). Knowing the position of 
an increased number of points on cantilever (104) improves 
the Solution, but also increases the cost of the apparatus. The 
measurement of the position of all the particular points on 
the cantilever (104) can be performed in several ways by 
using a light sensor (110). In one embodiment, shown in 
FIG. 1, the laser (108) is a modulated source resulting in a 
single beam (124) which is reflected by the cantilever (104) 
and is then received by a single light sensor (110). This 
reflected modulated beam measures the position of multiple 
points on the cantilever (104), one point at a time, by moving 
to Successive points with a frequency equal to the modula 
tion frequency. Alternatively, as shown in FIG. 3, Several 
Simultaneous laser beams in a parallel array can be used to 
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8 
each measure the deflection of the cantilever (104) at one 
point only after being received by a respective element of an 
array of sensors (110). 
The position information for all the points measured by 

sensor (110) is sent to controller (112) to indicate that the 
measurement has been completed, and to processor (114). 
Processor (114) is preferably a digital computer, having 
instructions to model the cantilever (104) as a beam vibrat 
ing with multiple modes of oscillation. The processor (114) 
uses position information from sensor (110) describing the 
deflection of cantilever points, to determine the magnitude 
of the force of interaction. 

A solution memory (116) may be used to store the 
instructions for the processor (114). These instructions con 
trol how processor (114) interprets the interaction between 
sample (100) and the probe (90), and computes the force of 
interaction from the position data. The instructions may be 
Stored in read only memory, in Volatile memory, or any other 
known information Storage System. Details of the Solution 
Steps recorded in Solution memory (116) are given below. 
The computed force of interaction is Stored in an output 

memory (118). This force is computed for a specific distance 
between the probe (90) and the sample (100), and for a 
specific location of the tip (102) on the X-Y plane, from the 
positioning mechanism (106) along the length and width of 
sample (100). The output memory (118) receives informa 
tion about the location of the probe (90), sample (100), and 
tip (102). 
When the measurements for the force computation for one 

distance are completed, controller (112) instructs positioning 
mechanism (106) to change the distance between the probe 
(104) and the sample (100). The measurement is repeated at 
the new distance, and for other distances Sufficient to gen 
erate a curve of force of interaction versus distance, also 
stored in output memory (118). The actual force computa 
tion can be performed after data for all or Some of the points 
is measured, or could be performed in real time as the 
measurements are made if Sufficient computing power is 
available. Depending on the type of interaction being 
investigated, the distance between the tip and the Sample can 
be varied in increment sizes ranging from Several Angstroms 
to Several nano-meters at a time. In a further preferred 
embodiment, a comparator (120) could be used to match the 
computed force-distance curve to a catalog of known curves, 
each corresponding to a different chemical compound. Such 
catalog could be developed once Sufficient expertise in these 
measurements is obtained. In this manner the composition of 
sample (100) at the point being analyzed could be deter 
mined. 

A movement memory (122) may be used to store pre 
defined distances at which the computation is to be carried 
out. Controller (112) instructs positioning mechanism (106) 
to move the sample (100) relative to the probe (90) to those 
distances. In addition, movement memory (122) may also 
contain instructions regarding the points on the Surface of 
sample (100) that need to be sampled. Controller (112) then 
uses those instructions to command relocation of the Sample 
(90) or cantilever tip (102) to the proper points. 

Both the chemical composition and the shape of the 
sample (100) can be derived from the information measured 
by the cantilever tip (102). Each chemical environment 
exhibits a Specific force-distance curve, that can be recog 
nized once a catalogue of curves for known elements is 
developed. The shape of the sample (100) can be derived 
from one point of the curve alone, but for many (x, y) 
positions above the sample (100), by determining the posi 
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tion of the tip (102) giving a constant force of interaction as 
the tip (102) is moved over the sample (100) (this is called 
an isoforce contour). When the force is kept constant, the 
movement of the laser beam, indicating the position of the 
tip (102), is a direct measurement of the shape of the sample 
Surface in regions of constant chemical composition. 

The equations that are used by processor (114) to interpret 
the interaction of cantilever (104) with sample (100), 
according to the invention, are derived and described below. 
Dynamics of the Cantilever 

Cantilever dynamics have been Studied in the past, how 
ever the present invention includes a Solution better adapted 
to the new generation of SFMs. In particular the problem of 
high frequency response is addressed, and at the Same time, 
the Solution includes explicitly the tip-sample interaction 
force. Such a Solution has only been partially addressed in 
the past. 
We assume the cantilever to be a beam governed by the 

following equation: 

ou ou Equation 1 32 
f(EE-pa, = 0 

where u(x,t) is the deflection of the cantilever with respect 
to the horizontal at position X along the cantilever and at 
time t. E is the Young Modulus, I the (area) moment of 
inertia through the middle axis perpendicular to the plane of 
motion, p is the density of the cantilever and A the croSS 
Sectional area of the cantilever. 
To simplify, we consider the croSS Sectional area to be a 

constant. In that case, the parameters do not vary with X. 
Thus, we can define 

2 = El Equation 2 
oA2 

now we can rewrite Equation 1 as 

d'u ou O Equation 3 
A W - - - - = 

34 3f2 

In order to Solve Equation 3, we need to Set appropriate 
boundary conditions (BC). These conditions will also intro 
duce the tip-sample interaction force that is to be measured. 
At the fixed end of the cantilever (x=0) we impose a no 
deflection condition. 

At the Same point, Since the lever is not free to rotate 
about that point, the condition is: 

8tt 
- : : Equation 3b ( 0, t) = 0 

At the free end, X=L, the cantilever experiences no torque if 
Vertical interaction forces are considered, and the boundary 
condition is: 

ou = L, t) = 0 as (x = , t) = 
Equation 3c 

Finally, at the free end, the internal force on that layer of 
cantilever must equal the external force, So that the boundary 
condition is: 

1O 
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33 Equation 3d 

A. Static Solution 
Typically, the Scientific community has used a Solution to 

the previous Simple harmonic oscillation problem for which 
the interaction force F is slowly varying with time. This 
renders a quasi Static Solution corresponding to the patching 
of a series of solutions for which F=F, where F is a constant 
force. 

In this Static case, Equation 3 reduces to 

d'u, (x, t) Equation 4 
34 O 

where the variable “u” has a subscript “s” to indicate static 
solution. This equation, in conjunction with the four BC's 
provides a unique Solution, 

(3FL)x -(F)x Equation 5 
its (x) 

If the SFM monitors the deflection of one point of the 
cantilever, for example at x=L (it can be easily extended to 
any point), then the measured deflection, Z., would be 
described as follows: 

F(t) L Equation 6 
3, (t) = 

As the force varies slowly with time, so does the deflec 
tion. This time dependence is explicit in Equation 6, to StreSS 
that measurements are made in time Steps. This Solution 
corresponds to a one-degree-of-freedom, simple-harmonic 
oscillator (SHO) approximation of the cantilever with spring 
constant 3EI/L. As an approximation, it has several limi 
tations. In particular, it will fail when the tip-sample inter 
action force does not vary slowly. Under those 
circumstances, it may be possible to excite Several vibra 
tional modes on the cantilever and, consequently, a one 
degree of freedom model will not be enough to determine 
the State of the System. In the quasi Static regime, on the 
other hand, one degree of freedom is enough because if Z(t) 
is measured, Equations 5 and 6 can be used to compute the 
entire shape of the cantilever. 

B. Generalizing the SHO Solution 
In order for the SFM to be of use in fast imaging where 

a force-distance curve is preferably obtained for each pixel 
as quickly as possible, for example in the Study of biomo 
lecular motion to capture changing Systems, the quasi-Static 
Solution must be revisited because it does not give good 
results. 
With that in mind, we now generalize the previous prob 

lem by allowing for the cantilever to Sense, not only a 
constant force, but also a gradient of the force-distance curve 
as the tip moves away or towards the surface. This will 
enrich the Solution for the deflection u(x,t), by allowing the 
possibility of vibrations Superimposed on the SHO Solution. 

Therefore, we write the force as follows: 

In writing Equation 7, we assumed, as in the BCS, that the 
force on the cantilever is applied on the tip at X=L. Here F. 
is the average force the tip Senses at one location above the 
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Sample, and G is the derivative of the force-distance curve 
at that same position. 
We write the solution u(x,t) to Equation 3 as the sum of 

the Static Solution and a Superposition of normal modes, 

it(x, t) = u(x) + X. f, (v)cos(coni + p.) Equation 8 

where f(x) represents the shape of the normal modes, co, is 
the angular frequency corresponding to the mode f(x), and 
(p, is the phase angle of mode n. 

Substituting Equation 8 into Equation 3 and noticing that 
f(x) represents linearly independent terms, we obtain: 

d'?, (v) co Equation 9 
– if, (x) = 0 dx A Vf, 

with Solutions as follows: 

f(x)=f," cos kx+f, sin kx+f, cos kx+f,' sinh kx Equation 10 

where f', f..f., f," are constants, and k indicates the wave 
number, equal to 2 L divided by the wavelength. As derived 
from the prior art literature, k"=co/AV, where A is the cross 
Sectional area and V is the Speed of Sound for the material. 
(See, e.g., Scanning Force Microscopy, by Dror Sarid, 
Revised Ed., 1994, pg. 10.) 
AS a neXt Step, we apply the BCS of equations 3a, 3b, 3c, 

3d and end up with the proper BC for each individual mode 

f'+f=0 Equation 11a 

f+f,'=0 Equation 11b 

-f' cos kiL-f,' sin kiL+f, cosh kiL+f, sin h kiL=0 Equation 11c 

k(-f,' sin kiL-f,’ cos kiL-f, sin h kiL-f, cosh 
kiL)=Y(f,' cos kiL+f, sin kiL+f, cosh kiL+f,' 
sin h kiL) Equation 11b 

where y=G/EI. 
In order for the system of Equations 11a-d not to have 

trivially null Solutions, we must require that the determinant 
of the system be zero. Thus 

k(1+cos kiL'cos kiL)=Y(sin kiL'cos h kiL-cos 
h kl, sin h kiL) Equation 12 

And with the definitions f=YL and S=k,L, one obtains 
a transcendental equation for the frequencies (), for a given 
G 

1 + cosé, cosh, Equation 13 
sin, coshi - cost, sinhé, 

We can use these frequencies to find, for each n, the normal 
modes f. (I=1,2,3,4) (in fact we will obtain 3 ratios between 
the f, since the System is, by construction, indeterminate). 
After performing Some algebraic Steps, one obtains the 
following: 

g cost, + coshg, + sinhi, -sing, 
f3 cos - cosh, + sin - sin, 

f 
A = 

Equation 14a 
R 
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-continued 

f = -1 Equation 14b 
A -- 

f s coss, + coshg, + sinh, - sins, Equation 14c 
if T f3 cosg, - coshg, + sing, - sinhé, " 

Finally, by using Equation 8 one arrives at the complete 
solution to the problem 

Equation 15 

cos(Cot + p.) 

In the next Section, an expression for the Signal that is 
actually measured by the laser beam reflected from the 
cantilever is derived. That Signal is a consequence of the 
motion u(x,t), but does not indicate the motion directly. 
The SFM Signal 

In optical detection, the intensity of a light beam reflected 
from the top of the cantilever is measured by a photo 
detector System. If the beam has a distribution of intensities, 
each of those intensities contributes to the total Signal. 
The optical detection System, in a preferred embodiment 

according to the invention, includes two photo diodes that 
collect the light of the laser beam. The spot of laser light has 
an elliptical shape, and when in equilibrium, the top of the 
ellipse impinges on the top diode, while the bottom of the 
ellipse impinges on the bottom diode. In that condition, both 
diodes produce the Same Voltage. When the cantilever 
moves, the reflected laser light is deflected, and one of the 
photo diodes receives more light, and produces a greater 
Voltage. In this manner the difference in Voltage is propor 
tional to the Z coordinate of the point being considered. 
The Signal originated at position X on the cantilever is thus 

proportional to the deflection u(x,t) and to the light intensity 
at that point. If u(x,t) is Zero, there would not be any signal 
because the two photo diodes would be balanced and, if, the 
intensity were Zero, then the Signal would also be Zero, Since 
there would be no light to measure. Therefore, neglecting 
instrument constants, the Signal at the photo diode is 

E. 
S(t) = ? u(x, t) g(x)dy Equation 16 

O 

where g(x) is the light-beam intensity profile. We assume it 
has a gaussian shape: 

1 (a)? Equation 17 e 
Ov 7 

In these equations, O represents the width of the laser beam, 
X represents the central position of that beam, and X is the 
initial position at time t=0. By using Equations 14, 15, 17, 
and 5, the integral in Equation 16 can be carried out 
explicitly. The result is 

ko. 2 ko. 2 
S(t) = Static + f ...t's coskx - Re) coshkx - Equation 18 

ike ike 2 2 

(g) sinkx + (g) sinhko cos(cot + p.) 
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where S is the following constant static 

F. 3 Sai = i, (3L-xx + r(L-x. Equation 19 

The constants f" can be obtained from initial conditions. 
Further Generalization to the SHO Solution 

Although the assumption in Equation 7 for the force is a 
generalization over what is commonly used, it is natural to 
ask whether the problem could be solved for an arbitrary 
force shape. In this Section, we present a way in which Such 
a Solution is obtained. Regrettably, no closed form Solution 
can be obtained for the general case. However, by writing an 
algorithm following these Steps, it will be easy to write a 
computer code to obtain numerical Solutions to the general 
CSC. 

In FIG. 2, a real Force-Separation is shown to be made up 
by the concatenation of 8 linear Segments. Each Segment is 
characterized by a tip-sample Separation, an average force 
and a slope. These parameters, for each Segment, are mea 
Sured at a constant distance between the probe tip and the 
Sample. For example, Segment 2 is characterized by S, F, 
and G. For that same segment, the tip does not move during 
the period of time from t=2At to t=3At. In general we shall 
consider M intervals labeled “m', that is m=0,1,2,3,..., 
M-1, M. For negative values of m (and time) we assume that 
the force is Zero (far away region) and the cantilever is in its 
horizontal equilibrium position. In this position, the photo 
detector is Set to output Zero volts. 

Experimental measurements provide S(t) at thousands of 
points, So it is desired to account for Situations where the 
number of data points is larger than M. S(t) is the signal at 
the detector. Let us then divide each of the above-mentioned 
Segments into P Smaller Segments. Each of those Smaller 
Segments will comprise a time-interval ot, So that At=Pöt. 
There shall be a total number of points D=PM. We choose 
Pso that D is the number of data points. 
The signal S(t) in Equation 18 depends on the light-beam 

width O and the point X at which the light-beam touches the 
cantilever. Therefore, it is possible to collect many signals, 
S(t) (q=1,2,3),....Q), rapidly, where q represents an index 
of Successive possible laser beam widths, and Q is the total 
number of beam widths considered in the measurement. 
Each of those signals could consist of a measurement of S(t) 
for a given O. In this way information on the deflection of 
a plurality of points on the cantilever can be obtained 
rapidly. In that case O can be written as O =O+q-(Q+1)/2 
AO. However, OO is not the only parameter available. The 
position of the light-beam could also be changed to rapidly 
obtain the deflection at several locations. However, what 
ever one decides to choose, the following general derivation 
applies. 
We choose Q to be equal to the number of frequencies the 

cantilever is assumed to Support (it may be larger, but never 
Smaller than that). This can be determined before the tip 
interacts with the surface. That is when the tip and the 
Surface are far away. It is true that the frequency spectrum 
will change as the tip approaches the Sample. However, the 
number of frequencies involved should not increase since 
the cantilever is driven more by inertia than by the tip 
Sample force. In a typical experiment, one could excite the 
tip with a broad Source of frequency and Study the cantile 
Ver's response. Alternatively, the thermal noise Spectrum 
could be analyzed. If three frequencies were excited then 
one would choose Q=3. For Safety one may want to take 
Q=4 and check if one gets null coefficients for modes above 
the third. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

14 
Equation 18 is now rewritten to Simplify the analysis 

n= Equati i quation 20 
S;" = SC +X f"/:COS(co, p. 61 + p.) 

=l 

where p, is shorthand for the expression in Square paren 
thesis in Equation 18. The left-hand side of Equation 20 
must be compared to the QPM=QD data points, since Q 
values of Sigma are taken over P time intervals and M force 
intervals. The right hand side can then be obtained by fitting 
this expression to experiments. In order to complete the 
process, one needs to choose M, the number of regions into 
which we want to divide the whole “separation” range. It 
Seems that M=10 should be a good guess. By doing this 
fitting, we are Solving an inverse problem. Namely, that of 
obtaining the force-Separation curve from the measured 
Signals. 
The term S." of Equation 20 is measured QxPxM times. 
S." is evaluated from Equation 19, with F being 
unknown, and the right hand Side of Equation 20 is evalu 
ated using Equation 18, with f," being unknown. The result 
is a system of QxPxM equations, from which the unknowns 
can be extracted. 

CONCLUSIONS 

The System according to the present invention preferably 
solves the problem of modeling the oscillations of the SFM 
cantilever especially at high frequencies. First, the SHO 
Solution is generalized by modeling the cantilever as Vibrat 
ing around the SHO Solution. This generalization allows for 
the retrieval of the frequency Spectrum at different tip 
Sample separations. Finally, the System shows how to ana 
lyze experimental results for a general case, where the force 
may be nonlinear, as is the case in practical applications. 
Under those circumstances, closed form Solutions for the 
equation used in the System are usually not obtained, but a 
Solution based on a numerical algorithm can easily be 
obtained. 

In a preferred embodiment of the invention, a data acqui 
Sition System collects the deflection information for Several 
points on the cantilever rapidly. The information is then 
transmitted to a controller, which preferably includes 
memory means for Storing the deflection information, and a 
processor for executing the Steps of the Solution on the 
deflection information according to the System of the inven 
tion. A Series of commands can be also Stored in another 
memory, Such as a ROM, and can instruct the processor to 
perform the steps of the solution on the deflection 
information, according to the invention, to obtain the inter 
action forces between the Sample and the tip. The System can 
further Successively vary the distance between the Sample 
and the tip, and repeat the interaction force computation at 
each different distance, to generate a force-Separation curve. 
A processor could be employed to correlate the force 

Separation curve with curves characteristic of certain 
chemicals, to determine the chemistry of the region, or pixel, 
being probed by the tip. 

The force-separation curve derived by the processor can 
be output, or can be further processed to obtain visual or 
other representations of the topography or of the chemical 
identity of the Sample being Scanned. 

Additionally, the System can include actuators for moving 
the tip of the cantilever across the Surface of the Sample, to 
raster-Scan the Sample under control of a Scan controller. 
Force-Separation information obtained at the Several raster 
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Scanned pixels could be Stored in a further memory for 
display or processing. 

The System according to the invention is especially well 
Suited to determine forces between a sample and an SFM, 
but could also be used to process data from capacity force 
microScopes, magnetic microScopes, or other devices where 
a force is computed from Vibrational and positional data. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made to the Structure 
and methodology of the present invention without departing 
from the scope or spirit of the invention. In view of the 
foregoing, it is intended that the present invention cover 
modifications and variations of this invention provided they 
fall within the scope of the following claims and their 
equivalents. 
What is claimed is: 
1. A method for determining a force of interaction 

between a Sample and a tip on a cantilever, comprising: 
positioning the Sample and the cantilever tip in a prede 

termined distance from each other; 
rapidly measuring respective positions of a plurality of 

points on the cantilever as the cantilever is deflected by 
the force of interaction; 

modeling the cantilever with a non-Hookian model that 
accounts for higher order vibrational modes of the 
cantilever, and 

calculating the force of interaction from the measured 
positions of the plurality of points using the model. 

2. The method according to claim 1, further comprising: 
moving the cantilever tip to a new position over the 

Sample, and repeating the measuring, the modeling, and 
the calculating to determine the chemical composition 
of the Sample at the new position; and 

repeating the moving to determine the chemical compo 
Sition of the Sample at a plurality of positions. 

3. A method for determining a force-distance curve for an 
interaction between a tip on a cantilever and a Sample, 
comprising: 

positioning the Sample and the cantilever tip in a prede 
termined distance from each other; 

rapidly measuring the respective positions of a plurality of 
points on the cantilever as the cantilever is deflected by 
the force of interaction; 

modeling the cantilever with a non-Hookian model that 
accounts for higher order vibrational modes of the 
cantilever for the predetermined distance; 

calculating the force of interaction from the measured 
positions of the plurality of points using the model thus 
determining one point of the force-distance curve, 

varying the predetermined distance by a preselected dis 
tance increment; and 

16 
repeating the measuring, the modeling, the calculating, 

and the varying of a preselected number of times until 
the force-distance curve is determined. 

4. The method according to claim3, wherein the modeling 
5 and calculating are performed after each repeated measur 

ing. 
5. The method according to claim 3, further comprising: 
comparing the determined force-distance curve with pre 

determined force-distance curves to determine a chemi 
cal composition of the Sample. 

6. The method according to claim 3, further comprising: 

1O 

moving the cantilever tip to a new position over the 
Sample, and repeating the measuring, the modeling, and 

15 the calculating to determine the chemical composition 
of the Sample at the new position; and 

repeating the moving to determine the chemical compo 
Sition of the Sample at a plurality of positions. 

2O 7. The method according to claim 3, wherein the rapidly 
measuring includes modulating a laser beam reflecting on 
the cantilever. 

8. An apparatus for determining a force of interaction 
between a Sample and a tip on a cantilever, comprising: 

a positioning mechanism to position the tip at a known 
location in relation to the Sample; 

25 

a deflection measurer for determining rapidly deflection 
due to the force of interaction of a plurality of points on 
the cantilever, 

30 a processor for modeling the cantilever with a non 
Hookian model accounting for higher order Vibrational 
modes of the cantilever, and for calculating the force of 
interaction from the measured deflection of the plural 
ity of points using the model of the cantilever, 

35 a. memory for Storing instructions for the processor to 
model the cantilever, and 

a controller for directing the positioning mechanism to 
position the tip at predetermined locations. 

9. The apparatus according to claim 8, wherein the 
positioning mechanism moves the tip towards and away 
from the Sample. 

10. The apparatus according to claim 8, wherein the 
positioning mechanism moves the tip acroSS the Sample. 

11. The apparatus according to claim 8, further compris 
ing an output memory to Store the force of interaction 
determined for the known location of the tip relative to the 
Sample. 

12. The apparatus according to claim 8, further compris 
ing a position memory for Storing desired locations of the tip 
relative to the Sample to be achieved by the positioning 
mechanism. 
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