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Précis 

The majority of everyday experiences are dominated by large and complex systems, and 

to many people the idea of an atom may be so infinitely microscopic that it warrants little 

thought or need for understanding. The irony is that the tangible objects encountered everyday 

are dominated by their constituent atoms; consequently an understanding of the microscopic 

greatly helps in understanding the macroscopic. In many materials, the individual atoms and 

molecules are arranged so that they form crystals, and it is these structures that are of extreme 

importance in countless physical systems. Crystals are highly ordered structures composed of 

repeating blocks of atoms. Many common materials, like diamond, salt, and sugar, have well-

known and studied crystal structures, and all of our microelectronics (e.g., computer 

microprocessors) are built upon large single crystals of silicon. 

For the same reason one might ignore the immediate effect of single atoms on his/her life 

is the same reason that the study and visualization of crystals on the atomic scale is difficult; 

viewing with the human eye or with traditional optical microscopes is impossible. Scientists have 

developed various ways to obtain images of surfaces at or near the atomic level; one notable 

example is the atomic force microscope (AFM). These instruments work by lightly tracing an 

extremely small and pointed tip along a sample surface. As this tip laterally traverses the surface 

it moves up and down as it encounters various features. A beam of laser light is reflected off the 

back of a cantilever supporting the tip and moves in response to the vertical movement of the tip. 

A carefully placed two-dimensional detector translates this laser spot movement into the 

(vertical) height changes of the tip. The tip is scanned across the surface and its position is 

measured electronically.  The result is a three dimensional image of the surface. 

The AFM works ideally on surfaces that are very smooth, making single crystal fluorite 

(CaF2) an optimum candidate. When cleaved along the appropriate plane of the crystal, the 
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resulting surfaces are nearly atomically flat. In terms of applications, fluorite is transparent in the 

far ultraviolet region of the optical spectrum.  This makes it ideal for lenses and windows used in 

applications needing short wavelengths, for example laser lithography applications producing 

structures less than 70nms in size.  For comparison, the diameter of human hair is approximately 

1000 times larger. Such capability is vital to the semiconductor industry because it contributes to 

the ongoing shrinking of the electronic components in the majority of electronics that are taken 

for granted today (i.e. smart-phones and computer tablets). 

For effective use, the surfaces of fluorite components need to be very smooth.  Polishing 

is the usual process employed to achieve this.  As the demands for minimizing roughness 

increase, an understanding of polishing mechanisms is needed, including the conditions and 

variables involved. The AFM tip is equivalent to a single polishing particle. The tip position, 

velocity, and applied force on the surface by the tip can be easily controlled and manipulated.  

Repeated scanning allows the number of times the tip is moved back and forth across a particular 

location to be determined. The same tip can then be used to image the scanned region before and 

after to see any changes that occurred. My goal was to measure the depths of the resulting 

surface changes and in turn quantitatively explore fluorite surface polishing and wear 

phenomena. I found that both of these parameters were strongly linked to the resulting depth of 

wear, showing roughly linear dependence in these variables. The results to date parallel the 

effects seen previously on single crystal brushite and calcite samples. To our knowledge we 

observed for the first time partial layer wear, that is, wear depths smaller than the predicted 

crystallographic step height. These experiments highlight valuable information about the surface 

properties of fluorite while also suggesting interesting and promising avenues for further 

research.



Table of Contents  

I. Introduction 1 

a. Nanoscale Surface Studies 1 

b. Atomic Force Microscopy 2 

c. W ear Mechanisms 5 

d. Properties of Fluorite 5 

II. Hypothesis 8 

III. Experimental 9 

a. Materials 9 

b. Equipment 9 

c. Methods 10 

IV. Results and Discussion 11 

a. Solution Effects 11 

b. Force vs. Depth 15 

c. Scans vs. Depth 17 

d. Partial Layer 18 

V. Conclusions 19 

VI. Acknowledgements 20 

VII. Appendix: Figures 21 

a. Figures 1-2 21 

b. Figures 3-5 22 

c. Figures 6-7 23 

d. Figures 8-10 24 

e. Figures 11-13 25 

f. Figures 14-15 26 

g. Figure 16 27 

h. Figure 17 28 

VIII. References 29  



  1 

I. Introduction 

 
a. Nanoscale Surface Studies 

The relevance of microscopic particles may seem as infinitely negligible as their relative 

size in this world; macroscopic objects have an obvious tangible nature that atomic structures 

simply cannot compete with. Yet it is with an understanding of the highly ordered, albeit 

complex, nature of these microscopic arrangements, that macroscopic systems are understood at 

all themselves. 

The biology of all living systems can be boiled down to the physics within individual 

cells, and the integrity of physical structures relies on the atomic interplay of their constituent 

elements. The drive to understand these nanoscale processes has led to a variety of surface 

science techniques and research endeavors.  

With applications in almost every scientific discipline, the study of this interplay between 

material interfaces has important implications for modern technology. For example, current 

manufacturing processes for the semiconductors used in almost every electronic device 

intimately use nanoscale design practices. As the demand for smaller devices increases, so does 

the demand for smaller electronic components such as these semiconductors. Single crystal 

silicon and gallium arsenide, with essentially atomically regular and flat surfaces, are often used 

as electronic substrates in these devices, and the associated manufacturing processes require 

polishing techniques at nanometer, or better, precision. The important line elements on these 

integrated circuits have been reduced to nanometer order of magnitude scale and such small 

scales necessitate equally precise surfaces. These surfaces interact with the ambient environment, 

and degrading processes, like wear and corrosion, are inevitable, yet highly fatal to performance 

reliability and thus must be minimized. Surface engineering tackles these problems, both 
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studying the surface degradation processes, and subsequently developing ways to increase the 

structural, physical, and chemical integrity of the materials. 

A variety of these techniques hinge on practical visibility of the material surfaces. This 

necessitates intense study of atomic systems at similar resolution. The small size scales require 

even more precise optical systems, demanding novel techniques and equipment. 

 

b. A tomic Force Microscopy 

Typical crystallographic features are on the order of an angstrom (Å, 10-10 meters), which 

corresponds to an individual layer of atoms, and typical optical microscopes have minimum 

resolution only down to 2000Å. An atomic force microscope (AFM) is a common device used to 

overcome this problem and study nanoscale experiments (one nanometer, nm, is equal to 10-9 

meters or 10Å). The machine uses a combination of piezoelectric materials and very small 

scanning probes to produce images of crystal surfaces down to atomic resolution.  

Piezoelectricity is a phenomenon occurring in certain materials that exhibit a relation 

between mechanical stress and electrical charge present on the surface of the material.  It occurs 

most commonly in polycrystalline ceramics with particular crystal structures. Two related effects 

can occur: (1) when an external force is applied to the material, a surface charge is generated 

proportional to the applied force or, vice versa, (2) when appropriate distributions of electric 

charge are placed on or near the material’s surface, the material will exert a force.  If 

unconstrained, the material will move.  For the AFM purposes, the second effect is used to move 

the AFM tip and cantilever by applying a voltage to attached electrodes (which generates the 

needed charge) resulting in the observed motion.  The practical device to generate displacement 

in all three dimensions utilizes piezoelectric tubes with appropriate electrodes.  Tube scanners 
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are commonly used and provide independent control of the x- and y- lateral movements to sub 

nanometer precision, and can adjust vertical height differentials (z direction) to sub angstrom 

precision.  The scanning tubes are fabricated from the ceramic lead zirconium titanate (PZT), 

which provides large displacements for small applied voltages. 

A cantilever–tip combination is attached to the base of the PZT scanning tube employed 

in the AFM. The cantilever has a reflective gold coating for use in the optical lever used to 

monitor vertical deflection.  The spacing between the tip and the surface is carefully decreased 

until contact is achieved at a predetermined cantilever deflection, which corresponds to a desired 

contact force. The application of the x-y voltages results in motion of the tip (usually scanning in 

a raster pattern) with an accompanying dragging of the tip over the three dimensional surface of 

interest.  The instrument is designed to keep the cantilever at a fixed deflection – this results in 

the contact force remaining constant. When a feature on the surface changes height, i.e. a 

positive change (up) or a negative change (down), the tube scanner responds.  The accompanying 

voltage changes can be correlated with the x-y tip position, yielding a three-dimensional image 

of the surface. This is comparable to running one’s hand over a bumpy macroscopic surface to 

gain insight into its topographic characteristics. 

The tip’s movement and cantilever deflection vary by extremely small amounts and thus 

must be interpreted by way of a laser beam and associated detectors. Situated above the 

cantilever is a laser oriented so that its beam is incident on the back of the cantilever. Due to the 

cantilever’s reflective nature, this beam is then redirected upward where it encounters a 

photodiode. As the tip traces along the surface, the cantilever rises and falls based on the surface 

features. With each movement of the cantilever comes an associated movement of the reflected 

laser spot. The separate quadrants of the photodiode sense the spot location and translate this into 
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topographic changes. The changing angle of deflection of the reflected beam relates most 

directly to vertical height variations. Figure 1 offers pictorial clarifications of these mechanics. 

The information gathered by the photodiode couples with the PZT scanning tube to create 

a feedback loop. As the reflected laser spot moves through the different quadrants of the 

photodiode, electrical signals are quickly applied to the rod, moving it so the spot returns to its 

initial baseline position on the photodiode. Ideally this feedback would happen instantaneously 

and the laser spot would remain motionless, but there is an inevitable time delay, which results in 

occasional piezoelectric overcompensation and surface feature exaggeration. As the PZT 

scanning tube works to maintain the spot location, the applied voltages required to accomplish 

this are translated into spatial coordinates, thus creating a three-dimensional image of the 

surface. 

With these available controls, the AFM can operate both as an imaging system as well as 

a means of applying larger forces to the point where the substrate is modified (i.e., worn). 

Returning to the hand analogy from before, imagine a surface made of clay.  If one were to press 

with sufficient force, the surface would be deformed.  Imagine using a finger instead of an entire 

hand.  The latter corresponds to a higher stress for the same applied force (stress = force/area).  

After forming, say, a grove, one could “scan” his/her hand at low force (and stress) and obtain an 

image of the feature just created at high force (and stress).  Likewise, the AFM at low contact 

force allows the cantilevered tips to lightly trace the crystal surface without damaging the 

existing structure thereby producing simple topographical images of the atomic planes. Higher 

scanning forces can be systematically applied to the surface producing intentional and 

measurable wear. By cataloging the degree and type of wear, insight is gained into wear and 

polishing mechanisms. 
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c. Wear Mechanisms 

Wear is generated on a particular surface when an opposing surface interacts with it in 

various ways. Mechanical wear derives its distinction in the relative motion between these 

surfaces resulting in material removal or deformation. This specific field of study involving 

friction and wear is referred to as tribology. In the case of the AFM tip, the hope is to attain 

measurable levels of abrasive wear on the crystal surface and thus measure the substrate’s 

practical durability. Abrasive wear occurs when material is removed from a surface by a 

comparatively harder surface, in this case, the AFM tip. But should the surface being 

investigated prove to be as resilient (typically classified by its hardness characteristics) as the 

AFM tip, no noticeable surface modification will be done. In other words, in the case of durable 

crystals the pure mechanical wear offered by the AFM tip is insufficient to damage the substrate. 

It has been found from previous studies that the combination of exposure to liquid chemicals 

plus localized stress (from a particle of rough surface) produces synergistic effects; in other 

words, combining appropriate solutions can chemically assist the generation of wear by applied 

stress. When fluids play a role the process of wear is referred to as tribochemical in nature. This 

tribochemical combination allows wear study of crystals to be done at lower forces that are 

attainable by the AFM.  Furthermore, almost all important polishing of technologically relevant 

materials are done with combined chemical and mechanical stimulation.  An equivalent 

descriptive term for the polishing process is mechano-chemical polishing.  

 

d. Properties of Fluorite 

Calcium fluoride (CaF2), occurring naturally as fluorite, has a long history with respect to 

ultraviolet light. The process of fluorescence was given its name from the crystal, due to the 
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certain impurities in the crystal that demonstrate the phenomenon extremely well under 

ultraviolet light exposure. With respect to modern technologies, fluorite has gained importance 

as an optical material because of this unique performance in the ultraviolet spectral range. The 

material has unusually high transparency far into the ultraviolet range, operating as low as 

130nm.1 For a frame of reference, the spectrum of light visible to the typical human eye ranges 

from 390-750nms, bracketed on the short wavelength side by ultraviolet light and on the long 

wavelength light with near infrared light. Generally this special property of fluorite is exploited 

for a number of scientific and technical applications, most generally in optical systems. One 

notable example is its use in new laser lithography machines. These modern methods employ 

modifying resists with highly focused ultraviolet light, followed by etching or depositing 

materials.  The current methods use ultraviolet light excimer lasers with wavelengths of 193nm, 

and 157nm.2, 3 The shorter laser wavelengths yield increasingly smaller focal dimensions which 

allows smaller feature sizes. Currently, structures on the order of 40nm can be produced with 

present techniques. 

Components in optical systems typically consist of lenses, mirrors, prisms, etc. With its 

high transmissivity of ultraviolet light, fluorite is particularly useful in constructing lenses, which 

are used to focus and manipulate light beams. As an optical component it is crucial that the 

fluorite remain defect free and avoid degradation, maintaining nearly perfectly smooth surfaces. 

A similar concept can be applied to any lens material. If lenses in eyeglasses become scratched 

and dirty, their effectiveness and optical properties become similarly degraded. The same is true 

of the fluorite lenses, except that with such sensitive ultraviolet light passing through, it is even 

more important to have nearly if not completely flawless surfaces. This necessitates an 
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understanding of the surface structure of fluorite as well as a way to view the surface to high 

degree of precision, making it a quality candidate for AFM imagining. 

Another notable optical property includes low light dispersion, or in other words, a 

minimal change in index of refraction in response to the change in wavelength of incoming light. 

This property is especially useful because it reduces chromatic aberration effects usually seen in 

ordinary glass lenses. The color blur caused by this change in refractive index, and subsequent 

change in focal lengths, seen in typical optical lenses is almost entirely eliminated in fluorite.4 

This means that fluorite lenses are able to produce significantly sharper images. The high 

transmittance properties mentioned earlier also allow fluorite lenses to produce comparably 

brighter images. Certain camera companies, like Canon and Nikon, have already harnessed the 

special properties of fluorite, incorporating the material into their high performance cameras. 

Fluorite is also significant in that it can be easily coupled with the silicon layers 

commonly used in the semiconductor industry. The material can be used as an insulating layer on 

epitaxial silicon layers, with nearly perfect lattice matching.5 This necessitates a clear 

understanding of the surface structure of thin substrate samples, indicating again that AFM is the 

clear choice for further surface investigations. 

As far as occurrence goes, fluorite is a relatively common material with significant 

mining opportunities in the United States. The highest-grade, otherwise referred to as optical- or 

acid-grade, fluorite (>97% CaF2) can be found in nature and mined as well. For applications that 

require an even higher degree of purity, current synthetic manufacturing processes are capable of 

producing pure fluorite crystals.6 

Returning to the microscopic details of the material, the crystal structure of fluorite is 

classified as a face-centered cubic lattice as shown in Figure 2. Fluorite has ideal cleavage planes 
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along the  [111] direction, oriented at 45° relative to the crystal faces (highlighted in Figure 3). 

When cleaved along any of these four directions, fluorite has perfect octahedral cleavage, as well 

as nearly atomically perfect/flat surface planes. This is ideal for AFM imaging that works 

optimally with initially homogenous and smooth surfaces. It has been shown that this face is 

fluorine terminated. For this particular cleavage plane the atomic step heights are 3.15Å, which 

corresponds to a F-- Ca2+- F- triple layer.7 These step heights are shown schematically in Figure 4. 

It is possible to produce relatively large surfaces (≥ 10µm2) of nearly atomic flatness. 

This is partly due to the nearly perfect cleavage surfaces, but machining practices have also been 

refined so that these surfaces have a uniformity that is constricted to 1nm deviations.8 Further 

AFM studies of the fluorite [111] cleavage plane advance these techniques and work toward 

better understanding the polishing mechanics. Systematically characterizing the main parameters 

for fluorite surface damage, induced during tribochemical wear by the AFM tip, has important 

implications for optical and electrical systems. 

 

II. Hypothesis 

 

Preliminary experiments revealed that I could modify CaF2 surfaces with the AFM. I then 

predicted that the depth of wear would depend on the applied normal force, ranging from 

approximately 40nN to 400nN, and the number of point passes, ranging roughly from 500 to 

2500 contact times per point. I also predicted that surface wear depths would depend linearly on 

these variables. In addition, I expected the solution chemistry to play a role on the efficacy of 

nanometer tribological processes.  
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III. Experimental 

 

a. Materials 

VUV (vacuum ultraviolet) grade CaF2 crystals were obtained from Korth Kristalle 

GmbH. These samples were cleaved using a razor blade along the [111] face in ambient air into 

approximately 1-millimeter thick, 1-centimeter diameter disks, like the sample shown in Figure 

5.  A saturated solution (74.5g/100mL solution) of calcium chloride (CaCl2) in deionized water 

was prepared for use during scanning. Solutions were prepared in 100mL batches periodically 

throughout experimentation to avoid evaporation and polluting effects. This ensured that fresh 

solution samples were always available. As the solution sits after initial mixing, there is 

increased chance for ambient microscopic particles (i.e. dust) to enter and contaminate the 

solution, making the high precision image scanning difficult, and necessitating fresh solution. 

Solutions were also filtered after initial mixing to remove any microscopic solid CaCl2 particles 

that may have remained suspended in solution. 

 

b. Equipment 

An Agilent PicoScan 4500 (formerly Molecular Imaging PicoScan SPM) atomic force 

microscope (AFM) was used for scanning (Figure 6). The AFM was placed on a raised platform 

suspended by bungee cords, which was additionally housed in a closed chamber all set on top of 

a pressurized air table. This reduced vibrational effects from the environment that would have 

been detrimental to quality image generation. Non-Conductive Silicon Nitride square-pyramidal 

cantilever tips from Veeco were used throughout experimentation (Figure 7). The tips with a 

nominal spring constant of 0.58nN/nm and tip radii of 20nm were specifically used. These are 
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the stiffest cantilevers that come on the wafers, which allowed the maximum forces attainable by 

the machine to be reached. All cantilevers used originated from the same wafer to ensure 

minimal variance in manufacturing discrepancies between wafers and thus cantilevers and spring 

constants. Typical imaging forces were carried out at approximately 40nN while high force wear 

experiments reached forces of approximately 400nN. These forces were calculated using a 

combination of the set photodiode baselines, force setpoints and cantilever spring constant. All 

image analysis was accomplished using the associated Molecular Imaging PicoScan software. 

 

c. Methods 

Experimentation began by cleaving the new crystals in air then immediately mounting 

them on sample disks using a 5-minute epoxy. Once the epoxy was set and the samples were 

firmly in place, they were imaged by the AFM in contact mode in air to ensure a suitable surface 

(i.e. no particle accumulation from ambient air, rough surface as a result from poor cleavage, 

etc.). Once this was accomplished, approximately 500µl of saturated CaCl2 was added to the 

sample using the liquid cell that was provided with the AFM.  This allowed the fluorite sample to 

be completely submerged in solution while maintaining AFM scanning capabilities. The solution 

samples were checked with a laser prior to scanning to verify that no MIE scattering was 

occurring in the liquid. This ensured that the solution was not supersaturated (i.e. containing 

suspended solid CaCl2 particulates) or containing extraneous microscopic particles that would be 

detrimental to scanning purposes.  

The wear experiments were then conducted. All experimentation was done at room 

temperature (22-25° C). By altering the force applied to the surface during scanning and then 

imaging the surface immediately afterwards I was able to document and analyze the wear 



  11 

damage done. This process was repeated for a variety of forces and number of scans to obtain a 

relationship between the tested parameter and resulting wear. 

Detailed analysis of wear was done by extracting cross-sectional lines from the AFM 

images that have encoded elevation information at each spatial point. As the scanning tip 

traverses the sample surface, it records the height of the sample at each particular point. These 

data points can be extracted from each image to give elevation information, quantitatively 

expressing the picture image. By averaging heights at various locations, i.e. both inside and 

outside a particular wear track, I obtained average depths of scratches. The heights of particular 

features of the [111] cleavage plane are already known and well-documented (i.e. atomic step 

heights, 3.15Å).7 By comparing the heights of wear features that I had induced against these 

values, I analyzed the relative and significant height differences. 

Similar work has been done on single-crystal brushite, mica, calcite, and sodium 

trisilicate glass.9, 10, 11 Methods for experimentation and analysis are also similar to that of the 

studies done on single crystal gypsum (CaHSO42H2O).12 

 

IV. Results and Discussion 

 

a. Solution Effects 

The fluorite samples were imaged at low force in air at room temperature prior to any 

wear experimentation to catalog typical surface structures. Figure 8 shows a typical result from 

imaging in air. These surfaces are typically characterized by areas of atomically flat regions 

separated by atomic plateaus. The triangular step features indicate additional crystal faces, 

oriented perpendicular to the [111] plane, where the two newly exposed surfaces fractured during 
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the cleaving process. High force wear tracks were attempted in air but did not yield any 

noticeable damage. These wear tracks are produced by holding the y-spatial direction of the 

scanner fixed, while the tip moves back and forth in the x-spatial direction for a predetermined 

number of passes. This action produces a horizontally (with respect to the two-dimensional 

image) oriented linear wear track (i.e. scratch). Forces ranging as high as 400nN were applied 

and no wear damaged was detected. The surfaces remained atomically flat and low force images 

looked identically similar before and after the attempted wear. This result required that solution 

be used to aid in the wear process. 

 The fluorite samples were first tested in pure deionized water. The samples were 

immediately imaged after the water was added to the fluid cell, and appreciable surface damage 

was recorded. Figure 9 shows the typical surface structure imaged in water. Typical surface 

roughness was on the order of 20Å. This roughness is much larger than the smaller finite step 

structure, making surface measurements and future wear analysis difficult. Fluorite is slightly 

soluble in water and is thus influenced by slight dissolution through interaction between surface 

ions and aqueous water molecules. It has been shown that the pH of the water solution affects the 

degree and type of surface degradation, and in basic solution, the surface layer is characterized 

by the following reaction: 

𝐶𝑎𝐹! + 2𝐻!𝑂  𝐶𝑎(𝑂𝐻)! + 2𝐻𝐹.13 

This suggests that some hydrofluoric acid is liberated while solid calcium hydroxide can 

accumulate at the surface. The water used was kept at an approximately neutral (around 7) pH 

suggesting that the surface reaction was not entirely dominated by this process. The recorded 

roughness is thus most likely a combination of CaF2 dissolution and Ca(OH)2 particle deposition. 

This layer of hydroxyl groups is weakly bonded to the surface and thus can be manipulated by 
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scanning.13 Figure 10 shows the results of high force (≈ 350nN) square scanning pushing the 

accumulating surface deposition off to the sides. There is no indication that additional damage, 

besides cleanup, was done to the underlying surface, and the resulting surface roughness was still 

greater than the atomic step structure. When linear wear tracks were attempted, the depth was on 

the same order of magnitude as the surface roughness, making precise depth analysis difficult. 

Alternate solutions were thus investigated.  

 The next solution explored was hydrochloric acid. It has been previously shown that such 

solutions produce etch pits on the surface.14, 15 Exploring fluorite in hydrochloric acid aimed at 

reproducing these effects as well as identifying the degree of wear that could be produced. First a 

fluorite sample was soaked in 12M HCl for four minutes, left in air so all residual acid would 

evaporate, and then imaged in air. Etch pits were identified on the surface at high densities 

resulting in extreme roughness on the order of 200Å. The results can be seen in Figure 11. The 

HCl solution was diluted to 0.1M to lessen this effect of caustic dissolution. In this case the high 

water concentration made the solution similar to that of the pure water samples, and produced 

similar surfaces to that of fluorite in water. Wear tracks were producible, but similar to the water 

trials, precise depths were hard to discern precisely apart from the ambient surface roughness. 

 The previous results prompted the use of a solution that aided in tribochemical wear but 

left the surface chemically inert, i.e. free of both particle deposition and/or crystal dissolution. To 

accomplish this, a saturated solution of calcium chloride (CaCl2) was used. With a saturation of 

Ca2+ ions already in solution, the Ca2+ surface ions in the crystal would be motivated to stay in 

the lattice and prevent unwanted dissolution, like that seen in the pure water samples. The 

measured pH of this solution was 8.0 ± 0.2. The dissociative chemical reaction for CaCl2 salt in 

water is, 
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𝐶𝑎𝐶𝑙! + 𝐻!𝑂 𝐶𝑎!! + 2𝐶𝑙! + 2𝐻! + 2𝑂𝐻! 

suggesting that some HCl gas is formed, evaporates from solution, and leaves an excess of OH- 

ions in solution explaining the slightly basic nature of the saturated solution. 

Riechling et. al. found that when fluorite samples are cleaved in air, exposing the [111] 

cleavage plane to air (as opposed to a vacuum environment), the crystal experiences a small 

uptake of oxygen by the leading surface layers as well as showed that with low energy electron 

radiation, formation of CaO was possible.2 In this case, the excess of oxygen species in solution 

could also allow for this formation at the surface. It has been shown however, that the hydration 

energy of this cleavage surface is weak enough to suggest that only physisorption is occurring.16 

In other words, any possible surface chemistry should remain relatively weakly bonded.  

 Producing a clean fluorite surface in solution is relatively precise. When the fluorite 

samples were placed in super-saturated solutions, particle deposition was typically found. This is 

most likely a result of excess CaCl2 in solution that precipitates out of solution onto the surface. 

Figure 12 shows an example of a surface in supersaturated CaCl2 solution. The relatively large 

and uniform collection of deposition suggests precipitate settling rather than calcium –oxide or –

hydroxide formation, which would be expected to be more evenly distributed across the surface. 

The finite step structure is still clearly visible, yet large regions of particle deposition exist, 

making surface analysis difficult. Similarly, if under-saturated solutions were used, particle 

accumulation was recorded. This most likely results from the formation of insoluble, yet weakly 

bound CaO, or equally weakly bound Ca(OH)2 formation at the surface; further surface analysis 

would be necessary to confirm the exact species of these particles. Because of the weakly bound 

nature, low force image scans (on the order of 40nN) were able to sweep the particles off the 

surface and back into solution. When the right level of saturation is reached, the surface images 
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as clean as it did in air. This allows quality depth analysis to be done while also utilizing the 

present water in solution to aid in tribochemical wear. Figure 13 shows an ideal fluorite surface 

in saturated CaCl2 solution. 

 

b. Force vs. Depth 

For this analysis, the depths of surface wear tracks were measured in response to an 

applied normal force. In these wear experiments, force was necessarily the only manipulated 

variable, forcing other scanning variables to be held constant. Typically, the AFM scanner 

images a two-dimensional area, taking a certain number of data points per scanning line. When 

the scanner is forced to travel only in a one-dimensional fashion, as it does to produce these 

linear wear tracks, this variable reduces to the number of complete track traversals per typical 

image scan. This variable was set to 512 and each wear track was produced by scanning 5 

complete times, one immediately after the other; thus each wear track was produced by 2,560 

continuous passes of the tip. This is similar to retracing the same line 2,560 times. Each scratch 

was also limited to 1µm in length. Should the scanning tip remain fixed in the y-direction as 

wanted, eliminating complications from drift, the width of each track is limited by the tip radius, 

which was 20 nm. Scanning speed is also a variable parameter and was thus set to 4078 nm/s. 

The combination of these set parameters allowed for greatest efficiency, in that it optimized 

image resolution while retaining the capacity to scan rapidly.  

 Applied normal force is manipulated through the photodiode and reflected laser spot 

relationship. The piezoelectric rod moves to compensate for the corresponding movement of the 

laser spot, working to keep it at the initial set point value. Should this set point be changed so 

that the PZT scanning tube has to assume a lower position to maintain the laser spot location, the 
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tip would resultantly be pushed harder into the sample surface. This effectively produces a larger 

normal force, which is, more importantly, larger than that of typical image scans. Careful 

manipulation of this set point allows for a range of forces to be reached. 

 Attainable normal forces ranged between 40 and 400nN. As expected, the depth of the 

resulting wear track scaled linearly with applied force. Figure 14 shows an example of a wear 

track with corresponding cross-sectional data. The scratches are imaged at 45° because this 

orientation allows the tip to travel into the valley of scratch at numerous points as opposed to a 

typical 0°, or horizontal, orientation that would only capture one line of depth data. The example 

cross section highlights another important feature of most images. As seen, the plateaus of each 

step are slightly slanted. This is caused by an overreaction of the PZT scanning tube. Often as the 

scanning tip encounters a raised surface feature, the tube rises as expected, but as the tip reaches 

the peak of the feature, there is a delay in feedback response, and the tip overshoots the height 

slightly. Therefore on the trailing edge, the piezoelectric relaxes to fix this overcompensation. 

Overall the correct and useful height differentials are still captured in these images, making this 

phenomenon relatively inconsequential. 

Figure 15 shows the equivalent plot of applied force versus wear depth. As seen, each 

wear depth followed a fairly linear trend with relation to applied force. The variance from perfect 

linearity is typical of AFM wear experiments. Although the trend might predict that any level of 

force (>0nN) would produce at least some fraction of wear depth, there are a few practical limits. 

The first has to do with crystallographic step height. As mentioned previously, there are discrete 

height differentials attainable in a crystal. For this face, this refers to the step height of 3.15Å. 

Theoretically as long as the continuously applied force can remove this, or greater, level of 

material, then wear will occur, otherwise the surface will remain unaffected. Although, in 
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practice, as will be seen later, this is not always the case. The second limitation to wear presence 

has to do with a minimum threshold. Throughout experimentation when the applied forces were 

lower than 40nN visible wear was unattainable, suggesting that a threshold exists at this value. 

This is useful for highlighting the lower limit for lighter polishing protocols. 

 

c. Scans vs. Depth 

As described in the previous section the number of traversals per wear track can be a 

manipulated parameter. With this manipulation it is possible to determine if, similar to the force 

measurements, a threshold exists before any appreciable wear is done. This would suggest that 

the act of repeatedly traversing the same spatial locations would eventually wear the surface 

down where a single pass would be insufficient. 

The force was kept constant throughout this portion of experimentation at an approximate 

value of 200nN. Again, the length of the wear track was limited to 1µm, and scanning speed was 

set at 4078nm/s. Unlike force, it is difficult to obtain many intermediate values. The number of 

scans was varied between 1 and 5 at integer steps, corresponding to a variance between 512 and 

2,560 (at interval steps of 512) continuous passes of the scanning tip. 

Figure 16 shows the equivalent plot of number of scans versus wear track depth. 

Compared to the force relationship, a weaker connection existed between these two variables, 

but a positive trend was still visible. The depths of wear tracks produced by a higher number of 

scans showed more variance than those of the lesser scanned counterparts. As time and track 

traversals progress there is greater room for deviation from average in depth. There also appears 

to exist a spike in wear depth between the fourth and fifth scans, suggesting that in this region 

more relative wear is done that in the previous passes. From this it would also appear that the 
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surface layers are more resilient, taking on average four complete scans to remove the first two 

triple layers, and a fifth scan producing almost three times this removal. Even higher numbers of 

scans in further work would reveal a more definite trend. This plot also reveals that even one 

complete scan at this force produces measurable wear. Coupling the force results with these 

results produces a more complete understanding of the wear mechanisms. 

 

d. Partial Layer 

In the pursuit of lower thresholds for wear damage, very small wear depths were 

encountered. Electrostatic energy constraints require that the CaF2 [111] plane be terminated by 

complete F--Ca2+-F- triple layers, with a layer of F- ions located at the surface.17 This suggests 

that the smallest height differentials of surface features be integer multiples of 3.15Å, 

corresponding to the height of the triple layer.7 This was consistent with typical natural single 

step heights found on the surface, but there were repeatable instances of induced depths smaller 

than this. Figure 17 features several of these examples. Referring again to Figure 4, depths of 

1.58Å or 0.79Å would suggest removal of a single F--Ca2+ layer or just a F- layer, respectively. 

As stated earlier, the literature suggests that this is typically energetically unfavorable, previously 

ruling out partial layer removal. These depths agreed with most of those measured. Depths 

starting at 0.8Å ranging all the way up to the expected full step height were measured. Due to the 

minimum resolution of the AFM, surface roughness of even the flattest surfaces can only be 

resolved to approximately 0.5Å. This would explain how a range of depths other than exactly 

3.15Å, 1.58Å, or 0.79Å was measured.  

 A possible explanation would suggest that there is a thin deposition layer on top of the 

surface that is being removed by the scanning tip, rather than any structural part of the lattice. In 
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this case a greater variety of wear depths, other than the integral step heights, would be possible. 

If this deposition were occurring though, I would expect the surface prior to scanning to have a 

larger characteristic roughness and inhomogeneity. As stated before, in the correctly saturated 

solution, the fluorite surface appears to be atomically flat. Should any particle accumulation or 

deposition have occurred, it would not have done so with atomic smoothness and homogeneity. 

 A secondary explanation is that the tip is indenting the surface, compressing the surface 

layers by less than the expected step height rather than removing crystal material. These 

depressions did not rebound with time to their original height level, suggesting that if indentation 

is to blame, it is a case of plastic deformation. 

Perhaps the solution is offering a mechanism that allows partial layer removal to be 

energetically possible. Whatever the cause for the phenomenon, further studies are needed for a 

clearer understanding. 

 

V. Conclusions 

 

 Investigation of certain wear parameters via AFM of the [111] cleavage face of fluorite 

was successful. As with previous experiments on mica, calcite, sodium trisilicate glass, single-

crystal brushite and gypsum, the use of an aqueous solution was needed to produce appreciable 

surface damage. Saturated solutions of CaCl2 allowed the surface to remain inert while providing 

a chemical wearing agent when higher forces were applied via the AFM tip. Particle 

accumulation was sometimes seen on the surface, and was most often linked with bad solution, 

whether it had become super-saturated due to evaporative effects, or had been mixed incorrectly 

to be under-saturated. Further studies would be necessary to fully determine the species of these 
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particles, but the weakly bonded nature suggests that formation of CaO or Ca(OH)2 is occurring 

at the surface. When higher forces were applied, linear wear tracks were produced on the fluorite 

surface. The depths of each track scaled linearly with the applied forces, which ranged between 

40-400nN. A positive relationship between wear depth and continuous track traversal was seen 

as well. This relationship was arguably not as strong but showed a positive correlation 

nonetheless. There existed more of an exponential nature in this parameter manipulation when 

compared to force measurements, as the final scan produced far more appreciable wear than its 

preceding passes. The most interesting result came with the observation of possible partial layer 

removal. The literature dictates that it is energetically favorable to remove complete F--Ca2+-F- 

triple layers in integral steps, but recorded wear showed depths smaller than this step value. The 

presence of solution could allow for this, but further studies should be done to fully understand 

this phenomenon. All of these effects can be used for further study of the [111] fluorite surface, 

especially through AFM studies. The detailed processes outlined here additionally help to 

understand polishing techniques for fluorite. This aids in understanding fluorite’s role in current 

optical and electrical systems. 
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VII Appendix: Figures 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1:  Diagram of AFM mechanics. The piezoelectric rod (PZT scanning 
tube) moves to compensate for the moving reflected laser spot, which is translated 
into a three dimensional image of the surface.  

 

 

 

 

 

 

 

Figure 2: Traditional face centered cubic CaF2 unit cell. The Ca2+ ions are 
represented by the dark blue spheres and the F- ions are represented by the light 
blue spheres. The Ca2+ layers are highlighted for dimensional clarity. The unit cell 
has a characteristic side length of a0 = 546 pm.7 
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Figure 3: The plane highlights the [111] cleavage plane. This plane cuts 
diagonally through the unit cell and is the investigated surface in the wear studies.  

 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 4: Side profile of CaF2 substrate. The surface layer is the [111] plane. It 
has been shown that the surface should be terminated by complete F-- Ca2+- F- 

triple layers that have a characteristic spacing of 𝑎! 3 = 315pm (where pm = 
10-12m = 0.01Å) as indicated above. The second F—layer is situated 158pm below 
the first (surface) layer and the first Ca2+layer is 79 pm below the surface layer.7 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5: Example fluorite samples (a) The fluorite disks cleaved along the [111] 
plane used during the wear experiments and (b) the more common non-
transparent fluorite crystals. 
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Figure 6: Agilent PicoScan 4500 AFM and associated experimental setup. The 
AFM is entirely housed in the small, silver, metallic cylinder, and connects 
electronically to the roof of the casing as shown in (a). The entire stand is placed 
on the suspended platform (b) and is placed in a closed compartment on an air 
table (c). These precautions limit ambient vibrations (i.e. noise and movement 
around the lab) from appearing in the images by absorbing the incoming 
vibrational waves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: The AFM cantilevers used. (a) Shows two cantilevers, with the larger 
one having a spring constant of 0.12nN/nm, and the smaller one, at the bottom of 
the image, equal to 0.58nN/nm (the one used throughout experimentation).  In 
Fig. 7(a) note that the tip is visible and pointing up.  In (b) we show a closer 
image of the actual tip located at the end of the cantilever.  The tip can be 
described as a hemisphere, with a typical radius of 20nm. 
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Figure 8: Typical image of fluorite [111] cleavage plane in air. Images like this 
are taken at low scanning forces typically on the order of 40nN. Each layer 
represents an atomic step layer (3.15Å) with the triangular points highlighting 
additional crystals faces oriented perpendicularly to the [111] face. 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 9: A 5µm X 5µm low force image scan of fluorite in deionized water. The 
surface is covered by a layer of particles that are 3-10Å tall on average, with 
larger particles, 20Å tall, located periodically across the surface. This level of 
surface degradation makes the smaller step structure impossible to discern, while 
also compromising further wear studies.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: An image of the fluorite surface in water after 5 high force 2.5µm X 2.5µm 
square scans. The movement of the tip pushed surface deposition to either side of the 
square resulting in a material pileup approximately 100Å in height. Surface roughness 
inside the square is on the order of 5-10Å compared with an outside roughness of 20-
30Å. This shows the weakly bonded nature of the apparent surface deposition. 
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Figure 11: Evolution of an etch pit on the [111] surface of fluorite. This process is 
outlined by Motzer and Reichling, which states that etch pits typically originate at 
defect sites in the crystal.10 The pit is originally 100Å deep and fills in slightly 
during its evolution. Particle sizes are 20-50Å on average. The white dashed lines 
in the last two images roughly outline the original pit size. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Image of fluorite in CaCl2 solution. The apparent deposition suggests 
that the solution was supersaturated, allowing for CaCl2 precipitation on the 
surface. The smaller particles apparent on the rest of the surface may be a product 
of surface Ca2+ ions combing with aqueous hydroxide ions in solution. 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 13: Image of fluorite surface in CaCl2 solution. This shows the ideal case 
without a high density of particles. Some are seen (the lighter dots sprinkled 
throughout the image) but are on the order of a couple angstroms in height. 
Particles are usually seen when the solution is either under- or super- saturated. In 
both cases, the relatively small particles can be cleared from the surface by low 
force image scanning, with necessary repetition depending on the density. 
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Figure 14: Example of a high force wear track, shown as the dark line at 45° in 
the top image. This particular scratch was performed under a force of 210nN and 
has a depth of approximately 25Å. This image also shows an example of some 
particle accumulation in the lower right corners, but this low density of material 
makes surface study still manageable. 
 

 
Figure 15: Plot of wear depths versus their associated applied force. The 
relationship between the two variables shows a linear trend. Forces below 40nN 
on average did not produce an appreciable wear suggesting that a lower threshold 
exists here. 

200 nm 
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Figure 16: Plot of wear depths versus the number of complete scans. This 
relationship suggests more of an exponential form with variance in depth 
becoming much more exaggerated in the greater number of scans. 
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Figure 17: Examples of wear depths less than the predicted step height: (a) This 
intended linear wear track has a measured depth of 1.71Å. It also has a width of 
approximately 400nm suggesting that the tip drifted while conducting the linear 
scans distributing the applied force throughout a greater area. This would result in 
a lower average stress across the wear surface. (b) This faint scratch has a 
measured depth of 0.95Å. The depth of wear was the same on both the upper and 
lower steps that it traversed. (c) This square scan produced a depth of 1.11Å. In 
addition to the increased depth, the scanned area also cleared any deposited 
particles that had accumulated on the surface. (d) Another intended square scan, 
which was slightly distorted during imaging, produced a depth of 1.18Å. All of 
the above-recorded depths are subject to a deviation of 0.5Å due to surface 
roughness and the AFM’s resolving capabilities. In the images with visible steps, 
the measured heights agreed with the predicted step heights showing that any 
elevation distortion in the image possibly caused by the PZT scanning tube was 
not the cause of the unprecedented wear depths. 

(a) 

(d) 
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