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ABSTRACT 

Epitaxial growth, or the oriented growth of a crystalline monolayer on an ordered 

substrate, appears in a wide range of systems and applications, from novel device fabrica-

tion to freshwater remediation.  Despite this, methodical studies of the phenomenon are 

rare, and the mechanisms governing epitaxial growth are poorly understood.  This inves-

tigation employs AFM techniques to monitor the epitaxial growth of ion crystal systems 

at the initial stages of growth.  By using systems with well-known physical properties, we 

are able to relate growth modes to two key parameters, crystal lattice mismatch, ∆r/ro, 

and affinity between the overgrowth and the substrate ions, ξ.  We found wetting growth 

occurs for systems in which ∆r/ro is expansive (overgrowth lattice must expand to ac-

commodate substrate) or mildly compressive (overgrowth compresses to accommodate 

substrate).  Additionally, a strong affinity between the substrate and overgrowth ions, in 

combination with an expansive system, allows for epitaxial growth from undersaturated 

solutions.   

We also have observed several instances where the lateral force contrast on the 

growing film exhibits a strong dependence on the time of exposure to the growth solution 

and on the driving force for growth (solute concentration).  We present results for three 

epitaxial growth systems in aqueous solutions:  CaSO3 on CaCO3, PbSO4 on BaSO4, and 

BaSO3 on BaSO4.  Chemically and topographically identical regions grown at higher 

concentrations exhibit higher friction than  regions grown at lower concentrations.  These 

observations suggest that epitaxial growth occurs by a fast condensation step incorporat-

ing a high defect density.  
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1. EPITAXY 

1.1. IMPORTANCE AND APPLICATIONS 

The oriented growth of a crystalline monolayer on a crystal substrate, or epitaxy, 

is found in a variety of processes both artificial and natural. 

  Semiconductor and novel electric device fabrication are well-known examples of 

epitaxy.  Effective semiconductors require defect-free layering of monolayers on silicon 

(or other semiconducting material).  Most overgrowth layers on a foreign substrate will 

incur some form of strain.  Too much strain, however, will lead to an abundance of de-

fects which can change the electronic properties of the layer.  Rougher interfaces can also 

result in larger device sizes.  When designing new devices, one must take into careful 

consideration the compatibility between the materials.  As these electronic devices are in 

constant demand, they need to be mass-produced quickly and cheaply.    Understanding 

how to manipulate the interactions between these materials will help produce devices 

with the desired properties.   

Epitaxial systems are also found occurring in nature.  Brown and Parks1 propose 

that the global concentration of ionic salts in the ocean is controlled in part by epitaxy.  

The predicted salt concentrations supplied to the oceans over geologic time are orders of 

magnitude higher than the actual measured concentrations.  Solubility experiments and 

calculations show that the precipitation of the salts cannot account for the discrepancy.  

Adsorption of the salts on preexisting material offers an attractive solution to the prob-

lem.  Crystal nucleation on a substrate is usually more energetically favorable in com-

parison to precipitation from solution.  Humans have used this to remove polluting heavy 
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metal ions from fresh water through mineralized beds.  Knowing which substrates pro-

mote growth will lead to more effective filtration. 

  Finally, many biological organisms have used epitaxy for millennia to sequester 

inorganic materials in a process called biomineralization.  Shells are a prime example of 

an organism manipulating crystal growth layer by layer.  Abalones for example, nucleate 

calcium carbonate (CaCO3) from seawater and control its crystalline form by varying the 

protein substrate on which the crystals grow.  The result is calcite in the outer shell and 

aragonite in the inner “mother of pearl” layer, conferring both strength and toughness to 

the shell structure.  Bones, teeth, and nails are all examples of the human body manipulat-

ing minerals to create needed hard structures.  Biomineralization can also result in un-

wanted structures, such as kidney and gall stones.   

With the wide range of applications, hundreds of research groups worldwide are 

currently at work on the designs of a given epitaxial system – whether it is creating better 

fresh water remediation techniques or discouraging kidney stone growth.  Although epi-

taxial growth morphologies have been well researched for the systems of special impor-

tance, epitaxy as a general phenomenon is still rather poorly understood from a reduction-

ist perspective.  For example, there is no consensus on why certain systems show an epi-

taxial relationship while others do not.  As the definition implies, most of the current 

work focuses on whether a given material grows epitaxially on a substrate, rather than on 

the degree by which a substrate lowers the nucleation barrier and the mechanism by 

which 2D growth is sustained.  This emphasis becomes skewed towards structural fac-

tors, such as lattice misfit, at the expense of molecule-surface interactions and adsorption 
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phenomena.  Before the epitaxial monolayer can grow, the molecules must adsorb to the 

substrate.  This process can be helped or hindered by the interaction between the adsorb-

ing molecules and the substrate.  Thus the epitaxial growth patterns become an indirect 

probe of intermolecular interactions.  The conditions under which growth occurs can give 

clues about the environment at the overgrowth-substrate interface.  Epitaxy can be con-

sidered a crude example of emergent behavior.  The interaction potentials between a 

small number of particles is relatively straightforward.  However, this interaction re-

peated over the millions of particles in the epitaxial system leads to complex behavior.  

In this study, we will attempt a methodical survey of epitaxial phenomenon using 

ionic crystals as a “database” of parameters.  For example, switching from a PbSO4 sub-

strate to a BaSO4 substrate increases the lattice parameters from 0.847 x 0.539 nm to 

0.887 x 0.545 nm without otherwise changing the crystallography.  As ionic crystals have 

been studied for centuries, their physical quantities, such as solubility and lattice parame-

ters, are well-known.  We focus on solution phase epitaxy for better control of interac-

tions and supersaturations.  The advent of scanning probe microscopy (SPM) allows for 

the study of these epitaxial systems at the very initial stages and the first monolayers of 

growth.  Prior to this, epitaxial growth could only be studied after a significant number of 

overgrowth layers have formed.  An additional benefit, these systems have direct applica-

tion to the mineralized beds used in freshwater remediation. 
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2. CRYSTAL GROWTH 

2.1. CURRENT STUDY 

Epitaxial systems are grown through a variety of techniques, but we will focus on 

solution phase epitaxy in this study.  A solution containing dissolved overgrowth material 

is introduced to the substrate material.  Given the right conditions, the solute deposits 

slowly onto the substrate creating high quality, thin layers.  This technique also lends it-

self to more quantifiable system characteristics.  The driving force for nucleation, the so-

lution concentration, is easily controlled on a much smaller scale than with other forms of 

epitaxy.  

We will employ a matrix of natural crystal minerals to control the physical com-

patibility and the substrate-overgrowth interaction.   Ionic crystals offer systems in which 

the pertinent physical properties are well known and their aqueous solution chemistry can 

be visualized at room temperature by atomic force microscopy (AFM).2-15  (Details on 

AFM can be found in Chapter 3.)  By varying the crystal substrate and the salt solution 

used for the overgrowth layer, we can change the physical compatibility and the interac-

tion potential between the ions.    

AFM somewhat limits the systems we may investigate.  The compounds need to 

be sparingly soluble, so that dissolution and growth kinetics can be captured within AFM 

scanning times (~30 s).  The substrate crystals must be perfectly cleavable, so that we are 

guaranteed atomically flat areas for growth, along with known substrate atomic spacings.  

For simplicity, we will further restrict the ionic salt solutions.  The solute compound shall 

have one ion in common with the substrate to reduce the number of unique interactions.  
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We also wish to maintain the charge number of the substituting ion.  The compounds 

shall be non-reactive with water, with well-known physical characteristics.  This will al-

low us to characterize our results within definable interaction parameters.  And while not 

a physical restriction, we would like the systems to involve cheap and readily available 

materials.  Once these have been taken into consideration, we arrive at the 21 systems 

which make up our matrix.  See Table 2.5.1. 

 

2.2. 3-D GROWTH FROM SOLUTIONS 

We begin by discussing the case of a 3-D crystal nucleating out of a solution, ig-

noring temperature effects.  The primary step in this process is to form a critical-sized 

cluster which will survive the entropically driven dissolution process.   That is, molecules 

are constantly leaving the cluster due to entropic processes.  At the critical size, the num-

ber leaving is not great enough to cause the cluster to shrink and disappear.   After reach-

ing this size, growth can continue spontaneously.   

We can relate the critical cluster radius to the Gibbs energy of formation.  A solid 

cluster nucleating out of solution must overcome the unfavorable interfacial energy asso-

ciated with its surface.  Thus the total free energy of formation can be written as: 

 ∆�  ∆�� � ∆�� (2.2.1) 

where ∆Gs is the free energy change for the formation of the surface, and ∆GV is the free 

energy change for the phase transition.  If we assume a spherical cluster equation 2.2.1 is 

rewritten as: 

 ∆�  4���� � �� ������  (2.2.2) 
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 where σ  is the solid-liquid interfacial tension, r is the cluster radius, Uo the potential 

well between two ions and n is the number of atoms per unit volume.  Graph 2.2.1 shows 

the qualitative graph of ∆G vs. r for spherical nuclei.  By minimizing the above equation, 

we obtain the critical radius a cluster must reach to begin spontaneous growth 

 
�∆���  0  8���� � 4������� (2.2.3) 

 ��  �� !" . (2.2.4) 

rc can be used in conjunction with the atom size to determine the number of atoms 

needed to form a critical cluster.  Eqs. 2.2.2 and 2.2.4 generally are not practical for cal-

 

Graph 2.2.1.  Qualitative graph of ∆G terms in Eq. 2.2.1 as a function of cluster radius, 
assuming spherical nuclei.  
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culations, as σ and Uo are often unknown.    

In the presence of a substrate of the same solute material, the first term in Eq 2.2.2 

vanishes, and we are left with spontaneous crystal growth.  The solute can immediately 

adsorb to the substrate, which is of the same material. This is called homogenous growth.  

The exact growth rate will depend on the specific properties of the systems. 

 

2.3.   2-D CRYSTAL GROWTH FROM SOLUTIONS 

Once the nuclei are large enough that they can be considered surfaces, we may 

use 2-D nucleation theory.  In this mode molecules are constantly adsorbing to the crystal 

surface, diffusing and desorbing.  As they diffuse, they can collide and begin to form 2-D 

clusters, or islands, in a similar fashion to 3-D nucleation.  Once a critical island size has 

been reached, it will continue to spread until it reaches another island.  This theory, called 

the birth and spread model, can be used to obtain some empirical constants, but it fails at 

low supersaturations.  Unless a very low value for the interfacial energy is used, it pre-

dicts much slower growth rates than observed.16 

More realistic models include the presence of steps and dislocations on the sub-

strate.  A flat crystal plane is generally less favorable for continued adsorption of a single 

molecule, and desorption is highly likely.  Steps sites are more energetically favorable for 

adsorption, as these sites have more bonds – some on the flat substrate, and some on the 

side of the step, perpendicular to the substrate.  The most favorable adsorption sites are 

the kink, or corner, sites, as here the molecules are bonding to the surface and two per-

pendicular step sites.  A crystal face thus grows by adsorbing molecules to the surface, 
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some of which will diffuse to step or (optimally) kink sites.  The step grows forward and 

flows across the crystal face.  Dislocations can also provide sites for growth.  Frank de-

termined that a screw dislocation can act as an infinite step (Figure 2.3.1).17  The disloca-

tion adsorbs molecules just as a step, but flow is circular around the dislocation.  The off-

set between the planes means the layer never completes, but becomes a spiral.  Thus step 

flow continues indefinitely.   

 

2.4. HETEROEPITAXY 

The growth of a crystal on a foreign surface is called epitaxy.  When growing on a 

foreign substrate, the overgrowth is strained into new lattice dimensions.  Generally, it is 

agreed the natural lattice spacings of the substrate and overgrowth must be within 15% of 

each other to achieve growth.  This factor is not a hard rule, as the lattice mismatch needs 

to be considered across multiple lattice parameters.  Current epitaxial theory points to a 

reduction in the free energy of the system as the driving force of epitaxial growth.17  It is 

presumed the interfacial energy between the overgrowth and substrate compensates for 

this change in lattice structure. This theory, however, does not explain the mechanisms 

behind epitaxial growth.  It merely states the energetic conditions under which we can 

 

Figure 2.3.1.  Screw dislocation.  Growth occurs from the dislocation, which spirals 
around point A.  In this way growth can continue indefinitely. 
 
 

A 
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expect growth, but does not reveal how growth occurs.   

In the case of thin epitaxial layers, it is believed two competing forces act on the 

overgrowth atoms.  The first is from the neighboring overgrowth atoms and will tend to 

preserve the natural lattice spacing, b.  The second force is from the underlying substrate 

lattice and will tend to modify the overgrowth lattice to match the substrate spacing, a.  

The result is a strained overgrowth spacing, b’, somewhere in between.  In the case of b’ 

= a, then the overgrowth layer is homogenously strained and pseudomorphic with the 

substrate.  In pseudomorphic growth, the overgrowth lattice completely accommodates 

the underlying lattice.  At the other extreme, b’ = b, the natural lattice spacing is pre-

served, and the strain is accommodated by misfit dislocations.17 

 

2.5. CURRENT STUDY 

In our study, we will focus on two main parameters:  misfit of the crystals and the 

difference in free energy of dissociation between interacting ion pairs.  We will define our 

ions in the following way: 

Common Ion:  Ion common to both the overgrowth (or solute) and the substrate 

Overgrowth Ion:  Ion found only in the overgrowth (or solute) 

Substrate Ion:  Ion found only in the substrate 

For example, in growing BaCO3 on a BaSO4 substrate, the Ba2+ will be the common ion, 

CO3
2- the overgrowth ion, and SO4

2- the substrate ion. 

Traditionally, the misfit between epitaxial layers, f, is defined in terms of lattice 

spacings.18   
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 #  $%&& . (2.5.1) 

where b is the natural lattice spacing of the overgrowth layer, and the a lattice spacing of 

the substrate.  This definition presents problems, as it is only valid for isomorphic sys-

tems, or systems in which the overgrowth and substrate have the same crystal shape and 

atom positions.  In order to expand beyond the isomorphic systems, we define our mis-

match term from the bare ion radius as reported by Marcus.19   

 
∆��!  �'%�!�! . (2.5.4) 

where ro is the radius of the overgrowth ion, and  rs is the radius of the substrate ion.  This 

definition does leave out information about the spacing between the atoms, but it does 

permit for the inclusion of anisomorphic systems, or systems that have different crystal 

symmetries. 

The energy term ξ, relates the difference in the dissociation free energy of over-

growth and common ions (Δ�)*) and the dissociation free energy of the substrate ion and 

common ion (Δ�+*).  

 ,  ∆�'-%∆�!-./  . (2.5.5) 

ξ  will be calculated from values for ∆G reported in reference 20.  This term accounts for 

interactions between the ions in solution and the ions in the substrate.  In the previous ex-

ample, the Ba2+ solute ions are attracted to the CO3
2- solute ions and the SO4

2- ions in the 

substrate.  If ξ is positive, then the common ion has greater affinity for the substrate ion 

than for the overgrowth ion.   
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Substrate Solute ∆∆∆∆r/ro    ξξξξ    

BaSO4 BaCO3 0.35 3.16 

BaSO4 BaCrO4 -0.06 0.10 

BaSO4 BaMoO4 -0.10 5.78 

BaSO4 BaSO3 0.20 8.90 

BaSO4 PbSO4 0.15 5.45 

BaSO4 SrSO4 0.20 8.06 

BaSO4 BaWO4 -0.11 3.83 

CaCO3 BaCO3 -0.26 -0.26 

CaCO3 CaCrO4 -0.30 12.26 

CaCO3 CaMoO4 -0.336 1.47 

CaCO3 CaWO4 -0.343 0.95 

CaCO3 CdCO3 0.05 -8.12 

CaCO3 PbCO3 -0.15 -10.72 

CaCO3 SrCO3 -0.12 -1.79 

SrSO4 BaSO4 -0.17 -8.06 

SrSO4 PbSO4 -0.04 -2.61 

SrSO4 SrCO3 0.35 -6.42 

SrSO4 SrCrO4 -0.06 4.16 

SrSO4 SrMoO4 -0.10 -0.54 

SrSO4 SrSO3 0.20 -2.15 

SrSO4 SrWO4 -0.11 -7.61 
 

Table 2.5.1  Matrix of systems tested and respective ∆r/ro, and ξ values.  “Substrate” 
gives the chemical composition of the substrate, and “Solute” gives the chemical compo-
sition of the solute.  Should a monolayer grow, it will have the same chemical composi-
tion as the solute.  Values are calculated from references 19 and 20.  Error is negligible.  
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3. EXPERIMENTAL DETAILS 

3.1. ATOMIC FORCE M ICROSCOPY 

As epitaxy occurs through adsorption of molecules to a surface, AFM is well 

suited for this study.  AFM will allow us to observe the first monolayers of growth, in 

situ, at room temperature.  Additionally, lateral force microscopy (LFM), described be-

low, will allow us to distinguish the overgrowth layers from the substrate, and provide 

valuable insight into conditions at the interface. 

3.1.1 History of AFM 

In 1981, the field of microscopy made a significant move away from traditional 

optical techniques to probing techniques.  By utilizing a physical probe, the scanning 

tunneling microscope (STM) removed the obstacle of the diffraction limit of light.  Now 

the resolution limit was set by the size of the probe.  Samples however were limited to 

thin conducting materials. 

Binnig, Quate, and Gerber overcame this problem by affixing a stylus to a flexible 

cantilever.21  As it scans across a sample the stylus moves with surface features, causing 

deflection of the cantilever.  In the original design, an STM in contact with the conduct-

ing cantilever indirectly measured its motion.  Later the STM tip would be replaced by a 

laser acting as an optical lever. 

Figure 3.1.1.1 shows the schematic of an AFM.  The sharpened tip is attached to a 

flexible, reflective cantilever.  As the tip moves with surface features, the cantilever bends 

and reflects the laser accordingly.  The motion of the reflected beam is captured by a pho-

todiode.   By keeping the spring constant of the cantilever soft in comparison with the in-
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teratomic stiffness (typically 10-100 N/m), the AFM is capable of imaging atomic-level 

surface features.  Cantilever spring constants are on the order of 0.1 N/m, resulting in 

scanning forces as small as 10- 11 N.  This is more than adequate to profile atomic sur-

faces. 

3.1.2 Contact Mode 

In contact mode, the tip maintains contact with the surface throughout the scan. 

Topographical information as a function of position is obtained through direct measure-

ment of the cantilever deflection during the scan.  Higher features will cause greater de-

 

Figure 3.1.1.1 Schematic of atomic force microscope. 
 

 

Figure 3.1.2.1.  Atomic scan of mica substrate.  Horizontal scale bar represents 2 nm. 
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flection in the cantilever resulting in greater normal forces between the tip and substrate.  

To combat the effect, a feedback loop is employed.  The scanner adjusts the z height of 

the tip to maintain a constant user-defined deflection, and the normal force exerted on the 

substrate is held constant.  Combining the z-position of the scanner with the xy-positions 

of the tip produces a 2-D plot of topographical information.  It is well established that us-

ing this technique will yield Angstrom-level resolution (Figure 3.1.2.1). 

2-D crystal growth in solution is easily monitored in contact mode of AFM.  A 

fluid cell is a specialized tip holder which allows us to image while the AFM tip is im-

mersed in a liquid environment.  Imaging can be done with static solutions or under flow 

conditions.  The type of solution can also be changed during scanning.  Thus we can see 

the effects of different solution conditions on crystal growth, which will be important in 

later chapters.  Figure 3.1.2.2 shows an AFM height sequence of a barite (BaSO4) crystal 

growing from a static supersaturated solution of BaSO4.  Growth is observed to be atomi-

cally flat and outward from the steps. 

Contact mode will not produce a usable image if the sample is mobile, easily de-

stroyed, or soft.  Instead, we must use tapping mode (or non-contact mode) in which the 

 

Figure 3.1.2.2.  AFM height images of BaSO4 crystal growing from a supersaturated so-

lution.  Scale bar represents 1 µm.  Time difference between images is 6 minutes.  
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tip is oscillated near or at its resonant frequency.  High-frequency, intermittent contact 

with surface features will change the vibrational amplitude.  This provides the topog-

raphical information about the sample.  As ionic crystals are robust materials, we will not 

need this technique. 

 

3.2. LATERAL FORCE M ICROSCOPY 

As a tip scans from left to right, it not only experiences vertical deflecting forces, 

but also lateral forces, usually related to the local coefficient of friction on a given sur-

face.  This frictional force will cause a torque and twist the cantilever.  The reflected laser 

will also move laterally, and by splitting the quadrant photodiode vertically and compar-

ing the signal on the right and left halves, this motion can be captured simultaneously 

with the deflection signal (Figure 3.2.1).  This is referred to as lateral force microscopy 

(LFM).  

Like traditional AFM, LFM can also obtain atomic level resolution (Figure 3.2.2).  

As long as the frictional environment of the sample does not change, the lateral signal 

 

Figure 3.2.1 Schematic of lateral force microscope. 
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will remain constant.  If the lateral forces should change, this will cause a varying torque 

on the tip, and the LFM signal will change as well.  In this way LFM is capable of detect-

ing different compositions on a signal sample, even if they are topographically indistin-

guishable (Figure 3.2.3). 

 

 

Figure 3.2.2 Atomic lateral scan of mica substrate.  Horizontal scale bar represents 5 nm. 

 

Figure 3.2.3.  Height (left) and LFM (right) scans of CaSO3 overgrowth on a CaCO3 
substrate.  The LFM scan clearly distinguishes between areas of overgrowth (brighter) 
and the substrate (darker), even though they are topographically identical.  Dotted lines 
highlight the boundaries between CaSO3 and CaCO3, which are invisible in the height 
scan. 
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While LFM is becoming widely used for compositional mapping, the source of 

the LFM signal is not quantitatively understood.  At the nanometer scale, Amontons fa-

miliar law F = µN, no longer properly describes the frictional force.  At this scale, all sur-

faces become rough, and contact is only made at asperities.  A greater compressive force 

increases the contact area between the surface asperities, thus confirming the natural  

assumption that friction is dependent on contact area.  The movement of the surfaces 

causes a dissipative frictional force, which Tomlinson theorized is due to a stick-slip 

mechanism.22  

Tomlinson first set forth his ideas for microscopic friction in 1929.  In the ‘stick-

slip’ model, as it would later come to be known, an atom of one surface moves across the 

potential energy landscape of a second, stationary surface.  Friction, and the subsequent 

dissipation of energy, comes about from the elastic deformation of the solid surfaces as 

asperities move from one potential energy minimum to the next.   

 

Figure 3.2.4  Schematic of Tomlinson model of atomic friction.   
 
 

V(x) 

cx 

a 

vm 

x 

xm 

x 



 31

Socoliuc23combined the Tomlinson model and the one-dimensional independent os-

cillator model to obtain an approximation of the lateral sliding experienced by an AFM 

tip during imaging.  The sliding tip is approximated as a body coupled elastically to a lar-

ger mass by a spring with force constant cx.  This mass moves in the positive x direction 

with a constant velocity vm over a surface with a sinusoidal interaction potential 

V(x)=Vocos(2π/ax), with depth 2Vo, periodicity a, where x represents the position of the 

tip.  See Figure 3.2.4.  The interaction potential for the tip can be expressed as:  

 ��0, 02�  3456�02 � 0�� � 7� cos��;$ 0�. (3.2.1) 

The jump from one potential to the next will occur where the second derivative of U 

changes sign, or  

 
<4 <64  �560 � �;4�!$4 cos =�;$ 0>  0. (3.2.2) 

Solving Eq. 3.2.3 for x gives the position of the jump. 

 0?  @4A arccos D (3.2.3) 

where 

 D  �E$4
�;4�! (3.2.4) 

We assume the tip is localized to a potential energy minimum, that is, where 

  
< <6  56�02 � 0� � �;�!$ sin =�;$ 0>  0. (3.2.5.) 

We can obtain an expression for the position of the mass during the jump by using Eqs. 

3.2.3, 3.2.5, and the relation arccos H  arcsin √1 � H� 

 02  @4AJ√D%� � 1 � arccos DK. (3.2.6) 

or 
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 02  @4A√D%� � 1 � 0?. (3.2.7) 

So the lateral force needed to move the tip in the x-direction at the x = xj: 

 L?  �56J02 � 0?K. (3.2.8) 

 L?  �-E@4A J√D%� � 1K. (3.2.9) 

Substituting for α, we can rewrite Fj  as 

 L?  � $�; MN=�;4�!$4 >� � 56�O. (3.2.10) 

Thus the stick slip motion is only observed if  

 56 � �;4�!$4 . (3.2.11) 

That is, if the cantilever is soft, or the tip-sample interaction is strong.  If this condition is 

met, the tip will stick in the potential energy minimums until the applied lateral force 

reaches Fj, after which the tip jumps to the next potential energy minimum.  The LFM 

atomic scans then show high lateral forces in the areas between atoms, and low forces 

where the tip slips across them. 

Usually the cantilever spring constant cannot be changed during the experiment, 

but the tip-sample interaction can.  In this simple model the lateral force required to jump 

the tip from one minimum to the next will change with Vo.  The interaction can be 

changed by factors such as reducing the normal load on the contact,24 chemically modify-

ing the tip or substrate,25 or changing the relative humidity.26  Physical inconsistencies 

within the substrate can also affect the interaction potential.  So far we have been discuss-

ing perfectly flat lattices, but steps and defects can significantly alter the potential.  Steps 

create the Ehrlich-Schwoebel barrier, in which diffusing atoms are reflected back from a 
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step by an additional potential energy barrier.27,28  Sokolov showed in the presence of a 

vacancy defect, the lateral force required to continue tip motion is significantly in-

creased.29  Exact quantification of this interaction potential is difficult, as all chemical 

and physical properties of the systems in question must be known – which is rarely the 

case.  Although the mechanism is not entirely understood, research shows LFM is capa-

ble of detecting the sorption of metal ions on mineral substrates with nanometer-length 

resolution.3  Because of these properties, LFM is an attractive way to monitor both sub-

strate and epitaxial layer simultaneously during crystal growth and solution-phase epi-

taxy. 

 

3.3. EXPERIMENTAL PROCEDURE 

3.3.1 Structural Information on Crystal Substrates 

Crystals are made up of ordered groups of atoms arranged in a repeating pattern.  

The structure can be reduced to the basic atoms which define the pattern, called the unit 

cell.  Stacking many unit cells in all directions will create the structure of the bulk crystal.  

In this way, the macroscopic bulk crystal can be related to the atomic structure.   

It is often useful to describe a particular plane within a unit cell.  To do so, we ex-

amine the three points defining the plane in terms of the unit cell axis.  (See Figure 

3.3.1.1)  We locate the position on each axis at which the plane intersects and take the re-

ciprocal.  We then find the three smallest integers having the same ratio.   The result, 

given in parentheses is the index of that plane.  In Figure 3.3.1.1, for example, the plane 

intersects at 1, 2, and 2, giving reciprocals of 1, ½, and ½.  The index of the plane then 
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becomes (2,1,1).  A negative is indicated by a bar over the index.  

In some crystals, the atomic arrangement can lead to planes with relative weak-

ness, which will be the first to spilt if the crystal is stressed to the breaking point.  This 

weaker plane is called a cleavage plane.  Because this plane will be determined by the  

atomic structure of the unit cell, and this unit cell is the repeated to create the bulk crys-

tal, we can relate the macroscopic breaks to the atomic planes in the unit cell.  The unit 

cell and cleavage plane for our three crystal substrates, CaCO3, BaSO4, and SrSO4, are 

shown in Figure 3.3.1.2.  By applying stress to these crystals in the proper direction, we 

can cause the crystal to part along the cleavage plane, presenting clean substrates, with 

atomically flat regions, and known atomic spacing. 

 

3.3.2 Cleaving Procedure 

Only clear, colorless natural CaCO3, BaSO4, and SrSO4 were used for our experi- 

 

Figure 3.3.1.1  The (2,1,1) plane for a crystal of unit cell axes a, b, c.   
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A  
B  

C  

Figure 3.3.1.2.  Unit cells and cleavage planes of A) calcite, �101�4� B) barite, (001) and 
C) celestite, (001).  The elements are oxygen-red, carbon-grey, calcium-green, barite-
purple, and strontium-blue.  Blue plane indicates cleavage plane. 
 

ments, as color or lack of clarity can indicate the presence of impurities.  Gloves and 

tweezers are used to handle the sample, as oil from skin can affect the results.  Cleaving 

is done in air using a clean, sharp blade and striking gently but firmly with a mallet paral-

lel to the cleavage plane.  When properly done, the sample will appear flat to the eye (al-

though microscopic steps will still be present).  The steel puck to which the sample will 

be mounted is covered with freshly cleaved mica.  Mica has a cleavage plane which sepa-

rates very easily into incredibly large flat planes.  Cleaving the mica just before adhering 

the sample assures a clean surface.  Both will be affixed using 2-ton epoxy.  Samples 

were then cured for ~40 minutes at ~350 K and exposed to UV light (<10 minutes) to re-
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duce the presence of biological contaminates.   

3.3.3 Solution Preparation 

As our compounds are sparingly soluble, we cannot make solutions of desired 

concentration by simply dissolving a certain mass of the compound in water.  Instead, we 

need to make two separate solutions of MCl2 and Na2A, where M is the metal cation and 

A is the anion.  We then combine these together to form the solution of the desired con-

centration. 

We define the departure from solubility as 

 P  QRSQTSU'V  (3.3.3.1)  

where [M] is the concentration of the metal ion, and [A] the concentration of the anion.  

Ksp is the solubility product, which comes from the product of the ion concentrations of a 

substance when it is in equilibrium with its solid form.  This product is constant, and is 

thus a convenient measure of solubility.  We use the values of Ksp as given in reference 

20.  For β < 1, the solution is undersaturated with respect to the salt, and supersaturated 

for β > 1.  To keep the reactants balanced, we ideally would like [M] = [A].  This proves 

problematic for the carbonate systems, which will be discussed in Section 3.3.4.  Using 

this stipulation with Eq. 3.3.3.1, we can derive the final required concentration of M and 

A for a desired β.   

Stock solutions of MCl2 and Na2A are prepared by weighing the appropriate mass 

of MCl2 or Na2A solid compounds and adding the proper amount of pure distilled and de-

ionized water (minimum resistivity of 17.8 MΩ-cm).  All ionic salts were used as re-
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ceived from Sigma Aldrich and had a minimum purity of 99%.  Molarity of the stock so-

lutions was determined by: 

 QW, XS�Y��.  2  R[  \�']!-^ (3.3.3.2) 

where m is the mass of MCl2 or Na2A, Mw is the formula weight, and Vstock is the volume 

of solution, in liters.  Stock solution concentrations were usually 0.1 M, although this 

number occasionally varied with availability of the particular compound.   

Once stock solutions are made and the required final concentrations determined, 

we can create the final solution for use in the experiment.  Using the following relation, 

we can determine the volume of each stock solution, vstock-diluted, to combine with pure wa-

ter to achieve the desired final ion concentration, [M,A]final:  

 QW, XS�Y��._�Y��.%�`abYc�  QW, XSd`"$a_d`"$a  (3.3.3.3) 

where vfinal is the volume of the final solution in liters.   

 

3.3.4 Carbonate Solutions 

Stumm details the problems associated with carbonate concentrations in water that is ex-

posed to the atmosphere.30  We must now consider the equilibrium between the gas and 

solution phase of CO2.  Assuming the gas behaves ideally: 

 ef2�hij� k ef2�il� (3.3.4.1) 

and the subsequent reaction occurs: 

 ef��@m� � 2n�f  nef�% � n�f	. (3.3.4.2) 

The pH of a MCO3 system must be measured to properly determine the amount of car-
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bonate present.  Stumm directly relates pH to the [CO3
2-] via: 

 oef32�q  r1r2rn stu4
on�q2  (3.3.4.3) 

where K1, K2, and KH are equilibrium constants determined experimentally.  At room 

temperature, K1 = 10-6.3, K2 = 10-10.25, and KH = 10-1.5.  vef2is the partial pressure of CO2 

in solution and equal to 10-3.5 atm at room temperature.  [H+] is related to pH via 

 vn   logQn	S. (3.3.4.4) 

To create a solution of desired β in a carbonate system, we begin the same way as with 

non-carbonate systems.  Ideally we would like [M] = [A], and we use this assumption to 

calculate [M].  The amount of stock solution needed for this concentration is then added 

to the final solution.  We then use Eqs.3.3.4.3 and 3.3.4.4 to determine the target pH 

needed to achieve the desired carbonate concentration.  The final solution is titrated with 

NaOH until a pH close to the target pH is reached.  The actual [CO3
2-] is then calculated 

from the final pH using Eq. 3.3.4.3.  The final concentration of [M] is then re-calculated, 

taking into account the added volume of solution from the addition of the NaOH.  When 

not in use, the final solution of MCO3 is monitored with the pH meter to watch for sig-

nificant changes in pH.  Solutions are usually used within an hour of being made. 

Error analysis for β is given in Appendix C.   

 

3.3.5 Imaging Procedure 

The fluid cell is cleaned for use in the AFM by sonicating in a dilution of Liquid-

Nox for 15 minutes.  It is then removed and rinsed with pure H2O (distilled, deionized, 
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minimum resistivity of 17.8 MΩ-cm), after which it is sonicated for 15 more minutes in 

pure H2O.  It is finally blown dry with compressed N2 gas.   

Imaging is first done in air to verify the cleaving process has yielded acceptably 

large flat terraces – at least 2 µm in size, with 5 µm being preferred.  This initial scanning 

also allows us to check for any foreign material which might affect results.  If any is 

found, we may simply replace the tip and sample without the need to repeat the fluid cell 

cleaning procedure.    

After determining if the sample’s terraces are acceptable, scanning is stopped and 

pure H2O is introduced to the substrate. 10 cc syringes are used to transport the fluid into 

the fluid cell.  Syringes are rinsed once with pure water before the uptake of fluid.  At 

least 1 full syringe worth of fluid is exchanged through the fluid cell, which is several 

times ( >10) the volume of fluid in contact with the sample at any given time.  Excess 

fluid is taken out via another clean syringe.   

All AFM images were captured in static solutions at room temperature by a Digi-

tal Instruments Nanoscope III AFM, using cantilevers with a spring constant ~0.6 N/m, 

imaging forces ~1 to 10 nN, and scan rates 5 to 15 Hz at a scan angle of 90°.   Constant 

flow was avoided, as it has the potential to continuously dissolve the substrate and add 

reactant ions to the solution.  This is a greater concern for calcite and celestite, which are 

more soluble than barite. 

Sample purity is further confirmed by observing dissolution behavior.  Pure cal-

cite will dissolve via rhombohedral etch pits, as seen in Figure 3.3.5.1 A.  The isomorphic 

celestite and barite both have symmetry in the unit cell which allows ½ the unit cell to  
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A   B    

C   

Figure 3.3.5.1  Dissolution behavior of A) calcite B) celestite and C) barite.  A) Calicte 
dissolves in rhombohedral etch pits.  B) Celestite and C) barite dissolve at ½ unit cell 
heights due to symmetry in the atomic arrangement. Celstite dissolves in triangular etch 
pits.  C)  Barite dissolves primarily by ½ plane step retreat.  Insert shows profile of area 
indicated by white line.  Horizontal scale bar represents 1 µm. 
 
 
dissolve at a time.  Celestite dissolves via triangular etch pits at the ½ unit cell height 

(See Figure 3.3.5.1 B).  Barite is highly insoluble, and usually does not exhibit etch pits.     

In the rare cases in which it does, it too, dissolves via triangular or fan-shaped etch pits.  

Usually, dissolution behavior of barite will be the retreat of the top half of a step, leaving 

the bottom half of the unit cell.  (See Figure 3.3.5.1 C)  Atomic scans are also taken at 
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this point, to confirm the atomic lattice spacing matches that of the known cleavage 

plane.   

Images of our sample in pure water will also act as a control which we can refer-

ence after the introduction of our growth material.  For each system, imaging the sub-

strate in pure water gives no friction contrast beyond edge effects.   At least two final im-

ages in pure water are taken, and then the solution of overgrowth material is exchanged 

through.  Imaging continues throughout this exchange which takes ~ 30 to 60 seconds.  

This allowed for the observation of any immediate effects of the new solution.  After the 

exchange, imaging continues undisturbed for ~5 to 10 minutes.  After this time has 

elapsed, the system exhibits one of the following three possibilities: 

i) Growth is obviously evident.  Figure 3.3.5.2 shows an example of wetting 

growth, termed step flow, wherein the overgrowth film grows atomically flat 

and outward from substrate steps, indicating a growth mode strongly con-

trolled by interactions with the substrate.  The overgrowth material is also 

frictionally distinct, confirming the growth of a foreign substance on the sub-

strate.   Importantly, the substrate steps become arrested (passivated) by the 

nucleation of the overgrowth, so that the substrate ceases to dissolve.  (An al-

ternate type of wetting growth, not pictured, is via the nucleation, spread and 

coalescence of monomolecular islands of substrate terraces.)  Systems in 

which the overgrowth material is the same as the substrate material will not 

exhibit a lateral force contrast. However, LFM can reveal compositional con-

trast between epitaxy of a foreign material onto a substrate.3 The friction sig-
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nal should only change after the introduction of the solute containing the for-

eign ions.  After growth is confirmed, the next step is to vary the β value of 

the solute.  We may start over from a lower β, or continue with current sample 

and examine the growth behavior at higher concentrations. 

ii)  Dissolution is obviously evident.  If the substrate is continuing to dissolve, we 

know the overgrowth material is not growing outward from the steps.  We 

also know that substrate ions are dissolving into the solution and possibly in-

teracting with the solute ions.  In this case, a higher β solution is made up, and 

then introduced to the system, flushing out all the ions from the previous solu-

tion.  This process is repeated until growth occurs, or the solute visibly pre-

cipitates in the container, usually a glass vial.   Figure 3.3.5.3 shows a system 

in which no wetting growth is occurring.  The substrate steps continue to re-

treat, indicating the solute material is not growing via substrate interactions.  

The nodules that appear to be some type of overgrowth are easily knocked 

loose by the tip scanning and do not arrest substrate dissolution.  At best, only 

small solute growth can nucleate at step site, but this is not wetting growth.  

Increasing the supersaturation only results in solution precipitation.   

iii)  Neither behavior is evident.  In this case, the system is left alone for an addi-

tional ~20-40 minutes.  Usually in that time, one of the two above possibilities 

becomes evident.  However, in some cases the sample does not appear to 

change.  It is thought that the solution has reached equilibrium with the sub-

strate and no further changes will be observed.  In this case, we flush through 
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with the same solution, and wait another ~20-40 minutes.  This process is re-

peated until dissolution or growth is apparent in comparison with the initial 

images. 
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Figure 3.3.5.2 (Previous page) AFM images showing the same area of a CaCO3   �101�4� cleavage plane in the presence of β = 6.0 CaSO3 solution.  Horizontal scale 

bar represents 1 µm.  A) Height and B) Friction images of CaCO3 in pure H2O.  C) 

Height and D) Friction images 2 minutes after introduction of β = 6.0 CaSO3 solu-
tion.  A CaSO3 monolayer nucleates at the steps and grows smoothly outward with a 
higher friction signal than the surrounding substrate.  E) Height and F) Friction im-

ages 5 minutes after introducing β = 6.0 solution.  Notice the smaller etch pits are 
now completely filled with CaSO3 overgrowth, making them effectively invisible in 
(E).  However, these pits are still observable in (F).   

A B 

C D 

Figure 3.3.5.3  AFM images showing the same area of a SrSO4 (001) cleavage plane 

in the presence of β = 92  BaSO4 solution.  Horizontal scale bar represents 1 µm.  De-
flection images were taken A) 240 s B) 562 s C) 912 s and D) 1343 s after introduc-
tion of solution.  Substrate continues to dissolve throughout experiment.  Small nod-
ules of growth are easily knocked free from tip scanning, indicating loose binding to 
the substrate steps. 



 45

3.4. CONTROLS AND OTHER CONSIDERATIONS 

Several factors must be controlled for our results to be valid.  The first to consider 

are effects from the tip as it scans.  The growth is relatively delicate compared to the ro-

bust substrate, and care must be taken to assure minimal impact from the imaging proc-

ess.  If normal forces exerted by the tip are too high, then the scanning process can de-

stroy the overgrowth.  This is avoided by minimizing the normal forces used during scan-

ning.  Recall that the AFM scanner is given a user-defined cantilever deflection, called 

the deflection setpoint, which it maintains via a feedback loop.  As the sample features 

cause the cantilever deflection to change, the scanner moves accordingly to maintain the 

deflection setpoint.  A higher deflection setpoint will cause the scanner to increase the 

normal force between the sample and tip.  Too low of a deflection setpoint, and the tip 

will jump in and out of contact with the substrate.  Too high of a deflection set point, and 

the tip could destroy the sample. 

 Qualitatively, the normal force between the tip and substrate is minimized by 

‘creeping up’ on the sample.  This is done by starting with a low deflection setpoint – so 

low that the tip does not actually touch the substrate.  We increase the deflection setpoint 

slowly, until the tip reaches the sample and begins imaging.  Thus we are using the light-

est forces possible while still imaging. 

 Sometimes samples require a more rigorous approach to force minimization.  This 

is done via the force curves.  A force curve is a plot of normal force as a function of sam-

ple position.  A force curve is taken by moving the tip through the entire z-range of mo-

tion and recording the deflection of the cantilever as the tip descends, touches the surface 
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and then retracts.  A sample force curve is shown in Graph 3.3.5.1.   The horizontal part 

to the right represents the region above the surface where the tip is not in contact with the 

surface.  The tip motion causes no cantilever deflection.  This changes once the tip 

touches the surface.   

At this point, moving the tip causes an increase in cantilever deflection.  The 

straight, sloped portion of the plot is referred to as the contact region, and represents the 

range of the z-motion where the tip is in contact with the substrate.  Because of attractive  

force between the tip and substrate, there is often a ‘snap-in’ point, where the tip jumps 

into contact with the sample.  Conversely, there is an adhesion affect when attempting to  

 

Graph 3.3.5.1.  AFM force curve showing force vs. sample position.  The tip begins away 
from the substrate and extends towards the substrate (blue line).  It descends towards the 
substrate (A), and jumps into contact at point B due to attractive forces.  Continued tip 
motion increases the force (C).  The retraction (red line) experiences some adhesion, as 
seen at point D. 
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retract the tip from the sample.  By setting the deflection setpoint to the cantilever deflec-

tion corresponding to the tip-sample point of contact, we can minimize the scanning 

forces used during imaging.   

The tip can have other effects as the AFM scans over the imaging area.  If the 

sample material is soft or loosely bound, then it can be pushed to the edges of the scan.  

The tip motion itself can also change the local solution conditions, affecting the perceived 

minimum β.  To monitor the affects of tip scanning, periodically the image size is in-

creased to image a larger area.  If the tip scanning has affect the growth, the smaller, pre-

viously scanned area will appear as a square in the larger scan area, as in Figure 3.3.5.4.  

We have never observed an instance where tip scanning alone caused the growth mode to 

change.  For example, scanning does not cause wetting growth to appear in the scanned 

area, while the substrate continued to dissolve outside the scanned area.  In all cases, tip 

scanning discouraged growth.  If the growth rate appears to be affected, we may assume 

β for the onset of growth is still lower.  In future experiments with that system, we may 

 

Figure 3.3.5.4.  LFM scan of BaCrO4 growing on BaSO4 showing an imaging square.  
Overgrowth is dark.  Horizontal scale bar represents 1 µm.  Scanning discouraged the 
growth in area indicated by the thin white lines. 
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only take images periodically, rather than using a continuous scan, to minimize the local 

changes in solution.  This comes at the cost of continual information of the growth kinet-

ics. Growth appearing to move with the scanning directions is a sign of contamination, 

and the experiment is repeated.  In all cases, overgrowth in the repeated experiment 

shows no effects of scanning.   

 The Na+ and Cl- background electrolytes are believed to have a negligible effect.  

In control experiments, background electrolyte concentrations needed to be increased 100 

fold before the overgrowth was visibly affected.  Control experiments also show the sim-

ple addition of the MCl2 or the Na2A alone does not facilitate growth.   
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4. SOLUTE ENRICHMENT AT SOLID-LIQUID INTERFACES 

Our investigations concerned the conditions under which solution phase epitaxy 

produces continuous crystalline monolayers (wetting growth).  Table 4.1 summarizes the 

21 systems tested, organized by growth type, number of experiments, and listing the β 

value for which the growth occurred, if applicable.  Some wetting growth systems had the 

curious and highly unexpected result of growing in undersaturated solutions.   

It is generally known that the interaction of the substrate with the solute and the 

lattice mismatch between the two will both be important in determining the quality of 

overgrowth films.  The crystal mismatch is represented by ∆r/ro, and the affinity by ξ .  

We expect a relationship between these parameters and growth type, and therefore choose 

to plot our results with respect to ξ and ∆r/ro. (See Graph 4.1) 

There are several notable features: 

i) All systems in the 1st quadrant exhibit undersaturated growth 

ii)  Wetting growth generally occurs for �0.1 z ∆��! z 0.2 and ξ � 0  

iii)  No wetting growth occurs for  
∆��! z �0.1 

4.1. CRYSTAL M ISFIT CONSIDERATIONS 

In the above results, the sign of ∆r/ro is perhaps the most important factor in de-

termining if growth in an epitaxial system is possible.  For ∆r/ro > 0, 6 out of 7 systems 

show growth, while only 2 out of 14 grow for ∆r/ro < 0.  Those systems that do grow for 

∆r/ro < 0 have relatively small misfit values.   
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Substrate Solute ∆r/ro ξ Trials βonset 

Undersaturated Growth 

BaSO4 PbSO4 0.15 5.45 9 0.06±0.01 

BaSO4 BaSO3 0.20 8.90 2 0.0010±0.0002 

BaSO4 SrSO4 0.20 8.06 13 0.03±0.01 

BaSO4 BaCO3 0.35 3.16 6 0.12±0.06 

 

Wetting Growth 

BaSO4 BaCrO4 -0.06 0.10 1 2.0±0.3 

SrSO4 PbSO4 -0.04 -2.61 5 2.5±0.4 

CaCO3 CdCO3 0.05 -8.12 7 5±3 

SrSO4 SrSO3 0.20 -2.15 4 9±1 

 

No Wetting Growth 

CaCO3 CaWO4 -0.343 0.95 1 - 

CaCO3 CaMoO4 -0.336 1.47 1 - 

CaCO3 CaCrO4 -0.30 12.26 1 - 

CaCO3 BaCO3 -0.26 -0.26 3 - 

SrSO4 BaSO4 -0.17 -8.06 1 

CaCO3 PbCO3 -0.15 -10.72 2 - 

CaCO3 SrCO3 -0.12 -1.79 3 - 

SrSO4 SrWO4 -0.11 -7.61 1 - 

BaSO4 BaWO4 -0.11 3.82 1 - 

SrSO4 SrMoO4 -0.10 -0.54 1 - 

BaSO4 BaMoO4 -0.10 5.78 1 - 

SrSO4 SrCrO4 -0.06 4.16 1 - 

SrSO4 SrCO3 0.35 -6.42 4 - 

  

 
 

Table 4.1  Summary of results of epitaxial survey.  Number of successful experiments in-

dicated, βonset is the lowest β at which the onset of growth occurred.  The errors in ∆r/ro 

and ξ are negligible.   
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The right side of Graph 4.1 represents expansive systems, or systems in which the 

overgrowth material must expand from its natural spacing to accommodate the underly-

ing substrate.  Similarly, the left side is compressive, in which the overgrowth material 

must compress to fit the substrate. With this in mind, we examine an interaction pair po-

tential between two atoms for reasons expansive growth would be more favorable than 

compressive growth. 

ξξξξ       

 

Graph 4.1  Growth results of the tested epitaxial systems plotted with respect to ξ and 

∆r/ro.  Triangles represent isomorphic systems, in which the overgrowth layer has the 
same crystal structure as the substrate.  Squares represent anisomorphic systems, in which 
the overgrowth and substrate the substrate have different morphologies.  Blue and green 
data points represent systems which exhibit the characteristic wetting growth.  Green data 
points also represent systems in which growth began at β < 1.  Error bar included in dot 
size. 
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An exact pair potential for two atoms interacting in the presence of other ions and  

a substrate in a liquid medium is difficult to determine.  Instead we will look for general 

trends in a Lennard-Jones potential modified with an additional term for the electrostatic 

interaction: 

 ��i�  � T${ � |$34 � }$ . (4.1.1) 

 where a is the distance between the atoms and A, B, and C are constants.  We take as rep-

resentative values, A = 1x10-77 J m6 and B = 1x10-134 J m12 for the interaction between 

two atoms,31 and  e  ��c�4
�;~�!  = 1.2x10-29 J m, where e is the electron charge, εo the per-

mittivity of free space, and κ the dielectric constant of water.  The factor of 2 in the nu-

merator comes from the ±2 charge on the ions in our systems.  A plot of this potential is 

shown in Graph 4.1.1.  The asymmetry is quite evident.  The equilibrium position and en-

ergy are designated with ao and Uo.   

When a film grows on a substrate of different lattice spacings, two competing in-

teractions act on the overgrowth atoms.  The interactions of the neighboring overgrowth 

atoms will tend to preserve the natural lattice spacing, while the interaction with the un-

derlying substrate will tend to modify the overgrowth lattice to match the substrate spac-

ing.  Should the first interaction dominate, the overgrowth maintains its lattice constants 

and is incommensurate with the substrate.  In the opposite extreme, the overgrowth com-

pletely adopts the substrate structure becoming pseudomorphic with the substrate.   
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It is generally assumed a wetting epitaxial layer is pseudomorphic with the sub-

strate, and the overgrowth is no longer in its minimum energy configuration.  This was 

confirmed in our experiments by comparing atomic scans of the overgrowth lattice to the 

substrate lattice.  The unfavorable interaction in compressing or expanding the over-

growth is compensated for by the favorable interaction of the overgrowth atoms with the 

substrate atoms.  This additional interaction allows for shifts in a while maintaining an 

overall negative, and thus attractive, interaction.  The new interaction terms allow for a 

certain amount of compression or expansion away from the overgrowth equilibrium. 

Graph 4.1.1 shows the increase or decrease, ∆a/a, for increasing surface-ion interaction.  

 

Graph 4.1.1  Graph of Equation 4.1.1 with shifts in ao indicated for a given additive interac-
tion term (as a fraction of Uo).  The left side of ao represents compression, and the right side 
represent expansion. 
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For interaction adjustments that are a small percentage of Uo , the compression change is 

about the same as the expansion change.  However, as the interaction strength increases, 

they diverge quickly.  At a surface-ion interaction of 0.10Uo, the permitted expansion is 

almost twice as large as the permitted compression.   

The asymptotic nature of the compressive side is also worth noting.  To achieve 

larger values of compression, stronger and stronger surface-ion interactions must be pre-

sent.   Increasing the interaction from 0.10Uo to 0.2Uo increases the permitted compres-

sion by 30%.  However, increasing in interaction from 0.20Uo to 0.30Uo only increases 

the compression by 14%.   

Thus we see given a suitable adjustment to the interaction potential, expansive 

growth is the more favored growth system.  While the above interaction potential is ap-

proximate and cannot be explicitly applied to our systems, the sign dependence of ∆r/ro 

still holds.  The expansive side shows growth far more often than the compressive side.  

For the compressive systems that do grow, the ∆r/ro value is relatively small, and does not 

exceed ~ -0.1.   

However, the crystal mismatch cannot be the only relevant parameter.  For exam-

ple SrCO3/SrSO4 and BaCO3/BaSO4 both have ∆r/ro = 0.35, but only the latter grows.  

The differentiating factor between these two systems is the positive and negative ξ, which 

will be explored in the next section. 

 

4.2. ξ CONSIDERATIONS 

Now we consider ξ affects.  All undersaturated growth systems occur in the 1st 
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quadrant, where both the ∆r/ro and ξ are positive.  Undersaturated growth indicates that 

the overgrowth material grows more favorably over a foreign substrate than on its native 

substrate.  Although the presence of a substrate can reduce the energy barrier to 2-D nu-

cleation, it was not expected to reduce this barrier below that of 2-D homogenous nuclea-

tion.  As we will see, the interaction of the substrate with the solute ions plays an impor-

tant role in the interfacial environment, and relating the homo- and heterogeneous growth 

conditions requires a careful consideration. 

The solubility information for a compound is often determined by simply placing 

the solid form of the compound into a solvent and measuring the solution concentrations 

after equilibrium has been reached.  The solubility information derived this way is only 

applicable to the homogenous case and masks any information about the environment at 

the solid-liquid interface.  The substrate is in equilibrium with the local interfacial layer, 

which is in turn in equilibrium with the bulk solution.  The solubility point then relates 

the bulk concentration to the interfacial conditions at which growth occurs.  Growth in a 

heterogeneous system will change the ion interactions at the substrate.  Thus the relation-

ship between the bulk solution and interfacial concentrations will not be the same as that 

for the homogenous conditions.  In order to properly determine the interfacial conditions 

at a foreign substrate, we must relate the heterogeneous bulk concentrations to the inter-

facial concentration, and this back to the corresponding homogenous growth conditions. 

We will approach this problem by first assuming some critical concentration is 

needed at an interface before a substance can grow, and this concentration is the same for 

the homo- and heterogeneous cases. This interfacial concentration can then be related to 
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the bulk solution conditions via Boltzmann statistics.  This simplistic approach ignores 

any affects of lattice strain in the heterogeneous system.  It also assumes a simple cubic 

lattice of spherical interaction ions, which is clearly not the case.  However, it is consis-

tent with the trends we see in our growth systems, and is thus a useful approach.   

It will be helpful to recall the definitions of the ions involved in our epitaxial sys-

tems: 

Common Ion:  Ion common to both the overgrowth (or solute) and the substrate 

Overgrowth Ion:  Ion found only in the overgrowth (or solute) 

Substrate Ion:  Ion found only in the substrate 

We now examine the homogenous case (indicated with a subscript M) of our 

overgrowth material growing on itself.  The interaction in question will be between the 

overgrowth and common ions, designated OC.  Note in the homogenous case, both the 

solid and solute will be made of the same ions.  So the overgrowth ion in solution inter-

acts with the common ion in the substrate, and vice versa.  Assuming Boltzmann statis-

tics, the probability of adsorption of an overgrowth ion at the interface is  

 ~�∆�!-/./ (4.2.1) 

 and the interfacial concentration becomes 

 QfS`%R~QfSR�∆�!-/./. (4.2.2) 

A similar calculation holds for the common ion. 

 QeS`%R~QeSR�∆�!-/./. (4.2.3) 

The homogenous interfacial β is defined as (see Eq 3.3.3.1) 

 P`%R � Q�S���Q}S���U'V  (4.2.4) 
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and applying Eqs. 4.2.2 and 4.2.3 

 P`%R~ Q�S�Q}S�U'V ��∆�ut/./. (4.2.5) 

The factor [O]M[C]M/Ksp is the βbulk for the homogenous case, and will be designated as 

βbulk-M.  Eq. 4.2.6 below gives the relation between the concentration in bulk and the in-

terfacial concentration for a homogenous system. 

 P`%R~P&ba.%R��∆�ut/./. (4.2.6) 

A similar treatment holds for the heterogeneous system (indicated with a subscript 

T).  The overgrowth ion in solution still interacts with the common ion in the substrate, 

but now the common ion in solution interacts with the substrate ion.  The heterogeneous 

interfacial concentrations are now 

 QfS`%/~QfS/�∆�ut/./ (4.2.7) 

and 

 QeS`%/~QeS/�∆��t/./. (4.2.8) 

The heterogeneous interfacial concentration is 

 P`%/~P&ba.%/��∆�ut	∆��t�/./. (4.2.9) 

Now we will use the growth conditions to relate Eqs. 4.2.6 and 4.2.9.  As stated above, 

we assume some critical interfacial concentration is needed for growth to occur, and that 

concentration is the same regardless of substrate.  We set βi-M = βi-T, and take the ratio of 

Eqs. 4.2.9 and 4.2.6.   

 
��������  ����^��  c�∆�ut�∆��t�/^�

����^��  c4∆�ut/^�  (4.2.10) 

 1  ����^��  ����^�� ��∆��t%∆�ut�/./ (4.2.11) 
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 1  ����^��  ����^�� �� (4.2.12) 

Eq. 4.2.12 gives the bulk concentrations of heterogeneous system required to achieve the 

same results in the homogeneous system.  Rearranging and taking the natural log, we ar-

rive at 

 ln P&ba.%/  �, � ln P&ba.%R . (4.2.13) 

The slope of -1, however is incorrect.  We revisit Eqs. 4.2.2, 3, 7 and 8 and the 

simplistic assumption that the unmodified free energy of dissociation can describe the ad-

sorption of an ion to a substrate.  ∆G is derived from the Ksp, and more directly describes 

the dissociation of an ion from a bulk crystal, rather than adsorption of a single ion to a 

crystal plane.  We therefore introduce a free parameter α to represent the modification to 

the interaction term. 

 ln P&ba.%/  �D, � ln P&ba.%R . (4.2.14) 

We will now compare our results to Eq. 4.2.14.  βonset as reported in Table 4.1 gives the 

point at which growth is observed.  The true βonset, however, lies between the reported 

βonset and the next lowest β tested.  Graph 4.2.1 plots the natural log of this range against 

the ξ for that system.  Here, the true βonset corresponds to the quantity βbulk-T.  Taking the 

y-intercepts off the best fit line, we see ln βbulk-M = -0.3 ± 0.2, which agrees with the ex-

pected value of ln βbulk-M = 0, where growth occurs in a homogeneous system.   

From a nearest neighbor point of view, the ∆G of a bulk cubic crystal gives the 

energy needed to remove all 6 nearest neighbors.  When adsorbed on a substrate, the ion 

interacts with one nearest neighbor, so we could expect an adsorption probability  
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exponent of ~∆G/6kT .  At a step site, there are 2 nearest neighbors involved, and we ex-

pect an exponent of ~∆G/3kT.  Most growth of a crystal is expected at the kink site, 

where there are 3 nearest neighbors and the adsorption probability goes as ~∆G/2kT.  In 

light of these considerations, α = 0.45 ± 0.03 is within the expected range of an ion ad-

sorbing at a kink site.   

  The strength of linear relationship between ln β and ξ is quite surprising given 

the number of assumptions made and effects ignored.  Most obviously, the crystal mis-

match and strain have been completely omitted from the above model.  Another effect not 

 

Graph 4.2.1.   Graph of growth systems with respect to ln β and ξ.  Bars represent range 

from βonset to next lowest β tested (error bars included).  The true βonset will lie in be-

tween.  (slope: -0.45 ± 0.3, y-intercept: -0.3 ± 0.2, ρ = 0.9)   
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taken into consideration is the system’s tendency to preserve charge neutrality.  As the in-

terface becomes enriched with respect to the common ion, the interfacial environment 

will become charged.  The overgrowth ion is attracted to this excess charge, further en-

riching the interface.  The equations dictating the interfacial concentration of the over-

growth ion would need to be corrected for a more complete treatment.  In fact, as the 

presence of both ions is necessary for growth to occur, maintaining charge neutrality 

could be a crucial governing factor in the growth of epitaxial monolayers. 

We can use 4.2.12 to explain the curious result of undersaturated growth.  Recall 

that at the onset of growth in a homogeneous system βbulk-M  = 1.  So the bulk concentra-

tion needed for growth in a heterogeneous system can be written as 

 P&ba.%/   �%�� (4.2.15) 

Table 4.2.1 shows the calculated βbulk-T required for growth and βonset observed.  

 The growth modes of the systems support an increase in concentration at the in-

terface.  Growth usually occurs by step flow at lower supersaturations, followed by island 

Substrate Solute ξξξξ    ββββbulk-T    ββββonset    

BaSO4 BaCO3 3.16 0.241 ± 0.003 0.12 ± 0.06 

BaSO4 PbSO4 5.45 0.086 ± 0.001 0.06 ± 0.01 

BaSO4 SrSO4 8.06 0.0266 ± 0.0004 0.03 ± 0.01 

BaSO4 BaSO3 8.90 0.0182 ± 0.0002 0.0010 ± 0.002 

 

Table 4.2.1  Amount by which growth conditions have been exceeded in the undersatu-
rated systems.   
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nucleation and spread at higher supersaturations.  For the latter 3 systems in Table 4.2.1, 

growth first occurs as step flow, and upon introducing a higher β, the growth mode 

changes to that of island nucleation. 

 The effect of ξ is most easily seen with the SrCO3/SrSO4 and BaCO3/BaSO4 sys-

tems.  Both have ∆r/ro = 0.35, but the former does not exhibit any growth, while the latter 

exhibits undersaturated growth.  The BaCO3/BaSO4 system’s positive ξ indicates a strong 

substrate-common ion affinity.  This interaction is enough to allow growth at the large 

35% crystal mismatch.  The SrCO3/SrSO4, however, does not show a greater affinity be-

tween the substrate-common ions, and no growth occurs in the highly strained system. 

 The PbSO4/BaSO4, SrSO4/BaSO4 and BaSO3/BaSO4 systems also exhibit a low 

friction signal on the overgrowth, indicating the lateral forces on the substrate are greater 

than those on the overgrowth.  The ionic environment of the interface above the substrate 

is heavily enriched in comparison to environment above the overgrowth.  The increased 

ion density would presumably increase the lateral forces as it scans through the enriched 

environment.   

 

4.3. EVAPORATION AND LOCAL TEMPERATURE EFFECTS 

4.3.1 Evaporation Effects 

Our experiments are open to the atmosphere and evaporation of the drop can oc-

cur.  This causes a change over time in the concentrations, and thus β. 

 P���  QR�Y�SQT�Y�S.'V   (4.3.1.1) 
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where 

 QW���S  2�ac� �d R��Y�   (4.3.1.2) 

and 

 QX���S  2�ac� �d T��Y�   (4.3.1.3) 

assuming a negligible decrease in the moles of M and A due to the onset of growth.  Over 

longer times this will be significant, but at the onset of growth it is a suitable assumption.  

We can calculate the moles of M and A,  

 ����j �# W  QWS�7�  (4.3.4) 

 ����j �# X  QXS�7�  (4.3.5) 

We can now rewrite  

 P���  P� �!4��Y�4  (4.3.1.6) 

where βo is the initial β.  The exact change in volume over time is difficult to determine.   

We will approximate using the model for an evaporating sessile drop derived by Picknett 

and Bexon32 as reported in Schonfeld.33  

 
�2�Y  �;�∆�R�/ # =��;�>\/�

  (4.3.1.7) 

where D is the diffusion coefficient, ∆P is the difference in saturation vapor pressure (Po) 

and the vapor pressure of the surrounding air far away from the drop (P∞), M is the molar 

mass, R gas constant and V the volume of the drop.  f and α are functions of the contact 

angle θ in radians.   

 #  0.00008957 � 0.6333H � 0.116H� � 0.08878H� � 0.01033H� (4.3.1.8) 
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 D  �1 � cos H���2 � cos H�  (4.3.1.9) 

The cylindrical shape of the water means we need to modify the volume term.   It will be 

rewritten in terms of an equivalent radius, req which will give a hemisphere with a volume 

equivalent to the cylindrical drop.  See Figure 4.3.1.1.  

 
�� ��c��  ����  (4.3.1.10) 

Now Eq. 4.3.1.7 is rewritten as  

 
���Y  �;�∆�R��/ # =��>\/� �c�  (4.3.1.11) 

The values used are  

 

 

 

D = 2.51x10-5 m2/s Ref (34) 
∆P = Po- P∞  

Po= 3167 Pa Ref (20) 
P∞=Po*relative humidity = 0.2Po Estimated 

M = 1.8x10-2 kg/mole Ref (20) 
ρ = 997 kg/m3 Ref (20) 
R = 8.314 J/mole·K Ref (20) 
T = 298 K Assumed for consistency with above constants 
θ  = π/10 and π/4 Estimated 
Initial r = 5 mm, h = 2mm Estimated 

 

Figure 4.3.1.1.  Drop geometry of experimental set up (left) and sessile drop (right).  Our 
experiments restrict the drop on the top, to create a approximate cylindrical geometry.  
We set req so that the volumes of the two drops are the same. 
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Numerically solving for Eq. 4.3.1.6 using Eq. 4.3.1.11, we obtain Graph 4.3.1.1 for two 

contact angles π/10 and π/4.  The contact angle can vary depending on the material of the 

substrate.  The curves, however, do not diverge significantly until ~40 minutes after the 

introduction of the fluid, which is longer than we allow the solution to stand undisturbed.  

Table 4.3.1.1 shows the adjusted β for each growth system to include effects of evapora-

tion for a contact angle of π/10.  All these values fall within or very close to the error bar.  

The adjusted β  for the undersaturated systems does not push the βonset to supersaturated 

conditions.  We expect this result to give us a higher rate of change for β because in our 

set up the drop can only evaporate at the edges, and r > h.   

 

 

Graph 4.3.1.1.  Graph of expected change in β due to drop evaporation for contact angles 

π/10 (black) and π/4 (red). 
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Using the adjusted β, we can re-calculate the slope and y-intercept of Graph 4.2.1.  

We do not need to adjust the lower limit data, as we are looking for the lower limit at 

which growth was not observed.  Evaporation can only cause β to increase, thus we use 

the unadjusted βlow for the lower bounds.  Recalculating the line of best fit for Graph 

4.2.1 using the adjusted βonset values listed in Table 4.3.1.1, we obtain a slope of -0.44 ± 

0.04 and a y-intercept of -0.3 ± 0.2.  The adjusted slope is within the range of the error 

bar of the original slope (-0.45 ± 0.03).  The y-intercept is not significantly affected by 

drop evaporation.  

4.3.2 Local Temperature Fluctuations 

As a molecule adsorbs to the substrate, the local temperature drops.  However, our 

Substrate Solute ∆tonset (min)  βonset Adjusted βonset 
Undersaturated Growth 

BaSO4 PbSO4 10 0.06 ± 0.01 0.07  

BaSO4 BaSO3 5 0.0010 ± 0.0002 0.0011  

BaSO4 SrSO4 31 0.03 ± 0.01 0.04  

BaSO4 BaCO3 20 0.12 ± 0.06 0.15  
 

Wetting Growth 

BaSO4 BaCrO4 15 2.0 ± 0.3 2.4  

SrSO4 PbSO4 3 2.5 ± 0.4 2.6  

CaCO3 CdCO3 5 5 ± 3 5  

SrSO4 SrSO3 5 9 ± 1 10  

Table 4.3.1.1.  Adjusted βonset values due to drop evaporation for a contact 
angel of θ = π/10.  ∆tonset gives the time elapsed before growth was ob-
served. 
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calculations show that the atmospheric heat bath quickly returns the local temperature to 

that of the bulk solution.  First, we will assume an extremely large temperature drop, 10 

K, due to adsorption.  We assume the volume of fluid experiencing the drop is on the or-

der of a unit cell, ~1 nm3.   The heat needed to return the volume of water to room tem-

perature is: 

    7¡5∆¢  4.17x10%�¤J . (4.3.2.1) 

where V is the volume (~1 nm3), ρ is the density of water (997 kg·m-3),20 c is the specific 

heat of water (4186 J·kg-1
·K-1),20 and ∆T is the change in temperature (10K).   

To find the rate of heat transfer, we use: 

 
<¦<Y  �§X </<6 . (4.3.2.2) 

where k is the thermal conductivity of water (0.6 W·m-1
·K-1),20 and A is the surface area 

through which heat can be transferred (A = 2πrh).  The negative sign indicates the heat 

flows towards the lower temperature.  We will continue to approximate our drop of water 

as a cylinder.  The volume to be heated will be located at the center of our drop.  We need 

the heat to transfer from atmosphere, through the insulating water, to the unit cell volume 

at the center.  We will also assume heat transfer only occurs laterally towards the center 

of the cylinder.  This is, of course, not true, but it will give us an outside approximation 

for the time needed.  Solving Eq. 4.3.2.2 for cylindrical geometry yields: 

 ¨ <¦<Y�4�3
\� ©�  ¨ �2§�� ©¢�4�3   (4.3.2.3) 

 
<¦<Y  %�;.ª∆/

ln �4%ln �3  �2.33x10%«W (4.3.2.4) 

h is equal to the height of the unit cell (1 nm), since we are assuming heat transfer can 
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only occur laterally. r1 is the inner radius (equal to ½h), and r2 is the outer radius (5 mm).  

Thus the time required to return a volume of water the size of a unit cell to the bulk tem-

perature is: 

  ∆�  %�.\®\¤�4¯°%�.��®\¤�±²  1.8x10%\\s. (4.3.2.5) 

Given a typical step growth speed of 1 nm/s, and a typical step length of 10 µm, 

we estimate the time between the adsorption of 1 nm3 unit cells to be 1x10-4 s.   Thus we 

can safely ignore any drop in local temperature due to the adsorption of molecules.   

 

4.4. CONCLUSIONS  

If surface interactions change the solution concentrations when moving from the 

3D bulk to the 2D interface, then by analogy, we should expect a change in concentration 

when moving from interface to the 1D steps.  Due to the additional molecular interac-

tions, we expect the concentrations at the steps to be greater than that of the terraces.  The 

kink sites, which have the greatest number of bonds, should have the greatest probability 

of adsorption.  Then perhaps the best definition for growth conditions is not one based on 

solution conditions.  Instead, growth conditions could be defined as the conditions under 

which the probability of kink site occupation approaches 1. 

Heterogeneous epitaxy is of great importance and application to a wide variety of 

fields.  However, understanding of the mechanisms controlling it is still limited.  Here we 

have presented the effects of crystal strain and the solute-substrate interaction on epitaxial 

growth.  In regards to crystal mismatch, the asymmetric nature of the interaction potential 

between the overgrowth ions means expansive strain is more likely to produce smooth 
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epitaxial layers than compressive strain.  This is perhaps the most important factor in de-

termining if an epitaxial system will produce monolayers.  If the overgrowth lattice must 

compress more than ~10% of its natural spacing, then growth is not expected.  Expansive 

systems can tolerate a much higher mismatch.   

 Almost as important is the interaction of the solute ions with the substrate.  We 

found if one of the solute ions has a greater affinity for a substrate ion than the solute ion, 

we can expect an interfacial enrichment effect.  The interfacial concentration will in-

crease above the bulk concentration, and can be many times the bulk concentration 

needed for growth.  If the solute-substrate ion interaction is favorable and the crystal 

mismatch expansive, then the system can grow epitaxial monolayers in undersaturated 

solution conditions.  Overall, the solute-substrate interaction and the sign of the crystal 

misfit must both be taken into account in order to predict the epitaxial behavior of a sys-

tem. 
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5. FRICTION DEPENDENCE ON GROWTH CONDITIONS 

5.1. INTRODUCTION 

As discussed in Chapter 3, the source of the LFM signal is difficult to quantify.  

Experiments and modeling have shown lateral forces can depend on many factors.  Some 

are easily controlled such as cantilever stiffness, temperature, scan speed, and scan direc-

tion.35  Still others are the result of scanning itself, such as tip and sample wear, tip-

induced deformations and sample material movement.36-38  Some investigators have pro-

posed for friction contrast dependent on the normal force35 and on compositional varia-

tions in mixed epitaxial films39 or argued for friction contrast based on the surface dehy-

dration enthalpy.40  Others have presented evidence the hydration layers of the adsorbed 

ions may also play a role in the mobility of the tip over the overgrowth layer.41  Factors 

intrinsic to the system, such as tip-sample interaction35 and the presence29 and motion of 

surface defects42 can affect the lateral force.  Simulations show the presence of defects 

can increase the lateral force experienced by an AFM tip.29  These mechanisms for lateral 

force contrast are not mutually exclusive, and a combination of these factors may be in-

volved. 

5.2. RESULTS AND DISCUSSION 

In our studies of epitaxy of natural minerals, we found the lateral force contrast of 

an overgrowth region can be dependent on the driving conditions of deposition, in this 

case, solution concentration.  As the concentration of the source solutions increases, the 

friction contrast of the overgrowth monolayer condensing from that solution also in-

creases.  While this phenomenon was observed in multiple systems, we choose to focus 
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the discussion on three specific ones: CaSO3 on CaCO3 (Figure 5.2.1), PbSO4 on BaSO4 

(Figure 5.2.2) and BaSO3 on BaSO4 (Figure 5.2.3).   

Each system shows an initial condensation of a wetting monolayer growing out 

from step edges (Figures 5.2.1, 5.2.2, 5.2.3 images C&D).  The CaSO3/CaCO3 system 

grows at supersaturated conditions and exhibits a higher friction contrast than the sub-

strate.  Due to interfacial enrichment as discussed in Chapter 4, the overgrowth in both 

the PbSO4/BaSO4 and the BaSO3/BaSO4 systems grows from undersaturated conditions 

and exhibits a lower friction contrast than the surrounding substrate.   

In each of the three cases, after a significant amount of overgrowth had occurred, 

a second solution of a higher β was introduced.  Consistently, this growth from the 

newer, higher concentration solution exhibited a greater lateral force contrast than the 

older growth from the lower concentration solution (Figure 5.2.1H, Figure 5.2.2F, Figure 

5.2.3F).  This is true even for both BaSO4 systems, in which the lateral force contrast is 

less over the foreign material.  The high-β growth’s friction signal is still low compared 

to the substrate, but has a higher friction contrast than the low-β growth (Figure 5.2.2F, 

Figure 5.2.3F).  In Figure 5.2.1H and 5.2.3F, the growth from the higher β solution pro-

duces island which coalesce to quickly to image.  In Figure 5.2.2F, step flow becomes 

faster and islands appear.   

An increase in the defect density of the overgrowth layer seems a likely reason for 

the difference in friction contrast.  The low-β and high-β growth areas have the nomi-

nally the same chemistry and topography, so dehydration enthalpy, ion interaction, and 

interfacial environment are effectively the same.  The major difference between the re-
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gions is the higher solution concentration and subsequent growth rate.  High supersatura-

tions are known to create defective polycrystalline structures in 3-D crystal growth43 as a 

result of the reduction of the critical nucleus size and kinetically trapped defects.  An 

analogous effect is expected for 2-D growth.  As mentioned in the Section 5.1, these de-

fects can increase the lateral force in LFM scans, and a greater defect density will give a 

higher friction contrast. 

Two other observations support the role of defects as the source of lateral force 

contrast.  The CaSO3/CaCO3 system provides evidence of a slower annealing process af-

ter the initial condensation of the defective monolayer.  This annealing process would be 

similar to one observed in other self assembled monolayers (SAMs).  Research shows de-

fect areas in SAMs can anneal over longer time periods.44-46  After the introduction of the 

higher concentration solution of CaSO3, the friction contrast between the two overgrowth 

films fades over time (Figure 5.2.1H and 5.2.1J).   

The dissolution behavior of the PbSO4/BaSO4 system is consistent with our 

model.  After the introduction of pure water, the high-β growth immediately dissolves, 

and the low-β growth remains partially intact.  Defects act as etch-pit dissolutions sites 

when crystals are exposed to pure water, and areas with higher defect densities are ex-

pected to dissolve more quickly. Macroscopic etch pits are visible in the remaining over-

growth layer in Figure 5.2.2G.  As the etch pits dissolve, the lateral force on the over-

growth will increase and become closer to that of the substrate.  The friction contrast be-

tween the overgrowth and substrate then decreases from Figure 5.2.2D to 5.2.2H, as illus-

trated in the section profiles in Graph 5.2.1.  Additionally, the friction contrast changes 
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within the scan-time of Figure 5.2.2H.   Figure 5.2.2H is an up-scan, meaning area 3 was 

exposed to pure water for a longer period of time before capturing than area 2, and disso-

lution sites had more time to grow.  The section profile of area 3 exhibits the expected re-

duced friction contrast, consistent with an increase in lateral force from a higher defect 

density.   

 

5.3. CONCLUSIONS 

We have shown the lateral force contrast of solution phase epitaxial systems can 

depend on the driving force of growth, namely solution concentration.  The overgrowth 

monolayer incorporates a defect density dependent on the solute concentration.  These 

defects are responsible for an observable change in the friction contrast in LFM scans.  

Monolayer growth from a solution of higher concentration produces a higher friction con-

trast than growth from a lower concentration solution.  This holds true even in the cases 

where the foreign epitaxial layer shows a lower friction contrast than the surrounding 

substrate.   

To further analyze these experiments, we require detailed knowledge of the sys-

tems’ growth kinetics, elastic properties, and exact structure of the overgrowth 

monolayer.29  Standard crystal growth kinetic theories would need to be modified to 2-D 

growth in the presence of an interacting potential.  Such calculations are beyond the 

scope of this study. 
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Figure 5.2.1 AFM images showing the same area of a CaCO3 �101�4� cleavage plane in 
the presence of CaSO3 solutions of varying concentrations.  Horizontal scale bar repre-
sents 1 µm.  Vertical color bar represents 0 - 5 nm for height and 0 - 0.1 V for friction 
images.  A) Height and B) Friction images of CaCO3 in pure H2O.  Dotted lines show 
representative steps, and the circle indicates a mesa of interest.  C) Height and D) Friction 
images 5 minutes after introduction of β = 6.0 CaSO3 solution.  A CaSO3 monolayer nu-
cleates at the “obtuse” steps3 and grows anisotropically along the ³4�41´	 and ³481�´	 di-
rections (arrows; step speed ~ 1.3 nm/s).  The smaller etch pits are now completely filled 
with CaSO3 overgrowth, making them effectively invisible in (C).  However, these pits 

are observable in (D).  E) Height and F) Friction images 32 minutes after introducing β = 
6.0 solution, showing a nearly complete monolayer of CaCO3.  The dark areas in (F) re-
veal patches of substrate (e.g., the circled mesa) left permanently bare by either solution 
conditions insufficient for island nucleation or by the anisotropic step flow at β = 6.0.  All 
other areas accessible to step flow from the obtuse steps are covered with CaSO3.  G) 
Height and H) Friction images of sample immediately upon introduction of β = 62 CaSO3 

solution (indicated by scan noise).  CaSO3 island nucleation and coalescence quickly 
cover the exposed substrate in (F).  The new CaSO3 growth at β = 62 shows higher fric-

tion than the earlier growth at β = 6.0.  I) Height and J) Friction images of sample 6 min-

utes after introduction of β = 62 CaSO3.  Overgrowth returns to uniform friction contrast 
for all areas.  The CaSO3 topography in (I) is a perfect mask of the initial substrate topog-
raphy in (A).  
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Figure 5.2.2. AFM images showing the same area of a BaSO4 (001) cleavage plane in the 
presence of PbSO4 solutions of varying concentration.  Horizontal scale bar represents 1 
µm and vertical color bar represents 0 -3 nm for height and 0 - 0.2 V for friction images.  
A) Height and B) Friction images of BaSO4 substrate in pure H2O.  C) Height and D) 
Friction images of sample 29 minutes after introduction of β  = 0.06 PbSO4.  The PbSO4 
overgrowth (bars; step velocity ~ 0.3 nm/s) has lower friction than the substrate.  E) 
Height and F) Friction images of sample 16 minutes after exchange with β = 0.3 PbSO4, 
showing an increased step velocity (~0.8 nm/s) and island nucleation.  The new PbSO4 
growth at β = 0.3 shows higher friction than the earlier growth at β = 0.06 (although both 
sill show lower friction than the substrate).   G) Height and H) Friction images of sample 
1 minute after exchange with pure H2O.  Growth from the β = 0.06 solution remains on 

the substrate while growth from β = 0.3 was dissolved immediately and completely.  
Some pitting of the remaining overgrowth is visible in (G).   See Graph 5.2.1 for profiles 
of areas indicated by lines 1, 2, and 3. 
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Figure 5.2.3.  AFM images showing the same area of a BaSO4 (001) cleavage plane in 
the presence of BaSO3 solutions of varying concentration.  Horizontal scale bar repre-
sents 1 µm.  Vertical color bar represents 0 - 2 nm for height and 0 - 0.02 V for friction 
images.  A) Height and B) Friction images of BaSO4 substrate in pure H2O.  The circle 
indicates a mesa of interest.  C) Height and D) Friction images of sample 60 minutes after 
introduction of β � = 0.001 BaSO3 solution.  A BaSO3 monolayer grows outward from sub-
strate steps (dotted lines), eventually surrounding the mesa in (A).  The BaSO3 layer has 
lower friction than the substrate, so the original mesa is still visible in (D).  Arrows indi-

cate the current growth edge of BaSO3 at β � = 0.001 (step velocity ~0.2 nm/s).  E) Height 

and F) Friction images of sample 30 minutes after introduction of β = 0.005 BaSO3.  
Growth occurred as island nucleation and coalescence on the remaining substrate (not 
shown) and the BaSO3 topography in (E) is a perfect mask of the initial substrate in (A).  
The new growth at β = 0.005 shows a slightly higher friction than the earlier growth at β � 
= 0.001 (edge shown by arrows).  The mesa, now covered with the overgrowth, is again 
visible in the topography images.  

 



 78

 

Graph 5.2.1.  Section profiles of areas indicated by lines in Figure 5.2.2 D and H.  Fric-
tion contrast between the overgrowth and substrate reduces significantly from area 1 
(solid line) to areas 2 and 3 (dotted and dashed lines, respectively).  This reduction is 
consistent with the lateral forces on the overgrowth increasing, becoming closer to that of 
the substrate.  This change in contrast is not the same for areas 2 and 3.  It reduces by 
50% for area 2, and 65% for area 3.  Figure 5.2.2 H is an up-scan, meaning area 3 was 
exposed to pure H2O longer before capture and has subsequently more pitting, higher sur-
face lateral forces, and a greater reduction in friction contrast. 
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APPENDIX A:  EPITAXIAL GROWTH SYSTEMS 

PbSO4 on BaSO4  ∆r/ro = 0.15 ξ = 5.45 

 

AFM of a BaSO4 (001) cleavage plane in the presence of PbSO4 aqueous solution of 

varying concentration.  Horizontal scale bar represent 1 µm.  Vertical scale bar repre-
sents 0-5 nm and 0- 0.2 V for height and LFM images respectively.  A) Height and B) 
LFM images of BaSO4 substrate in H2O.  C) Height and D) LFM images of sample 
29 minutes after introduction of β = 0.06 PbSO4 .  Growth of PbSO4 (step velocity ~ 
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0.3 nm/s) is lower in friction contrast and a half step.  E) Height and F) LFM of sam-
ple LFM of sample 16 minutes after fluid exchange with β = 0.3 PbSO4 .  Friction 
contrast is higher than the area of growth completed prior the exchange (indicated by 
the arrows), but still low compared to the BaSO4 substrate.  G) Height and H) LFM of 

sample 3 minutes after fluid exchange with H2O.  Growth from the β = 0.06 solution 

remains on the substrate while growth from β = 0.3 was removed immediately and 
completely. 
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BaSO3 on BaSO4 ∆r/ro = 0.2 ξ = 8.9 

β = 0 

 

β = 0.001, t=60 min 

 

β = 0.005, t=1 min  

 

β = 0.005, t=30 min 
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SrSO4 on BaSO4 ∆r/ro = 0.2 ξ = 8.06 

  

(A) BaSO4 substrate in water.   (B) Sample 68 minutes after exchanging with undersatu-
rated SrSO4 solution at β = 0.03.  Monolayer grows outward from the step edges at a rate 
of ~0.02 nm/s.  The measured step height (~0.4nm) is half the SrSO4 unit cell height (C) 
Height and (D) LFM images of sample 168 minutes after exchanging with SrSO4 solution 
at β = 1.9.  Step speed increases to ~0.1 nm/s, and island nucleation begins with a pe-
rimeter growth rate of ~0.3 nm/s.   
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BaCO3 on BaSO4      ∆r/ro = 0.35     ξ = 3.16 

β = 0

 

β = 0.12, t=36 min 

 

β = 1.25, t=35 min 
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BaCrO4 on BaSO4        ∆r/ro = -0.6     ξ = 0.10 

β = 0 

 
 

β = 2, t= 89 min  

 
β = 6, t= 11min 

 

β = 6, t= 59 min  
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PbSO4 on SrSO4        ∆r/ro = -0.4     ξ = -2.61 

β = 0 

 

β = 2.47, t=3 min 

 
β = 2.47, t= 44 min 

 
β = 2.47, t= 7 min,  
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CdCO3 on CaCO3        ∆r/ro = 0.05     ξ = -8.12 

β = 0 

 

 

β = 5.36, t=17 min 
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SrCO3 on SrSO4        ∆r/ro = 0.2     ξ = -2.15 

β = 0 

 

β = 9, t= 5 min 

 

β = 16, t= 4 min 
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APPENDIX B:  β VALUES TESTED FOR EACH SYSTEM 

Substrate Solute Range of β β β β tested                         
 

  
  

             Undersat. Growth   
               

BaSO4 PbSO4 6.9x10-5 2.8x104 6.2x104 0.001 0.01 0.03 0.062* 0.1 0.25 0.30 0.40 0.50 1.00 1.50 1.76 2.75 

BaSO4 BaSO3 0.001* 0.005 0.05 1.06 
            

BaSO4 SrSO4 0.01 0.02 0.03* 0.04 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 1.00 5.82 23.3 

BaSO4 BaCO3 0.06 0.10 0.12* 0.30 0.43 0.36 0.87 1.25 1.30 4.77 12.0 15.2 378 1375 

  

  
  

               Wetting Growth   
               

BaSO4 BaCrO4 0.10 0.40 0.80 1.00 2.00* 6.00 
          

SrSO4 PbSO4 0.007 0.17 0.34 0.44 0.55 0.69 1.56 2.47* 3.56 6.32 17.2 

     
CaCO3 CdCO3 0.15 2.63 5.36* 56.1 148 1483 1553 4911 8937 1.2x104 3.6x104 1.2x105 

    
SrSO4 SrSO3 1.00 4.00 9.00* 16.0 

            

  
  

               No Growth   
               

CaCO3 CaWO4 1.41 5.66 22.6 90.6 1.4x104 
           

CaCO3 CaMoO4 2.73 11.0 43.8 175 616 
           

CaCO3 CaCrO4 0.60 1.00 2.00 4.00 8.00 10.0 
          

CaCO3 BaCO3 2.63 3.72 951 

             
CaCO3 PbCO3 8.78 34.9 2089 3467 

            
CaCO3 SrCO3 0.08 0.30 0.65 4.0 8.0 9.6 12.7 30.0 50.0 80.0 93.7 300 

    
SrSO4 SrWO4 0.60 2.00 10.0 100 2500 

           
SrSO4 SrMoO4 0.10 0.40 0.80 1.00 2.00 6.00 10.0 

         
BaSO4 BaMoO4 1.07 4.30 9.67 107 

            
SrSO4 SrCrO4 0.10 0.60 1.00 2.00 4.00 8.00 10.0 25.0 100 

       
SrSO4 SrCO3 0.42 2.10 8.40 22.6 29.8 

           

                  * β at which growth occurred 
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APPENDIX C:  ERROR ANALYSIS FOR β 

βbulk is given by:  

 P  QRSQTSU'V  (3.3.3.1)  

The error in Ksp is negligible in comparison to the error in [M] and [A].  Thus the error 

for βbulk is give by:  

 µP  P&ba.N=¶QRSQRS >� � =¶QTSQTS >�
 (C.1)  

The carbonate systems will be treated separately below.  For non-carbonate systems, we 

assume [M] and [A] are equal.  Experimentally, [M] and [A] are determined by: 

 QW, XS�Y��._�Y��.%�`abYc�  QW, XS_d`"$a  (3.3.3.3) 

 QW, XS  QR,TS']!-^·']!-^�¸���]¹¸ ·º�»@�  (C.2) 

Where vstock-diluted is the volume of the stock solution used, [M,A]stock is the concentration 

of the stock solution, and vfinal  is the volume of the final solution.  Next we will deter-

mine the error associated with each of the terms in Eq. C.2. 

 

Error for [ M,A]stock: 

The stock concentration for the stock solution is determined by: 

 QW, XS�Y��.  2  R[  \�']!-^ (3.3.3.2) 

Where m is the mass of compound used, Mw is the molecular weight, and Vstock is the 

volume of the stock solution.  No error is associated with Mw.  Thus the error for 

[M,A] stock is given by:   
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 µQW, XS�Y��.  QW, XS�Y��.N=¶22 >� � =¶�']!-^�']!-^ >�  (C.3) 

We attempt to create 0.1 M 100 mL stock solutions.  VStock is thus 0.1 L and measured us-

ing graduated flasks.  Error in this measurement is estimated at δVStock = 0.003 L.  The 

mass of the compound used varies.  We attempt to measure m to give the stock solution 

conditions described above.  The error assigned to m is associated with the deviation from 

the m needed.  It is larger than the error in measurement.  δm is estimated at 0.01 g.  

Generally m is on the order of 0.5 g. 

 µQW, XS�Y��.  0.1N=¤.¤\¤.¼ >� � =¤.¤¤�¤.\ >�  (C.4) 

  0.01 (C.5) 

 

Error for [M,A]: 

We can now calculate the error in [M,A]. 

 QW, XS  QR,TS']!-^·']!-^�¸���]¹¸ ·º�»@�  (C.2) 

 µQW, XS  QW, XS½=¶QR,TS']!-^QR,TS']!-^ >� � =¶·']!-^�¸���]¹¸·']!-^�¸���]¹¸ >� � ¾¶·º�»@�·º�»@� ¿�  (C.6) 

vstock-diluted varies for each solution – as small as 0.3 µL, or as large as several mL.  To de-

termine the maximum error, we will use the lower bound.  It is measured using micro-

liter pipets.  δvstock-diluted is assumed to be 0.01 µL.  vfinal is usually 10 mL.  It is also 

measured using the micro-liter pipets.  δvfinal is also 0.01 µL. 
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 µQW, XS  QW, XSN=¤.¤\¤.\ >� � =\®\¤�À
�®\¤�Á>� � =\®\¤�À

¤.¤\ >�  (C.7) 

  0.1QW, XS  (C.8) 

 

Error for  ββββbulk – Non-carbonate systems: 

We may now calculate δβbulk for a non-carbonate systems.  Recall from Eq. C.1  

 µP  P&ba.N=¶QRSQRS >� � =¶QTSQTS >�
 (C.1)  

For non-carbonate systems, δ[M] = δ[A] = 0.1[M,A].  

 µP  P&ba.N=¤.\QRSQRS >� � =¤.\QTSQTS >�
 (C.9)  

 µP  0.14 P&ba. (C.10)  

 

Error for  ββββbulk – Carbonate systems: 

As discussed in Section 3.3.4, the interaction of water and air increases the concentration 

of carbonate.  For these systems, [CO3
2-] is determined by the pH of the solution.  

[CO3
2-] at room temperature is given by: 

 oef32�q  r1r2rnvef2
on�q2  (3.3.4.3) 

where the terms in the numerator are all experimental constants determined to a high de-

gree of accuracy.  The relation between pH and [H+] is 

 vn  � logQn	S. (C.11)  

For error analysis purposes, we will rewrite Eq 3.3.4.3, as   
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 oef32�q  D102vn
 (C.12) 

where there the error associated with α is negligible.  The error in [CO3
2-] is given by 

 µ oef32�q  ©oef32�q©vn µvn (C.13) 

  2 ln 10 D10�sÂµvn (C.14) 

  4.6Qef��%Sµvn. (C.15) 

δpH is estimated at 0.1. 

 µ oef32�q  0.46 oef32�q (C.16) 

Returning to Eq. C.1, and substituting Eq. C.8and Eq. C.16: 

 µP  P&ba.½=¤.\QRSQRS >� � ¾¤.�ÃÄ}�Å4�ÆÄ}�Å4�Æ ¿�
 (C.17)  

 µP  0.47P&ba. (C.18) 
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APPENDIX D:  2D CRYSTAL GROWTH FROM UNDERSATURATED SOLUTIONS 
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APPENDIX E:  FRICTION DEPENDENCE ON GROWTH CONDITIONS IN EPI-

TAXIAL FILMS 
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