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ABSTRACT 

 
 

  In general, atom probe reconstruction algorithms assume a constant evaporation field 

across the surface of the specimen. In reality, chemical inhomogeneity modulates the 

evaporation field at the specimen surface, which introduces reconstruction artifacts and 

degrades the spatial resolution of the atom probe tomography (APT) technique. Multilayer thin 

films provide ideal specimen geometries to measure and quantify these artifacts.  Thin films can 

be deposited with near atomic layer precision and can exhibit large planar surfaces with degrees 

of intermixing across the interfaces. Quantifying and rectifying interfacial compositional 

differences in atom probe data sets is critical, as such information can be used to understand the 

growth and intermixing of species in nanolaminate devices, such as giant magneto-resistance 

multilayers.  

  A series of Fe/Ni and Ti/Nb multilayers featuring a bilayer repeat unit of equal thickness 

and repeat distance of approximately 4 nm have been sputter-deposited onto n-doped Si [001] 

substrates. The multilayers were focus ion beam (FIB) milled with an annular milling geometry 

into the required needle-shaped geometry for the APT analysis. Specimens were prepared with 

the film interfaces oriented with the chemical modulations for a given bilayer spacing parallel 

and perpendicular to the specimen apex to compare field evaporation behavior at these limiting 

geometries.  

  For the Fe/Ni multilayers, the 4 nm bilayer films exhibited Fe intermixing within the Ni 

layers. The Electron Energy Loss Spectroscopy (EELS) based compositional profiles were used 
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in order to cross-correlate across the two techniques using a chemical comparison.  These 

profiles were acquired using aberration-corrected scanning transmission electron microscopy 

(STEM) with an approximate 100 pm electron probe. The slope of the compositional gradients 

between the layered interfaces showed very little differences between the EELS and atom probe 

data sets for Fe/Ni. In addition, little difference was observed between the parallel and 

perpendicular field evaporation limiting geometries.  This has been contributed to Fe and Ni 

having a similar elemental evaporation field strength of 33 and 35 V/nm.    

 The Fe/Ni results were compared to data obtained from a Ti/Nb multilayered thin film 

with a bilayer spacing of approximately 4 nm, prepared in similar parallel and perpendicular 

evaporation orientations as those discussed above. Compositional EELS profiles were collected 

using an aberration-corrected scanning transmission electron microscopy (STEM) with an 

approximate 100 pm electron probe. The slope of the compositional gradients between the 

layered interfaces showed very little differences between the EELS and atom probe data sets for 

Ti/Nb.  In the perpendicular evaporation orientation, it was found that the layer thicknesses for 

both the Ti and Nb elemental layers were measured at values closer to the actual specimen, while 

the perpendicular orientation contained reconstruction artifacts that compressed the layer 

thicknesses.  

The EELS based compositional profiles were used in order to cross correlate across the 

two techniques using a chemical comparison.    The compositional gradient across the interfaces 

was also closer to the true value in the parallel orientation, while the perpendicular orientation 

contained artifacts that altered the composition across the compressed interfaces.  This study 
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showed in the atom probe data there was upwards of 20 atomic % Nb was intermixed in the Ti 

layers.  This finding was verified by the EELS compositional profiles. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Atom Probe Tomography 

One way that scientists are able to visualize and quantify the positions of atoms within a 

material is by the use of atom probe tomography.  Atom probe tomography (APT) uses field 

evaporation from both voltage and laser energy pulses in conjunction with a time-of-flight 

position-sensitive detector in order to identify the element and the position of the evaporated ion 

[1].  Many software programs have been written and are being sold commercially in order to 

reconstruct all of this data into a digital recreation of the specimen, atom-by-atom.  These 

reconstruction software programs use a reconstruction algorithm that assumes a constant 

evaporation field across the surface of the specimen.  In reality, because of layer interfaces, 

precipitate particles, grain boundaries, and surfaces, this assumption does not hold true for all 

points within a specimen.   

Research has been performed by Vurpillot, Marquis, Larson, and others in order to alter 

the way data is reconstructed to perfect the placement of the atoms within the digital atom map 

[2-4].  To date, there is no one program or algorithm in place that can allow for this digital 

reconstruction of the specimen to be perfect.  When the reconstruction deviates from the actual 

atomic spatial position within the specimen, this is known as an artifact within the 

reconstruction.  Most artifacts found in reconstructions are generated as a result of experimental 

constraints within the experiment, such as the physics behind field strength for evaporation 
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between the two different atoms.  Two of these issues observed most commonly are known as 

local magnification and preferential evaporation [4].  Local magnification is an effect seen due to 

different evaporation fields for different phases within a specimen leading to different 

trajectories from the tip to the detector, as seen in Figure 1.1 [5].  Since the element evaporation 

fields are different in these regions, one of the elements is going to want to evaporate at a faster 

rate while the other is going to require more field strength for the evaporation to occur.  Most 

reconstructions will assume a constant evaporation field and rate, which is not physically the 

case.  Consequently, between these two evaporating materials, a density variation develops 

within the reconstruction and therefore, the fidelity of the data is lowered [5]. 

Lawrence et al. proposed altering the orientation of the specimen geometry in order to 

decrease the propensity of fracture failures in semiconductor materials by orienting interfaces 

between the two very different materials to evaporate simultaneously [6].  This simultaneous 

evaporation will generate its own set of reconstruction issues because of local magnification and 

density variations.  This work is performed to systematically document the effects of these 

reconstruction issues as a function of evaporation orientation [6].  For a multilayer thin film, the 

traditional geometry is shown in Figure 1.2(a).  When the evaporation experiment commences 

for a specimen such as this one, one layer will field evaporate, then the next, and this will 

continue sequentially.  At the interface of the two materials within the specimen, if there exists a 

difference in elemental evaporation field, there will be preferential evaporation, and the stress 

builds-up and can produce fractures, as well as reconstruction issues, such as local magnification 

effects.  By changing the orientation of the specimen to that shown in Figure 1.2(b), the proposed 

idea is that both of the materials will evaporate simultaneously. 
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Figure 1.1 Preferential Evaporation due to Different Evaporation Fields 
a) Red precipitate has a higher evaporation field 
b) Red precipitate has a lower evaporation field 

 

Figure 1.2 Atom Probe Tomography Limiting Geometries 
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To date, there has not been a self-contained study comparing these two evaporation 

orientations as a function of materials selection and reconstruction constraints.  The motivation 

for this research was to determine if changing the orientation of the interfaces within a specimen 

would alter the severity and occurrence of these reconstruction artifacts.  In order to perform this 

in a systematic study, two different sets of materials were manufactured: the first of these 

contained two elements with very similar elemental evaporation fields and the second contained 

two elements with vastly different elemental evaporation fields. 

In order to be able to confidently identify the fidelity of potential reconstructions, cross-

correlation microscopy was employed to quantify the actual composition at the interface between 

the layers.  Cross-correlation has been used to validate atom probe data, including precipitate 

shape, volume fraction, and chemical composition [7, 8].  In this research, the goal was to 

identify the local magnification effects and preferential evaporation at the interfaces.  The most 

ideal technique to compare the chemical make-up through the interface to that reported by atom 

probe was Electron Energy Loss Spectroscopy (EELS).  EELS, performed in an aberration-

corrected 300 keV Transmission Electron Microscope (TEM), allowed for the collection of the 

compositional data as a function of distance with nearly sub-nanometer resoultion.  These 

collected compositional data sets were used as a reference for the atom probe data in order to 

identify and quantify the observed reconstruction artifacts.    

In the current work, the effect of these reconstruction artifacts found at the interface was 

quantified for two different cases. Case one looked at two species with similar evaporation field 

strengths across the elemental interface (iron and nickel with elemental evaporation fields of 33 

V/nm and 35 V/nm, respectively), and case two looked at two different species with significantly 

different evaporation field strengths across the interface (titanium and niobium with elemental 
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evaporation fields of 28 V/nm and 37 V/nm, respectively) [9]. In addition, the effect of different 

geometric interface orientations for field evaporation was analyzed. Multilayer thin films, in 

particular, can be utilized to provide ideal specimen geometries in which to measure and quantify 

these artifacts generated from field evaporation experiments [7, 10, 11].  Thin films can be 

deposited with near atomic layer precision and can exhibit large planar surfaces or interfaces 

featuring a variety of phases and degrees of intermixing.  In addition to this, the choice of the 

layered materials can be tailored to fit different evaporation field strengths across the layered 

interface. 

 

1.2 Multilayered thin films 

The control of nano-scale interdiffusion reactions plays a decisive role for the application 

of thin films.  The interface between phases is often a feature of interest since it can control 

phase stability, deformation behavior, and chemical segregation and/or reactions [10].  

Consequently, the ability to characterize these interfaces is critical to understanding material 

properties.  Atom probe tomography (APT) is uniquely capable of atomic scale chemical 

measurements with high spatial resolution of such interfaces within the sub-surface of a material 

[1].  The fidelity of the atom probe data is essential in using it as a technique to qualify 

interfacial science phenomenon.      

 

1.3 Application of APT in thin films 

 In modern technological applications, thin films are used for solar cells, optical devices, 

transistors, and magnetic hard drives, to name a few.  As devices and products are driven smaller 

by size and weight constraints, these thin films are being used in more common applications and 
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on a more nano-scale.   Hono et al. investigated Co-Cr thin films in 1992 due to their strong 

perpendicular magnetic anisotropy.  From their research, it was determined that Co-Cr could be a 

promising candidate for perpendicular recording media [12].  In order to determine the feasibility 

of this material system in this particular application, understanding the fundamental nature of the 

microstructure was of great importance [12].  In order to perform this nano-scale analysis of the 

deposited thin films, field ion microscopy and atom probe tomography were both implemented to 

quantify the fluctuations in concentration within the bulk of the sample. 

Teng et al. worked on characterizing the magnetization behavior of TbFeCo thin film 

materials as a function of the chemical composition.  This particular system was of interest 

because of its unique perpendicular magnetization characteristics and how that applies to 

magneto-optical recording media [13].  Then, they examined the magnetic coupling phenomenon 

that occurs between the TbFeCo thin films.  In 2007, Feng et al. also characterized magnetic 

materials for the application of high-density magnetic recording.  The specimens used in this 

research, however, were comprised of SmCo/Cr/TbFeCo and varied by thickness variations of 

the Cr interlayer [14]. 

 Vovk et al. studied the reactive inderiffusion of Co-Al bilayers.  This was done because 

the development of nano-technologies defines the advance of modern electronic devices.  The 

earliest stages of interdiffusion in these devices are of particular interest in determining their 

capability in application [15].  By the use of APT, the specific quantification of diffusion at 

different time scales was observed.  The high driving forces present in such small devices allows 

for non-equilibrium stages to appear, mostly solid state amorphization in multilayered diffusion 

couples.  The earliest stages of this reaction are denoted by steep compositional gradients within 

the fabricated device [15]. 
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 Thompson et al. used atom probe tomography to characterize the compositional gradient 

present in SiGe structures as they are used in nano-devices [16].  This research was performed to 

analyze the capabilities and limitations of techniques used for compositional analysis.  As the 

feature length scales in nano-devices shrinks below 10 nm, the variations in the chemical 

composition, specifically the location of dopant atoms and the integrity of the planar interfaces 

between regions, may have a significant impact on the final electrical characteristics of the 

device [16].  As a result of this, it is important to characterize the chemical composition of these 

nanostructures as close to the atomic level as possible. 

 

1.4 Development of APT  

 Over the past decade, atom probe tomography (APT) has undergone major 

improvements, which not only dramatically improve the performance of three-dimensional atom 

probes, but also extends the range of materials that can be characterized utilizing these tools [5].  

The improvements within the instrumentation include a large field-of-view and data collection 

rates while providing a higher mass resolution.  The recent integration of reliable, high repetition 

rate femtosecond pulsed lasers allows field evaporation to be assisted by laser pulsing for 

specimens that have a low electrical conductivity.  These materials include semiconductors and 

ceramics [5].  Simply, the atom probe can be conceived as a field ion microscope (FIM) with an 

attached time-of-flight mass spectrometer, allowing chemical characterization of individual 

surface atoms.   

In field ion microscopy, a sharp cryogenically-cooled needle-shaped specimen is pointed 

at a phosphorous screen.  A trace amount of image gas, typically neon or helium, is introduced 

into the ultra-high vacuum system with a base pressure less than 2 x 10-8 Pa.  A positive voltage 
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is then applied across the surface of the specimen, resulting in an electrical field at the apex of 

the specimen tip.  Nearby image-gas atoms become polarized and are attracted to the specimen 

surface where they are thermally accommodated.  When the field reaches a critical value, these 

image-gas atoms are field ionized close to the surface.  The resulting atoms are repelled towards 

the screen where they form the field ion image.  As the rate of ionization is highest over the 

nuclei of the most protruding surface atoms, this image can be used as a map displaying the 

position of these atoms.  As this field is increased, specimen surface atoms are expelled from the 

specimen as ions.  This removal process is what is known as “field evaporation” [5].  Field 

evaporation enables the interior of the prepared specimen to be analyzed.   

 The first generation of atom probe field ion microscopes (APFIM), initiated by Müller, 

Panitz, and McClane in the late 1960s featured a 1-2 mm circular aperture in the field ion 

detector that worked as the entrance to the time-of-flight mass spectrometer [17].  In this 

instrument, atoms were evaporated by pulsing an increased voltage from a static electric field 

that was implemented on the surface of the specimen.  This allowed for the production of a 

narrow circular cross-sectional volume that typically contained up to 50,000 collected atoms 

[17].  In 1982, Kellogg and Tsong developed an alternative method for field evaporating ions 

from a prepared specimen.  This new method involved pulsing a laser in order to provide the 

atoms with enough energy to be expelled from the surface [18].  Laser pulsing, however, did not 

immediately gain acceptance for metallurgical applications due to the unreliable nature of the 

lasers available at the time.   

The second generation of atom probe instruments, first introduced in the late 1980s, used 

a variety of position-sensitive single atom detectors [19].  This three-dimensional approach to 

imaging increased the lateral field-of-view of the specimen from the 1-2 mm allowed by the first 
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generation to 10-20 mm.  This volumetric expansion allowed for the data sets to enter millions of 

collected ions.  In both the first and second generation atom probe instruments, field ion 

microscopy had to be performed at the start of the experiment in order to align the specimen with 

the entrance to the mass spectrometer as well as to select the most ideal initial area of interest for 

the experiment. 

The most recent generation of atom probe instruments includes the local electrode atom 

probe (LEAP®), introduced by Kelly et al in 2003 [20].  This design features a local electrode in 

close proximity to the specimen, as shown in Figure 1.3.  The main advantages of this local 

electrode are the ability to work with a lower-amplitude standing and pulsing voltages, and it 

also increases the detector’s field-of-view.  Having a lower pulse amplitude allowed the use of 

voltage pulse generators with much higher pulse repetition rates, up to 200 kHz.  In order to 

accommodate these improvements, the LEAP also used faster delay line single atom detectors.  

Local electrodes require that the apex of the specimen be aligned precisely with the central 

aperture in the local electrode.  Due to the requirements for an extra set of three specimen 

translations and increased specimen positional stability with respect to the local electrode, 

coupled with the wide field-of-view of the detector, the ability to rotate the specimen to select a 

position on the surface was not incorporated into this design [20].  This averted the need to 

perform field ion microscopy at the start of the experiment.   

During the measurement, the evaporation rate is usually kept constant, controlled by the 

voltage at the apex of the specimen [21].  If, in the specimen geometry, a layer of high 

evaporation field strength is deposited on top of a material of lower field strength, the 

measurements enters and unstable situation when the interface between these two phases is 

reached during the evaporation experiment.  As soon as the easily evaporating material becomes  
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Figure 1.3 Local Electrode Atom Probe® Schematic [21] 
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uncovered, the rate at which atoms are field evaporated increases dramatically.  In most cases, 

this cannot be compensated by a quick reduction of the tip voltage, resulting in a specimen 

fracture [22]. 

In order to obtain a reliable reconstruction of the atomic positions within the specimen, it 

is advantageous to keep the evaporation rate homogeneous along the specimen surface during the 

field evaporation experiment.  Schmitz proposed in 2003 that this requirement is best achieved if 

there is a careful pre-development of the substrates, which shapes the tip to obtain an iso-field 

surface [22].  Therefore, in this proposed experiment, a new layer with different evaporation 

properties becomes completely uncovered at once, maintaining a constant iso-field surface across 

the tip. 

When the evaporation field strength between two materials is sufficiently different, the 

specimen can fracture under field evaporation.  In general, this occurs because the atom probe 

instrument is attempting to adjust the required voltage to meet the field evaporation strength for 

each material present at the interface. [23]. This voltage adjustment can generate considerable 

amounts of mechanical stress on the tip. In particular to multilayers, evaporating with the layers 

normal to the evaporation direction, can result in fracture as you transition from one layer into a 

different layer.   

Lawrence et al. [6] reported that by altering the orientation of the thin film interfaces to 

be parallel to the evaporation direction reduced the propensity of ‘fracture type failures’ because 

of simultaneous evaporation of each layer, as shown in Figure 1.2(b). When the chemical 

modulations are perpendicular to the evaporation direction, the evaporation progresses layer-by-

layer; in contrast, when the chemical modulations are parallel to the evaporation direction, 

simultaneous evaporation occurs for each layer.  To date, little work has been reported on 
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comparing the reconstruction differences of evaporating specimens in each orientation and how 

the relative field strengths between the layers influences the reconstruction in each comparative 

orientation.  In modern atom probe instruments, the maximum spatial resolution in the xy-plane 

is 0.5 nm while the maximum spatial resolution in the z-direction is 0.05 nm [23].  By orienting 

the interfaces parallel to the evaporation direction, the proposed concept is that the generation 

and effects of artifacts will be decreased, but in doing so, the spatial resolution within the 

interfaces is sacrificed by approximately an order of magnitude.  Performing this systematic 

study will show whether the artifacts are diminished by changing the orientation and whether this 

loss in spatial resolution is worth the advantages.   

The basic information produced by the atom probe is a sequence of the atomic 

coordinates and the mass-to-charge state of each ion collected [5].  After the completion of the 

experiment, these data are typically reconstructed into a digital three-dimensional representation 

of the volume analyzed.  This reconstructed data can be characterized in order to obtain 

information about the solute distribution within the microstructure.  The resulting reconstructed 

volume is a truncated cone in which the radius increases during the experiment in relation to the 

shank angle of the needle-shaped specimen [5].  In the most modern versions of these 

instruments, the data sets can contain typically millions of collected ions.   

Within these reconstructed data sets, the lateral atomic coordinates, x and y, are derived 

from the positions of the impact of each ion on the position-sensitive detector, X and Y.  For 

example, the atomic coordinates of each ion are given to a first approximation by x=X/η and 

y=Y/η where the magnification, η, is given to a first approximation by η=d / ξr, where d is the 

specimen-to-detector distance, ξ is a projection parameter known as the image compression 

factor, and r is the radius of curvature [5].  The radius r generally increases during the 
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experiment and is given by r=V/ĸF, where F is the evaporation field at the specimen apex and ĸ 

is a geometrical factor.   

The mass-to-charge state is estimated from the potential energy neV of the escaping ion, 

where V is the applied voltage between the specimen and the local electrode that is the entrance 

aperture to the mass spectrometer.  At this entrance, the kinetic energy is ½ mv2.  The ion 

velocity, v, can be estimated from the distance from the specimen to the single atom detector, d, 

and the flight time, t.  The overall result of this is 

     1.1 

where Vdc and Vpulse are the standing and pulse voltages applied to the specimen, α is the pulse 

amplitude coupling factor to account for some loss in the effectiveness of the pulse, and c is a 

constant (c=1.93 x 10-4) used to convert the mass into atomic mass units, amu [5].  The typical 

detection efficiency of the three-dimensional atom probe is approximately 50-60% of all the ions 

removed from the specimen.   

 

1.5 Atom probe reconstruction  

 The distribution of atoms within a reconstructed atom map may be visualized as a three-

dimensional map of color-coded spheres, signifying each atom of interest at its magnified 

coordinates.  When the data has been collected from an instrument with a wide field-of-view, the 

extent of the data may be too large to clearly distinguish any of the features of interest due to a 

large number of atoms.  In this case, selected regions of interest are extracted from the collected 

spectrum [5].  Phases, clusters, segregation to microstructural features, such as dislocations, 

interfaces, and grain boundaries, may be deduced from local solute enrichments.  In actuality, the 

local density of atoms is a combination of the solute concentration and the atomic density of the 
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phases.  Other factors, such as local magnification effects because of differences in evaporation 

fields for different elements, trajectory aberrations at the emergence of major poles and zone 

lines on the surface can lead to variations in the observed density of atoms [24].  Because of this, 

careful quantification and reconstruction is required when interpreting solute enrichments or 

interdiffusion across phase or grain boundaries. 

 The morphology and size of phases within a reconstructed atom map may be graphically 

visualized utilizing isoconcentration surfaces.  In this representation, the three-dimensional data 

is divided into small cubes, known as voxels, typically containing 20 to 100 atoms.  The 

concentration of one or more selected elements of interest is then determined for each voxel.  

The surface for a particular concentration over the entire three-dimensional volume may then be 

constructed.  Although the inner and outer surfaces may be apparent from the color-coded 

spheres, an atom map may be superimposed on the isoconcentration surface to more clearly 

distinguish the two phases present in the specimen.  A concentration profile may then be 

calculated across the interface or grain boundary.  To do this, the volume is further subdivided 

into thin slices perpendicular to the interface and the composition of each slice is determined and 

plotted as a function of distance along the major axis [5].  More commonly, when implementing 

an isoconcentration surface, the solute distribution across an interphase interface may be 

determined with the proximity histogram, also known as a proxigram, developed by Hellman et 

al. [25].   

Hellman et al. developed this method because it provides the unique advantage of 

allowing accommodation of the curvature of non-planar interfaces and requires significantly less 

user interaction [25].  In this method, an isoconcentration surface is constructed, then the shortest 

distance of each atom to the nearest isoconcentration is determined and the identity of the solute 
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atom is accumulated into a data bin at that distance from the interface.  The solute concentration 

is then plotted as a function of distance from the isoconcentration surface.  Further, proximity 

histograms from multiple interfaces in the same volume of interest may be combined in order to 

reduce the statistical sampling error [25]. 

 

1.6 Electron Energy Loss Spectroscopy 

 Compositional analysis based on characteristic x-ray excitation faces two practical 

problems.  The first of these is the very low collection efficiency of x-rays (10-3 for wavelength 

dispersive spectroscopy and 10-2 for energy dispersive spectroscopy).  The second problem is the 

inefficient characteristic x-ray excitation and the poor detection resolution or radiation generated 

from the light elements.  Although the characteristic spectra from the elements below magnesium 

are readily detectable down to lithium, these elements are difficult to analyze quantitatively due 

to absorption issues [26]. 

 Analysis of the energy spectrum of the inelastically forward scattered electrons, 

overcomes these limitations in EDS and WDS devices due to very high collection efficiencies—

over 50% possible while maximum sensitivity is achieved for the low energy losses that are 

characteristic of the low atomic number elements.  The electron energy loss spectrum is also 

usually measured by thin film transmission microscopy, using forward scattered electrons.  This 

angle of scatter is the most difficult for x-ray microanalysis due to the poor counting statistics.  

Due to the shortcomings of the EDS and WDS techniques for spatial compositions, EELS was 

used as the other technique for cross-correlation microscopy.  EELS allows for the collection of 

nano-scale compositional data as a function of distance across the specimen.  Two primary 

modes of operation are possible for EELS in the conventional transmission electron microscope.  
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If an image is focused on the phosphorus screen, then the back focal plane of the projector lens 

will contain a diffraction pattern that can serve as the signal for and EELS spectrometer.  The 

selected area aperture in this plane determines the origin of the signal and the image formed in 

the back focal plane of the projector lens is the image observed within the spectrometer.   

Alternatively, if a diffraction pattern is focused on the screen, then the back focal plane 

contains an image that serves as the signal source for the EELS spectrometer, and the source of 

the signal is then the area of the specimen within the selected area aperture that is illuminated by 

the incident beam.  Focusing the incident beam, to form a convergent beam diffraction pattern on 

the viewing screen, can also be used to define the region from which an EELS signal is acquired 

[7].   

If the incident electron beam is fully focused to a fine probe, as in scanning transmission 

electron microscopy (STEM), then this will be analogous to a diffraction pattern that is focused 

on the viewing screen.  The STEM probe will then also define the sample area from which the 

signal is collected.  In effect, it is the electrons focused in the back focal plane of the microscope 

that determines the source of the EELS spectrum [26].  The advantage of STEM mode is that the 

electron beam can be rastered across the sample, to acquire EELS data as a function of the 

position of the incident electron probe, in order to form an EELS line-scan or composition map.  

Additionally, when using a field emission gun source, the spatial resolution of the EELS signal is 

actually better in STEM mode than it is in TEM mode, and sub-nanometer spatial resolution of 

EELS results for chemical compositions have been demonstrated. 

The electron energy loss spectrometer is a magnetic prism positioned beneath the main 

column of the microscope, as shown in Figure 1.4.  The magnetic spectrometer is located below 

the primary image plane of the microscope and accepts electrons that pass through an aperture  
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Figure 1.4 Electron Energy Loss Spectroscopy Schematic [27] 
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positioned on the optic axis.  The electrons deflected by the spectrometer will have an angular 

spread, with those electrons of energy Eo that have experienced no energy loss being the least 

deflected.  All electrons that have experienced an energy loss will be deflected by an additional 

angle that is dependent on the extent of energy loss [26]. 

 

1.7 Electron Energy Loss Spectrum 

 A typical energy loss spectrum is shown in Figure 1.5.  The y-axis is the detected 

intensity at a given energy, measured in arbitrary units.  The x-axis is the energy loss (Eo—E), 

measured in eV.  Energy losses as high as 2000 eV can be detected, but the count rates at high-

energy losses are very low.  The high-energy loss region of the spectrum (ΔE > 50 eV) contains 

the inner shell absorption edges that are associated with atomic ionization and are accessible for 

chemical analysis in EELS.  Because the spectral resolution in EELS is so much better than that 

available for EDS or WDS, more detailed information is available in the excitation edge 

associated with each individual atomic species.  Moreover, since EELS is particularly sensitive 

to low energy excitations, this signal contains considerable chemical information [26]. 

 In order to collect information at the optimal resolution of the tool, around 0.1 eV, a 

monochromatic field emission source is required.  In most cases, it is the kinetic energy involved 

in the spread of the beam, not the characteristics of the EELS detector, which limit the energy 

resolution.  Therefore, it is common practice to record the zero-loss peak, corresponding to the 

primary Gaussian peak for the beam exiting the specimen to calibrate both the absolute zero for 

the energy loss spectrum and to estimate the available energy resolution, usually from the full-

width-half-maximum of the zero-loss peak.  Fitting an empirical function to the pre-edge data 

and then extrapolating the estimated background curve to the high-energy loss region can only  
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Figure 1.5 Typical EELS Energy Loss Spectrum [28] 
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estimate the total number of events associated with any particular absorption edge.  The 

estimated background is then subtracted from the measured data to yield a value for the true 

number of absorption events.   

The signal from each edge decreases rapidly at higher energy loss values and it is not 

necessary to sum the counts derived for a particular edge over all energies above that edge.  

However, it is important that the data for all edges should be summed over the same range of 

energy loss.  This energy loss window is typically 50-100 eV, and the same window can be used 

to derive an absolute mass data scale by applying this window to the zero-loss and low energy 

plasmon loss region.  The assumption is that the data are collected over a fixed solid angle, the 

collection semi-angle, β determined by the spectrometer aperture, and that the inelastic scattering 

cross-section for this solid angle and energy range is known, so that good estimated values for K 

excitation are assumed to be available.  Characteristic x-ray microanalysis, using EDS or WDS 

methods, remains far more accurate for quantitative microanalysis, but they cannot compete with 

EELS in mass sensitivity.  EELS methods, however, have far better spatial resolution and 

detection limits, making it a more viable option for near atomic-scale compositional profiles. 

[26]. 
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CHAPTER 2 

EXPERIMENTAL 

 

2.1 Sputter deposition 

 The Fe/Ni and Ti/Nb elementally layered thin films were deposited in the AJA ATC-1500 

stainless steel magnetron-sputtering chamber shown in Figure 2.1.  The chamber is evacuated to 

a base pressure of 1x10-8 Torr by a mechanical and turbo-molecular pump.  A load lock was 

used in order to insert and retrieve samples without disturbing the base pressure of the main 

chamber.  All of the films were sputter deposited at ambient temperature onto 5 cm, p-type 

boron doped, low resistivity Si [100] wafers.  In order to insure uniform film growth, the 

substrate was rotated at about 20 revolutions per minute at a height of about 100 mm from the 

surface of the elemental targets to ensure +/-2% thickness uniformity. The total film thickness 

was ~ 1 µm with a chemical modulation or bilayer of ~ 4 nm with each layer being of 

approximate equal thickness.  This sputtering chamber contains four con-focal magnetron 

sputtering guns with pneumatically operated shutters over each target.  Ultra-high purity argon 

gas was used as the working gas during sputtering at a pressure of 2.0 mTorr at a flow rate of 10 

standard cubic centimeters per minute. 

 In order to provide reproducible layers within a film, a Labview® program was 

implemented to provide a programmable user interface that would control each gun shutter and 

sputtering power during the deposition process.  Before beginning deposition, the user inputs 

the desired gun’s location in the chamber, gun power, and deposition time, as seen in Figure 

2.2.  This program allows for a constant or variable power each individual sputtering gun  
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Figure 2.1 AJA ATC-1500 Stainless Steel Magnetron Sputtering System 
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Figure 2.2 LABVIEW® User System Interface 
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allowing precise control of the deposition rate at any time during the growth of the thin films in 

order to have repeatable, identical layers. 

 In order to design an experiment that would allow for a quick and easy cross correlation 

between the atom probe and EELS techniques, the films were deposited with each element 

having a sputtered layer thickness of about 2 nm.  Precise deposition rates as a function of 

sputtering power for the four different elements: Fe, Ni, Ti, and Nb were determined using X-

ray Reflectivity (XRR) [29, 30].  Based on the thickness of the elemental targets and the voltage 

applied through the sputtering gun, an approximate sputtering rate was determined based on 

previous experiments performed using the same sputtering chamber.  A purely elemental film 

was then deposited for each of the four elements in this study at a target thickness of 50 nm.  

These films were analyzed in a Phillips XPERT X-ray Diffractometer (XRD) using the typical 

operating conditions for XRR.  Based on the spacing of the peaks within this pattern, the actual 

thickness of each of the films could be calculated.  Dividing this thickness value by the amount 

of time the sputtering guns were operational gave the effective deposition rate to be used for 

creating the samples. 

 

2.2 Analytical Instruments 

2.2.1 FIB Overview—TEM foil preparation 

 Cross-sectional Transmission Electron Microscopy (TEM) samples were prepared using an 

FEI Quanta 3D Dual-Beam Focused Ion Beam – Scanning Electron Microscope (FIB-SEM). 

The FEI Dual-Beam’s capabilities include a 5-30 keV tungsten filament electron beam source 

and a 5-30 keV gallium liquid metal ion source (LMIS) positioned at an angle of 52o from the 

electron beam, as shown in Figure 2.3.  The FIB allows for sight specific sample preparation  
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Figure 2.3 Schematic of FEI Quanta 3D Dual Beam FIB [31] 
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and extraction.  Cross-sectional TEM samples were specifically chosen due to their orientation 

in the microscope.  When viewing cross-sectional TEM samples, the image is created in an 

edge-on fashion to the layer interfaces.  This allows the EELS profiles to be collected as the 

beam scans through one layer, through the interface, and into the next layer.  Not only can the 

thickness of each of the layers be quantified, but also, the amount of intermixing occurring at 

the interfaces can be quantified as a compositional gradient.  This is the best orientation for 

comparison to the APT compositional profiles. 

 The samples were milled-out and thinned using a run-script program provided by FEI.  

This program cuts a cross sectional sample followed by manual FIB thinning.  The steps of the 

TEM preparation are shown step-by-step in Figure 2.4 [32].  The thin foils were then removed 

from the bulk of the sample utilizing an ex-situ manipulator and placed on a copper 

Omniprobe® grid.  The attachment to this grid is completed utilizing the in-situ Gas Injection 

System (GIS) Pt deposition inside the FIB.  The GIS flows a Pt-based organic gas over the 

sample which breaks down under either the ion or the electron beam.  A Pt film, serving as a 

‘weld’ between the sample and the grid, is built up over time and holds the sample onto the 

grid.     

 Since these samples were to be used in high resolution STEM-EELS, an additional ex-situ 

ion milling procedure was utilized.  The process of FIB lift-out can induce surface damage 

during its milling [33].  In order to remove this damaged layer, the sample is placed into a 

Gatan Precision Ion Polishing System (PIPS) where it is bombarded with low energy Ar+ ions.  

The PIPS has two rotatable ion guns with a beam voltage range of 1-5 keV.  The ion guns can 

be rotated to mill the top or bottom of the sample.  Polishing with the PIPS was performed  
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 Figure 2.4 Schematic of TEM Foil Lift-Out Procedure 
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according to the specifications recommended by the owner’s manual: 6o on the top and bottom 

with an accelerating voltage of 2 keV. 

 

2.2.2 TEM Phase ID  

 Plan-view selected area electron diffraction provided the means for phase identification of 

the deposited thin films since it allows the user to look through the ‘bulk’ of the material using a 

TEM.  The d-spacing value associated with each the {hkl} diffraction rings was calculated by 

measuring the projected radius of the ring and applying it into Equation 2.1 [33]: 

     dR=λL        2.1 

where d is the lattice spacing for the diffracted {hkl} plane, R is the measured radial projection 

of the ring, λ is the electron wavelength, and L is the camera length.   

 These TEM foils were prepared by a process that involves sectioning a 3 mm disc from the 

sputter deposited film and then thinning to electron transparency using a sequential process of 

grinding, dimple grinding the middle of the disc, and implementing an ion mill in order to cause 

perforation from the substrate side of the sample (film deposited on silicon substrate).  Along 

this perforated region, there are electron transparent regions of the film that were analyzed using 

a FEI Tecnai TEM operated at 200keV.  

 

2.2.3 STEM-EELS Analysis  

 The TEM foils lifted-out using the FIB-SEM were characterized in a 300 keV aberration 

corrected FEI Titan TEM located at the National Institute of Standards and Technology (NIST).  

This EELS portion of the research was performed under the direction and expertise of Dr. 

Andrew Herzing and Dr. Ian Anderson.  Both bright field and high angle annular dark field 
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(HAADF) images were used to verify the bilayer thickness. To ensure no projection issues, the 

Si substrate portion of the foil was tilted down the [010] zone axis; therefore, the beam was 

normal to the cross-sectioned multilayer viewing direction. The EELS data was collected in this 

orientation with a pixel size of 50 pm and an energy resolution of 0.5 eV/ch. The Fe L (708 eV) 

and the Ni L (855 eV) as well as the Ti L (456 eV) and the Nb M (205 eV) energy edges were 

used to produce the spectrum for the Fe/Ni and Ti/Nb multilayers, respectively. The resulting 

background was subtracted from the energy edge by using the pre-edge window power-law 

extrapolation model.  In the case of the Fe L edge, a 60 eV window was used.  The computed 

background model was then subtracted from every spectrum in the data-cube, resulting in the 

formed sum spectrum, shown in Figure 2.5.  The background for the Ni edge is removed in a 

similar fashion, but it is important to realize that the background in this case originates from the 

normal spectral background and the residual intensity from the Fe edge.  

 The composition of the EELS spectrum was determined using the following procedure: By 

integrating the signal within the energy-selection window in each pixel of the data cube, these 

intensities were plotted against the spatial positions to extract the edge profiles.  The 

composition profiles where then calculated by applying a correction-factor which relates the 

edge-intensity to the number of atoms in the specimen, and this factor is the partial ionization 

cross section for this specimen.  To compute the composition profiles in this case, the 

theoretical Hartree-Slater values for the Fe L edge and the Ni L edge were used.  These values 

are contained in a database within Gatan Digital Micrograph and are analogous to the Cliff-

Lorimer (k-factor) corrections used in quantitative energy dispersive spectroscopy analysis [26].  

Essentially, the Fe to Ni ratio is calculated by taking the ratio of the products of the cross-

section value and the integrated intensity for each element.   
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Figure 2.5 EELS Spectrum for the Fe/Ni ~4 nm Bilayer Film 
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 This method was similarly applied to the data acquired from the Ti/Nb film in order to 

output a corrected one-dimensional compositional profile.  The main difference between the 

analysis of the Fe/Ni and the Ti/Nb multilayers is the fact that in the analysis of the latter 

bilayered film, the M edge is needed for niobium.  This is because it has a relatively high 

atomic number for EELS analysis.  The L edge is at too high of an energy to analyze, but the M 

has a slow onset, unlike the characteristically sharp L edge.  This means that instead of the 

sharp edge seen in Figure 2.5, the niobium M edge has a rounded hump.  Due to this ‘slow 

onset,’ it is very difficult to precisely identify a reference for niobium.  Other researchers who 

have analyzed this system, such as Genc, were able to do so by depositing and characterizing a 

very thick film so that there were portions of the elemental layers that had pure niobium [7].  By 

performing EELS on this pure region, an internal standard could be created for reference at the 

intermixed interfaces.  This was not done as the profile shape across the interface, not absolute 

compositional values, was needed.  This shape is independent of the absolute values.  Thus for 

Ti/Nb, the areal density was employed. 

 In the set of films analyzed in this research, the layer thicknesses were small enough that 

there were not purely elemental niobium areas that could be analyzed with any degree of 

certainty.  Because of this, a precise composition could not be computed for the Ti/Nb 

multilayered film.  Niobium has not been measured and quantified into a standard for EELS, so 

without a pure niobium standard within the film, there is no way to convert the scan data into a 

composition.  What can be computed, however, is the number of atoms of each element per 

area.  For the purposes of this study, this data is sufficient since the EELS spectrum is used to 

identify reconstruction artifacts in the APT technique, and the number of atoms per area can be 

analyzed similar to a composition as a gradient across an interface.   
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2.2.4 APT Sample Preparation 

 A Cameca (formerly Imago Scientific Instruments) Local Electrode Atom Probe (LEAP®) 

3000XSi was used in order to field evaporate the atom probe tips, as shown in Figure 2.6.  The 

LEAP, unlike traditional atom probes, have high data acquisition rates and increased field of 

views (>100 nm) [36].  To allow for reasonable voltages of a few thousand volts and acquire 

electric field strengths of about 10-6 N/m needed for field evaporation, specimens must be 

prepared to have a needle shape with a radius of curvature of about 100 nm or smaller. 

 

2.2.4.1 Perpendicular APT Specimen Preparation 

 These APT specimens were traditionally prepared by the in-situ removal of a wedge of the 

film from the substrate as described by Thompson et al. [37].  A region of interest is first 

identified on the surface of the sample by identifying an area with good surface integrity and 

very little post-deposition debris.  A 300 nm thick capping layer of Pt was then deposited onto 

the surface of this region in order to limit the amount of gallium ion implantation during the 

cutting and imaging process.  This cap was measured to be about 40 µm long by about 2 µm 

wide.  Trench milling was then performed at a cutting angle of 30o around this region.  This cut 

was 45 µm long and about 0.5 µm wide, and it was performed to a depth of about 5 µm.  The 

sample was then compucentrically rotated 180o so that an identical cut could be performed on 

the opposite side of the Pt protective cap.  Finally, the ends of the region of interest were then 

milled out. This wedge is then extracted from the bulk of the thin film by utilizing an ex-situ 

manipulator.  This process is laid out below in Figure 2.7.   
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Figure 2.6 Cameca® (Formerly Imago Scientific Instruments) LEAP 3000XSi 
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Figure 2.7 APT In-Situ Tip Preparation, Perpendicular Orientation 
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 At this point in the preparation process, the specimen is ready to be adhered to a Si flat-top 

microtip coupon.  The tip at the long end of the sample was lowered onto the tip of the flat top, 

and the wedge was adhered to it by using the GIS Pt deposition tool within the FIB.  Once the 

wedge was secured to the post, the ion beam was used to slice this welded part off from the rest 

of the specimen.  This was then repeated five more times until six specimens had been created 

from this one wedge.  The microtip coupon was then rotated 180o so that Pt could be deposited 

onto the other side of the mounted specimens, completing the adhesion process. The mounted 

specimens were milled into appropriate atom probe specimens by applying a set sequence of 

annular milling patters in order to thin the specimen into a long needle-like specimen with a tip 

radius of about 100 nm.  A low-keV cleaning mill was then used to remove any gallium ion 

implantation that my have occurred during the thinning process.  This process was in 

accordance with previously performed research [11, 37]. 

 For multilayered thin films, such as the Fe/Ni and Ti/Nb films used in these experiments, 

this extraction, mounting, and sharpening process yields specimens, that when used in a field 

evaporation experiment, will exhibit an evaporation behavior that progress layer-by-layer as the 

specimen surface moves downward from the apex of the tip. In this orientation, the experiment 

will continue downwards, perpendicular to the interface between the two layers.  This is known 

as the perpendicular geometry, as shown in Figure 1.2(a).  In contrast to this specimen 

orientation, the parallel geometry, shown in Figure 1.2(b) shows an atom probe tip that would 

field evaporate all of the deposited layers at the same time, as proposed and outlined by 

Lawrence et al. [6]. 
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2.2.4.2 Parallel APT Specimen Preparation 

 In order to prepare the atom probe samples that would be oriented in an edge-on fashion, 

the steps layed out by the research performed by Lawrence et al. [6] were adhered to in order to 

generate the most ideal specimens.  A step-by-step procedure of this lift-out process is shown in 

Figure 2.8.  The film was first cleaved and mounted vertically within the chamber of the FIB-

SEM.  A region on the film edge of the sample was chosen to be the region of interest.  A 300 

nm thick platinum cap was deposited at this point.  It measured approximately 40 µm long by 

about 2 µm thick.  Much like in the original orientation, a 30o trench mill was performed on the 

silicon side of the cap.  However, in this case, the cut was only performed on one side in order 

to preserve the integrity of the film.  The ex-situ manipulator was then attached to this triangular 

wedge, and the ends were milled away so that it can be lifted out.   

 At this point in the preparation process, the sample is ready to be adhered to a silicon flat 

top microtip coupon.  The tip at the long end of the sample was lowered onto the top of the flat 

top, insuring that the interface between the film and the silicon wafer was in the center of the 

flat top.  The wedge was then adhered to it by using Pt deposition.  Once the wedge was secured 

to the post, the ion beam was used to slice this welded part off from the rest of the specimen.  

This was repeated five more times until six samples had been created from one wedge.  The 

microtip coupon was then compucentrically rotated 180o so Pt could be deposited onto the other 

side of the mounted samples, completing the adhesion process.  These mounted samples were 

then milled into appropriate atom probe specimens by applying a sequence of annular milling 

patterns, ensuring that the interface region of interest was in the center of the tip, in order to thin 

the sample into a long needle-like specimen with a tip radius of about 100 nm.  A low-keV 

cleaning mill was used to remove any Ga implantation that may have occurred. 
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Figure 2.8 APT In-Situ Tip Preparation, Parallel Orientation 
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2.2.5 Atom probe tomography 

 The atom probe tips were field evaporated in a Cameca Local Electrode Atom Probe 

(LEAP) 3000XSi.  The field evaporation experiment was carried out under various conditions 

to determine the optimal field evaporation behavior, indicated by a reduction of fracture 

failures, the total number of collected ions, and if reconstruction aberrations were more or less 

apparent.  The optimal voltage pulsing conditions for the Fe-Ni were at 40 K, 200 kHz, 20% 

pulse fraction, and a 0.5% evaporation rate.  The optimal voltage pulsing conditions for the Ti-

Nb were at 60 K, 200 kHz, 20% pulse fraction, and a 0.5% evaporation rate.  These conditions 

were optimized by systematically changing the temperature from 30 K up to 60 K and by 

systematically changing the evaporation rate from 0.2% up to 0.8%.  The experiments that 

consistently yielded the highest number of collected atoms were identified as the most ideal 

conditions for these materials.  The collected data was then analyzed using the IVAS 3.4.1 

software package. 

 

2.3 TEM Correlation of APT Evaporation 

 Since the reconstruction algorithms in place assume a constant radius of curvature across 

the apex of the field evaporation specimen, the reconstructed data for the specimen geometry 

featuring the layer interfaces oriented parallel to the evaporation direction can only begin to be 

free of artifacts if this assumption is valid.  In order to determine the validity of this, a Fe/Ni tip 

and a Ti/Nb tip were evaporated under the conditions determined above.  After several million 

ions were evaporated and collected, the experiment was stopped in order to observe the tip 

shape.  In order to do this, the microtip coupon was placed in the FIB, and the ex-situ 
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manipulater was adhered to the base of the tip using the GIS Pt source.  A cut was then made 

through the full thickness of the base just below the deposited Pt.  This tip was then lifted from 

the microtip coupon and attached to the top of a Cu Omniprobe grid using the GIS Pt source 

within the FIB.  Since this tip was sharpened for atom probe characterization, no thinning was 

needed since it should already be electron transparent.  This process is shown in a step-by-step 

manner in Figure 2.9, below.  These Cu Omniprobe grids were then characterized in a FEI 

Tecnai F20 Transmission Electron Microscope with a 200 keV Field emission electron source 

in order to observe the continuity of the curvature at the layer interfaces. 

 

2.4 Experimental evaporation simulations 

2.4.1 TipSim 

 In order to understand what types of evaporation behaviors can be expected from different 

combinations of elements within a specimen tip, simulations were performed.  Cameca’s 

TipSim was the simulation software utilized for this experiment.  Models of tip field 

evaporation, propagation subject to local magnification effects, and basic detection efficiencies 

were incorporated into this piece of software [38].   

 The primary evaporation simulation is an evolving electrostatic potential simulation based 

on a finite relaxation solution of Poisson’s equation [39, 40].  The primary geometry defining 

the domain of the simulation is a cubic grid consisting of wall sections, a tip section, and a 

vacuum section.  The walls and the tip are treated as boundary conditions in the sense that they 

are given fixed potentials.  The vacuum section contains potentials, which are calculated based 

on the boundary conditions specified at the walls and the tip.  In the simulation, evaporation 

consists of selecting one or more atoms to remove.  If the atoms are part of the analysis, they  
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Figure 2.9 APT Tip Extraction for TEM Tip Shape Analysis 
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will be propagated through the calculated potential volume, and when they reach the edge of the 

simulation volume, they are projected to a detection plane.  Mechanisms within the code are 

provided for specifying volume and tip geometry, material properties, pulser properties and 

control, detector geometry, and detector efficiency [38]. 

 For this specific work, TipSim was used in order to observe the evaporation behavior 

within Fe/Ni multilayers with a 4 nm bilayer spacing mounted in the perpendicular and parallel 

limiting geometries.  The number of layers, layer thickness, layer field strength, and layer mass 

were inputted by the user into this software.  The tip height, shank angle, number of ions to 

evaporate, and the pulse fraction were also user entered to allow for the simulation to be as 

close to the parameters used in real experimentation as possible.     

 

2.4.2 SRIM 

 In order to understand how FIB preparation of these tips can become an issue based on the 

gallium implantation and milling procedures, Stopping and Range of Ions in Matter (SRIM) 

simulations were performed.  SRIM is a group of simulation software programs that calculate 

the stopping power and range of ions into matter using a kinetic Monte Carlo approach to treat 

each of the ion-to-atom collisions.  This calculation utilizes statistical algorithms whish allow 

the ion to make jumps between calculated collisions and then averaging the collision results 

over the imposed gap, allowing the software to be efficient.  During these collisions, the ion and 

the atom have a screened Coulomb collision, including exchange and correlation of interactions 

between the overlapping electron shells.  The ion has long ranger interactions, creating electron 

excitations and plasmons within the target.  To describe this, a description of the target’s 

collective electronic structure and inter atomic bond structure is included during set-up.  The 
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charge state of the ion within the target is described using the concept of effective charge, which 

includes a velocity dependent charge state and long range screening due to the collective 

electron sea of the target [41].   

 This software allows the user to generate a specimen—in this case Fe and Ni layers 

simulated in a 4 nm bilayer spacing in both the parallel and perpendicular limiting geometries 

were exposed to a flux of gallium ions to determine the degree of intermixing that can be 

imposed on the sample during the preparation process.  The user can then identify how many 

gallium atoms are to strike a specific point on the surface.  Upon completion, the software 

outputs the movement of the implanted atoms, the displacement of atoms within the sample, 

and a two-dimensional map of the sample before and after exposure.   
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CHAPTER 3 

RESULTS 

 

3.1 TEM phase identification 

The equilibrium structures of Fe, Ni, Ti, and Nb at one atmosphere and room temperature 

are body-centered cubic, face-centered cubic, hexagonal close packed, and body-centered cubic, 

respectively [42].  Even though Fe and Ni typically exhibit different crystal structures, when the 

Fe/Ni multilayered thin film was conventionally prepared, into a plan-view TEM foil for 

diffraction analysis, the selected area diffraction pattern showed a single phase, as shown in 

Figure 3.1(a).  This single phase was identified as FCC, identified by all of the reflected planes 

being all unmixed—all even or all odd h, k, l values [33]. This was determined by taking the 

ratio of the first two measured reflection rings and comparing this to the ratio allowed for 

diffraction of FCC and BCC.  In this particular case, since the Ratio was 598:521 pixels, this 

meant that the Fe adopted the crystal structure of the Ni layers and had allowed reflections from 

the {111} and {200} planes. This was determined by utilizing Bragg’s Law for electron 

diffraction.  Bragg’s law allowed the user to be able to determine the d-spacing of the diffracted 

rings by measuring their respective distances from the transmitted beam within the diffraction 

patterns as shown in Figure 3.1(a).  While the diffraction pattern shows only one phase, there are 

obviously two distinct layers within the film, as shown in the HAADF-STEM image in Figure 

3.2(a). 

After determining the typically body-centered cubic Fe adopted the face-centered cubic 

structure of Ni, the same analysis was performed on the Ti/Nb multilayers in order to determine 

if there was a phase change as well.  A plan-view TEM foil was fabricated using traditional  
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Figure 3.1 Multi-Crystalline TEM Diffraction Patterns 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 

 

Figure 3.2 HAADF-STEM Images 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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techniques, and it was characterized in the TEM using selected area diffraction patterns.  As 

shown in Figure 3.1(b), the multilayered film adopted a body-centered cubic structure, shown by 

all of the reflected planes having an even sum of the h,k,l values [32]. While the multilayers 

exhibited a diffraction pattern of one phase, there are obviously 2 separate layers, as shown in 

Figure 3.2(b).  In this particular case, the ratio of the first two measured reflection rings 

correlated to allowed reflections from the {110} and {200} planes. This was also determined by 

utilizing Bragg’s Law for electron diffraction.  Bragg’s law allowed the user to be able to 

determine the d-spacing of the diffracted rings by measuring their respective distances from the 

transmitted beam within the diffraction patterns as shown in Figure 3.1(b).  Simply put, this 

means that the Ti adopted the equilibrium crystal structure of its Nb counterpart.  This, however, 

is not a surprise since it was also seen in the research performed by Genc [7].   

 

3.2 Electron energy loss spectroscopy 

 A representative cross-section HAADF STEM image of the Fe/Ni multilayer thin film is 

shown in Figure 3.2(a).  In this image, the layers with the greater atomic number, Ni (ZNi = 28), 

appear brighter, and the Fe (ZFe = 26) layers are darker because of their lower atomic number.  

The EELS compositional profile for this set of layer pairs was taken from the center of this 

image, in the direction normal to the layer interfaces.  This computed profile, shown in Figure 

3.3, is the result of the background subtraction and the relative composition calculations.  From 

this profile, the thicknesses for both the Fe and the Ni elemental layers could be determined.  As 

shown in Table 3.1, the average thickness of the Fe layers in the sample was 2.07 nm, and the 

average thickness of the Ni layers in the sample was measured to be 2.12 nm. These values and  
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Figure 3.3 Fe/Ni EELS Compositional Profile 
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  Measured Layer Thickness (nm) 

  EELS APT Parallel APT Perpendicular 

Fe 2.07 + 0.25 3.75 + 0.24 1.89 + 0.07 

Ni 2.12 + 0.11 1.89 + 0.01 2.19 + 0.17 

Ti 1.65 + 0.10 1.69 + 0.16 0.67 + 0.11 

Nb 3.60 + 0.16 5.09 + 0.19 1.97 + 0.01 

 

Table 3.1 Measured Elemental Layer Thicknesses from Across 
  Different Characterization Techniques  
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atomic positions are considered to be the ‘true’ compositional modulation for this multilayer 

system from which the reconstructed atom probe data would be compared. 

 A representative cross-section HAADF STEM image of the Ti/Nb multilayered thin film 

is shown in Figure 3.2(b).  Within this image, the layers with the greater atomic number, Nb (ZNb 

= 41), appear brighter, and the Ti (ZTi = 22) layers are darker) [33].  Unlike in the Fe/Ni films, a 

specific composition was unable to be identified within the film.  Instead, the areal density was 

quantified as a function of atoms per area.  This is because there is not a recorded ionization 

cross-section for niobium that can be used as a standard.  For this analysis, as described in 

Chapter 2, since niobium is a relatively high-Z element, the M edge had to be used instead of the 

L edge.  This edge exhibits a slow onset in contrast to the sharp peak the L edges exhibit.  Also, 

since it has such a high atomic number, this M edge cannot be modeled like it can be for the K or 

L edge in other materials.  If a standard were present, then a compression factor could be 

generated much like in EDS analysis to determine the actual edges, and the actual composition 

could be acquired.   

Much like in the Fe/Ni system, the EELS compositional profile for this set of layer pairs 

was taken from the center of this image, in the direction normal to the layer interfaces.  The 

computed profile, shown in Figure 3.4, is the result of the background subtraction and the 

relative composition calculations.  From this profile, the thicknesses for both the Ti and Nb 

elemental layers could be determined to be 1.65 nm and 3.60 nm, respectively. This data has 

been tabulated in Table 3.1.  As above, these values and atomic positions are considered to be the 

correct data for this multilayer. 
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Figure 3.4 Ti/Nb EELS Areal Density Core-Loss Profile (atoms/nm2) 
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3.3 APT in the perpendicular orientation 

 After collecting the data using the procedure outlined in previous sections, the next step 

was to reconstruct the data into representative atom maps by utilizing the IVAS 3.4.1 software.  

The first step in this reconstruction process was to select the range of ions from which to build 

the reconstruction using the voltage history as shown in Figure 3.5.  Next, the region of the 

detector from which atoms were collected is identified, and a corrected time of flight (TOF) 

spectrum is obtained, as shown in Figure 3.6.  Next, the mass spectrum is adjusted to fit the 

known elements within the sample, and the peaks are identified and linked to a specific element, 

as shown in Figure 3.7.  Finally, the k-factor, image compression factor, initial radius, and 

estimated shank half angle are identified in order to create a digital reconstruction of the tip.     

The reconstructed atom maps for the Fe/Ni and Ti/Nb tips with the chemical modulations 

field evaporated in the perpendicular or layer-by-layer geometry are shown in Figure 3.8(a) and 

Figure 3.8(b), respectively.  For both of these data sets, the flight path was identified as 90 mm 

due to the construction of the LEAP.  For these samples, the k-factor was identified as 3.30, and 

the image compression factor used was 1.65.  The identified initial radius was 30.22 nm, and the 

computed shank half angle was 11.3o.  For the Ti/Nb sample, the initial radius was identified as 

38.79 nm and the estimated shank half angle was 14.4o.  The 50 atomic % Fe iso-concentration 

surfaces were created in order to generate surface proximity histograms or proxigram; a 

representative proxigram is shown in Figure 3.9 [43]. From this compositional profile, the 

thicknesses of the individual elemental layers were measured to be 1.89 and 2.19 nm for Fe and 

Ni layers, respectively, and are tabulated into Table 3.1.  The 50 atomic % Ti iso-concentration 

surfaces were created to calculate surface proxigrams; a representative proxigram is shown in 

Figure 3.10 [43].  From this compositional profile, the thicknesses of the individual elemental  
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Figure 3.5 APT Voltage Histories from the Perpendicular Orientations 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.6 APT Corrected Time-of-Flight Spectrums from  
Perpendicular Orientations 

a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.7 APT Mass Spectrums from the Perpendicular Orientations 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.8 APT Reconstructed Atom Maps from the Perpendicular Orientation 

a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.9 Fe/Ni Perpendicular APT Proximity Histogram 
 (Distance of 0 Defines Surface from which Proxigram was Measured) 
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Figure 3.10 Ti/Nb Perpendicular APT Proximity Histogram 
 (Distance of 0 Defines Surface from which Proxigram was Measured) 
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layers were measured to be 0.67 nm and 1.97 nm for the Ti and Nb, respectively, and are 

tabulated into Table 3.1. 

 

3.4 APT in the parallel orientation 

 Much like above, after collecting the data using the procedure outlined in previous 

sections, the next step was to reconstruct the data into representative atom maps by utilizing the 

IVAS 3.4.1 software.  The first step in this reconstruction process was to select the range of ions 

from which to build the reconstruction using the voltage history as shown in Figure 3.11.  Next, 

the region of the detector from which atoms were collected is identified, and a corrected time of 

flight (TOF) spectrum is obtained, as shown in Figure 3.12.  Next, the mass spectrum is adjusted 

to fit the known elements within the sample, and the peaks are identified and linked to a specific 

element, as shown in Figure 3.13.  Finally, the k-factor, image compression factor, initial radius, 

and estimated shank half angle are identified in order to create a digital reconstruction of the tip. 

 The reconstructed atom maps for the Fe/Ni and Ti/Nb tips with the chemical modulations 

field evaporated in the perpendicular or layer-by-layer geometry are shown in Figure 3.14(a) and 

Figure 3.14(b), respectively.  For these samples, the k-factor was identified as 3.30, and the 

image compression factor was 1.65.  For the Fe/Ni sample, the initial radius used was 45.0 nm, 

and the extimated shank half angle was 18.7o; the initial radius for the Ti/Nb sample was 33.05 

nm, and the estimated shank half angle was 10.5o.  The 50 atomic % Fe iso-concentration 

surfaces were created in order to generate proxigrams from the experimental evaporation data; a 

representative proxigram is shown in Figure 3.15 [43]. From this compositional profile, the 

thicknesses of the individual elemental layers were measured to be 3.75 and 1.89 nm for Fe and 

Ni layers, respectively, and are tabulated into Table 3.1.  The 50 atomic % Ti iso-concentration  
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Figure 3.11 APT Voltage Histories from the Parallel Orientations 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.12 APT Corrected Time-of-Flight Spectrums for the  
Parallel Orientations 

a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.13 APT Mass Spectrums from the Parallel Orientations 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.14 APT Reconstructed Atom Maps in the Parallel Orientations 
a) Fe/Ni Multilayered Thin Film 
b) Ti/Nb Multilayered Thin Film 
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Figure 3.15 Fe/Ni Parallel APT Proximity Histogram 
 (Distance of 0 Defines Surface from which Proxigram was Measured) 
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surfaces were created to calculate surface proxigrams; a representative proxigram is shown in 

Figure 3.16 [43].  From this compositional profile, the thicknesses of the individual elemental 

layers were measured to be 1.69 nm and 5.09 nm for the Ti and Nb, respectively, and are 

tabulated into Table 3.1. 
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Figure 3.16 Ti/Nb Parallel APT Proximity Histogram 
 (Distance of 0 Defines Surface from which Proxigram was Measured) 
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CHAPTER 4 

DISCUSSION 

 

4.1 Phase change behavior 

 Plan-view electron diffraction patterns provided a useful orientation phase identification 

due to the ability for the TEM to image through the several layers of the material.  The d-spacing 

values associated with each of the {hkl} diffraction rings were calculated by measuring each of 

the projected radii and applying them individually into Equation 2.1.  Typically, at ambient 

temperatures and pressures, Fe has a body-centered cubic crystal structure with a lattice 

parameter of 2.87 angstroms, Ni has a face-centered cubic crystal structure with a lattice 

parameter of 3.52 angstroms, Ti has a hexagonal close-packed crystal structure with lattice 

parameters of 2.95 and 4.68 angstroms, and Nb has a body centered cubic crystal structure with a 

lattice parameter of 3.30 angstroms.   

 The diffraction patterns from these multilayered thin films, however, show only one 

crystal structure for each multilayer film.  In the case of the Fe/Ni film, this arrangement was 

found in Ni’s typical face-centered cubic structure.  When the two elements were sputtered on 

top of one another, the Fe atoms, which can exhibit face-centered cubic structure at elevated 

temperatures and pressures, experienced a phase change in order to intermix with the Ni atoms.  

In the case of the Ti/Nb film, the packing arrangement was found to be in Nb’s typical body-

centered cubic structure.  The Ti atoms, when sputtered sequentially with Nb, experienced a 

phase transformation into its high temperature form of body-centered cubic.  This allowed the 

Nb to intermix into the Ti elemental layers.   
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The phase changes exhibited in the Fe/Ni and Ti/Nb systems, in particular, were possible 

due to intermixing, size effects, and the lattice parameters.  The intermixing, up to 20 atomic % 

in the Ti/Nb system functioned as a phase stabilizer to allow the Ti layers to exist in its high 

temperature crystal structure.  The lattice parameter of body-centered cubic Nb is very similar to 

that of Ti, as listed above.  The Fe and Ni also have very similar lattice parameters and have 

relatively similar atomic radii.  This caused less of a deviation from the normal equilibrium 

energy within the respective systems [7].  

 

4.2 Cross-correlation comparisons between EELS and APT 

At these deposited layer thicknesses, approximate bilayer spacing of 4 nm, the Fe and Ti 

layers changed phase within their respective material system.  As noted in the compositional 

profiles, significant intermixing occurred with the corresponding layer in each of these cases. 

The intermixing of Ni into Fe and Nb into Ti are found to both act as stabilizing elements for the 

respective changes in phase.  This phase change, however, has been seen before since both Fe 

and Ti have the ability to be present in these crystal symmetries, although in pure form they exist 

at higher temperatures [7]. Because of this predilection to these specific equilibrium 

crystallographic states, the fact that these nanolaminates exhibit the structures is not alarming.  

Specifically, the phase transformation of nanolaminates containing Ti/Nb multilayers has been 

previously researched in detail by G.B. Thompson [44]. 

 

4.2.1 Correlation between perpendicular APT and EELS 

All of the elemental modulation layer spacings measured via APT had discrepancies with 

its characterized counterparts, as seen in Table 3.1.  In both the Fe/Ni and Ti/Nb, the 
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reconstructed atom maps from the perpendicular limiting geometry exhibited layered structures 

that more closely correlated with the collected EELS data, being used as the comparative 

standard for this experiment.  The tip shape evolution for the parallel orientation of the Fe/Ni 

film does not show a strong deviation in local curvature, or humping, as shown in Figure 4.1(a).  

This is because of the fact that the elemental evaporation fields of the two species are much 

closer together, leading to a more similar energy level needed for evaporation to occur.  This 

decreases the amount of local magnification that is seen within the reconstruction, using similar 

reconstruction parameters.  As Schmitz discussed in detail, these local humps produce local 

magnifications, which produce ion trajectories that can spread or compress the data spatially 

under a single radius of curvature assumption [22].  

This difference in reconstructed layer thickness, however, does not mean that the 

composition at the interface is altered due to the evaporation experiment.  To perform this 

analysis, compositional gradients were calculated for both of these techniques across each 

separate layer interface.  Essentially, the slope of the composition graph was calculated in atomic 

percent per nanometer for the Fe intermixing into the Ni layer and for the Ni intermixing into the 

Fe layer for the STEM-EELS profile.  These two slopes were then expressed as a ratio in order to 

identify any differences in interfacial behavior across the techniques.   

This result, depicted in Table 4.1, shows that for the STEM-EELS compositional profile 

for Fe/Ni, the ratio of the compositional gradients is 1.0.  This result was used as a reference for 

comparison of later analysis of the perpendicular APT characterization technique.  If the slope on 

each side of the interface is equal, then there is no roughening of the growth surface as a result of 

intermixing.  The work done by Larson et al. investigated this issue using atom probe 

tomography [4].  The gradient measurement was performed in the same manner for the data  



 

68 
 

 

Figure 4.1 APT Tip Shape Evolutions 
a) Fe/Ni Multilayered Thin Films 
b) Ti/Nb Multilayered Thin Films 
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 Elemental 

Multilayers 

EELS Fe on Ni 

(at%  / nm) 

EELS Ni on Fe 

(at% / nm) 

EELS Ratio of  

Fe on Ni : Ni on Fe 

Fe/Ni 66.3 -67.0 1.0 

 

EELS Ti on Nb 

(% atoms/nm) 

EELS Nb on Ti 

(% atoms/nm) 

EELS Ratio of  

Ti on Nb : Nb on Ti 

Ti/Nb  21.3 -16.0 1.33 

    

APT Parallel Ratio  APT Perpendicular Ratio 

  Fe on Ni : Ni on Fe Fe on Ni : Ni on Fe 

Fe/Ni  1.085 1.008 

 Ti on Nb : Nb on Ti Ti on Nb : Nb on Ti 

Ti/Nb  1.453 0.926 

Table 4.1 Correlation of Compositional Gradients Across Different 
  Characterization Techniques 
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collected from the perpendicular atom probe orientation.  The results of these calculations, 

displayed in Table 4.1, show that for the Fe/Ni films in the perpendicular geometry, the ratio of 

the Fe on Ni to Ni on Fe was 1.008—only a 0.8% deviation from the reference EELS profile.   

 After the analysis of the Fe/Ni multilayers was completed, the same steps were taken in 

characterizing the behavior of the Ti/Nb film.  The slope of the composition graph was 

calculated in atomic percent per nanometer for the Ti intermixing into the Nb layer and for the 

Nb intermixing into the Ti layer for the STEM-EELS profile.  These two slopes were then 

expressed as a ratio in order to indentify any differences in the elemental interfacial behavior 

across the techniques.  This result, depicted in Table 4.1, shows that for the STEM-EELS 

compositional profile for Ti/Nb, the ratio of the compositional gradients is 1.33.  This result was 

used as a reference for comparison of later analysis of the perpendicular APT characterization 

technique.    

This measurement was performed in the same manner for the data collected from the 

perpendicularly oriented APT geometry.  The results of these calculations, displayed in Table 

4.1, show that for the Ti/Nb films in the perpendicular geometry, the ratio of the Ti on Nb to Nb 

on Ti was 0.926—a 30.37% deviation from the reference EELS profile.  This value shows that 

not only does the layer thicknesses measured from the APT analysis deviate from the STEM-

EELS profile, the behavior at the interface is also affected.  

 

4.2.2 Correlation between parallel APT and EELS 

All of the elemental modulation layer spacings had discrepancies with its characterized 

counterparts, as seen in Table 3.1.  In both the Fe/Ni and Ti/Nb, the reconstructed atom maps 

from the parallel limiting geometry, there is a local magnification that is occurring within the 
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layer with the greater elemental evaporation field, the Ni and the Nb.  This is due to the 

requirements for evaporation at the intermixed interfaces of these specimens.  As a consequence 

of this varied evaporation field at the interface of the parallel orientation, the tip end form 

evolves to compensate for these evaporation requirement differences – this is evident by the local 

curvatures that form in the tip. A TEM micrograph of the Ti/Nb tip, which has been evaporated 

for over five million ions, is seen in Figure 4.1(b). Clearly, it is evident that a ‘hump’ like 

morphology has formed at the tip at the interface of the layers. This generates a local curvature, 

which is varies from the global curvature used for the reconstruction.  In addition, this change in 

local curvature deviates from the assumption on which the current reconstruction algorithms are 

created—a single or constant radius of curvature.  In this case, artifacts are generated because the 

reconstruction software available did not adequately account for the actual tip shape in this 

limiting geometry.   

This deviation in local curvature, or humping, is not as prevalent in the Fe/Ni atom probe 

tip, as shown in Figure 4.1(a).  This is due to the fact that the elemental evaporation fields of the 

two species are much closer together, leading to a more similar field strength needed for 

evaporation to occur.  This decreases the amount of local magnification that is seen within the 

reconstruction, using similar reconstruction parameters.  As Schmitz discussed in detail, these 

local humps produce local magnifications, which produce ion trajectories that can spread or 

compress the data spatially under a single radius of curvature assumption [22].  

This difference in reconstructed layer thickness, however, does not mean that the 

composition at the interface is altered due to the evaporation experiment.  The next step in the 

analysis involved examining what was occurring at the interface of these two different systems 

across the two remaining techniques (STEM-EELS and APT in the parallel geometry) in order to 
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fully answer the question that motivated this research.  In order to perform this analysis, 

compositional gradients were calculated for these techniques across each separate layer interface.  

Essentially, the slope of the composition graph was calculated in atomic percent per nanometer 

for the Fe intermixing into the Ni layer and for the Ni intermixing into the Fe layer for the 

STEM-EELS profile.  These two slopes were then expressed as a ratio in order to identify any 

differences in interfacial behavior across the techniques.  This result, depicted in Table 4.1, 

shows that for the STEM-EELS compositional profile for Fe/Ni, the ratio of the compositional 

gradients is 1.0, identical to the gradient laid out above.  This result was used as a reference for 

comparison of later analysis of the parallel APT characterization technique.   

   This measurement was performed in the same manner for the data collected from the 

atom probe data set collected in the parallel orientation.  The results of these calculations, 

displayed in Table 4.1, show that for the parallel geometry, the compositional gradient ratio of 

the Fe on Ni to Ni on Fe was calculated to be 1.085—an 8.5% deviation from the reference 

EELS profile.  These numbers show that while the average layer thickness for the parallel 

orientation deviated from that of the STEM-EELS data, the behavior at the interface is relatively 

similar.   

 After the analysis of the Fe/Ni multilayers was completed, the same steps were taken in 

characterizing the behavior of the Ti/Nb film.  The slope of the composition graph was 

calculated in atomic percent per nanometer for the Ti intermixing into the Nb layer and for the 

Nb intermixing into the Ti layer for the STEM-EELS profile.  These two slopes were then 

expressed as a ratio in order to indentify any differences in interfacial behavior across the 

techniques.  This result, depicted in Table 4.1, shows that for the STEM-EELS compositional 

profile for Ti/Nb, the ratio of the compositional gradients is 1.33.  This result was used as a 
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reference for comparison of later analysis of the parallel orientation within the evaporation 

experiment.  

 This measurement was performed in the same manner for the data collected in the 

parallel evaporation orientation.  For this parallel geometry, the compositional gradient ratio of 

the Ti on Nb to Nb on Ti was calculated to be 1.453—a 9.3% deviation from the reference EELS 

profile.  This value shows that although the layer thicknesses measured from the APT analysis 

may have deviated from the STEM-EELS profile, but the behavior at the interface is relatively 

similar.  This is a stark contrast to the findings within the Fe/Ni system. 

 

4.2.3  Correlation between perpendicular and parallel APT  

 It is evident from looking at the data in Table 4.1 that there are differences, not only in 

layer thickness, but also in the compositional profiles across the interfaces of the films in the two 

limiting geometries.  In the case involving two materials of similar evaporation fields, Fe and Ni 

in this set of experiments, it was found that the Ni elemental layer thicknesses were close in both 

of the limiting geometries, but the layer thickness was closer in the perpendicular orientation.  

For the Fe layers, the perpendicular atom probe orientation was a close match to the layer 

thickness calculated from the EELS profile.  The Fe layer thickness in the parallel orientation 

was almost double the recorded thickness from the EELS profile.  The layer thickness was not 

the only feature of interest when determining if artifacts were present and if present, how severe 

they were.  The ratio of the compositions in and out of the interfaces for the perpendicular 

orientation was only in deviation of 0.8% from the EELS profile.  The parallel limiting 

geometry, however, exhibited a deviation of 8.5% from the EELS profile.  Therefore, for the 

case of two materials with similar elemental evaporation fields, the compositional profiles across 
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the interfaces do not have severe reconstruction artifacts, although the perpendicular orientation 

has less severe artifacts.  The layer thicknesses are a much closer match in the perpendicular 

evaporation orientation. 

 For the case of two materials with vastly different elemental evaporation fields, Ti and 

Nb in this set of experiments, it was found that both elements in both orientations deviated from 

the layer thicknesses observed in the EELS data sets.  The Ti layer in the perpendicular 

evaporation orientation was almost identical to the layer thickness observed in the EELS 

compositional profiles.  In the parallel orientation for Ti, however, the observed layer thickness 

was about two-and-a-half times smaller than the layers observed in the EELS profile, as 

displayed in Table 4.1.  The Nb layers, unlike the Ti, exhibited issues in both the parallel and 

perpendicular evaporation orientations.  In the case of the parallel orientation, the Nb layer is 

almost one-and-a-half times thicker than the Nb layer observed in the EELS profile.  In the case 

of the perpendicular orientation, the deviation is less severe, although it still exists.  The Nb layer 

thickness in this orientation was measured to be 1.97 nm, while the measured layer thickness in 

the EELS profile was 3.60 nm.  As for the compositional behavior at the interface of these two 

layers, there is a deviation from the EELS profile in both the parallel and perpendicular 

orientations.   

It is therefore observed that orienting the specimen so that materials with vastly different 

elemental evaporation fields are able to evaporate simultaneously may increase the length of the 

atom probe run, but it does not eliminate the reconstruction artifacts, if anything this orientation 

may make reconstruction issues worse.  The ratio of the compositions across the interfaces was 

closer to the actual specimen in this parallel orientation, but the bilayer thickness was more 

distorted in this orientation.  This is evidence that the preferential evaporation played less of a 
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role in the reconstruction, but the local magnification effect from the different layers caused 

artifacts in the atom maps. 

 

4.3 Reconstruction Artifacts Explained by Tip Shape Evolution 

 In general, atom probe reconstruction algorithms assume a constant evaporation field 

across the surface of the specimen.  In reality, during experimental field evaporation through the 

specimen interfaces, chemical inhomogeneity modulates the evaporation field at the surface, 

causing a non-hemispherical tip with curvature variation to form [45].  In order to determine how 

much of an affect these curvature variations would have on the reconstructions, the severity of 

the curvature variations as a function of evaporation field differences needed to be identified.  

Figure 4.1, shows the difference in local curvature between a material with similar evaporation 

fields, Fe/Ni with evaporation fields of 33 V/nm and 35 V/nm, in Figure 4.1(a) and a material 

with very dissimilar evaporation fields, Ti/Nb with evaporation fields of 28 V/nm and 37 V/nm, 

in Figure 4.1(b) [9].  Both of the TEM micrographs shown in the figure were acquired using 

bright field imaging. 

 Since this specimen contains elements that consist of two different evaporation fields, the 

energetic need for these two to field evaporate is different.  This difference leads to the creation 

of surface modulations at each of the layer interfaces.  When an atom is evaporated at one of 

these interfaces, not only will it be accelerated towards the detector from the evaporation event, 

but it will be repelled at some angle due to the local curvature within the tip. 

 Currently, there are very few reports on how to correct for local curvature during 

reconstruction [38, 45].  This artifact is difficult to correct with a basic algorithm since it affects 

each materials system in a different manner.  In Figure 4.1(a), the tip shape of a Fe/Ni film is 
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shown.  The evaporation field strengths of these two elements are close together, 33 and 35 

V/nm, respectively [9].  This image shows that due to the similar field strengths, there is much 

less severe, if any, radius of curvature modulation at the layer interfaces.  This is due to little 

difference in the evaporation field strengths of the two elements, leading to much less 

preferential evaporation from the intermixed interfaces.  This lack of preferential evaporation 

allows the main factor in flight path to be the evaporation event, leading to reconstructed data 

sets with fewer reconstruction artifacts.  Understanding not only the onset, but also the severity 

of these deviations from a constant radius of curvature in different material systems is the first 

step in being able to develop materials system specific reconstruction algorithms to rectify any 

reconstruction artifacts [4]. 

 

4.4 TipSim Evaporation Simulations 

 The TipSim software was used to simulate field evaporation for the two different material 

systems, Fe/Ni and Ti/Nb, in the two limiting geometries, parallel and perpendicular.  Initially, 

there were 10,000 ions that were ‘fast evaporated’ in order to start the process, followed by 

50,000 ions evaporated in 100 ion steps, to allow for tip shape evolution.  Within the simulation, 

the conditions within the LEAP chamber were held at a temperature of 1 K and a pressure of 10-

13 Torr.  The target pulse fraction was 0.15, and the flight path was held at 90 mm.   

After the simulations were complete, as with actual atom probe data, the reconstruction 

parameters needed to be optimized in order to properly interpret the data.  In order to make this 

optimization process more straight forward, the determined k-factor and image compression 

factor for these materials systems were kept the same as the actual data.  In order to alter the 

reconstruction parameters in order to optimize the fit of the digital atom maps to the actual 
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specimens, the initial radius of the tip and the estimated shank half angle were altered within the 

reconstruction software.  This was completed by systematically changing the radius and 

calculating the corresponding shank angle and qualitatively analyzing the resulting tip shape.  

The main features of interest within the reconstructions after these values were changed were the 

thicknesses of the respective layers, the curvature of the deposited layers, and the overall shape 

of the specimen tip.  This was completed for both of the material systems in both of the limiting 

geometries.   

As expected, each of the limiting geometries in each of the material systems had its own 

ideal set of reconstruction parameters due to different elemental evaporation fields and different 

evaporation orientations.  In Figure 4.2, the reconstruction of the perpendicular orientation of the 

Fe/Ni multilayered film is shown.  The initial radius, and the computed half shank angle, were 

altered in order to optimize the planar nature of the layers as well as the thickness of the layers.  

Figure 4.3 shows this same process being utilized for the parallel orientation of the Fe/Ni system.  

It is evident in this figure that the most sensitive aspect of the parallel reconstruction is the 

thickness of the multilayers, while in the previous figure, the planar nature of these layers was 

the most sensitive aspect of the reconstruction.  Figure 4.4 and Figure 4.5 show the 

reconstructions for different applied radii and computed half shank angles for the Ti/Nb 

perpendicular and parallel systems, respectively.  These atom maps display the same behavior as 

the Fe/Ni systems.  The perpendicular system’s planar interfaces are most affected by changing 

the reconstruction parameters, and the parallel system’s layer thicknesses are the most affected 

by changing the reconstruction parameters. 

 It is visually evident in both the Fe/Ni and Ti/Nb systems above, Figure 4.2, Figure 4.3, 

Figure 4.4 and Figure 4.5, that there is a stark deviance from the experimental atom maps found  
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Figure 4.2 TipSim Fe/Ni Reconstruction in the Perpendicular Orientation 
All measurements shown are in nm 

a) Under Estimated Initial Radius (15 nm) – Fe (Pink), Ni (Green) 
b) Best Estimation of Initial Radius (20 nm) – Fe (Pink), Ni (Green)  
c) Over Estimated Initial Radius (25 nm) – Fe (Pink), Ni (Green) 
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Figure 4.3 TipSim Fe/Ni Reconstruction in the Parallel Orientation 
All measurements shown are in nm 

a) Under Estimated Initial Radius (25 nm) – Fe (Pink), Ni (Green) 
b) Best Estimation of Initial Radius (30 nm) – Fe (Pink), Ni (Green)  
c) Over Estimated Initial Radius (35 nm) – Fe (Pink), Ni (Green) 
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Figure 4.4 TipSim Ti/Nb Reconstruction in the Perpendicular Orientation 
All measurements shown are in nm 

a) Reconstructed with an Initial Tip Radius of 7.5 nm 
b) Reconstructed with an Initial Tip Radius of 10 nm 
c) Reconstructed with an Initial Tip Radius of 15 nm 
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Figure 4.5 TipSim Ti/Nb Reconstruction in the Parallel Orientation 
All measurements shown are in nm 

a)   Reconstructed with an Initial Tip Radius of 20 nm 
b) Reconstructed with an Initial Tip Radius of 28.5 nm 
c) Reconstructed with an Initial Tip Radius of 35 nm 
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in Figure 3.8 and Figure 3.14.  This is because while the TipSim program provides a nice 

reconstruction of a generated atom probe specimen, it does not fully predict any issues or sources 

of artifacts from the elemental combination within a material system.  As shown in the 

experimental atom maps, there are local magnification effects, evaporation issues from elemental 

layer intermixing, and environmental contamination within the experimental data sets.  This 

simulation software falls short in predicting these aspects of the evaporation experiment.  

Identifying artifacts within a reconstruction is still left completely to the user. 

 

4.5 Ion milling damage 

 Since the APT specimens were lifted-out and sharpened using a dual-beam FIB, one of 

the concerns was insuring that Ga damage did not influence the integrity of the layer interfaces.  

Early on in the stages of this research, there were some atom probe specimens that were overly 

exposed to Ga implantation.  Not knowing of the problem that had been created in the FIB, these 

tips were characterized in an atom probe.  Upon reconstruction of the evaporation experiments, it 

was evident that the extent of intermixing varied with the orientation of the elemental interfaces.  

The specimens prepared in the perpendicular orientation were transformed into a nearly a solid 

solution of Fe and Ni within the film.  In the parallel orientation, the specimens that were 

exposed to an excessive amount of gallium implantation still exhibited a somewhat layered 

formation.  This is because in the perpendicular orientation, the different elements, when 

bombarded with Ga ions, were displaced into each other.  In the parallel orientation, with the ion 

beam orientated normal to the specimen apex, the displaced atoms were displaced deeper into 

their own layers.  In the perpendicular orientation, the Ga ions strike perpendicular to the layer 

interfaces, as shown in Figure 6(a).  In the parallel orientation, there is a channeling effect that  



 

83 
 

 

Figure 4.6 Orientation Dependent Ga Ion Beam Damage 
a)   Perpendicular Preparation Orientation 
b) Parallel Preparation Orientation 
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allows the atoms to stay within their own layers, as shown in Figure 6(b).    The migration of the 

Ga in these reconstructed atom maps is shown in Figure 4.7(a) and Figure 4.7(b), respectively.  

SRIM simulations were employed in order to simulate the effect that certain levels of Ga damage 

would have on the multilayered thin films in the two different orientations.   

The Kinetic Monte Carlo make-up of these simulations allow for the characterization of 

the amount of damage that could be included during preparation in a dual-beam FIB.  These 

simulations were executed for the four different specimen preparation methods found in this 

research: Fe/Ni multilayered thin film in the perpendicular orientation, Fe/Ni multilayered thin 

film in the parallel orientation, Ti/Nb multilayered thin film in the perpendicular orientation, and 

Ti/Nb multilayered thin film in the parallel orientation.  Twenty elemental layers were generated, 

and the elemental information for these films was uploaded from within the software.  The 

densities of the Fe, Ni, Ti, and Nb were 7.8658 g/cm3, 8.8955 g/cm3, 4.5189 g/cm3, and 8.57 

g/cm3, respectively.  100,000 gallium ions were allowed to strike the surface, after being 

accelerated at an intrinsic voltage of 30 keV, similar to that used during sample preparation in 

the dual-beam FIB.   

 The SRIM simulation software was able to output the gallium ion trajectories within the 

thin films, the number of vacancies produced, the energy to the recoils (damage), and the 

ionization distribution.  Each of these plots show regions in which the APT specimens will 

exhibit behavior dissimilar to that of the rest of the film.  By knowing this information, the 

accelerating voltage and exposure to the ion beam can be limited, in addition to only examining 

APT data collected after a certain number of ions were allowed to evaporate, essentially 

throwing-away any biased data.  In Figure 4.8 below, the ion trajectories in the XY axis are 

shown for the Fe/Ni parallel and perpendicular geometries as well as for the Ti/Nb parallel and  
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Figure 4.7 APT Reconstructed Atom Maps with Gallium Damage 
a) Perpendicular Orientation 

a. Lateral View – Fe (Pink), Ni (Green), H (Yellow), Ga (Blue) 
b. Top View – Fe (Pink), Ni (Green), H (Yellow), Ga (Blue)  
c. Lateral View – Ga only 
d. Top View – Ga only 

b) Parallel Orientation 
a. Lateral View – Fe (Pink), Ni (Green), H (Yellow), Ga (Blue) 
b. Top View – Fe (Pink), Ni (Green), H (Yellow), Ga (Blue)  
c. Lateral View – Ga only 
d. Top View – Ga only 
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Figure 4.8 SRIM Simulations – Ion Trajectories 
a) Fe/Ni in the Parallel Orientation 
b) Fe/Ni in the Perpendicular Orientation 
c) Ti/Nb in the Parallel Orientation 
d) Ti/Nb in the Perpendicular Orientation 
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perpendicular geometries.  Figure 4.9 shows the collision events within these ranges as a 

function of target depth and also shows the number of gallium atoms that displaced previously 

sputtered atoms and thus produced vacancies within the films. 

 These simulations were then performed for the perpendicular limiting geometry in both 

materials systems with a protective platinum cap with a thickness of 1 µm deposited directly on 

the surface of the multilayered thin films.  This was done to simulate the degree of gallium 

damage and implantation an actual specimen can experience when being prepared in a dual-

beam FIB.  This actual platinum thickness was chosen since this is the procedure used to create 

the atom probe specimens.  The density of the Pt in this simulation software was 21.45 g/cm3, 

and once again, 100,000 gallium ions were allowed to strike the surface with an accelerating 

voltage of 30 keV.  In Figure 4.10, the ion trajectories in the XY axis are shown for the Fe/Ni 

perpendicular geometry as well as for the Ti/Nb perpendicular geometry.  Figure 4.11 shows the 

collision events within these ranges as a function of the target depth and the number of vacancies 

produced within the film.   

 In order to demonstrate what types of damage would be seen in actual practice, the 

simulations were repeated with a 1 µm Pt protective cap, as is actually used when preparing 

samples using a FIB.  These results, shown in Figure 4.10 and Figure 4.11, depict a system with 

much less Ga damage and implantation.  Since this is most similar to the systems used for 

experimentation, these models are used in order to interpret collected atom probe data.  When 

reconstructing the collected data, the first million ions were left out of the analysis in order to 

discard any of the atoms that may have been displaced due to gallium damage.  Mostly, after 

these first million ions were discarded, the amount of Ga observed in the specimens was less 

than 2%.   
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Figure 4.9 SRIM Simulations – Collision Events 
a) Fe/Ni in the Parallel Orientation 
b) Fe/Ni in the Perpendicular Orientation 
c) Ti/Nb in the Parallel Orientation 
d) Ti/Nb in the Perpendicular Orientation 
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Figure 4.10 SRIM Simulations with Platinum Cap – Ion Trajectories 
a) Fe/Ni Multilayered Thin Films in the Perpendicular Orientation 
b) Ti/Nb Multilayered Thin Films in the Perpendicular Orientation 
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Figure 4.11 SRIM Simulations with Platinum Cap – Collision Events 
a) Fe/Ni Multilayered Thin Film in Perpendicular Orientation 
b) Ti/Nb Multilayered Thin Film in Perpendicular Orientation 
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 The protective Pt cap was not the only helpful realization that came from these 

simulations.  From both initial inexperienced experimentation results which were then backed by 

SRIM simulation results, it was found that the specimens prepared in the parallel limiting 

geometry exhibited less damage when exposed to a Ga ion beam, as shown in Figure 4.10 and 

Figure 4.11.  As in most materials, there is still Ga damage present, but instead of pushing Fe 

atoms into the Ni layers and Ni atoms into the Fe layers, the Fe atoms were pushed further into 

the Fe layers, and the Ni atoms were pushed further into the Ni layers.  While this still alters the 

reconstruction from the actual system, it is much less severe than intermixing.  If an experiment 

were being completed in order to understand the behavior of a system at the atomic scale, this 

orientation would still leave the layers somewhat intact.  This would allow the researcher to infer 

general information about the microstructure of the system, even if the user was not careful or 

experienced in using an ion beam.  Upon perfection of the technique, the information inferred 

from the damage atom maps could be verified in a form that allows for compositional 

quantification. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

 

When a field evaporation experiment exposes a new layer at the apex of the surface, is 

the measured composition at the interface, via the current reconstruction algorithms, significantly 

altered due to these differences in the evaporation fields?  This work was completed in order to 

address this question by an identification of reconstruction issues, such as preferential 

evaporation and local magnification, and how their severity varies as a function of material 

selection as well as the orientation of the specimen interfaces.  The motivation for the research 

outlined in this thesis was to determine if changing the orientation of the interfaces within a 

specimen would alter the severity and occurrence of these reconstruction artifacts.  The 

completed work presented data and specimen preparation methods for two different bilayered 

material systems.  These two films were specifically chosen because within the Fe/Ni film, there 

is very little difference between the elemental evaporation fields of iron and nickel, and within 

the Ti/Nb film, there is a stark contrast between the elemental evaporation fields of titanium and 

niobium.   

These two films were examined in the traditional orientation and in the parallel 

orientation proposed by Lawrence et al. [6]. In order to be able to confidently identify the 

occurrence and severity of reconstruction artifacts in these cases, cross-correlation microscopy 

was employed between APT and EELS to quantify what the actual atomic behavior was within 

the specimen.  Some of these types included cross-correlation of shape, volume fraction, and 

chemical composition.  In this research, the goal was to identify the local magnification effects 

and preferential evaporation at the interfaces, so chemical composition cross-correlation needed 
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to be used.  The most ideal technique to compare the chemical make-up of the samples through 

the interfaces to that reported by atom probe was EELS. By utilizing the average elemental layer 

thickness from all three techniques, as well as the compositional gradients across the separate 

interfaces, artifact identification and characterization could be completed.  Though similar issues, 

such as local magnification reconstruction issues and associated effects due to the orientation of 

the APT tips have been addressed, this work strived to provide a systematic study of the same 

materials in these two limiting geometries, in order to be able to quantify the extent of these 

artifacts as a function differences in field strength and orientation. The results were then 

compared to an independent STEM EELS profile to determine the fidelity of the atom probe 

reconstruction. 

 It was determined that the film with similar elemental evaporation fields, the Fe/Ni 

multilayered film, had measured layer thicknesses for the APT analysis that slightly deviated 

from the reference STEM-EELS thickness, but the behavior of the compositional gradients at the 

interfaces had little deviation from the reference ratio, in atomic percent per nanometer.  The 

film with elemental evaporation fields that inherently have a deviation from eachother, the Ti/Nb 

multilayered film, had measured layer thicknesses for the APT analysis that deviated from the 

reference STEM-EELS reference.  In the perpendicular evaporation orientation, the behavior of 

the compositional gradient at the interface had a measureable deviation from the reference 

profile.  However, in the parallel evaporation orientation, the behavior of the compositional 

gradient at the interface had a less severe deviation from the reference STEM-EELS profile.  

This is believed to exist because in general, atom probe reconstruction algorithms assume a 

constant evaporation field across the surface of the specimen.  In this case, especially for the 

Ti/Nb film, as the analysis progresses through the specimen interface, chemical inhomogeneity 
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modulates the evaporation field at the specimen surface, causing a non-hemispherical cap with a 

curvature variation to form [45].  This deviation from the quantification assumption introduced 

reconstruction artifacts, thus degrading the spatial resolution of the APT technique for materials 

containing elements with vastly different evaporation fields.  

 In a much broader sense, what was learned in this study was that orienting the interface 

between two different materials, whether they have similar elemental evaporation fields or vastly 

different elemental evaporation fields, parallel to the evaporation direction allows for 

evaporation experiments in an atom probe that will last for a greater number of collected ions.  In 

materials with vastly different evaporation fields, this orientation will have reconstruction 

artifacts that are less severe than those encountered in the traditional perpendicular orientation.  

The trade-off for this decrease in reconstruction artifacts, though, is the spatial resolution of the 

tool.  In the plane containing the interface between the two materials, the resolution is decreased 

by a factor of ten, from 0.05 nm in the perpendicular orientation to 0.5 nm in the parallel 

orientation.  Additionally, in systems containing materials with very similar elemental 

evaporation fields, this parallel orientation created reconstruction artifacts in the thickness of the 

layers due to the local magnification effects from the two different materials evaporating 

simultaneously.  However, when analyzing the compositional gradient across the interface 

between the two materials, the deviation from the specimen standard was mild.  This parallel 

orientation proposed by Lawrence et al. provides an experiment that is much easier to perform 

while diminishing the reconstruction artifacts found in material systems with vastly different 

evaporation fields, which normally generate artifacts when evaporated in the perpendicular 

orientation [6].  This orientation, though, does not have as large of a payoff for material systems 

with similar evaporation fields.  
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 Recommended work for a future researcher wishing to continue this set of experiments 

would be to investigate the behavior of interface orientation in ‘bulk’ materials, not thin films.  

Specifically orienting grain boundaries and lathes within an atom probe specimen could allow 

for more successful evaporation experiments and easier to identify compositional gradients.  In 

addition, if the future researcher were perusing a modeling approach, developing a more in-depth 

simulation of the evaporation experiment would be an invaluable addition to the field.  If it were 

possible to visualize and characterize reconstruction artifacts on a theoretical level, it would then 

be possible to write new algorithms to correct these issues in the actual specimens.  This, along 

with cross-correlation microscopy, would allow for the generation of reconstructions that 

represent the true atomic positions within a prepared specimen.   
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