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ABSTRACT  

Atom Probe Tomography (APT) can produce 3D chemical analysis on the atomic scale and 

there is an increasing interest for the analysis of nanoparticles (NPs). In the past there has been 

limited success with special geometry and non-bulk nanomaterials. In this work several APT 

sample preparation techniques were trialed on zirconia NPs. The main characterizations were 

performed using scanning electron microscopy (SEM) and Focused Ion Beam (FIB). 

Electrophoresis and dispersions were trialed for parameter optimizations. The decrease in 

electrophoretic deposition time and voltage decreased the density of NPs and agglomerates 

deposited on to pre-sharpened APT tips. 
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1 CHAPTER 1: INTRODUCTION 

Nanoparticle (NP) applications span across many fields of study including electronics, 

energy harvesting, biomedical fields and the chemical catalyst industry [1-3]. For example, 

Nanoporous Gold (NPG) NPs can be used as catalysts for the semihydrogenation of alkynes, in 

arsenic electrochemical detection and for the hydrogenation of quinolones [1-3]. Many of these 

applications benefit from NP nano scale geometries, increased surface areas and unique atomic 

and chemical structures [4].  

 One of the emerging methods in chemical characterization is Atom Probe Tomography 

(APT), a field desorption microscopy analysis technique that now can be utilized to create 3D 

reconstructions with parts per million chemical identity and atomic scale spatial resolution [5]. 

Several difficulties must be overcome to analyze nanoparticles using APT, with specimen 

preparation being the foremost challenge. Complexities are accentuated by the size of 

nanoparticle geometries leading to APT reconstruction inaccuracies and specimen breakage 

during analysis. Various forms of nanomaterials require specialized sample preparation 

techniques to analyze them using APT. Examples of special material characteristics include, NP 

separated entity geometries, non-conductive materials, porosity, and multifunctional layers.  

Numerous improvements to sample preparation techniques for APT analysis of NPs are in 

various stages of development and refinement. Many of these techniques are variations of the 

lift-out method with several new innovations in APT sample preparation. The NP specimen 

construction techniques for APT have also been the focus of multiple research groups [4, 6, 7].  
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This investigation aims to build upon, improve and expand the electrophoretic deposition of 

oxide NPs for APT specimen preparation by focusing on the dispersions and deposition 

characteristics of Zirconia NPs.  
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2 CHAPTER 2: BACKGROUND AND THEORY 

In the following chapter the background of APT and the different materials and methods 

utilized in this study will be discussed. Additionally, NP dispersion surface chemistry is also 

addressed.  

2.1 Atom Probe Tomography 

Atom Probe Tomography (APT) is a form of field desorption microscopy that combines 

point projection and time-of-flight mass spectroscopy in a destructive microanalysis method. The 

mass to charge ratio and point trajectory data collected during APT can be utilized to create 3D 

reconstructions with parts per million chemical identity and spatial resolution on the atomic 

scale. Inside the Ultra-High Vacuum (UHV) chamber of the APT system, the sharpened 

specimen is under a high electric field and is evaporated ion by ion, using a laser or voltage pulse 

to excite surface ions above their work functions. The specimens are in a sharpened tip form with 

a hemispherical apex, often with a radius of less than 50nm. The volumes of the detected species 

are used in the reconstruction process and as voids have no ions to detect there will be no void 

volumes reconstructed. Samples with voids, cracks or open space will not be properly 

reconstructed due to the smooth hemispherical ion projection reconstruction method. This 

characterization technique can be used for compact continuous solids, void free specimens, and 

materials that remain structurally sound under strong electric fields. A void free specimen is a 

specimen without pores and one that has a continuous atomic structure throughout the analysis 

region of the sample. Additionally, the possibility of sample instability under strong electric 
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fields increases with voids and cracks leading to undesired sample fractures [5, 7-9]. A basic 

diagram of APT is shown in Figure 2-1 [10]. 

 

 

 

 

 

 

 

 

Figure 2-1.  APT schematic diagram depicting the specimen needle, local electrode, and detector. 
The 3D reconstruction model of the specimen ions collected after APT analysis is shown on the 
right [10] 
 

Specimen preparation techniques are currently the main challenge in the analysis of NPs and 

nanoporous materials. These challenges are accentuated by the nano-size of the NPs, porous 

geometry of nanoporous materials, the delicacy of APT specimen needles and the small APT 

analysis volume, typically 100x100x100nm3 [6-17] . APT has many capabilities and can give 

insight into various chemical characterization aspects of nanomaterials due to its extremely 

refined chemical identification and several of these possibilities are described in the section 

below.   

2.1.1. Benefits and Sample Preparation Techniques for Atom Probe Tomography 

Analysis of Nanoparticles 

Due to the atomic level of chemical and structure analysis capabilities of APT, there are 

numerous benefits from analyzing NPs with APT. Through analysis of APT data, it becomes 
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possible to answer the following questions about NPs: What are the compositions and the atomic 

arrangements of the surfaces? Does the particle form a solid solution or is there partitioning 

between the elements? Are there residual elements present from the synthesis process? [6] 

Properly prepared APT specimens for the analysis of NPs have been achieved for particles 

with diameters down to 1nm [8]. There are numerous challenges in preparing APT specimens for 

NPs due to the very small volume of analysis, 1003nm3. There are several sample preparation 

techniques for NPs that will be outlined later on in this section. 

One technique developed for bulk materials samples that allows for site specific sample 

selection and limited sample damage, can be summarized to the following steps: preparing Atom 

Probe support structure (either electropolished TEM grids or Silicon APT tip arrays), locating the 

region of interest, applying a protective surface coating, extracting a region of interest using FIB 

and micromanipulator, creating IBID (Ion beam induced deposition) depositions to anchor the 

sample onto the APT tip, and final tip sharpening using FIB milling. Figure 2-2 illustrates the 

extraction of the region of interest step. After attachment, the lift out tip is shaped to a sharp peak 

using a series of annular ion milling to control the shank angle and tip diameter of the final APT 

specimen [9, 18]. This technique is very common for the analysis of grain boundaries, interfaces 

and other regions of interest, but it is only possible if the sample of interest comes from a bulk 

solid. NPs are more often individual pieces of material and are not often naturally included in 

bulk solids [14]. Several techniques mentioned at the end of section 2.1.2 will describe methods 

to put individual NPs into matrices or other types of modifications, such that the general lift out 

technique can be utilized.    
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Figure 2-2. Wedge lift-out technique from a bulk material as presented by Thompson et al., 
indicating with arrows the micromanipulator and lift-out wedge [18]. 
 

Thompson et al. developed an additional site specific method to remove APT specimen from a 

surface of a material. This method describes the site specific removal of bulk material using 

column shaped lift-outs removed from keyhole FIB cuts after a protective layer of Pt is deposited 

onto surface of the site of interest. These lift-outs are then mounted using IBID precursors onto 

partially sharpened TEM half grid tips or other pre-sharpened tips. Figure 2-3 (a) illustrates the 

two cut keyhole FIB milling required to remove the site-specific pillar remaining in the center of 

the round trench and where the pillar attachment to the manipulator with IBID Pt. Figure 2-3 (b) 

indicates the step after pillar milling for removal from the circular trench and directly before the 

mounting onto a pre-sharpened tip [18].  
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Figure 2-3. (A)Column lift-out after FIB milling of keyhole, (B) mounting of lift-out, published 
by Thompson et al [18]. 
 

After mounting a site-specific or bulk lift-out samples onto the pre-sharpened tip the samples 

have to be thinned down to a smaller tip radius for APT analysis. Thompson et al. recommends 

thinning the specimen using circular milling patterns with decreasing inner diameter and 

decreasing ion beam energies. The decrease in ion beam energy is included to decrease the 

amount of surface contamination from Ga+ ions implantation in the sample at the end of the 

sharpening process [18].  

The development of preparation techniques that limit or eliminate ion damage to the outer 

most atomic layers of the samples is one of the challenges to overcome for accurate NP APT. It 

is important to keep the surface area atoms of catalyst NPs undamaged because the surface area 

atoms are the atoms that contain the catalyst active sites. When the surface area atoms have ion 

damage then it will be difficult to produce an accurate reconstruction of the NPs surface area. An 

inaccurate reconstruction will not answer the questions properly about how the catalyst function 

of the material is affected by the synthesis process, size of the NPs and other factors. Along with 

the possible ion damage from lift-out preparation methods, NPs are often smaller than the 50nm 

A B 
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tip radius desired for ideal APT samples. This being the case the NPs cannot be cut down to size 

as in the previously described methods, they will need to be attached to or encapsulated by a 

larger material in order to analyze NPs with APT. 

As previously mentioned there are TEM half grids and pre-sharpened APT tip arrays that are 

often used for the base specimen holders for the lift-out site specific techniques. These two 

specimen holders are shown in Figure 2-4. The TEM half grids are often created using one of 

two methods, electro polishing or FIB milling. Similar to the FIB milling done to sharpen the 

APT specimen to 50nm radius tips the FIB can be utilized to roughly sharpen the tips of a TEM 

grid such that the lift-out samples can be attached on top of them. Electropolishing is also used to 

create roughly sharpened single metal tips for lift-out specimen. APT tip arrays are frequently 

found made from silicon [19]. 

  

Figure 2-4.  Example of TEM half grid after electropolishing and pre-sharpened silicon APT tip 
array [19].  
 

There are several special material characteristics including, NPs being separated entity 

geometries, non-conductive materials, porosity, and multifunctional layers that require 

specialized APT analysis or specimen preparations. Nanoporous materials contain voids that 
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cannot be reconstructed properly due to voids having no ions to analyze. NPs will be discussed 

again in the later chapters and the analysis of multifunctional layers leads to changes in field 

evaporation between the layers and dramatic increases or decreases in electric fields during an 

APT run placing a specimen under large strain variations. These abrupt changes in field 

evaporations often result in sample fractures ending the analysis run. It is expected in non-

conductive materials that the electric field penetration into the specimen interferes with the field 

evaporation events [20].   

2.1.2. New Sample Preparation Techniques for Nanoparticles and Finalizing FIB 

Methods 

Advances in nanomaterials and nanoparticles have also included advances in APT sample 

preparation methods for NPs. There are three different methods described by Felfer et al [6]. The 

first technique “(di)electrophoresis,” is created with a dispersion of RuPt NPs [4]. The NPs were 

attached to the apex of the tip of a pre-sharpened Pt-Rh metal tip using electrophoresis with a 3V 

bias between the counter electrode and the tip. According to Felfer et al., two seconds under bias 

resulted in an ideal spacing of 50nm between the NPs along the tips apex. The correlation 

between electrophoretic deposition time and the spacing between deposited NPs is dependent on 

the surface charge of the NPs in the dispersion medium, applied voltage, and size of the 

nanoparticles. The second technique, “powder lift-out,” involved powder agglomerates of Co-Cu 

and C-Cu-Mn NPs [21]. Agglomerates were first placed on Scanning Electron Microscope 

(SEM) stubs, then using a FIB-SEM micro-manipulator, a 2-3µm agglomerate was selected and 

positioned onto electro-polished Mo grid. To hold the agglomerate securely on the post, an EBID 

(Electron beam induced deposition) layer was added. To produce a solid specimen, without 

voids, continuous electron beam imaging and Pt deposition were performed during the initial 

annular milling. The highest quality technique from Felfer et al., “dispersion 
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application/coating,” is the creation of a NP layer sandwiched between a substrate and matrix 

coating [6, 22]. This technique uses the classic FIB lift out technique for the transfer of the 

sandwich specimens to the APT tips. There are several positive aspects of the “dispersion 

application/coating” techniques. One positive factor is that the NP layer is vertically oriented 

along the measurement axis, thus creating a lower probability to fracture at the layer interfaces. 

Using cleaved Si substrates and a NP dispersion, the NPs are deposited onto the surface for 1 

minute using the NPs Brownian motion within the dispersion, the utilization of Brownian motion 

allows this method to be used additionally with charged NPs as well as non-charged NPs. The 

NPs are then coated with an EBID. The electron beam deposition layer also provides a positive 

factor to this technique in that it decreases the possibilities for ion damage to the NPs. These 

techniques each have disadvantages due to their tip apex irregular geometries, differences in field 

evaporations between the analysis and matrix materials, and inconsistent NP density on initial 

substrates. Many of these factors could be improved [6]. 

The dielectrophoresis technique selectively attracts smaller NPs to the tips because of their 

higher mobility. The agglomerate lift-out method had two challenges to overcome in order to 

ensure adequate adhesion between particles: optimizing both the EBID matrix material and the 

matrix precursor to leave less carbonaceous material in the final solid deposition matrix. Even 

the most successful “dispersion application/coating” method can be improved upon by matching 

the field evaporation of the EBID matrix and that of the particles [6]. Figure 2-5 graphically 

shows the result of these three sample preparation methods. 
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Figure 2-5. Three possible sample preparation techniques to produce APT specimens with NPs 
presented by Felfer et al.: (a) “(di)electrophoresis,” (b) “dispersion application/coating,” and (c) 
“powder lift out” [6]. 
 

Larson et al. describes an “encapsulation” method that is very similar to the “dispersion 

application/coating” method developed by Felfer et al [9, 14]. Figure 2-5(b) and Figure 2-6 

highlight the differences between the encapsulation and dispersion coating methods, with Figure 

2-6 illustrating distinct horizontal encapsulation layers. Larson et al.’s atomic layer deposition 

(ALD) of ZnO is deposited onto the substrate layer above and below the Pt NP layer. These 

layers are then coated with a Nickel capping material. The NP layer is oriented perpendicular to 

the analysis axis. The perpendicular orientation to the measurement axis can cause delamination 

at the interface during APT analysis [8].  
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Figure 2-6.  “Encapsulation” method for APT specimen fabrication for the analysis of Pt NPs 
using ZnO ALD and a Nickel ALD capping, (right) the final APT specimen, arrows identifying 
approximate Pt NP layer location in specimen  [8]. 
 

As the techniques described above are paired with other sample preparation techniques, the 

analysis of NPs and other nanomaterials with APT will continue to advance. Additional work 

with EBID for sample preparation techniques was conducted by Diercks et al. They investigated 

six different EBID gas precursors for surface capping deposition with APT and EDX [23]. As 

previously discussed several methods involve EBID for sample encapsulation or surface 

protection. Diercks et al. studied several gas precursor depositions with EDX and APT to 

compare the chemical composition detections. The dicobalt octcarbonyl and diiron 

nonacarbonyl, Co and Fe, APT field evaporations were approximated respectively at 36V/nm 

and 21V/nm. The determination of approximate field evaporation is important when a region of 

interest is on the surface of a material and when a specimen consists of multiple phases. When 

the sample capping material has significantly higher field evaporation than the substrate, an early 

detection of substrate material is encountered before all of the capping material is ionized and in 

surface analysis this is undesirable effect [23]. The investigation of NPs can be improved by 

using different EBID gas precursors. Whether one is using EBID as a filler material for NP 
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agglomerates or the capping material, as shown in Figure 2-5 and Figure 2-6 respectively, the 

APT analysis can be assisted when the EBID deposition material has comparable evaporation 

fields or a lower evaporation than the substrate material. In the case of significantly lower 

evaporation fields, sample fracture was often experienced during APT at the transition between 

capping layer and substrate [23]. The before and after APT gold gas precursor capping material 

on a silicon APT tip analyzed by Diercks et al exhibited ionizing events beyond the gold to 

silicon transition region as shown in Figure 2-7. The APT analysis of the sample shown in Figure 

2-7 was stopped right after the mass spectrum indicated a switch from Au to Si. The fact that a 

significant amount of Si below the Au/Si interface is missing indicates that a micro-fracture 

event took place. This fracture is likely due to the difference in evaporation fields between Au 

and Si. This analysis would therefore be considered as unsuccessful due to the facture. Using the 

work from Diercks et al. and other sample preparation techniques, the analysis of NPs and other 

nanomaterials with APT is continually advancing.  

When comparing these methods of sample preparation to the electrophoretic deposition 

technique presented in this study there are several differences that will be elaborated throughout 

the next chapters. Several differences include the completion of a dispersion stability study to 

improve the stability of the dispersion and to optimize the depositions density of NPs onto flat 

foils and pre-sharpened APT tips. Additionally, the agglomeration deposition densities in 

comparison to single NP deposition density were also analyzed.  
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Figure 2-7. Gold gas capping precursor on a Si APT tip, specifying the transition from Au 
deposition to Si tip and the post APT tip geometry from Diercks et al [23]. 
 

2.2 Dispersions of NPs 

A dispersion of NPs for use the in electrodeposition APT sample preparation technique will 

have several characteristics to be optimized in this study. An ideal dispersion has single NPs that 

do not quickly agglomerate and exhibit long term particle stability. Particle agglomeration is not 

desired for the depositions onto both flat foils and TEM grid posts. Several factors can be 

optimized in a dispersion to achieve these requirements: size of NPs, number of NPs, particle 

solvent combination, dispersant agent addition and mixing sequence methods [24].  

The surfaces of particles in electrolytes have a defined charge distribution beginning at the 

particle surfaces and extending away into the electrolyte. The most developed charge distribution 

is described in the Gouy-Chapman-Stern-Grahame Model shown in Figure 2-8. This model is 
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based on a defined surface charge inherent to the substrate material and specifically adsorbed 

counter ion molecules. This layer of counter ions is referred to as the Stern layer. Beyond the 

Stern layer the concentration of counter ions and co-ions decrease and increase respectively until 

they reach the concentration in the bulk electrolyte. This region beyond the Stern layer before 

reaching bulk concentrations is referred to as the Gouy-Chapman layer [25].  

                      

Figure 2-8. Gouy-Chapman-Stern-Grahame electrical double layer model, indicating surface 
potential and ion display from substrate surface including specifically adsorbed ions in the Stern 
layer [25]. 
 

When analyzing particles in dispersions there are several values that play a role in how the 

particles interact both with each other and the medium surrounding them. Zeta potential is a 

measurement of surface potential at the slipping plane radius [26]. The slipping plane is defined 

as the layer of molecules surrounding the particle that remain stationary on the particles surface 

when the particle is in motion. Figure 2-9 provides a visual of where the zeta potential is 

measured at the slipping plane and the isoelectric point in a zeta potential measurement. Zeta 
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potential is dependent on the pH of the surrounding medium, NP material composition, ionic 

concentrations and dispersion additives. Measuring zeta potential at varying pH values can 

produce another significant value for a particle medium system. The isoelectric point (IEP) is the 

pH at which zeta potential equals zero.  

             

Figure 2-9. a) The slipping plane and immobile molecule layer are indicated with a red arrow 
and blue region respectively b) example zeta potential measurement from Zhao et al., the IEP is 
labeled with the green arrow [27]. 
 

According to the Derjaguin, Landau, Vervey, and Overbeek, DLVO, colloid stability theory, 

the Van der Waals attractive force has a -1/r6 relationship to the distance from the particles 

surface. In comparison, the magnitude of electrostatic repulsion has a distance dependency of 

1/r3. In combination the increase of separation from the NP surface decreases the magnitude of 

attractive Van der Waals force faster than the electrostatic repulsive force. Therefore, if a 

dispersing agent can increase the separation distance between particles beyond the interaction 

barrier it can significantly increase the stability of the dispersion [28]. How a dispersant 

increases the distance between the particles defines the type of dispersing agent.  

NP 

A B 
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ZrO2 and other NPs can be stabilized by three types of dispersing agents: steric stabilizers, 

electrostatic stabilizers, and the combination of these two mechanisms, electrosteric stabilizers. 

Steric stabilizers in aqueous solvents increase the distance between NPs by adsorption of non-

ionic hydrophobic head groups onto the NP’s surface with hydrophilic tail chains stretching 

outwards from the coated NPs into the solvent. The mechanism of steric separation requires 

proper concentrations of polymeric chains and the active repulsion mechanism is referred to as 

osmotic repulsion. This repulsion effect from the hydrophilic chains can also be reversed at 

higher concentrations of steric dispersing agents leading to chain entanglement and 

agglomeration [24] [29, 30].  Electrostatic dispersants increase stability in dispersion by altering 

the surface chemistry of the NPs. The electrostatic dispersants change the surface charge on the 

NPs and therefore the repulsion of like surface charges is active at distances further out from the 

NP surfaces. The most common method of inducing electrostatic dispersion is altering the pH of 

the suspension medium [31]. These two dispersant mechanisms are illustrated in Figure 2-10.  

Electrosteric dispersants combine the adsorption from steric dispersants and produce surface 

charge modifications to increase the distance between particles [30]. 

 

Figure 2-10. Graphical representation of a) steric and b) electrostatic dispersant mechanisms 
[24].  
 
 

A B 
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2.3  Nanoparticles: Zirconia 

With the increasing number of breakthroughs in nanomaterial technology, the applications of 

Nanoparticles (NPs) have become an expanding list, thus drawing the attention of scientists and 

engineers around the world. Defined by their material structure, size and chemistry, various 

applications for NPs include catalysts, data storage, solar cells, waste water treatment and energy 

systems [9, 11, 14, 32]. 

Zirconia, also known as zirconium dioxide, is the oxide produced after calcining Zirconium. 

Zirconia NPs have been at the forefront of 3D nanocomposite material reconstructions. The 

zirconia NPs were the filler material in a nanocomposite investigated with transmission electron 

microtomography by the Jinnai et al. research group in 2007 [33]. These investigations and 

others are aimed to improve the applications of Zirconia NPs which include electrolytes for solid 

oxide fuel cells, ceramics, coatings for thermal barriers and dental implants [34] [35-38]. 

Knowing more about the interfaces of dental implants their biocompatibility and longer term 

stabilizations in biomedical applications can be improved; similarly synthesis methods can be 

optimized in the electrochemical applications of zirconia with increased the knowledge about 

electrode degradation.  

Several research groups have determined the isoelectric point (IEP) for zirconia and the 

published data ranges from 4 to 12 pH, with the measurement most relevant to the water based 

dispersion that will be implemented in this study at a pH between 4 and 5 [39-42]. While this 

may seem shocking and unexpected that the IEP has such a large range, there are several 

significant differences in the groups that have published data. They have measured the IEP after 

performing varying material heating preparation techniques, developing different crystal 

structures and conducting the measurements directly on the material versus in a colloidal 
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suspension. All of these characteristics can significantly alter the surface charges on a ceramic 

material. The IEP for the ZrO2 NPs is between pH 4 and 5 and using the electrophoretic mobility 

measurements from Regazzoni et. al. displays a zeta potential of -16.7mV at pH 6.95. Both of 

these claims support that during this study the NPs would exhibit a negative surface potential at 

the neutral pH of the water based colloidal suspension [43].   

2.4 Electrophoresis Deposition  

Electrophoretic deposition, as explained by Vesna B. Miskovic-Stankovic is “a special 

colloidal processing technique that uses the electrophoresis mechanism for the movement of 

charged particles suspended in a solution under an electric field and to deposit them in an 

ordered manner on a substrate to develop thin and thick films, coatings, and free-standing 

bodies” [44]. Variable parameters for electrophoretic deposition are deposition times, applied 

voltage and particle dispersion. During this study, these three parameters were altered to work 

towards optimizing a NP coating onto both metallic foil electrodes and TEM half grids. When 

optimizing the dispersion for an electrophoretic deposition the dispersion should have high Zeta 

potentials without increasing the ionic conductivity of the solvent. During the deposition process, 

an H2O discharge reaction takes place: hydrogen evolution on the positive electrode and oxygen 

evolution on the negative electrode. When ceramic particles in a medium are negatively charged 

during these reactions, they will deposit onto the positive electrode [44]. As surface charge of 

particles is dependent on zeta potential, pH, dispersant mechanisms and dispersant 

concentrations positively charged particles will then deposit onto negative electrodes.     

When considering the other previously mentioned variables involved in electrophoretic 

depositions (voltage and time) as the magnitude of the voltage increases the electric field density 

will increase therefore leading to a higher NP deposition density. As the voltage decreases the 
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deposition density will also decrease. In regards to deposition time as the time increases the 

deposition density of NPs is expected to increase. Similar to the voltage, as deposition time 

decreases the deposition density is also anticipated to decrease.    
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3 CHAPTER 3: MATERIALS AND METHODS  

In this chapter, the materials, equipment and methods used throughout this investigation will 

be explained. This will include details on order of processing steps, specific equipment settings 

and deposition parameters.    

3.1 Materials and Equipment List 

Various materials were utilized during this study. For the investigation of electrophoretic 

deposition APT sample preparation technique with Zirconia (ZrO2) 36nm TZ-3YS grade NPs 

from TOSOH Corporation were used. Dispersions of ZrO2 were produced using one of two steric 

dispersants, Darvan-C Sodium Hexametaphosphate  or Triton X-100 Octylphenol Ethoxylate and 

a 20kHz, 130 Watt Cole Parmer Ultrasonic Processor. The electrophoretic depositions of ZrO2 

dispersions were conducted with a DC power supply. 

Several characterization techniques were performed during this study of Zirconia NPs using 

the Microtrac S3500 laser diffraction particle size analyzer and FEI Quanta 600i environmental 

Scanning Electron Microscope (SEM).  

3.2 Zirconia Dispersions 

Different particle loading, dispersant combinations dispersion mixing sequence and 

ultrasonic homogenizer settings were analyzed during this study to optimize a ZrO2 particle 

dispersion for depositions onto both flat metallic foils and TEM half grids. The aim is to 

determine a particle dispersion that exhibits long term particle stability.   
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The NP particle loading and dispersant concentrations were characterized with a dispersant 

ratio that will be explained further in 4.1. NP loading plays a role in the deposition density onto 

the flat foils and APT tips because as NPs have to travel further through the dispersion to deposit 

onto the electrode the deposition density will decrease. Lower particle loading typically leads to 

less agglomeration. At lower loading to achieve equal deposition densities, longer times are 

required to deposit NPs onto the electrodes. During these longer deposition times the instability 

of the dispersion can begin the formation of agglomerates that either settle out of the dispersion 

or the agglomerates can begin depositing on to the APT tips. To optimize an APT tip deposition 

the NP loading and deposition times should be optimized in combination.   

To increase the dispersion success, different mixing orders of the NPs and dispersants during 

the ZrO2 NP suspension combination were also trialed. The most successful mixing sequence 

was found with the Pre-Sonication Dispersion mixing sequence:  

1) 20 mL of the total 80mL, deionized (DI) water was ultra-sonicated with the dispersant for 

five minutes (25 second pulses at 75% amplitude, with 5 seconds between pulses). 

2) The remaining 60 mL of DI water were ultrasonically homogenized with the as-received 

ZrO2 NPs for five minutes, (25 second pulses at 75% amplitude, with 5 seconds between 

pulses). 

3) The dispersant and powder mixtures were then ultra-sonicated together for 10 minutes 

(25 second pulses at 75% amplitude, with 5 seconds between pulses).  

The NP powder and dispersant/water suspensions were mixed separately in order to break up 

the as-received NP agglomerates and increase their surface area before they came into contact 

with the dispersant. This gave the dispersant a smaller chance to coat around agglomerated 

particles. To separate agglomerated NPs that were coated with a dispersant would first require 
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the disruption of the dispersant layer before the separation of NP agglomerates. The dispersion 

homogenization technique was observed to result in lower average particle sizes detected with 

the Microtrac S3500 Laser diffraction particle size analyzer. Therefore, this NP dispersion was 

used for the depositions onto the TEM half grids and several additional metal foils. 

The remaining dispersions used during this study for flat metal foil depositions were made 

with the Direct Dispersion method:  

1) The dispersant was ultrasonically mixed with all of the water (using various 

ultrasonication programs to optimize final dispersions).  

2) The ZrO2 NP powder was added to the liquid part and ultrasonically homogenized 

(trialing various ultrasonication programs to improve final dispersions).  

This method was utilized for several dispersions in this study, but it was determined for the 

final TEM grid depositions that the Pre-Sonication Dispersion mixing method was the preferred 

preparation method. The Pre-Sonication was preferred because a smaller particle distribution size 

indicates that there are fewer NP agglomerates in the dispersion that have the possibility to 

deposit on either the flat foils or the APT tips. As described in 2.1 an ideal APT specimen is 

made of a continuous solid material and NP agglomerates do not fulfill this criterion because 

between the NPs there are empty unfilled voids. Table 3-1, below, is the complete list of 

ultrasonic dispersion programs used. 
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Table 3-1. Ultrasound programs used for different dispersions and different stages of dispersion 
mixing and analysis.  

Programs 

Program 
Number 

Time 
(min:sec) 

Pulse 
(sec) 

Amplitude 
(%) 

00 1:06 5 50 
01 2:10 30 75 
02 2:15 30 75 
03 2:00 7 75 
04 16:00 59 75 
05 3:12 59 75 
06 3:00 10 75 
07 5:00 25 75 

 

3.3 Laser Particle Size Distribution Analysis  

To determine the particle size distribution of the different particle dispersions, a Mircotac 

S3500 Laser diffraction particle size analyzer was used. The duration of time after the last ultra-

sonic homogenization was recorded to determine the stability time frame for the different 

dispersions. The length of stability was analyzed to determine whether the dispersion and 

ultrasonic homogenizing setting combinations were suitable for the deposition times used to 

deposit NPs onto metal foils and TEM half grids. See A.2 for the Microtrac S3500 Laser 

diffraction particle size (LPSD) analyzer settings used in this study. 

3.4 Electrophoretic Depositions  

Copper, molybdenum and tungsten foils were used for the flat foil electrophoretic 

depositions. Copper TEM half grids were also used for electrophoretic depositions, both Focused 

Ion Beam (FIB) sharpened half grid tips and unsharpened grid tips were analyzed. These foils 

were selected for their mixed content of slits produced by previous laser ablations. The slits were 

previously ablated into the foils and were available for use during this project. The slits in the 
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material allowed the observation of preferential deposition at points on a material with increased 

electric field line density. At a slit in the foil there is a discontinuity in the material and the 

electric field lines. The electric field lines from this discontinuity concentrate themselves at the 

edge of where the material begins again, the slits borders.     

 

Figure 3-1. Set up diagram for electrophoretic deposition onto metal foils and TEM half grids. 
The copper and grey squares in the diagram represent the metal foil electrodes used during 
depositions. When depositing onto TEM half grids, the grey square represents the TEM half 
grids in the place of a metallic foil. 
 

The depositions for foils and half grids were conducted with identical deposition setups, as 

depicted in Figure 3-1. The two electrodes were secured into a 100ml glass beaker, such that they 

could not come into contact during the deposition and to eliminate any agitations of the 

suspension developed by holding the electrodes by hand. The ultra-sonicated particle dispersion 

was then added to the beaker, and the electrodes were attached to the DC power supply with 

alligator clips. The voltage of the DC power supply and duration of applied field varied 

depending upon the deposition ranging between 0-10V and 5 seconds-20 minutes, respectively. 

See Table 3-2 and Table 3-3 for a list of trialed settings presented in this project.  

DC Power Supply 
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Flat foil electrodes were cut and folded to ~2x2cm and cleaned with acetone and Kimwipes 

before the depositions. The TEM half grids were not cleaned with acetone before the depositions 

because of their fragile nature. 

Table 3-2. Summary of Particle Dispersion LPSD presented in this investigation. 

ZrO2 

wt% 

dispersion 

Dispersant 

Dispersant wt%/ 

NP wt%            

ratio 

Settling 

Time 

0.25 Sodium 
Hexametaphosphate  

1.0 0 

0.25 Sodium 
Hexametaphosphate  

1.0 16 

0.12  -   -  0 
0.12  -   -  5 
0.12 Sodium 

Hexametaphosphate  
0.10 0 

0.12 Sodium 
Hexametaphosphate  

0.10 6 

0.25 Sodium 
Hexametaphosphate  

1.0 0 

0.25 Sodium 
Hexametaphosphate  

1.0 8 

0.25 Sodium 
Hexametaphosphate  

1.0 16 

0.25 Sodium 
Hexametaphosphate  

1.0 22 

0.12 Sodium 
Hexametaphosphate  

0.10 0 

0.12 Sodium 
Hexametaphosphate  

0.10 6 

0.12 Sodium 
Hexametaphosphate  

0.10 22 

 
 
 
 
 
 
 
 



27 
 

Table 3-3. Electrophoretic Deposition Settings trialed during this study. 

ZrO2 

wt% 

dispersion 

Dispersant 

Dispersant 

wt%/ NP 

wt%            

ratio 

Deposition 

Electrode 

Deposition 

Time 

(min) 

Deposition 

Voltage 

(V) 

0.0156  -   -  Mo Foil 20 5 
12.75  -   -  Mo Foil 5 10 
0.12 Sodium 

Hexametaphosphate  
1.0 Mo Foil 2 10 

0.12 Triton X-100 0.46 Mo Foil 5 5 
6.15 Triton X-100 0.004 Mo Foil 5 5 
0.12  -   -  Mo Foil 10 0 
0.25 Sodium 

Hexametaphosphate  
1.0 Mo Foil 1 3 

0.25 Sodium 
Hexametaphosphate  

1.0 Sharpened 
Cu TEM tip 

5 
(seconds) 

3 

0.25 Sodium 
Hexametaphosphate  

1.0 Unsharpened 
Cu TEM tip 

5 
(seconds) 

3 

0.25 Sodium 
Hexametaphosphate  

1.0 Sharpened 
Cu TEM tip 

15 
(seconds) 

3 

0.25 Sodium 
Hexametaphosphate  

1.0 Unsharpened 
Cu TEM tip 

15 
(seconds) 

3 

0.25 Sodium 
Hexametaphosphate  

1.0 Sharpened 
Cu TEM tip 

30 
(seconds) 

3 

0.25 Sodium 
Hexametaphosphate  

1.0 Mo Foil 30 
(seconds) 

3 
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4 CHAPTER 4: RESULTS AND DISCUSSION 

In this chapter, the results for the Zirconia NP dispersion and sample preparation methods 

trialed during this project are presented and evaluated. The Zirconia NPs and the processes used 

to develop a dispersion that can be used for the electrophoretic deposition of NPs onto metallic 

foils and TEM half grid tips are also included.  

4.1 Nanoparticle Dispersion Preparation Optimization 

Figure 4-1 depicts the pre-sonication dispersion method resulting in the increased stability in 

NP dispersion at smaller NP sizes after longer settling times, when compared to the direct 

dispersion method. Both dispersion methods are directly comparable because both utilize 

0.25wt% ZrO2 and a 1.0 weight ratio of Sodium Hexametaphosphate  dispersant to NP. The 

dispersant ratios used in this investigation were calculated using the weight percent of dispersant 

compared to the weight percent of NPs used in the dispersion,                                           

(0.25wt% dispersant) / (0.25wt% NPs) = 1.0. The Direct Dispersion method shown in Figure 4-1 

has 0.25wt% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio. Increased stability at 

a longer settling time is a desired characteristic for the dispersion method because if the particles 

agglomerate too fast while in dispersion, single NPs cannot be deposited onto the pre-sharpened 

APT tips.  See Materials and Methods Table 3-1 for a full table of Ultrasonic Programs used in 

this study. 
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Figure 4-1. Particle Size distribution curve for direct and pre-sonication NP dispersion 
preparation methods after 0 minutes and 16 minute settling times respectively; both dispersions 
used 0.25wt% ZrO2 and a 1.0 Sodium Hexametaphosphate  electrostatic dispersant ratio.   
 

The NPs have an average dispersant coverage thickness of 141nm, as calculated for 

dispersions with a 1.0 Triton X-100 dispersant ratio using the published ZrO2 NP surface area of 

6.6m2/g and Triton X-100 density of 1.07g/cm3. Calculations for a dispersant layer thickness for 

a 1.0 Triton X-100 dispersant ratio are shown in the Appendix A.4. This 141nm dispersant 

thickness is ideal because it separates the NPs beyond the interaction barrier for Van der Waals 

attractive force interactions, thus increasing the stability of the dispersion. 
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The improvement of the dispersion stability with the inclusion of a dispersant is shown in 

Figure 4-2. When comparing the dispersions with and without dispersants at 0 minute settling 

time, the dispersion with dispersant has a smaller mode particle size compared to without 

dispersant, 0.49µm and 0.58µm. The difference in mode particle size increased with settling 

time. After just 5 minutes the dispersion without dispersant had agglomerated such that the mode 

particle size is 296µm while after 6 minutes of settling the mode particle size with a dispersant 

remained at 0.49µm. This indicates that, even at the Sodium Hexametaphosphate  dispersant 

ratio of 0.104, there is a significant increase in dispersant stability. 

Figure 4-3 indicates a different peak variation with increased settling time than that shown in 

Figure 4-2. There is a decrease in the intensity of an agglomeration peak size at 1.9µm as the 

settling time increases to times longer than eight minutes. At first glance the disappearance of 

larger particle size peak with increased settling time can be unexpected because with increased 

settling time agglomeration sizes tend to increase. An explanation for this occurrence is the 

increased sedimentation rate as agglomerate size increases. During the time between eight and 16 

minutes, the 1.9µm agglomerates underwent complete sedimentation and were therefore no 

longer in dispersion to be measured after the 8 minute measurement.  

The inclusion of the dispersants is important for stability of the dispersion and they could 

influence APT analysis because it brings additional atoms into the analysis chamber with 

different potentials for evaporation. These non-ionic molecules could be analyzed as individual 

elemental ions or the molecules could also be analyzed as whole molecules or parts of molecules 

leading to an increase of possible number of mass spectrum peaks. The dispersant peaks could 

eventually overlap with NP ion species peaks leading to an over representation of specific mass 

to charge ionic species in the reconstruction.  
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Figure 4-2.  Particle Size distribution curve for two NP dispersions made with 0.12wt% ZrO2, 
without dispersant and with 0.104 Sodium Hexametaphosphate  dispersant ratio after 0 minutes 
and 5 and 6 minute settling times respectively. 
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Figure 4-3. Particle Size distribution curve for NP dispersion made with 0.25wt% ZrO2 and with 
1.0 Sodium Hexametaphosphate  dispersant ratio after 0, 8, 16 and 24 minute settling times. 
 
 

4.2 Foil Depositions 

After characterizing the NP dispersions particle size distribution, several dispersions were 

tested using electrophoretic deposition settings to characterize particle and agglomerate spacing 

on flat substrate foils. Several aspects of the foil deposition were covered including irregular 

depositions geometries, preferential deposition trends and the resulting control, positive electrode 

and negative electrode depositions.  
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4.2.1 Snowflake deposition patterns 

 
 
Figure 4-4.  NP deposition onto Mo Metal foil displaying snow flake deposition pattern. NP 
dispersion: 0.0156 wt.% ZrO2 and no dispersant, 1 repetition of Ultrasound Program 03, 
Deposition settings: 20 minutes @ 5V. 
 

Figure 4-4 depicts the patchy snow flake deposition pattern that resulted from a 20 minute 

electrophoretic deposition at 5V using a 0.0156 wt.% ZrO2 dispersion, with no dispersant. It was 

observed that after 20 minutes there were spots of high concentration deposition and the space 

between these deposition points had little to no NPs deposited. Many of the places of high 

concentration deposition were irregularly shaped and exhibited crater topography in the center of 

the deposition.  One possible explanation for the irregularly shaped crater depositions is the 



34 
 

development of bubbles on the surface of the Mo foils during the electrophoresis deposition 

process. This bubble formation results in craters in the deposition when the bubble escapes.  The 

irregular crater deposition is shown in Figure 4-5.  

 
 
Figure 4-5. NP deposition onto Mo Metal foil highlighting the center of the snow flake 
depositions. NP dispersion: 0.0156 wt.% ZrO2 and no dispersant, 1 repetition of ultrasound 
program 03, Deposition settings: 20 minutes @ 5V. 
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4.2.2 Control Laser Ablation Comparisons 

 

Figure 4-6. Control Metallic Foil Electrode with laser ablation cut. No NPs were deposited on 
this foil. 
 

The clean metallic foil in Figure 4-6 is a control for the study and shows the laser ablation 

artifacts remaining on the foils after ablation cutting. The control image was taken to ensure that 

the NPs found on the electrophoresis deposition foils are Zirconia NPs and not artifacts from the 

laser ablation cutting.  
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4.2.3 Preferential Deposition on Foils 

 
 
Figure 4-7. Preferential NP depositions along the laser ablation cut on a positive electrode Mo 
foil. NP dispersion: 12.75 wt.% ZrO2 with no dispersant, 3 repetitions of Ultrasound Program 03, 
Deposition settings: 5 minutes @ 10V 
 

In comparison to the control foil in Figure 4-6, the deposited small particles displayed in  

Figure 4-7 are distinctly different than the metal ablation artifacts found along the laser cut in the 

control sample. This can be noticed due to the NP size and quantity. In Figure 4-7, the smaller 

NPs agglomerations and single NPs also exhibited preferential deposition along the laser ablation 

cut when compared to the quantity and size of agglomerates deposited on the flat surface of the 
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foil, as shown in Figure 4-8. The preferential deposition of NPs at the laser cuts was expected 

because at the cut there is a discontinuity in the metallic foil and therefore also an alteration in 

the electric field line distribution during the electrophoretic deposition. It was expected that a 

stronger field would be present at the edges of the laser cuts and would therefore attract more 

NPs to these locations due to the higher density field presence. This occurrence was preferred 

because the aim of this study was to deposit NPs onto sharpened APT tips for APT analysis of 

the NPs. If the NPs are preferentially depositing at points on the flat foils with an increased field 

density, then it is also expected that the NPs will deposit preferentially onto the tip of a 

sharpened APT sample tip.    

In Figure 4-9, the top edge of the electrode was left out of the dispersion during the 

deposition to allow imaging along the dispersion fill level. This level is indicated with the black 

arrow in Figure 4-9. The deposited NP agglomerations were smaller, and they were more densely 

deposited at the fill level. One possible explanation for this deposition pattern is that as the 

particles begin to agglomerate with time and sedimentation also increases. The smallest NP 

agglomerations and single NPs will have a higher probability to deposit on the electrodes at the 

top fill level of the dispersion on the electrode at the beginning of the deposition time before they 

agglomerate and begin sedimentation.  Using the settling velocity assumptions from Stokes Law, 

at terminal velocity the drag force is equal to the excess gravitational force, the settling velocity 

of an 18nm radii NP in DI water is 3.4*10-3 nm/s. This implies that during a 120 second long 

deposition the sedimentation would not affect the depositions [45]. 

Equation 1. Stokes Law Force Balance at settling velocity 

F" = F$ 
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Equation 2. Settling Velocity 

V& =
2

9

ρ* − ρ,

µ
gR0 

Vs = Settling Velocity 
ρp = Density of Particle (5816 kg/m3) 
ρf = Density of Fluid (1000 kg/m3) 
µ= Dynamic Viscosity of Fluid (0.001 kg/m*s) 
g = Gravitational acceleration (9.81 m/s2) 
R = Particle Radius (1.8 x 10-8 m) 

 

 
 
Figure 4-8. ZrO2 NP depositions on the flat surface a positive electrode Mo foil. NP dispersion: 
12.75 wt.% ZrO2 and no dispersant, 3 repetition of Ultrasound Program 03, Deposition settings: 
5 minutes @ 10V 
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Figure 4-9. ZrO2 NP depositions on the flat surface of a Mo foil positive electrode. The 
dispersion fill level is indicated here with a black arrow. NP dispersion: 0.12 wt.% ZrO2 and 
0.104 Sodium Hexametaphosphate  dispersant ratio, 1 repetition of Ultrasound Program 05, 
Deposition settings: 2 minutes @ 10V 
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NP agglomeration will lead to a quadratic increase in terminal velocity of the NP 

sedimentation, with respect to the increase in agglomerate radius. As indicated in both Figure 4-8 

and Figure 4-9, the agglomeration effect has begun within the two and five minute depositions 

and has therefore also increased the sedimentation terminal velocity of the agglomerates.       

 
 
Figure 4-10. ZrO2 NP depositions on the laser ablation cut of a positive electrode Mo foil. NP 
dispersion: 0.12 wt.% ZrO2 and a 0.46 Triton X-100 dispersant ratio, 3 repetitions of Ultrasound 
Program 06, Deposition settings: 5 minutes @ 5V 

 



41 
 

 
 
Figure 4-11. ZrO2 NP depositions on the flat surface a positive electrode Mo foil. NP dispersion: 
0.12 wt.% ZrO2 and a 0.46 Triton X-100 dispersant ratio, 3 repetitions of Ultrasound Program 
06, Deposition settings: 5 minutes @ 5V 
 

Figure 4-10 and Figure 4-11 show the preferential deposition onto the laser ablation cut 

edges of the metallic electrode foils. There are significantly more NPs deposited in the region 

directly surrounding the laser cuts when compared to a flat section on the same positive electrode 

Mo foil. Figure 4-10 and Figure 4-11illustrate that with the inclusion of dispersants the same 

enhanced deposition effect is also active as previously displayed without dispersants in Figure 

4-7 and Figure 4-8.   
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Figure 4-12.  ZrO2 NP depositions on the laser ablation cut of a positive electrode Mo foil. NP 
dispersion: 6.15 wt.% ZrO2 and a 4.0*10-3 Triton X-100 dispersant ratio, 3 repetitions of 
Ultrasound Program 06, Deposition settings: 5 minutes @ 5V 
 

Figure 4-12 also exhibits the preferential deposition of NPs to the laser ablation cut. In 

addition, Figure 4-12 indicates that with a 6.15wt% ZrO2 and 4.0*10-3 Triton X-100 dispersant 

ratio there were no large agglomerations that formed or were deposited during the 5 minutes of 

deposition time.  
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Figure 4-13. Particle size analysis agglomeration progression for a dispersion with 0.12 wt.% 
ZrO2 and a 0.10 Sodium Hexametaphosphate  dispersant ratio after 0, 6 and 22 minutes of 
settling times, following 1 repetition of Ultrasound Program 05. 
 

The agglomeration progression for the 0.12 wt.% ZrO2 and a 0.10 Sodium 

Hexametaphosphate  dispersant ratio dispersion in Figure 4-13 indicate that this dispersion 

begins to agglomerate between 6 and 22 minutes. The deposition shown in Figure 4-9, with a 

deposition time of 2 minutes, complements this finding because the 1.7 µm agglomerate peak 

that immerges after 22 minutes of settling time was not present in a large amount in Figure 4-9’s 

deposition.   
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4.2.4 Foil Control Depositions 

 
 
Figure 4-14. Control no voltage deposition of ZrO2 NP deposited on the flat surface of a Mo foil. 
NP dispersion: 0.12 wt.% ZrO2, 2 repetitions of Ultrasound Program 03, Deposition settings: 10 
minutes @ 0V 
 

Figure 4-14 was also taken as a control image for later comparison. The deposition was 

conducted without voltage to determine how many NPs deposit onto the electrodes without the 

electric driving force to attract the NPs to the foil. The sites of deposition had large separation 

between them and were composed of only agglomerates of NPs, with no individual NPs found in 

between. The significant decrease in the amount of deposited NPs on the 0V foil strengthens the 
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argument that the electrical field created during the electrodeposition process increases the 

driving force for deposition well above the Brownian motion of NP motion in dispersion. As the 

electrical field increases, the success of NP deposition would also be expected to increase at 

locations of enhanced or strengthened electrical field such as around the laser ablation cuts in the 

foils. 

4.2.5 Negative Electrode Foil Depositions 

 
 
Figure 4-15. ZrO2 NP depositions on the flat surface a negative Cu electrode Mo foil. NP 
dispersion: 0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersion ratio, 2 repetitions 
of Ultrasound Program 06, Deposition settings: 1 minute @ 3V 
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Figure 4-16. ZrO2 NP depositions on the flat surface a positive electrode Mo foil. NP dispersion: 
0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, 2 repetitions of 
Ultrasound Program 06, Deposition settings: 1 minute @ 3V 
 

Figure 4-15 and Figure 4-16 demonstrate the difference in agglomerate deposition densities 

and agglomerate sizes onto the positive and negative electrodes during the electrophoretic 

depositions. When compared to Figure 4-14, a deposition with no electric field present, the 

amount of NPs detected on the negative electrode foil, in Figure 4-15, during an electrophoresis 

deposition was noticeably larger. The deposition shown in Figure 4-15 was also for a shorter 

deposition time than the 0V deposition control foil, 1 minute and 10 minutes respectively. Since 
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more NPs deposited in a shorter time onto the negative electrode than compared to the 0V 

sample is an unexpected result and leads to the conclusion that there is an additional factor other 

than Brownian motion that led to the deposition on to the negative electrode.  Furthermore it was 

surprising to discover NP actively depositing onto the negative electrodes because the accepted 

published surface charge on ZrO2 NPs is negative at neutral pH, and it was anticipated that the 

NPs would repel from the negatively charged electrode due to their like charge and instead 

would be attracted to the positive electrode. When analyzing Figure 4-15, the deposition density 

of agglomerates is higher than that on the positive electrode in Figure 4-16. A plausible 

explanation for the deposition onto a negative electrode is that during agglomeration the surface 

charge of the agglomerates is altered from that of the single NPs and they would be therefore 

attracted under the electric field towards the negative electrode. As these are only possible 

explanations and would require further trialing to determine what the underlying factor of 

deposition is the exact reason for the negative electrode deposition is not fully understood.  

4.3 APT Tip Electrophoretic depositions 

To analyze the differences between electrophoretic depositions on flat foils versus sharpened 

and unsharpened TEM half grids additional deposition studies were conducted with a 0.25 wt.% 

ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio dispersion. The varying lengths of 

depositions onto sharpened and unsharpened tips produced a range of NP depositions that will be 

reviewed in this section. 
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Figure 4-17. ZrO2 NP depositions on the FIB sharped Cu TEM half grid positive electrode. NP 
dispersion: 0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial 
pre-sonication dispersion mixing method and particle size analysis ½ repetition of Ultrasound 
Program 07, Deposition settings: 5 seconds @ 3V 
 
 

 
 
Figure 4-18. ZrO2 NP depositions on the unsharpened Cu TEM half grid positive electrode. NP 
dispersion: 0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial 
pre-sonication dispersion mixing method and particle size analysis ½ repetition of Ultrasound 
Program 07, Deposition settings: 5 seconds @ 3V 
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Figure 4-19. ZrO2 NP depositions on the FIB sharpened Cu TEM half grid positive electrode. NP 
dispersion: 0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial 
pre-sonication dispersion mixing method and particle size analysis ½ repetition of Ultrasound 
Program 07, Deposition settings: 15 seconds @ 3V 
 

Figure 4-17 through Figure 4-21 demonstrate the differences in deposition density and 

coverage onto Cu TEM half grids with 3V deposition voltage and increasing deposition times of 

5, 15 and, 30 seconds, respectively. As the length of the deposition time increased, the density of 

NPs deposited onto the tips of the Cu TEM half grids also increased. Samples in Figure 4-17 and 

Figure 4-18 were prepared with 5 seconds deposition and 3V; there were still points on the shaft 

of the sharpened tip that had no NPs deposited and several agglomerates were also detected. 
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TEM grid tip in Figure 4-18 is an unsharpened TEM ½ grid sample and it also exhibits NP 

deposition.  Samples with voids, cracks or open space were not properly reconstructed due to the 

smooth hemispherical ion projection reconstruction method. The open space between NPs in 

agglomerates is unideal for APT specimen because during an APT analysis run, the detector 

cannot detect the open spaces between NPs. As open space has no atoms, the detector will not 

detect any data from this region and can directly continue detecting the ions from the next atomic 

surface following the open space. As this open space results in no detector events during 

reconstruction, the sample is constructed as a dense sample, eliminating the open space between 

NPs in the agglomerates and connecting all NPs as one entity. Elimination of open space caused 

distortion of the NP surfaces in the reconstructions.  

In addition to the void spaces, the local curvatures on NP agglomerates deviate from the 

assumed hemispherical ion trajectories. The ion trajectories assume a hemispherical shape with a 

single radius but a NP agglomerate has local curvatures that largely deviate from the assumed 

hemispherical analysis curvature. Agglomerates have multiple local curvature changes, 

especially where NPs touch leading to several different NP radii for evaporation at specific z-

axis analysis depths.  

As explained in the study conducted by Felfer et al., the ideal APT probe will have one or 

more NPs deposited on the apex of a sharpened needle probe without the use of additional 

adhesion material [6]. Further characteristics of an ideal deposition of NPs onto pre-sharpened 

tips include the single layer deposition of NPs at the tip apex. For the case of more than one NPs 

depositing onto a tip they should not touch or stack in multiple layer depositions. During this 

study the ideal APT analysis probe was not achieved because the depositions always included the 

deposition of agglomerates and in many depositions there were also multi-layer NP depositions. 
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There were successful demonstrations of different aspects of NP electrophoretic deposition, onto 

both flat metallic foils and sharpened and unsharpened TEM half grids. In Figure 4-17 single NP 

layer depositions were the predominate form of single NP deposition and there were also NPs 

deposited directly on the apex of the tip. While this deposition signified several successful 

characteristics it was not ideal because there was more than one NP deposited onto the apex and 

further down the shank several agglomerates deposited. 

 
 
Figure 4-20. ZrO2 NP depositions on the unsharpened Cu TEM half grid positive electrode. NP 
dispersion: 0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial 
pre-sonication dispersion mixing method and particle size analysis ½ repetition of Ultrasound 
Program 07, Deposition settings: 15 seconds @ 3V 
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Figure 4-21. ZrO2 NP depositions on the FIB sharped Cu TEM half grid positive electrode. NP 
dispersion: 0.25  wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial 
pre-sonication dispersion mixing method and particle size analysis 2 repetitions of Ultrasound 
Program 07, Deposition settings: 30 seconds @ 3V 
 

Figure 4-22 shows the contrast of enhanced electrical fields present in the APT tip deposition 

in Figure 4-21 and the electrical fields present in a flat foil deposition. Both Figure 4-21 and 

Figure 4-22 have the same deposition time and same NP dispersion. When compared, the NP 

deposition density found in Figure 4-21 is noticeably higher than the deposition density onto its 

flat foil counterpart shown in Figure 4-22. The application of the enhanced electrical field can be 

used to preferentially deposit NPs onto sharped APT tips with shorter deposition times. The 

increase in time from ultrasonic mixing and the decrease of electrophoretic NP deposition time 

increases the probability of the NPs depositing onto the tips without agglomerating or beginning 

to sediment in the dispersion.  
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Figure 4-22. ZrO2 NP depositions on the flat surface a positive electrode Mo foil. NP dispersion: 
0.25 wt.% ZrO2 and a 1.0 Sodium Hexametaphosphate  dispersant ratio, after initial pre-
sonication dispersion mixing method and particle size analysis 1 repetition of Ultrasound 
Program 07, Deposition settings: 30 seconds @ 3V 
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5 CHAPTER 5: SUGGESTIONS FOR FURTHER STUDIES 

Even through there are preparation methods designed for NP materials, there are still 

improvements that need to be made on these techniques to increase the reliability of the 

reconstructions and decrease failure rates of the specimens during APT analysis. To continue the 

optimization of the electrophoretic deposition of the zirconia NPs an additional decrease in NP 

concentration in the dispersion and a finer controlled decreased voltage of deposition is 

recommended. For NP dispersions where analysis of NPs with a representative size distribution 

is not required, a controlled settling time can be incorporated before the deposition process 

allowing large agglomerates to sediment eliminating them from the group of NPs with the 

possibility of being deposited.  

Several recommendations for further exploration that were not involved in this study include 

altering the shape and size of pre-sharpened tips. These alterations would predominately affect 

the electric field line density at the pre-sharpened tips apex lending to different NP deposition 

characteristics. In addition to altering the deposition parameters different dopant contents in 

zirconia could also be considered when creating stabilized dispersions. 

All techniques for APT sample preparation can be fine-tuned by selecting the materials for 

the pre-sharpened tip substrate, matrix and protective layer coating to have similar field 

evaporations as the NP material. These modifications can lead to more consistent voltage and 

laser pulse energies required for field evaporation during the analysis at a constant experimental 

electric field. Consistent laser energies will maintain the strains on the specimen and reduce the 

propensity of the sample fracturing while under analysis.    
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6 CHAPTER 6: CONCLUSION 

As noted, there have been many improvements in sample preparation techniques for the 

analysis of nanomaterials. The different forms of nanomaterials, in particular NPs, require a 

variety of sample preparation techniques for atom probe tomography analysis. In this study, 

innovative technique development included the use of dispersion optimization and 

electrophoresis depositions.  

Beginning with the Zirconia electrophoretic deposition technique, it was concluded that a use 

of pre-sonication dispersion mixing method is preferred over the direct dispersion mixing 

method for creation of the zirconia NP dispersions. The inclusion of a steric stabilizer to the 

zirconia dispersions decreased the mode particle size directly after ultrasonication and increased 

the length of stability exhibited by the dispersion. Several characteristics such as NP and 

dispersant concentrations were adjusted to achieve a zirconia NP dispersion that exhibited longer 

term stability. The decrease in time between ultrasonic mixing and the electrophoretic NP 

deposition increases the probability of single NPs depositing onto pre-sharpened TEM grid tips 

without first agglomerating or beginning to sediment in the dispersion. 

When considering the deposition of the NPs onto flat foils and pre-sharpened tips further it 

was concluded that increased voltage and longer depositions resulted in higher NP deposition 

densities. Preferential deposition at locations with higher electric field line density was also 

demonstrated with laser ablation slits in the flat foils and comparative depositions on flat foils 

and pre-sharpened tips. At locations with enhanced electric field the NP deposition density 

increased. 
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A. APPENDIX 

A.1 TOSOH Corporation Zirconia Nanoparticles 

Zirconia Data from TOSOH Corporation: 

The TOSOH commodity Zirconia Powder TZ-3YS, lot number S300865P, was used for the 

electrophoretic deposition investigations. TOSOH publishes the following zirconia powder 

composition profile: 5.21% Y3O2, 0.007% Na2O, and a maximum of 0.005% Al2O3, 0.002% 

SiO2 and 0.002% Fe2O3. The ignition loss for the powder is 0.47%, and the specific surface area 

of the 360Å crystallite size powder is 6.6m2/g.  

 

A.2 Microtrac S3500 Laser diffraction particle size analyzer settings 

The settings used during this study for LPSD:  

Set Zero Time 30 seconds 

Run Time 30 seconds 

Number of runs per 

analysis  

3 

Multi Run delay time 0 seconds 

Flow 75% 
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A.3  Particle Separation in NP Dispersion Example Calculations 

For 1.0µm separation between particles at the given particle compositions and density a 

particle loading of 2.92x10-3 g/20ml H2O are needed.  

For 0.5µm separation between particles the dispersion needs a particle loading of 

 2.34x10-2 g/20mL H2O. 
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A.4 Triton X-100 Dispersant Thickness 

For a 1.0 ratio of wt% of dispersant to wt% of NP using Triton X-100 dispersant, with a 

dispersant density of 1.07g/cm3 and ZrO2 with surface area of 6.6m2/g the average dispersant 

coverage produced is 141nm thick.  

• 1	����	������	� − 100 ÷ 1.07
R\YT

STU
= 0.935��K	������	� − 100         

•     1	gram	Zr�0 	 ∗ 	6.6
T�

R
= 6.6	�0 ZrO2 Surface  Area 

6.6	�0 = 6.6�V���0        0.935	��K = 0.935	�0V��K  

0.935	�0V	��K ÷ 6.6	�V� = 141�� 
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LIST OF ABBREVIATIONS 

APT – Atom Probe Tomography 

Cu – Copper 

DI – deionized 

EBID- Electron Beam Induced Deposition 

FIB – Focused Ion Beam 

IEP – Isoelectric Point 

IBID- Ion Beam Induced Deposition 

LPSD – Laser Particle Size Distribution  

Mo – Molybdenum 

NP(s) – Nanoparticle(s) 

Pt – Platinum 

SEM – Scanning Electron Microscope 

TEM – Transmission Electron Microscope 

UHV – Ultra-high Vacuum 

ZrO2 – Zirconia 

 


