
ABSTRACT 

CRUZ, ALEXANDRIA. Investigating the Interface of Cobalt Ferrite and Hafnia. (Under the 
direction of Dr. Jones). 

          Magnetoelectric composites have potential to be electric current sensors, attenuators, 

circulators and signal filters in wireless technology. Magnetoelectric composites are made of two 

parts: a magnetostrictive component and a piezoelectric component. Magnetostrictive materials 

generate a magnetic field when they are stretched or compressed. Piezoelectric materials polarize 

upon application of a force and deform when in an electric field. Magnetoelectric composites 

depend heavily on the interface between the piezoelectric and magnetostrictive layers. If strain 

cannot transfer between the piezoelectric and magnetostrictive layers, then the magnetoelectric 

composite will not work. Cobalt ferrite (CoFe2O4) is the magnetostrictive material in our 

magnetoelectric composite because it is magnetostrictive without any expensive rare-earth metals. 

Hafnia (HfO2) is the piezoelectric material because it can be ferroelectric at less than 10nm while 

other ferroelectric materials lose their ferroelectric properties around 100nm. Hafnia is also lead-

free, unlike PZT, which would allow it to be in products in the European Union. The combination 

of CoFe2O4 and HfO2 is a novel composite that can make smaller magnetoelectric devices. A 

deeper understanding of the CoFe2O4/HfO2 interface is required for future magnetoelectric devices 

that are smaller, lead-free, and commercially viable. In order to test our hypothesis that the 

CoFe2O4/HfO2 interface is stable, we needed to characterize the evolution of crystallographic 

phases, the roughness of the interface, and the diffusion of chemical elements across the interface.  

          Samples of CoFe2O4/HfO2 were made on silicon (Si) wafers and annealed at different 

temperatures to examine how the interfaces changed with temperature. Diffusion, formation of 

secondary phases, and the connectivity of CoFe2O4 and HfO2 phases were studied. The 4 types of 

samples studied were: 1) unannealed [referred to as Unannealed], 2) annealed at 500oC for 60 



seconds [referred to as 500oC], 3) annealed at 800oC for 60 seconds [referred to as 800oC], and 4) 

annealed at 800oC for 1 hr [referred to as Extreme Conditions].  

          We deployed a variety of relevant characterization tools including x-ray diffraction, 

transmission electron microscopy, energy dispersive spectroscopy and time of flight secondary ion 

mass spectrometry. These tools provided useful information about the stability of the interface, 

increasing our fundamental knowledge of the CoFe2O4/HfO2 interfacial science. X-ray diffraction 

confirmed the crystalline CoFe2O4 and HfO2 phases for 500oC, 800oC, and Extreme Conditions.  

Transmission electron microscopy revealed that voids/partial voids formed at the CoFe2O4/HfO2 

interface when the sample was annealed at 500oC.                                

Unannealed has no voids and 500oC showed little to no voids. 800oC showed numerous 

partial voids and Extreme Conditions had larger partial voids than 800oC. Energy dispersive 

spectroscopy showed that there was strong Co diffusion at the CoFe2O4/SiO2 interface while 

Unannealed and 500oC showed less Co diffusion. Surprisingly, Extreme Conditions showed no Co 

diffusion. TOF-SIMS showed that Unannealed and 500oC have nearly identical elemental profiles. 

TOF-SIMS’s sensitivity also showed that Fe and Si start to diffuse into other layers at 800oC. In 

contrast, this diffusion was not detectable by energy dispersive spectroscopy.  

          With this data, CoFe2O4 and HfO2 de-adhere from each other, because the CoFe2O4/HfO2 

interfacial energy is greater than the surface energy of both CoFe2O4 and HfO2 combined. Thus 

CoFe2O4 and HfO2 would rather be separate materials as opposed to forming an interface. The 

higher temperatures and longer annealing times allowed diffusion to occur and allowed 

CoFe2O4/HfO2 to separate from each other. Currently, annealing at 500oC is the best temperature 



for processing CoFe2O4/HfO2 to avoid diffusion, have a well-defined interface, and form 

crystalline HfO2 and CoFe2O4.  
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CHAPTER 1: INTRODUCTION AND OVERVIEW 

1.1 Research motivation 

Magnetoelectric (ME) composites have the potential to be used in everyday technology. 

For example, in cell phones they can act as electric current sensors, attenuators, circulators and 

signal filters. [1]–[4] ME composites are made of two parts: a magnetostrictive (MS) component 

and a piezoelectric component (PE).  MS materials are of particular interest because of their 

ability to generate a magnetic field when they are stretched or compressed. PE materials polarize 

upon application of a force and deform when in an electric field. The performance of ME 

composites depends heavily on the interface between the PE and MS layers. If strain cannot 

transfer from the PE layer to the MS layer and vice versa, then the ME composite will not 

behave as expected.       

Cobalt ferrite (CFO) is selected as the MS material of interest in the ME composite 

because of its excellent magnetostrictive properties without the use of expensive rare-earth 

metals. CFO is a promising material because of its moderate magnetostriction. Figure 1-1 shows 

a chart comparing CFO’s magnetostriction among common magnetostrictive materials. Figure 1-

1 shows that Terfenol-D has a higher magnetostriction than CFO. Terfenol-D contains rare earth 

materials like Tb and Dy which make Terfenol-D more expensive than CFO. For example, 5g of 

Terfenol-D powder (0-30µm) is $114.40 while 5g of CFO powder (30nm) is $78.00.[5], [6] .  
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Figure 1-1: Comparison of magnetostrictive materials. Adapted from [7] and additional 

information from [8], [9]. 

Hafnia is a ferroelectric material that has no lead, unlike Pb[ZrₓTi1-x]O₃ (PZT). Lead is 

currently banned in most electronics in the European Union and devices requiring ferroelectric 

materials are expected to eventually need to be lead free. [10] Like hafnia, BaTiO3 is also a lead 

free ferroelectric; however, BaTiO3 and PZT lose their ferroelectric properties at 130nm while 

hafnia maintains its ferroelectric properties at less than 10nm. [11] Hafnia is fairly new material 

and has potential to create many new magnetoelectric composites. 

Novel combinations of existing MS and PE materials are needed to make new 

magnetoelectric composites. CFO and hafnia are a combination that has never been done before. 

CFO and hafnia are promising MS and PE materials respectively and have potential to make a 

ME composite that is thinner, lead-free and has no rare-earth elements.  There are many things 

that need to be understood before making a composite, since the combination of CFO and hafnia 

has never been done before. In fact, there are no existing phase diagrams that contain both CFO 

and hafnia. As a part of this project we must investigate any secondary phases formed by CFO 
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and hafnia, analyze the morphology of the interface, and optimize the temperatures of 

CFO/hafnia processing. We hypothesize that we can integrate a stable CFO/hafnia interface that 

is resistant to interdiffusion, reactivity, and roughening at typical microelectronic processing 

temperatures.  
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1.2 Dissertation structure 

Chapter 1 is a brief introduction to the research project. Chapter 2 goes into more depth 

of magnetism, including types of magnetism, magnetostriction, and anisotropy. Chapter 2 also 

delves into piezoelectric and ferroelectric materials. Chapter 3 describes material 

characterization methods and some of the nuances about characterizing HfO2 and CFO. Chapter 

4 is about the methods used to fabricate the HfO2/CFO/SiO2/Si heterostructures. Chapter 5 

analyzes the cross-sections of the HfO2/CFO/SiO2/Si heterostructures annealed at different 

temperatures and the conclusions. 
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CHAPTER 2: BACKGROUND 

2.1 Magnetism and magnetic materials 

 

Figure 2-1: The magnetostrictive material highlighted within a magnetoelectric composite. 

CFO was selected as an MS (Figure 2-1) material for its magnetostrictive properties; 

therefore, it is important to know some of the basics of magnetism such as the origins of 

magnetism, types of magnetism and domain formation. Knowing the types of magnetism is 

important because substrates like Si and other films like hafnia will exhibit different types of 

magnetism from CFO. Anisotropy is integral in explaining how CFO will have different 

magnetic properties depending on the direction of the measurements. Finally there is a brief 

explanation of magnetostriction. 

2.1.1 Magnetic basics 

Magnetic properties come from electron motion. The two types of electron motion are 

orbital motion and spin motion as we see in Figure 2-2 which both create orbital magnetic 

moment and spin magnetic moment respectively.  Orbital magnetic moment arises from the 

electron circling the nucleus of an atom. Spin magnetic moment comes from the rotation of the 
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electron itself. Orbital and spin magnetic moment combined is the atomic moment. Since all 

materials have electrons, all materials respond to a magnetic field in some way.  Different 

magnetic responses such as paramagnetic, diamagnetic, ferromagnetic, ferrimagnetic, and 

antiferromagnetic will be explained.  

 

Figure 2-2: Diagrams of orbital (left) and spin magnetic moment (right). Adapted from [1]. 

 

2.1.2 Paramagnetic and diamagnetic 

Paramagnetic and diamagnetic materials are similar; therefore, they can be explained in 

the same section. In the absence of a magnetic field, there is no magnetization in either of the 

materials. In diamagnetic materials, this happens because the spin moment and orbital moment 

cancel each other out. Thus the atomic moment in diamagnetic materials is zero. In paramagnetic 

materials, there is an atomic moment in each of the atoms, but the atomic moments are randomly 

oriented and cancel each other out.  When a magnetic field is applied to a paramagnetic material, 

the atomic moments will align with the magnetic field. The magnetic moment will increase 

linearly with the magnetic field. In contrast, when a magnetic field is applied to a diamagnetic 

material, the magnetic moments will align opposite of the magnetic field. Figure 2-3 visually 

shows the differences between paramagnetic and diamagnetic materials with and without a 
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magnetic field. The magnetization vs. magnetic field graphs of diamagnetic and paramagnetic 

materials are shown in Figure 2-4. Both graphs are linear and have a small slope. The slope of 

the lines for paramagnetic and diamagnetic materials is susceptibility, X, where paramagnetic 

and diamagnetic materials have a positive and negative susceptibility respectively.  

 

Figure 2-3: Diamagnetic and paramagnetic materials with no magnetic field (left) and magnetic 

field (right).Adapted from [1]. 
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Figure 2-4: Example graphs for magnetization vs. magnetic field for diamagnetic (left) and 

paramagnetic (right) materials. Adapted from [1]. 

2.1.3 Ferromagnetic 

In ferromagnetic materials, exchange forces cause electrons to spin parallel to each other. 

Each section of aligned electrons is called a domain. Domains form spontaneously in 

ferromagnetic materials without a magnetic field; however, ferromagnetic materials in nature are 

not magnetic. This happens because the domains are randomly oriented, so even though there is 

magnetic alignment within each of the domains, there is no alignment of the domains and thus no 

net magnetic moment in Figure 2-5a. When a ferromagnetic sample is placed in a magnetic field 

H, the moments in the domains align with the magnetic field through either domain wall motion 

or domain wall rotation. Figure 2-5b shows that the largest domain is aligned with the magnetic 

field. Figure 2-5c shows all of the domains aligned with the magnetic field and this state is 

known as magnetic saturation. When the magnetic field is removed, the ferromagnetic sample 

will retain magnetization. The magnetization of the sample can return to zero if a magnetic field 

is applied in the opposite direction (left). The amount of field needed to return the magnetization 
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back to zero is known as the coercive field (Hc).  Eventually, the domains will become saturated 

in the opposite direction of Figure 2-5c. Once a field is applied in the original direction (right), 

then the magnetic hysteresis loop will be completed.   

Above the Curie temperature (Tc), ferromagnetic materials become paramagnetic, 

because the thermal energy causes the magnetic moments to become randomly oriented.  

 

Figure 2-5: Magnetic hysteresis loop showing domains adapted from [1]. A) shows the magnetic 

domains in the absence of a magnetic field. B) Show a domain growing with the direction of the 

magnetic field. C) Shows magnetic saturation where one there is one magnetic domain aligned 

with the magnetic field. 

 

2.1.4 Antiferromagnetic and ferrimagnetic 

In antiferromagnetic materials, moments are aligned antiparallel to each other. In other 

words, the moments are parallel to each other, but are pointing in opposite directions. The 

magnitude of the moments are equal and cancel each other out. Ferrimagnetic materials are 
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similar to antiferromagnetic materials where moments are antiparallel to each other; however, 

the moments in a ferrimagnetic material do not cancel each other out and the material has a net 

magnetic moment. Figure 2-6 shows a brief summary of each type of magnetism.  

 

Figure 2-6: Summary of magnetics. Adapted from [1]. 

2.1.5 Domain formation 

Thinking back to ferromagnetic and ferrimagnetic materials, what determines how many 

domains a material has? If a crystal had only one domain, then it would have a large 

magnetostatic energy as in Figure 2-7. A magnetic material would want to minimize its 

magnetostatic energy. If that same material had two domains, then the magnetostatic energy 

would be cut in half. If the crystal had 4 domains, then the original magnetostatic energy would 

be divided by 4; however, a material cannot have infinite domains because creating domain walls 
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also requires energy. Domain formation is a balance between magnetostatic energy and domain 

wall energy. 

 

Figure 2-7: Diagrams for magnetostatic energy and number of domains. Adapted from [2]. 

 

2.1.6 Spin-orbit coupling 

Spin-orbit coupling plays a role in properties like magnetic anisotropy and 

magnetostriction. Thus, it would be good to explain spin-orbit coupling first.  As we recall, the 

magnetic moment of an atom comes from the spin of an electron and the orbit of an electron. 

Spin-orbit coupling describes how well the spin moments rotate along with orbital moments. 

When spin-orbit coupling is strong, if the spin moment rotates to another direction, then the 

orbital moment rotates along with it. In reality, spin-orbit coupling is typically very weak, 

because the spin moments can reorient themselves in a low magnetic field. In contrast, orbital 

moments are strongly fixed to the lattice and cannot be changed even with large magnetic fields. 

Figure 2-8 shows a diagram of spin, orbit, and lattice interactions. 
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Figure 2-8: Spin-Orbit-Lattice interactions. Adapted from [1]. 

2.1.7 Magnetic anisotropy 

Anisotropic materials show different material properties depending on the direction. 

Magnetic materials have direction where magnetization is preferred and is known as the easy 

axis. Likewise, materials have a direction where magnetization is hard which is known as the 

hard axis. The direction of the easy and hard axes are determined by Equation 1-1. E is the 

crystal anisotropy energy which describes the energy needed for a moment to move away from 

the easy direction.  E can be described with the angles a, b, c, formed by saturation 

magnetization (Ms) relative to the crystal axes x, y, z. In Equation 1-1, α1, α2, and α3 are the 

cosines of angles a, b, and c.  K1 and K2 are materials’ anisotropy constants. Depending on the 

direction and constants, the easy axis direction is where E is minimized. Likewise, the hard axis 

is where E is maximized.  

 

 E = Ko + K1 (α12α22 + α22α32 + α32α12) + K2(α12α22α32) (1-1) 

 

Magnetic anisotropy depends heavily on spin orbit coupling; however, the exact way spin 

orbit coupling contributes to magnetic anisotropy is unclear.  Magnetic anisotropy determines 

whether a magnetic material is soft or hard. A soft magnet is a magnet that reaches saturation in 
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a low field. Soft magnetic materials have low magnetic anisotropy and this allows domains to 

align themselves to a magnetic field much easier. Conversely, a hard magnet needs a much 

higher field than a soft magnet to reach saturation. Hard magnetic materials have a high magnetic 

anisotropy which requires a stronger field to allow domains to align with a magnetic field. 

2.1.8 Magnetostriction 

Magnetostriction describes when a material deforms in a magnetic field. Figure 2-9 

shows an exaggerated diagram for magnetostriction to facilitate explanation of spin orbit 

coupling and magnetostriction. In Figure 2-9 each oval is an electron cloud of an atom and 

arrows represent the atomic moments in each atom.  (Remember: atomic moment= spin 

moment+ orbital moment)  Above the Curie temperature moments are randomly oriented and the 

material is paramagnetic.  Below Tc, with no magnetic field, moments become aligned and the 

domains form from spontaneous magnetization.  Even though Figure 2-9 shows the moments 

align and increase the length of the chain of atoms, this is a localized effect within the domains.  

As we recall, domains within a ferrimagnetic material at H=O are randomly oriented; therefore, 

there is no net magnetic moment and there is no dominant magnetostriction direction.  In a 

magnetic field, the moments align with the field and the length can change depending on the 

direction of the field. 

Again Figure 2-9 is an exaggerated diagram. Figure 2-9 assumes that the spin orbit 

coupling is strong, but this only applies to rare earth magnetostrictive materials. In reality, many 

magnetic materials have weak spin orbit coupling and show magnetostriction in a wide range 

from 10-8 to 10-3.[3] Magnetostriction is also a second order effect, meaning the sign of λ will not 

change whether the magnetic field is up/down or left/right.[4] 
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Figure 2-9: Exaggerated diagram of magnetostriction. Adapted from [1]. 

 

Magnetiostriction can be measured directly with strain gauge measurements and 

dilatometry. [4] Magnetostriction can also be measured indirectly with ferromagnetic resonance, 

small angle-magnetization rotation and laser doppler vibrometry. [4], [5] 
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2.2 Piezoelectric materials 

 

 

Figure 2-10: Piezoelectric material highlighted within a magnetoelectric composite. 

This section starts with capacitors and dielectric materials to help explain the concepts of 

capacitance and polarization, because these concepts are important for piezoelectric and 

ferroelectrics. The section then introduces piezoelectric materials (Figure 2-10).   

2.2.1 Capacitors and dielectric materials 

Capacitors are commonly used in circuits and are comparable to batteries. A battery 

slowly releases its energy over time while a capacitor releases its energy all at once.  A simple 

example of capacitor in everyday applications is a camera flash where all of the stored energy is 

released in one burst of light.  
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Figure 2-11: Diagram of a capacitor in a circuit with a battery. Adapted from [6]. 

Figure 2-11 shows a capacitor that has two metal plates each with an area of A that were 

separated a distance of d. In between the two plates is a vacuum.  In capacitors, the electric 

charge Q is stored in a capacitor with a capacitance C using a voltage V as seen in Equation 2-2.  

 

 Q = CV  (2-2) 

 

Electric charges can be negatively-charged electrons or positively-charged holes (an atom 

that is missing an electron). Charges collect on the plates. Voltage is from the power source such 

as a battery. Capacitance depends on the material’s area, distance d, and electrical permittivity 

(ε) of the material between the 2 plates. ε is inherent to the material.  Since there is a vacuum in 

between the 2 plates, ε is the permittivity of a vacuum and is specifically known as εo as seen in 

Equation 2-3. εo is equal to 8.85 x 10-12 F/m.  
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 Cvacuum = εoA
d

  (2-3) 

 

Now, if the vacuum in between the 2 plates was replaced with a dielectric material, the formula 

would slightly change to Equation 2-4.  

 Cdielectric = εA
d

 (2-4) 

 

A dielectric material is an electrically insulating material that can hold a large amount of 

charge through creating an electric dipole.  A dielectric material can dramatically increase the 

capacitance, C, which in turn increases the amount of charge a capacitor can store. In Figure 2-

12, as permeability ε increases, Q, the amount of charge, increases, and C (slope of the line), the 

capacitance, increases.  

 

Figure 2-12: Q-V graph with increasing permittivity. Adapted from [7]. 
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How do dielectric materials help capacitors “store” energy? Unlike the vacuum, the 

dielectric material has dipoles, a positive and negative charge separated by a small distance. 

When a dielectric material becomes polarized, the dipoles align and that is how a capacitor 

“stores” its energy. 

 

Figure 2-13: Capacitor without dielectric (left) and capacitor with dielectric (right). Adapted 

from [7]. 

Figure 2-13 compares charges and polarization between a capacitor in vacuum and a 

capacitor with a dielectric material. Notice how there is greater charge accumulation on both 

plates for the capacitor with a dielectric material. Also, notice that some of the dipoles in the 

dielectric material cancel out some of the charges on the plates. This is because in a simple 

circuit, like a battery and capacitor, the voltage of the capacitor must equal the voltage of the 

battery.  Since some of the bound charges are electrically neutralized by the polarization of the 

dielectric, more charge accumulates on the plates to compensate for the electrically-neutralized 

charges.  This essentially allows more charge on the plates while the capacitor has the same 

voltage as the battery.   
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As previously stated, polarization in dielectric materials come from the dipoles aligning. 

There are different types of polarization; electronic, ionic and orientation polarization are 

summarized in Figure 2-14. 

  

Figure 2-14: Summary of electronic, ionic, and orientation polarization. Adapted from [6]. 

 

Electronic polarization happens when an electric field displaces the negative electron 

cloud around the positive nucleus. Electronic polarization occurs in all materials because all 

materials have atoms.  Ionic polarization happens in ionically bonded materials when an electric 

field displaces ions in a lattice. Most ceramics have ionic bonds. Orientation polarization only 

happens in materials with a natural dipole, such as ferroelectrics. In orientation polarization, the 
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dipoles align with the electric field. When there is no electric field, the dipoles are randomly 

scattered due to thermal energy. 

 

 PTotal = PElectronic + PIonic + POrientation  (2-5) 

 

Total polarization (PTotal) is the sum of electronic (PElectronic), ionic (PIonic) and orientation 

(POrientation) polarizations as seen in Equation 2-5. In many applications, a dielectric material 

would be subjected to an AC current where the direction of the current changes. Thus, the 

direction of polarization changes. Electronic, ionic, and orientation polarization each require a 

certain amount of time to become reoriented, so if the frequency of the AC current is too high, 

then some types of polarization cannot occur. Figure 2-15 shows how the dielectric constant 

generally decreases with an increase in frequency. 
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Figure 2-15: The relation between Dielectric constant and frequency. [6] 

 

2.2.2 Piezoelectric material 

Piezoelectric materials become polarized and create an electric potential when a 

mechanical force is applied to them.  This is known as the direct piezoelectric effect, as 

illustrated in Figure 2-16. 
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Figure 2-16: Direct piezoelectric effect. 

 

 

Figure 2-17: Converse piezoelectric effect. 

 

 Conversely, when an electric field is applied to a piezoelectric material, a strain is generated; 

this is the converse piezoelectric effect, shown in Figure 2-17. The direct and converse 

piezoelectric effects can occur only if the material is below the Curie temperature. Above the 

Curie temperature, piezoelectric materials do not exhibit piezoelectric behavior.  
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2.2.3 Ferroelectrics 

All ferroelectric materials are piezoelectric materials, but not all piezoelectric materials 

are ferroelectric. For a material to be piezoelectric, it needs to be non-centrosymmetric. In other 

words, it cannot have an inversion center. Out of 32 crystal classes, 21 are non-centrosymmetric. 

20 of those groups are piezoelectric. Within this group 10 out of 20 show pyroelectricity which 

mean they polarize with a change of temperature.  Of those 10, only a few exhibit 

ferroelectricity.[7] Figure 2-18 shows the relationship among piezoelectric, pyroelectric, and 

ferroelectric material categories.  

 

Figure 2-18: Categories of piezoelectric, pyroelectric, ferroelectric. [6] 

 

What makes ferroelectrics unique? For a non-ferroelectric piezoelectric material, the 

polarization becomes zero when there is no electric field; however, in a ferroelectric material, 

there will be a remnant polarization in the ferroelectric when the electric field is zero. 

Ferroelectric materials have a lot of similarities to ferromagnetic materials in terms of 

domains and hysteresis loops; therefore, the comparisons in Figure 2-19 are insightful.  
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Figure 2-19: Comparison of ferroelectric hysteresis loop (Left) and ferromagnetic hysteresis loop 

(Right). [1], [6]  

First, ferroelectric materials spontaneously form ferroelectric domains. These ferroelectric 

domains exist where polarization vectors are aligned, while ferromagnetic domains exist where 

magnetic moments are aligned. Second, ferroelectric materials exhibit hysteretic behavior of 

polarization versus applied electric field, while ferromagnetic materials form a hysteresis loop 

for magnetization versus magnetic field. Comparing ferroelectric and ferromagnetic materials 

only works at the basic level, because ferroelectric and ferromagnetic materials are 

fundamentally different.  
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2.3 Magnetoelectric composites 

 

 

Figure 2-20: Magnetoelectric composite with a piezoelectric material and a magnetostrictive 

material. 

The magnetoelectric effect was discovered in 1888 by Rontgen. [8] Single phase ME 

materials are materials that have spontaneous polarization and magnetization simultaneously. [9] 

Research then focused on finding other single phase ME materials. The first discovered ME 

material was Cr2O3 in 1960. [10] Examples of other ME materials were Cr2O3, Ti2O3, GaFeO3 

and BiFe2O4, LiCoPO4 (α=30 ps/m), yttrium iron garnet films (30ps/m) and TbPO4(36.7ps/m). 

Research then focused on combining  a piezoelectric layer and magnetostrictive layer in an 

Magnetoelectric (ME) composite (Figure 2-20). If a ME composite is placed in a magnetic field, 

the magnetostrictive material expands and transfers strain to the piezoelectric material. This is 

known as the direct magnetoelectric effect. Figure 2-21 shows how the MS and PE components 

add up to a ME composite. The converse magnetoelectric effect is when the ME composite is 

placed in an electric field the piezoelectric material transfers strain to the magnetostrictive 
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materials and creates a magnetic field. The diagram of direct and converse magnetoelectric effect 

is in Figure 2-22. 

The ME effect can also occur with spin exchange coupling, ionic coupling, and charge 

coupling, but this thesis will only focus on strain coupling for ME composites.  [11][12] 

 

Figure 2-21: Visual representation of magnetostrictive and piezoelectric forming a 

magnetoelectric. 
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Figure 2-22: The direct magnetoelectric effect (top) and the converse magnetoelectric effect 

(bottom). 

 

2.3.1 Coupling factor k 

Both direct and converse magnetoelectric effects have a figure of merit represented by α in 

Equation 2-6. In Equation 2-6, em is magnetostrictive coefficient and e is the piezoelectric 

coefficient. The coupling factor is represented by k.  

 

 dP
dH

= α = keme (2-6) 

 

Coupling factor describes how well the phases are connected and how strain transfers from one 

phase to another. Coupling factor k can range from 0 to 1 where 0 is no connectivity and 1 is 

complete connectivity as seen in Figure 2-23.  
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Figure 2-23: The range of coupling factor k where k=0 is the worst connectivity possible and 

k=1 is the best connectivity possible. 

 

The coupling factor k is the most important factor in determining the ME coefficient as seen in 

Equation 2-6. If the MS coefficient and the PE coefficient is high, but the coupling factor k is 0, 

then the ME coefficient is 0 and the composite will not work. 

 

Figure 2-24: How volume fraction and coupling factor affect the ME coefficient in CFO and 

PZT composites. Adapted from [13]. 
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Bichuren et al. did simulations of CFO and PZT composites. The composites had different 

volumes of CFO and PZT as seen in the lower half of Figure 2-24. Within Figure 2-24, there are 

curves for different values of k. As the k values increase, the ME curves increase. Values of 

k=0.2 is highlighted in red and k=1 is highlighted in green show about a 250 mV/cm.Oe 

difference in ME coefficient.   

The interfacial region of the MS and PE phases depends on processing conditions, 

thermal mismatch, defects in both phases, and diffusion. “Imperfect interfaces lead to 

discontinuities in local fields across the interface.”[14] 

2.3.2 Geometries of composites 

The most common geometries are 0-3, 1-3, and 2-2 as seen in Figure 2-25.  Geometries 

are described by Newnham notation where the first and second number are the dimensionality of 

the first and second phase respectively.  For example, 0-3 composite is particles in a matrix, 1-3 

composite is columns in a matrix, and 2-2 composite is a layered structure.  

 

Figure 2-25: Examples of 0-3, 1-3, and 2-2 magnetoelectric composite geometries. Adapted from 

[15]. 

0-3 are magnetostrictive particles in a piezoelectric matrix. Magnetostrictive particles 

have a high surface area and particles are relatively easy to make; however, the composite is 
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prone to current leakage problems. Another issue is that particles can agglomerate to form an 

inhomogeneous film.  

1-3 are magnetoelectric rods in a piezoelectric matrix. Rods can be perpendicular to the 

substrate and reduce the substrate clamping effect. Like 0-3 composites, 1-3 composites are 

prone to current leakage.  

2-2 are alternating sheets of magnetostrictive and piezoelectric materials. 2-2 composites 

don’t have current leakage problems because an electrically resistive material covers the material 

and prevents any current leakage.  

This project utilized the 2-2 composite. Figure 2-26 shows various combinations of MS 

and PE materials to give a brief idea of thin film and bulk ME fabricated previously from other 

researchers. Hafnia is not represented at al in Figure 2-26, showing that hafnia has a high 

potential to create new ME composites. 
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Figure 2-26: ME composites combinations and their ME coefficients for bulk composites (left). 

ME composites combinations and their ME coefficients for bulk composites (left). [15] 
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CHAPTER 3: INSTRUMENTATION 

3.1 Introduction 

The characterization techniques will be discussed here in the order of when they occur. X-

ray analysis techniques of x-ray diffraction (XRD), grazing incidence x-ray diffraction (GIXRD), 

and x-ray reflectivity (XRR) were performed first because they are relatively quick and easy to 

do without damaging the sample.  XRD and GIXRD were used to confirm the phases present in 

the films and to investigate if there were any crystalline secondary phases. XRR was done to 

estimate the roughness of the HfO2/CFO interface. Atomic force microscopy (AFM) and 

profilometry were used to determine the thickness of the cobalt ferrite films. Transmission 

electron microscopy (TEM) was used to get a cross-section of each of the samples. Energy 

dispersive spectroscopy (EDS) gave an elemental map of each of the cross-sections. Time of 

flight secondary ion mass spectrometry (TOF-SIMS) was used to get more sensitive information 

about diffusion. Superconducting quantum interference device (SQUID) and vibrating sample 

magnetometer (VSM) were used to get magnetic information about the samples.   

3.2 X-ray analysis 

3.2.1 X-ray diffraction  

In XRD, x-rays are incident on a sample. X-rays can be reflected, transmitted, or 

scattered. When x-rays are scattered from a sample the waves interact with each other. Waves 

can add up together, which is known as constructive interference, or waves can cancel each other 

out, which is known as destructive interference as seen in Figure 3-1.  
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Figure 3-1: Constructive and destructive interference. 

 

Figure 3-2: X-ray diffraction diagram. Adapted from [1]. 

 



   

38 
 

 nλ = 2dsinθ (3-1)                 

 

Constructive interference happens when the Bragg condition is fulfilled as shown in 

Equation 3-1 and Figure 3-2.  N is an integer multiple. λ is the wavelength [nm] of the x-ray. d is 

the spacing between the planes of atoms [nm]. θ is the incident angle [Degrees]. [1] When there 

is constructive interference and the angle is right, the diffracted x-ray can reach the detector and 

produce a peak.  

XRD can only show peaks for crystalline samples, otherwise diffraction will not happen. 

Each peak in an XRD scan represents a different plane within the material. Every material has a 

unique XRD scan with peaks of different planes, 2θ positions, and intensities.  Materials that are 

made up of the same atoms, but are configured in a different way have different XRD patterns. 

XRD is a valuable tool that helps identify a material and their crystal structure. 

 

 

Figure 3-3: Bragg-Brentano XRD set up. Adapted from [2]. 
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The set up for XRD is shown in Figure 3-3. The source supplies the X-rays and the 

detector measures the x-rays that were diffracted from the sample. In the Bragg-Brentano set-up, 

both the source and detector move. ω is the angle between the incident beam and the samples. In 

the Bragg-Brentano set-up, ω and θ are equal. The Bragg-Brentano configuration is common for 

XRD of thick films and substrates. 

For single crystal samples, peaks would be strong and sharp for the planes that are 

reflected as seen in Figure 3-4. It is fairly common for substrates, like silicon, to be a single 

crystal.  

 

Figure 3-4: XRD of a single crystal. Adapted from [2]. 

In a polycrystalline sample, there are many grains oriented in different directions. This 

allows multiple planes to show. The peaks are broader as seen in Figure 3-5.  Many thin film 

samples are polycrystalline. 
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Figure 3-5: XRD for a polycrystalline sample. Adapted from [2]. 

Some polycrystalline samples can be textured; whereas, grains have a preferred direction 

and are not randomly oriented. The plane in that preferred orientation would have an increased 

intensity relative to a non-textured sample as seen in Figure 3-6. Textured samples can be in a 

range from weakly textured to strongly textured. In a strongly textured sample, planes that are 

not in the texture direction may not appear in XRD patterns at all. 
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Figure 3-6: XRD of a strongly textured sample. Adapted from [3]. 
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3.2.2 Grazing incidence x-ray diffraction 

 

Figure 3-7: Diagram of GIXRD. Adapted from [2]. 

 

In GIXRD, the beam is parallel. The source stays in the same place and the detector 

moves in Figure 3-7. Typically the incident angle is very small (less than 1 degree). The main 

advantage of GIXRD is to increase the total scattered intensity from the film. As a useful 

consequence, peaks from single crystal substrates could be minimized and allow peaks from the 

film to be more apparent. 

3.2.3 X-ray reflection  

XRR is a method that can determine the roughness of a film. The set up for XRR is the 

same as Bragg Brentano except the beam is parallel instead of divergent. Also, the incident angle 

is very small and all of the x-rays reflect off of the sample (kr). For this example, imagine a 

single material like a substrate as in Figure 3-8. As the incident angle (ki) slowly increases, the 

beam will eventually penetrate the sample (kt).  
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Figure 3-8: Diagram of x-rays solely hitting a substrate (left) XRR Plot of a silicon substrate. [4] 

This is known as the critical angle (θC). In short, if θ< θC, then the x-ray beam would only 

reflect. If θ> θC, the x-rays can either reflect or penetrate the sample. As θ increases, the intensity 

of the beam decreases exponentially because more x-rays are penetrating the sample than are 

reaching the detector as seen in Figure 3-8.  

 

Figure 3-9: Diagram of x-rays hitting a film and substrate (left) and XRR plot of CFO film on a 

silicon substrate. Adapted from [4]. 

i 
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Now if a substrate had a thin film on top of it, then the XRR graph would look very 

different as seen in Figure 3-9. Just like before, if θ< θC, then the x-ray beam would only reflect. 

If θ> θC, the x-rays can either reflect or penetrate the sample. Now because of the film/substrate 

interface, the x-rays that penetrate the film (k1i) can be reflected at the interface (k1r). Thus, there 

are now two waves being reflected from the sample: one reflecting off of the film (kr) and the 

second reflecting off of the film/substrate interface (k1r). The two reflected x-rays will either 

have constructive or destructive interference. Constructive interference will appear as peaks in an 

XRR plot and destructive interference will appear as troughs in an XRR plot. As the incident 

angle slowly changes, there will be several periodic peaks and troughs known as Kiessig fringes. 

The periodicity, amplitude, and decay of fringes can give valuable information about the single 

film on a substrate. The periodicity is = 2π/thickness. The amplitude shows the density 

difference between the film and the substrate. The decay can indicate roughness.  

As the number of films increases, calculating these properties becomes much more 

complicated and several factors must be known about the material (thickness, density) before 

approximating unknown values such as interfacial roughness. 

Programs like X’pert Reflectivity can simulate Kiessig fringes based on manually entered 

values for thickness, density, and roughness for each material. X-pert reflectivity can then 

compare your measured data with your simulated data. X’pert reflectivity can fit your simulated 

data with measured data by changing the numbers for density, thickness, and roughness within a 

given range.    
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3.3 Force microscopy 

3.3.1 Atomic force microscopy  

 

Figure 3-10:  Atomic force microscopy diagram. Adapted from [5]. 

AFM (Figure 3-10) is used to measure the topography of a sample. A laser hits the 

cantilever and reflects into the photodetector. AFM measures a small distance of 90µm or less, 

so the laser is always hitting the cantilever. As the cantilever drags across the surface, the 

cantilever will tilt up and down depending on roughness of the samples. The light reflected off of 

the cantilever, would hit the photodetector on a different spot. Based on how the light changes, 

the AFM determines how much the cantilever was deflected. 
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3.3.2 Magnetic force microscopy 

 

Figure 3-11: Magnetic force microscopy diagram. Adapted from [6]. 

Magnetic force microscopy (MFM) in Figure 3-11 is very similar to AFM. Instead of 

mapping the surface of a sample, MFM maps out the magnetic field of a sample. First, the 

cantilever would do an AFM scan to get the topography of the sample’s surface. Next, instead of 

the tip tapping on the surface, the tip would be a set distance away from the sample known as the 

delta distance. The magnetic field from the sample would deflect the cantilever.  

 

3.4 Element analysis 

3.4.1 Transmission electron microscopy  

Transmission electron microscopes are often compared to optical microscopes. Optical 

microscopes use light while TEMs use electrons. Since electrons have a much smaller 

wavelength than light, TEM can magnify images down to the nanoscale. For TEM, samples have 

to be very thin (200nm) in order for electrons to transmit through the sample. [7] Figure 3-12 

shows a comparison of a transmission electron microscope and a light optical microscope.  
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Figure 3-12: Comparison between transmission electron microscope (left) and light optical 

microscope (right). [7] 

In Figure 3-12, the electron source for the TEM is a tungsten filament. The electron 

magnetic lens system focuses the electrons into a beam and increases the velocity of the 

electrons. The sample holder has the sample where the electrons would either scatter in the 

sample or transmit through the sample.  Electrons go through a set of projective lenses and create 

an image. Images are recorded by a CCD (charge couple device camera) “that converts electrons 

into a light signal.” [7]  All of this happens in a vacuum so electrons can travel freely without 

colliding with air particles.  
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3.4.2 Energy dispersive spectroscopy  

 

Figure 3-13: How x-rays are created for EDS. Adapted from [8]. 

 

Many TEM instruments are equipped to run EDS. EDS relies on x-rays to identify 

materials. Figure 3-13 shows how x-rays are created in EDS. First, electrons are fired at the 

material. The electron knocks off the electron in a lower shell, leaving an empty space in the 

lower shell. Next, an electron from a higher level will move to the lower level and release energy 

in the form of an x-ray. 
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Figure 3-14: Electron shells with labeling. Arrows show the labels for types of x-rays. [8] 

 

Atoms have several levels of electron shells shown in Figure 3-14. The electron shell 

closest to the nucleus is the K shell, the following shells are L, M and N. There are also several 

types of x-rays also shown in Figure 3-14 such as Kα, Lβ, etc. The first letter (K, L, M, N) shows 

what level the electron fell to. The second letter (α,β) shows how many levels the electron 

dropped where α means the electron dropped one level and β means that the electron dropped 

two levels. Kα and Kβ are the highest energy x-rays and are known as characteristic x-rays. 

Each element can create several x-rays. EDS measures the energy of the x-rays and uses 

those energies to identify an element. However, different materials could produce x-rays with the 

similar energy and make identification difficult.[9] 

3.4.3 Time of flight secondary ion mass spectroscopy 

TOF-SIMS is used to analyze the elements in a film. To do this a primary ion beam (1-

25keV) to bombard the sample’s surface. The primary ion beam causes a collision cascade where 

the surface binding energy is overcome and the secondary species are released.[10]   Most of the 
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secondary species are neutral materials and only 4-5% of the secondary species have a positive 

or negative charge as seen in Figure 3-15. [11] Figure 3-16 shows the formation of a collision 

cascade.  

 

Figure 3-15: Incident particle strikes sample and releases secondary species. Majority of 

secondary species are mostly neutral.[12] 
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Figure 3-16: Example of a collision cascade where Ar bombards Rh metal. 0 fs shows before Ar 

hits Rh metal. 100fs and 200fs shows the collision cascade growing.[10] 

The newly released secondary ions are accelerated to a TOF-Mass spectrometer. Since 

the ions are accelerated by the same electric field, they will have the same kinetic energy. [10] 

Equation 3-2shows the formula for kinetic energy (KE) where z is the charge, e is a constant of 

1.60x 1019 coulombs, and capital V is the accelerating voltage, m is the mass and v is velocity.   
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 zeV = 1
2

mv2 = KE Equation 3-2 

 

However, ions have different mass-to-charge m/z ratios; therefore, different ions will reach the 

detector at different times. Lighter ions will reach the detector faster than heavier ions.  

3.5 Magnetometer 

Magnetometers measure the magnetic properties of materials. For these measurements 

samples are cut into small sizes (~3mm x ~3mm). Samples are placed on a non-magnetic holder 

like quartz and then placed inside the magnetometer. The magnetometers measure magnetic 

properties based on magnetic flux in Equation 3-3 and Faraday’s law in Equation 3-4.  

 

 ΦB = ∬ B(t).dA 
Σ(t)  Equation 3-3 

 

ΦB is the magnetic flux. B is the magnetic field and dA is the change in area of the samples. Σ(t) 

is the surface area.  

 

 ε = −dΦB
dt

 (3-4) 

 

ε is the electromotive force [Volts]. dΦB and dt are the change of magnetic flux and change in 

time respectively. 

3.5.1 Vibrating sample magnetometer 

Figure 3-17 shows a diagram for a vibrating sample magnetometer (VSM). In the VSM 

the sample will vibrate rapidly up and down. 
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Figure 3-17: Diagram for vibrating sample magnetometer. Adapted from [13]. 

Since the sample is moving, the sample is creating a magnetic flux following Equation 3-

3. That magnetic flux creates an EMF in the pickup coils according to Faraday’s law in Equation 

3-4 where the amount of EMF depends on the sample’s magnetic moment. The voltage measured 

is then used to calculate the magnetic moment of a sample.  A VSM advantage is that it can be 

used in a wide range of temperatures, for example, 1.8-400K for our Quantum Design SQUID. 

The VSM is sensitive and can detect a magnetic moment of about 10-8 Am2. 

3.5.2 Superconducting quantum interference device (SQUID) magnetometer 

The sample vibrates through a SQUID flux sensor. The flux sensor is a superconducting 

material shaped like a ring with two thin layers of insulating materials separating the two halves 

of the ring as seen in Figure 3-18. Superconductors below a certain temperature will have zero 

electrical resistance. This means that a superconductor can have a current without any voltage. 

The insulating materials create the Josephson junctions. 
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Figure 3-18: Diagram pointing out the Josephson junctions. Adapted from [13]. 

Figure 3-19(left) shows the ring without a magnetic material. Starting off on the left side 

of the ring, the current on the top and bottom halves of the ring is the same. At the Josephson 

junction, electrons will tunnel through the thin insulating layers. For the right side of the ring, the 

top and bottom halves of the ring will have the same current as each other, but not the same 

current as the left side of the ring. 

 

Figure 3-19: Currents in the ring without a magnetic material (left). Currents in the ring with a 

magnetic material (right). Adapted from [13]. 

When a magnetic material comes in and out of the ring in Figure 3-19(right), the 

magnetic flux changes creates a voltage within the ring. As a result of the voltage, the currents in 
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the top and bottom halves of the ring are not the same. Some of the current within one half of the 

ring will be directed into the other half of the ring. The voltage measured is then used to 

calculate the magnetic moment of the sample. The SQUID magnetometer has a higher sensitivity 

at 10-10Am2 than the VSM at 10-8Am2. However the SQUID could only work at low 

temperatures around ~39K (-234oC or -389oF) for the superconducting material. 

3.5.3 Magnetic measurements 

For this section we are exclusively talking about magnetic measurements for thin films. 

Typically, thin films are deposited on a comparably much larger substrate and thus most of the 

magnetic signal is going to come from the substrate. Common substrates are silicon and sapphire 

which are paramagnetic and diamagnetic respectively. Figure 3-20 shows what raw magnetic 

data (left) commonly looks like and the ferrimagnetic and diamagnetic components.  
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Figure 3-20: Raw magnetic data (left) showing ferrimagnetic and diamagnetic components 

(right). 

          After getting the ferrimagnetic data, the magnetic moments [emu] are divided by volume 

(cm3) to calculate the magnetization [emu/cm3] as seen in Equation 3-6. Capital M represents the 

magnetization. Lower-case m is the magnetic moment and v is the volume. 

 

 M = m
v

 (3-6) 

 

Weight [g] can also be used to calculate magnetization in Equation 3-7. σ is known as specific 

magnetization [emu/g]. Lower-case m represents magnetic moment. Lower-case w is for mass. 
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 σ = m
w

 (3-7) 

 

Weight measurements are typically for powders while thin films use volume 

measurements. It can be difficult to measure volume for thin films for numerous reasons. Thin 

films could have uneven deposition and have varying thicknesses.  The thin film may be porous 

or not have uniform density and therefore complicates volume measurements. If a magnetic film 

reacts to the substrate/other film/air, then one would consider how that would affect the magnetic 

film’s volume. [14] Temperature affects volume through thermal expansion. 

Contaminants can greatly affect magnetic measurements for thin films, especially since 

the SQUID is very sensitive. Great care must be taken to make sure that the substrate and film 

have no contact with magnetic species during the deposition/characterization process because 

any iron-containing particles can negatively affect the magnetic measurements being performed.  

This problem is exacerbated by hard materials like oxides and sapphire, because those materials 

can scratch iron. There are many easily overlooked sources for contamination.  

A source of iron contamination can occur from cutting a substrate or sample with a 

diamond scribe where a diamond is placed on a stainless steel rod. Contamination could be 

avoided with careful use of the diamond scribe making sure the stainless steel does not contact 

the substrate or film. Cleaning the samples after cleaving can also reduce contamination in the 

sample. [15] 

Tweezers are another common source of iron contamination. Even anti-magnetic 

tweezers, made with stainless steel, can contaminate the thin film and substrate. [16], [17] 

Samples should be handled with either Teflon-coated tweezers, titanium tweezers or other non-

iron tweezers. 
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Sample storage is important for any kind of sample. Garcia et al. claimed that dust can 

cause iron contamination. [17], [18]Marking a sample could affect magnetic measurements 

depending on the color of ink, since red ink is derived from iron oxide. Silver paint used for 

electrical contacts also has slight traces of iron.[17] 
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CHAPTER 4: METHODS OF THIN FILM DEPOSITION 

4.1. Introduction 

This chapter introduces three different ways of depositing thin films: chemical solution 

deposition (CSD), sputtering and atomic layer deposition (ALD). All three ways were trialed or 

utilized in some capacity in the present. Though some initial trials were unsuccessful, the 

methods are reported here for completeness. Initially, CFO was made by chemical solution 

deposition, because it was a fairly fast process and the films could be patterned while wet.  

However, CSD did not produce films that uniformly covered the substrate and it was difficult to 

reproduce consistent high quality films. A good film made in the lab would have the CFO film 

be able to cover the entire top of the substrate without CFO undercoating the bottom of the 

substrate. Also, the CFO film would be one color suggesting that the film was a certain thickness 

and chemically uniform. The CFO film would have no dirt, dust, build-up material, no exposed 

substrate. There are many factors that affect the quality of CSD films to the point where films 

made in the same batch would not resemble each other. CSD and patterning wet films were not 

worth the effort to determine and control all of these factors. Therefore, the CFO films were then 

synthesized by sputtering, because sputtering had less variables and those variables were easier 

to control.  Thus, the sputtered CFO films were uniform, replicable and had a consistent quality. 

Once we found a way to get consistent CFO films, we started depositing hafnia films. ALD was 

used to deposit hafnia because ALD allows us to control the thickness of the hafnia films more 

than sputtering can.  
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4.2. Chemical solution deposition  

4.2.1.Benefits of CSD 

 CSD is a process of making thin films and a brief summary is shown in Figure 4-1. First, 

a precursor solution is deposited on a clean substrate. The sample is then heated at a low 

temperature to evaporate the solvents of the solution and form a gel. The sample is crystallized in 

a higher temperature in a furnace. [1] 

 

Figure 4-1:  Diagram of the chemical deposition process. 

An advantage of CSD is that the precursor solution can be adapted to form a number of 

structures like thin films nanowires, nanofibers, and nanoparticles. [1] In addition, there have 

been claims that the chemical solution process can be integrate into roll-to-roll printing for mass 

production of films.  

4.2.2. Examples of other works that used CSD for magnetostrictive thin films 

For thin films, patterns can be formed with nanoimprint lithography while the film is still 

wet. [2] Rasic et al. made patterned films with the nanoimprint lithography that would show 



   

63 
 

patterns as small as 500nm. [3] Quickel et al. took advantage of solution processing to make 

mesoporous films. [4] 

4.2.3. Explanation of the CSD process 

4.2.3.1. Making the chemical precursor (2-methoxyethanol) 

The precursor solution is generally composed of three parts: metal compounds, solvent 

and chelating agent. The metal compounds provide the materials for CFO. The powders 

normally used in creating CFO are iron nitrate nonahydrate [Fe(NO3)3
.9H2O] and cobalt nitrate 

hexahydrate [Co(NO3)2
.6H2O]. 

Solvents are commonly 2-Methoxyethanol (2-MOE) or ethylene glycol (EG) because of 

their good solubility.[5] Their high viscosity and surface tension are especially useful for spin 

coating.  The drawback is that 2-MOE is toxic and can cause damage to the reproductive system 

and damage to the mucous membrane. [6]  EG is comparably less toxic, but it is still an irritant. 

[7] Deionized water can also be a non-toxic solvent, but using it will risk forming iron oxides if 

there is no chelating agent. [8] 

Chelating agents bind to metals and make the gel process easier. Examples of chelating 

agents are citric acid, acetic acid, tartaric acid, etc. [1] Some solutions do not need chelating 

agents because the solvents like 2-MOE can act as a chelating agent. Figure 4-2 shows an 

example of how chelation agents can help form gels.   
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Figure 4-2: Diagram for how citric acid and ethylene glycol form gels.[5] 

There are a lot of factors that affect the quality of the solution that may not be visible or 

readily apparent. Iron nitrate nonahydrate has an approximate shelf life of 12 months. [9] 

Precursor solution and materials can chemically change over time without much visual change. It 

is important to periodically remake the solutions with new materials for consistency.  It is also 

important to characterize the solution or samples made from the solution multiple times every 

month to document change within the solution. The precursor solutions made were based on the 

recipes from Rasic[3] and Seifkar [10]. Below is Table 4.1 that lists possible things that can go 

wrong in the CSD process. It is not a fully comprehensive list, but these were things that 

challenged the quality and reproducibility in processing. 
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Table 4.1: Things that can go wrong in CSD 

Step of 

CSD 

Things that can go wrong 

Making 

the 

precursor 

solution 

1. Materials may be old/reacted. 

2. Dirty vials, weighing paper, powder scoop, magnetic stirrers etc. could add 

contaminants to the solution. 

3. The amount of powders and solvents may not be measured with sufficient 

precision. 

4. Levels of humidity may be too high, causing iron nitrate nonahydrate and 

cobalt nitrate hexahydrate to slowly react with moisture in the air. 

5. There can be big agglomerates of powder in the powder that is weighed 

out, and the big agglomerates may not dissolve as fast/evenly as fine 

powder. 

6. Newly formed solutions could not have heated up evenly in a silicone bath. 

7. Newly formed solutions could have spilled. 

8. Solutions were not properly sealed and solutions can change chemically 

without visual changes. 

9. Age of the solution affects its composition. 

10. Not adding a chelating agent to water based solutions would cause FeOx 

to form. 
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Table 4.1 (continued). 

Depositing 

the films 

1. Substrate could be dirty. 

2. Solution could not wet the substrate leaving the substrate mostly blank. 

3. Substrate is not properly centered on the spin coater and the film will not 

be even. 

4. The sample holder in the spin coater is dirty. 

5. Spin coater could be too fast causing the films to be too thin. 

6. The spin coater could be too slow causing the edges not to be coated. 

7. Too much precursor solution was deposited on the substrate causing the 

solution to partially coat the bottom of the substrate. 

8. Solvents in the precursor solution could start evaporating before spin 

coating starts. 

Annealing 1. Dust could get on a sample during annealing. 

2. Sample could be dropped on the way to the hot plate/furnace. 

3. Samples were not on the center of the hot plate and the samples could be 

heated unevenly. 

 

4.2.3.2. Deposition process 

4.2.3.2.1. Spin coating 

Samples were spin coated. Visual inconsistencies in the film could be apparent after spin 

coating. Non-uniform films can be a result of a dirty substrate. Proper cleaning will improve the 

film uniformity. UV-Ozone treatment has also improved film coverage as seen in Figure 4-3.  
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Figure 4-3: Comparison of wet films and dry films. 

As mentioned earlier, a visually good film would have the same color throughout the 

sample without any dirt, build-up or exposed substrate. The only exception is the corners of the 

sample, because that happens for every sample in a phenomenon known as beading. [11] Despite 

UV-Ozone treatment, there are several things that can go wrong with the chemical deposition. 

The substrate could not have been cleaned properly. Too much precursor solution could have 

been deposited on the substrate causing the precursor solution to partially coat the back of the 

sample. Humidity could affect the coverage and thickness of films.[12] The solvent in the 

solution could evaporate unevenly causing “flower patterns” in the corners of the substrate. 

Some examples of poor films are shown in Figure 4-4. 
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Figure 4-4: Examples of poor quality films. 
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4.2.3.3. Characterization of films 

4.2.3.4. XRD of CSD films 

 

Figure 4-5: XRD patterns for CSD films of CFO on a sapphire substrate. 

Figure 4-5 shows the XRD patterns for 2 CSD films of CFO on sapphire substrates. The 

CFO film is textured in the <111> direction. The 2 large peaks around 20 degrees and 42 degrees 

are from the sapphire substrate. Each of the XRD patterns shows a peak for FeOx at 40 degrees.  

Since the films do not have uniform coverage and uniform film thickness, it would be 

difficult to have accurate magnetic results. The films are too thin to measure the thickness with a 

profilometer. Atomic force microscopy can theoretically measure the thickness, but the longest 

distance it could measure in one reading is 90 µm. Even when part of the wet CFO film was 
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wiped away with acetone (before annealing), it did not make a sharp edge separating the CFO 

and Si sides. Figure 4-6 shows the microscope image of a CFO sample with an exposed silicon 

substrate. Despite the stark color contrast of the blue silicon substrate and yellow CFO thin film, 

there is no clear edge/plateau in the height profile to show the thickness of the CFO film. 

 

Figure 4-6: Microscope image of CFO sample with exposed silicon substrate (Left). Height 

profile that does not show a clear edge for CFO and the silicon substrate (Right). 

4.3. Sputtering 

       Sputtering is a physical deposition process for creating thin films. In short, Ar atoms are 

bombarded on a target material (in this case CFO). The atoms and molecules fly off of the target 

material and land on the substrate to create the thin film. 

       Sputtering is good for controlling the thickness of a film. Texture and crystallinity in 

CFO can be changed with the substrate temperature. [13] Grain size and morphology in CFO can 

be altered with radio frequency (RF) power. [14] 
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Figure 4-7: Basic sputtering set up. Adapted from [15]. 

The basic set up for a sputter is displayed in Figure 4-7. The process is in a vacuum 

chamber. Within the chamber are the target to be sputtered and the substrate to be coated. The 

chamber is pumped down to a vacuum. A sputtering gas, like Argon, is pumped into the chamber 

at a low pressure. Argon is a commonly used sputtering gas because it is unreactive and has a 

high atomic weight.  

Voltage is applied to the target. This makes the target a negatively charged cathode and 

the substrate a positively charged anode. 
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Figure 4-8: Voltage applied to the target. Inset shows electron colliding with neutral Ar atom. 

Adapted from [15]. 

             The electric field causes the electrons from the cathode to collide with the Ar gas leaving 

an Ar+ ion, and two free electrons as seen in Figure 4-8. 

 

Figure 4-9: Ar ions colliding with the target. Adapted from [15]. 

The positive Ar+ ion then becomes attracted to the negatively charged cathode. Ar+ ion 

collides into the target and sputters atoms off of the target as seen in Figure 4-9. The sputtered 
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atoms then hit the substrate. At this point the Ar gas will glow as the positive Ar+ ions recombine 

with free electrons.  

 

Figure 4-10: Positive charge build-up on Target (left) causing arcing (right). Adapted from [15]. 

This direct current (DC) sputtering process works well for conductive materials. 

However, DC sputtering does not work for electrically insulating materials. This as electrons are 

sputtered off the target material and leave the target material with a positive charge. Eventually 

too much positive charge builds up and this leads to arcing which damages the target as seen in 

Figure 4-10.  

In Figure 4-11, RF sputtering alternates the voltage and “cleans” the target material from 

the surface charges to prevent charge build up.  
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Figure 4-11: Positive charge "clean up" by changing the voltage. Adapted from [15]. 

4.3.1.Examples of other works that used sputtering for magnetostrictive thin films 

 Shirsath et al. deposited CFO films at different temperatures. [13] The temperature of the 

substrate during deposition affected the texture of the CFO film and the magnetic. Babu et al. 

also deposited CFO films showing how power during sputtering affected the surface morphology 

and magnetic properties.[14] Both Shirsath and Babu et al.’s research influenced the sputtering 

conditions of CFO deposition. 
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4.3.2.Characterization 

4.3.2.1. XRD of CFO target 

 

Figure 4-12: XRD of the CFO target. 

XRD was performed on the target to confirm that the target was CFO. Figure 4-12 

confirmed that the target was CFO. 

4.3.2.2. XRD of CFO films 

CFO films were estimated to be 13nm. This thickness was too thin to get peaks for XRD. 

CFO films were then made to be 65nm thick. Figure 4-13 shows the XRD patterns of the 13nm 

and 65nm CFO films while Figure 4-14 shows the XRD patterns of the 13nm and 65nm CFO 

films. Both XRD and GIXRD patterns show few to no peaks for 13nm CFO. The XRD and 

GIXRD patterns show that 65nm was thick enough to show that the film is crystalline CFO. 
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Figure 4-13: XRD patterns of 13nm CFO annealed at 800oC for 60s and 65nm CFO as deposited. 
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Figure 4-14: GIXRD patterns of 13nm CFO and 65nm CFO. 

4.3.2.3. SQUID of CFO films 

Even though the 13nm CFO did not show any proof that the film was in fact CFO, 

SQUID showed that the 13nm CFO film was ferrimagnetic and had a relatively high coercivity 

compared to iron. This was the only evidence to support that the 13nm CFO was actually CFO. 

Figure 4-15 compares the shapes of the hysteresis loops of 13nm and 65 nm CFO films. Take 

note that in Figure 4-15 both 13nm and 65nm samples have been normalized to both have a 

magnetic saturation of 1. This method is a way to compare hysteresis shapes without needing 

measurements of the film thickness. [4] 



   

78 
 

 

Figure 4-15: Magnetic hysteresis loops for 13nm CFO and 65nm CFO (annealed at 500oC, not as 

deposited, because the as-deposited curve was unusual). 

4.3.2.4. How to determine the thickness of films 

The CFO films were sputtered. The substrate temperature was 500oC and substrate 

rotation at 5 rpm. The process pressure was 10 mTorr and the Ar gas flow is 44 sccm. The 

deposition time was 3 hours and the estimated thickness was 50 nm.  

          It was necessary to confirm the thickness of the film. To make an ideal sample measuring 

the thickness, a wire was placed in the middle of the substrate. The CFO deposition process was 

completed and the wire was removed revealing a line of the bare substrate. A profilometer was 
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used to measure the thickness between the bare substrate to the top of the film. The average film 

thickness was 65nm. Below a certain thickness, the CFO film would not show XRD peaks.\ 

4.4. Atomic layer deposition 

4.4.1. Benefits of ALD for hafnia processing 

ALD is a chemical deposition process where a precursor gas and water work alternately 

to create a film. The main advantages of ALD is that there is a great control of the film thickness 

(even greater than sputtering) because the film is deposited one monolayer of atoms/molecules at 

a time. 

4.4.2. ALD process(precursor/purge/pulse) 

Figure 4-16 shows a visual summary of the ALD process. Before deposition, the system 

starts off in a vacuum with only the Si substrate. First, water is introduced to the system and then 

water adsorbs to the surface of Si substrate forming hydroxyl groups. At this point there will also 

be H2 gas and water vapor within the chamber. Thus the chamber is purged of the H2 gas and 

water vapor to prepare for the next step.  

After purging, the precursor gas Tetrakis (dimethlyamido) Hafnium (IV) abbreviated as 

TDMAH is released and reacts with the hydroxyl groups on the Si substrate. This reaction 

attaches Hf to the film and creates other byproducts. This reaction is self-limiting because the 

precursor gas will only react with the hydroxyl groups. Once all of the hydroxyl groups have 

been reacted with, then there are no more reactions even if there is more precursor gas. After the 

reaction between the precursor gas and hydroxyl groups is completed, the chamber is purged 

again to get rid of the byproducts and excess precursor gas. The water step and precursor gas step 

can happen repeatedly until the desired thickness is achieved. 
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Figure 4-16: ALD process. Adapted from [16]. 
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4.4.3.Examples of other works that have used ALD for hafnia 

Johnson et al. give a general review for the applications of ALD to create films for 

substrates with various features such as trenches or rods. [17] Muller et al. made ferroelectric 

hafnia films with ALD that we about 5nm thick.[18] 

4.4.4.Rapid thermal processing  

Hafnia was deposited with ALD on top of the CFO layer. The precursors were Tetrakis 

(dimethlyamido) Hafnium (IV), abbreviated as TDMAH, and water. Film thickness of hafnia 

depended on how many cycles ALD cycles are performed. One ALD cycle was a water pulse, 5 

seconds wait, TDMAH-Hf, and another 5 second wait. 500 hundred cycles resulted in films that 

were 50-60nm thick. Substrate temperature during deposition was 250o C. 

4.4.4.1. Characterization of hafnia 

Hafnia films were deposited at 15nm on CFO/SiO2/Si and SiO2/Si substrates. Films were 

analyzed with GIXRD since the films were thin. Similar to CFO, HfO2 does not appear in 

GIXRD patterns because the films are too thin.  Since this experiment focuses on the interface of 

HfO2/CFO, rather than making thin ferroelectric films, the HfO2 film thickness was increased to 

50-55nm. Once the HfO2 thickness increased, HfO2 peaks scans appeared in GIXRD. 
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4.4.4.1.1. GIXRD hafnia on Si 

 

Figure 4-17: XRD patterns of hafnia on a Si substrate annealed at 800oC, 700oC, 600oC, and 

500oC. 

4.4.4.1.2. GIXRD of hafnia on CFO/SiO2/Si 

GIXRD was done for hafnia on a silicon to look at the hafnia film without getting 

interference from the substrate in Figure 4-17. GIXRD was done for hafnia at 500oC, 600oC, 

700oC and 800oC to evaluate how hafnia would change at different temperatures on a silicon 

substrate. Peaks show that hafnia is crystalline at 500oC. The peaks from hafnia showed no 



   

83 
 

change despite the higher annealing temperature. It was determined that hafnia can be processed 

from 500oC to 800oC without any changes. 

 

Figure 4-18: GIXRD plots of hafnia on CFO. 

4.4.4.1.3. No secondary phases formed from HfO2/CFO 

GIXRD was also done on HfO2/CFO/SiO2/Si to see if an underlying CFO layer affects 

hafnia in Figure 4-18. Figure 4-18 and Figure 4-17 shows the same hafnia peaks. There are no 

secondary phases detectable by GIXRD. This result points to the stability of the interfaces during 

the initial processing steps. This stability is explored further in the subsequent chapter.  
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CHAPTER 5: HFO2/CFO/SIO2/SI HETEROSTRUCTURES 

5.1. Introduction 

Several samples of HfO2/CFO/SiO2/Si heterostructures were fabricated in order to 

investigate the stability of the different materials in contact with one another and exposed to 

certain thermal treatments. In each sample, there was one layer of CFO and one layer of HfO2 on 

top of a Si/SiO2 substrate. Figure 5-1 shows a basic example of HfO2/CFO/SiO2/Si 

heterostructure.  

 

Figure 5-1: Example of HfO2/CFO/SiO2/Si heterostructure with approximate dimensions. 

 The samples were each annealed at a different temperature to examine how the 

heterostructures changed with temperature.  The four types of HfO2/CFO/SiO2/Si 

heterostructures samples were unannealed, 500oC for 60s, 800oC for 60s, 800oC for 1hr. One 

sample was left unannealed to act as a control for this experiment. In addition, there is a sample 

of CFO/SiO2/Si annealed at 800oC for 1 hour (referred to as Plain CFO) will be another sample 

for comparison. The experiment has five total samples. For ease of explanation, each sample 

would be given a shortened name as seen in Table 5.1. Unannealed HfO2/CFO/SiO2/Si  will be 

referred to as Unannealed, 500oC annealed for 60s HfO2/CFO/SiO2/Si will be referred to as 
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500oC, 800oC annealed for 60s HfO2/CFO/SiO2/Si will be referred to as 800oC, and 800oC 

annealed for 1hr HfO2/CFO/SiO2/Si will be referred to as Extreme Conditions. 

This chapter starts with a brief summary of how the heterostructures are made and 

addresses some of the challenges of analyzing heterostructures with buried interfaces. More 

details about the characterization techniques can be found in Chapter 3.  

Starting off, x-ray diffraction (XRD) is the first characterization technique used because 

it is a readily available non-destructive technique. XRD identifies crystalline materials within a 

sample. In this work, XRD was employed to confirm that the samples contain CFO, HfO2, SiO2, 

and Si. X-ray reflectivity (XRR) is another easy and non-destructive technique that could be used 

to estimate the thickness and roughness of the HfO2/CFO interface without a direct 

measurement. However, XRR does not provide detailed information about the HfO2/CFO 

interface. 

To gather more information about the HfO2/CFO interface, a focused ion beam (FIB) was 

used to cut out a small cross-section of each of the samples. Transmission electron microscopy 

(TEM) was used to image the cross-sections of each of the five samples. Energy dispersive 

spectroscopy (EDS) was used to map out the distribution of elements in the cross-section and 

show how the HfO2/CFO interface changes with temperature. Time-of-flight secondary ion mass 

spectroscopy (TOF-SIMS) was then used to analyze the diffusion between layers and has a 

greater sensitivity than EDS. 
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Table 5.1: Shortened names of samples 

Details of sample  Referred in document as:  

1. Unannealed HfO2/CFO/SiO2/Si Unannealed 

2. HfO2/CFO/SiO2/Si annealed at 500oC for 

60s 

500oC 

3. HfO2/CFO/SiO2/Si annealed at 800oC for 

60s 

800oC 

4. HfO2/CFO/SiO2/Si annealed at 800oC for 1 

hour 

Extreme Condition Sample 

5. CFO/SiO2/Si annealed at 800oC for 1 hour Plain CFO 

 

5.2. Summary of sample preparation for Unannealed, 500oC, and 800oC HfO2/CFO/SiO2/Si 

samples 

 

Figure 5-2: Basics CFO/HfO2 Illustration of steps for heterostructure fabrication. 

Figure 5-2 shows a basic diagram of the sample fabrication process. A 65nm CFO film 

was deposited on (100) silicon with RF sputtering. The target was purchased from Kurt Lesker. 

The target was a CoFe2O4 99.9% pure, 2.00’’ in diameter and 0.125’ thick with indium bonded 

to a copper backing plate that was 2.00” diameter with a 0.125” thickness. The chamber base 
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pressure was 1.19 x 10-6Pa. Before deposition, the substrates were heated 500oC. The chamber 

had an argon gas flow of 45 sccm. The sputtering pressure was 10 mTorr.  

Hafnia was deposited with ALD on top of the CFO layer. The precursors were Tetrakis 

(dimethlyamido) Hafnium (IV), abbreviated as TDMAH-Hf, and water. Film thickness of hafnia 

depended on how many cycles there in the ALD. One ALD cycle was a water pulse, 5 seconds 

wait, TDMAH-Hf, and another 5 second wait. 500 hundred cycles resulted in films that were 50-

60nm thick. Substrate temperature during deposition was 250oC. 

After hafnia deposition, the sample underwent rapid thermal annealing at temperatures of 

500oC and 800oC for 60s with a heating rate of 10oC/s. One sample was left unannealed to 

compare the extent of diffusion among the CFO, hafnia, SiO2, and Si layers. Other control 

samples were unannealed CFO/Si and HfO2/Si annealed at 500oC. 

          The Extreme Conditions Sample was made by annealing the Unannealed sample at 800oC 

for 1 hr. This was done to conserve time and materials. This information also becomes relevant 

near the end of the chapter.  

5.3. Characterization 

5.3.1. Challenges of characterizing buried interfaces 

A buried interface is when two dissimilar materials touch. Figure 5-3 shows a cross-

section of a Pt/HfO2/CFO/SiO2/Si samples with multiple buried interfaces; Pt/ HfO2 interface, 

HfO2/CFO interface, CFO/SiO2 interface. For this research we are mainly concerned with the 

HfO2/CFO interface. However, most characterization techniques probe only the surface of a 



   

91 
 

sample and measurements become more complicated when an interface is buried underneath 

other materials.  

 

 

Figure 5-3: A cross-section of sample to show buried interfaces. 

5.3.2. XRD of heterostructures 

XRD was performed to confirm that the samples contained CFO, HfO2, SiO2, and Si 

without any unwanted secondary phases. In XRD, samples were examined with a Cu Kα 

radiation at 40kV and 40mA. The XRD set up was with Bragg-Brentano geometry with a 2θ that 

ranged from 15 to 60 degrees with a step size of 0.04 degrees with a dwell time of 1 second.  

Samples of plain Si, CFO/SiO2/Si, and HfO2/SiO2/Si were examined with XRD to help identify 

individual peaks.   
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Figure 5-4: XRD of films. 

Figure 5-4 shows the XRD plots of the Unannealed, 500oC, 800oC, and Extreme 

Conditions HfO2/CFO/SiO2/Si heterostructures. Starting from the bottom of the plots, is the 

XRD scan for SiO2/Si which shows a huge crystalline peak around 35.7 degrees. Next is the 

XRD scan for HfO2/SiO2/Si annealed at 800oC to show the peaks of hafnia. Then the yellow line 

shows the XRD scan for CFO/SiO2/Si as deposited without annealing. CFO/SiO2/Si as deposited 
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is already crystalline from the sputtering process. The gray line is Plain CFO which is 

CFO/SiO2/Si annealed at 800oC for 1 hour.  Plain CFO and CFO/SiO2/Si are both crystalline 

CFO, but the peaks of Plain CFO are slightly shifted to the right compared to CFO/SiO2/Si as 

deposited. The peak shift is because of the change in the lattice parameters in CFO from 

annealing.  Similar peak shifts for CFO also appear from Unannealed to 500oC, 800oC to 

Extreme Conditions. The green line in the plots represent the Unannealed sample. The 

Unannealed sample shows CFO peaks since CFO is already crystalline from the sputterer. 

However, there are no hafnia peaks because hafnia does not crystalize until 500oC. In the 500oC 

sample, both hafnia and CFO peaks appears. Hafnia and CFO peaks appear in the 800oC and 

Extreme Conditions. Among the Unannealed, 500oC, 800oC, and extreme peaks, there are no 

unusual peaks suggesting that there are no unwanted crystalline phases. All of the peaks in 

Figure 5-4 come from either HfO2, CFO, or the silicon substrate. 
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5.3.3. Morphology and roughness characterization 

5.3.4. XRR measurements 

 

 

Figure 5-5: XRR graphs showing measured data and simulated data for Unannealed sample. 

XRR measurements are useful for analyzing buried interfaces without damaging the 

sample. However, XRR measurements are tricky because the sample is measured indirectly. The 

measured data is compared with simulated data as seen in Figure 5-5. To make simulated data, 

density, thickness, roughness estimates have to be made for each of the films and the substrate. 

Each of these parameters affects the shape of the curve and computer programs can adjust each 

of these parameters until the simulated data and measured data are nearly identical. Then the 

values of thickness, roughness, and density in the simulated data are assumed to be the thickness, 

roughness, and density of the actual sample. The problem with this approach is that multiple 

combinations of parameter values can produce similar curves. In addition, XRR provides an 

average value of thickness, density, and roughness for each film. Thus, XRR cannot give 

information if the film has voids, is rougher in a particular area, or any information about 

diffusion. 
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XRR was only done for the Plain CFO, Unannealed, 500oC and 800oC samples. Table 5.1 

shows the estimated values for thickness, density, and roughness. Figure 5-6 shows how the 

density estimations of CFO and HfO2 change for each of the samples. According to XRR CFO’s 

density highly varies with a range of 4.85 to 5.45 cm-3 and HfO2’s density has a range of 5.0 to 

5.4 cm-3. Both of these ranges are within CFO and HfO2 bulk densities respectively. However 

this measurement is considered only semi-quantitative because XRR assumes that all of the films 

are chemically uniform.  
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Table 5.2: XRR Estimated values of thickness, density and roughness  

 Thickness [nm] Density [g/cm3] Roughness [nm] 

Plain CFO 

CFO 57.0 4.99 2.9 

SiO2 240.0 2.73 1.3 

Si  2.31 0.23 

Unannealed 

HfO2 48.8 9.72 2.6 

CFO 54.2 5.45 1.1 

SiO2 245.3 2.66 1.7 

Si  2.30 0.00024 

500oC 

HfO2 47.2 9.33 2.0 

CFO 51.9 4.90 0.9 

SiO2 247.8 2.84 1.2 

Si  2.30 0 

800oC 

HfO2 47.1 9.71 2.1 

CFO 51.7 4.87 8.6 

SiO2 242.0 2.84 11.3 

Si  2.30 0.00057 
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Figure 5-6: XRR estimated values of density for CFO and HfO2 for each of the samples. 

5.3.5. Transmission electron microscopy 

To image the HfO2/CFO interface, cross-sections of the samples were created using 

focused ion beam milling and then analyzed with TEM and EDS. In Figure 5-7 at 500oC, the 

HfO2/CFO interface shows a couple of small voids.  At 800oC for 60s, the partial voids at the 

HfO2/CFO interface are more prominent and it appears as HfO2 is de-adhering from the CFO 

films. At Extreme Conditions (800oC for 1hr) the partial voids have gotten larger. Referring back 

to Figure 5-6, it does give more credence to 800oC having a low density. 
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Figure 5-7: TEM cross-sections of Plain CFO, Unannealed, 500oC, 800oC and Extreme 

Conditions. 

5.3.5.1. TEM roughness estimations 

Since XRR has limited roughness measurements, the roughness of the interface was 

estimated based on the TEM images. In this process, Appendix A lists out what was done in 

ImageJ to get the roughness estimates. In short, I would use Image J’s point feature to manually 

outline an interface and collect the y-coordinates at the interface as seen in Figure 5-8. 
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Figure 5-8: Partial TEM image of Unannealed showing the original interface (top) and showing 

the outlines interface (bottom). 

Once I had all of the y-coordinates, I would calculate the roughness based on the 

following Equation 5-1. 

 

 Ra = 1
n
Σ │Y − Yaverage│  (5-1) 

 

Where Ra is the arithmetic average, n is the number of points, Y is the y-coordinate and Yaverage is 

the mean of all of the y-coordinates.  

This process for estimating the HfO2/CFO was simple for fairly well-defined interfaces 

like the Unannealed and 500oC samples. However, for rougher interfaces like 800oC and 

Extreme Conditons, there were many ways to define an interface. The top of Figure 5-9 shows 
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the part of the TEM image of 800oC. Below it is the Dark outline where the darkest parts of the 

hafnia layer are outlined. Lower is the Light outline where the lightest parts of the hafnia layer 

are outlined. Next is the Voids Min outline where the darkest parts of the partial voids are 

outlined In the CFO layer. Finally is the Voids Max outline is the outline of the lightest parts of 

the partial voids in the CFO layer. Figure 5-9 shows only ¼  of the data collected from the  

800oC sample alone. For 800oC, there were 4 TEM sections and 4 ways to define an interface for 

each section which makes 16 interfaces analyzed for one sample.  
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Figure 5-9: Ways to define an interface in a TEM image of 800oC. 
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          Figure 5-10 shows the roughness data of the HfO2/CFO interface from XRR data and TEM 

image roughness estimations. As the annealing temperature increased, the roughness estimations 

became more varied. The roughness of the HfO2/CFO interface generally increases with 

increasing temperature.  

 

Figure 5-10: Plot of roughness values of the HfO2/CFO interface for Unannealed, 500oC, and 

800oC. Roughness values were collected from XRR and estimations of roughness from TEM 

images. 
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5.3.6. Voids, partial voids, and diffusion characterization 

5.3.6.1. Electron dispersive spectroscopy 

 

Figure 5-11: TEM images showing the voids and partial voids. Voids/partial voids are 

highlighted with circles. 

EDS was done on the cross-sections of each of the samples to determine which elements 

were present in each of the films. EDS would also give insight if elements diffused between 

layers. Figure 5-11 shows the high-angle annular dark-field (HAADF) images and EDS scans for 

the cross-sections of Plain CFO, Unannealed, 500oC and 800oC and Extreme Conditions. 500oC, 

800oC and Extreme Conditions have partial voids at the HfO2/CFO interface. The void in the 

sample treated at 500oC is completely devoid of material as seen in the EDS scan in Figure 5-12 

where there is a hole at the HfO2/CFO interface.  
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Figure 5-12: EDS maps of 500oC. 

Figure 5-12 shows the separate EDS maps of 500oC to further verify that the voids is a complete 

lack of material and that the black void contains no material.  
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Figure 5-13: EDS maps of 800oC. 

The partial voids in the 800oC (Figure 5-13) and Extreme Conditions samples (Figure 5-

14) have less material compared to the surrounding area (instead being completely void of 

material). Extreme Conditions HfO2/CFO interface is not clearly defined and very rough 

especially compared to the Unannealed sample’s HfO2/CFO interface. Extreme Condition’s void 

corroborates HfO2/CFO interface roughening. Part of the image of the void is hafnia and the 

lower half is CFO.  
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It is important to reiterate that TEM provides a 2-D image of a 3-D sample. Thus, an 

image does not just show one cross-section, but all of the cross-sections within a sample on the 

one image.  

 

Figure 5-14: EDS maps of Extreme Conditions. 

5.3.6.2. Diffusion of cobalt into SiO2 

Another notable note about the EDS maps is how Co is distributed in the samples in 

Figure 5-15. Plain CFO samples have an even distribution of Co. Unannealed and 500oC samples 

show a slight build-up of Co at the CFO/SiO2 interface. 800oC has a noticeable build-up of Co at 

the as seen in the bright blue line on the EDS scan. Extreme Conditions shows a fairly even 

distribution of Co except where partial voids are present. 
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Figure 5-15: Co EDS maps of the samples. 

However, Co diffusion becomes more apparent when the Co EDS maps and the Fe EDS maps 

are shown together in Figure 5-16. The Unannealed and 500oC samples show slight Co diffusion 

into the SiO2 layer where a thin blue Co line appears underneath the yellow Fe EDS map. 

 

Figure 5-16: EDS maps Co and Fe to show Cobalt diffusion.  

5.3.6.3. Time of flight secondary ion mass spectrometry 

5.3.6.3.1. Diffusion of Co- and CoO- 

TOF-SIMS is a more sensitive tool to detect diffusion than EDS. TOF SIMS was used to 

detect if diffusion of other elements had occurred that were not seen by EDS. TOF-SIMS should 
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not be taken as a quantitative measure for diffusion. Instead, the ion profiles should be compared 

with other profiles to make statements about diffusion. Figure 5-17 shows the TOF-SIMS 

profiles of Co- and CoO- ions. In the SiO2 region of both graphs there is a shoulder showing 

diffusion of Co and CoO- in all the Unannealed, 500oC and 800oC samples. This information 

corroborates the diffusion shown in the EDS maps in Figure 5-16. The unannealed and 500oC 

samples show nearly identical profiles. In contrast, the 800oC sample shows a more pronounced 

shoulder into the SiO2 region. Also, both graphs show that 800oC has some diffusion into the 

HfO2 layer. 

 

Figure 5-17: TOF SIMS profiles of Co- and CoO- for Unannealed, 500oC and 800oC. 
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5.3.6.3.2. Diffusion of Fe- and FeO- 

 

Figure 5-18: TOF SIMS profiles of Fe- and FeO- for Unannealed, 500oC and 800oC 

            Figure 5-18 shows the TOF SIMS profiles of Fe- and FeO- for Unannealed, 500oC and 

800oC. In the SiO2 layer of both graphs, it appears that there is heavy Fe- and FeO- diffusion. 

However, this is not the case because there was no visible diffusion of Fe in the EDS maps. 

Instead, the Fe- and FeO- slopes into the SiO2 region of the graph because of the matrix effect. In 

short, different materials and different matrices yield different amounts of secondary ions.  In 

this case, the secondary ion yield of Fe- and FeO-in SiO2 layer is much higher than the secondary 

ion yield of Fe- and FeO-in the CFO layer, so it appears that Fe- and FeO-are diffused into SiO2, 

but it is not true.  

          On the other hand there is Fe- and FeO-diffusion into the HfO2 layer of the 800oC sample. 

We know that there is diffusion because the Unannealed and 500oC profiles in the HfO2 layer 

look much different than the 800oC profile in the HfO2 layer. For 800oC there is Fe- and FeO- 

diffusion that was detectable in TOF-SIMS, but not in EDS. 
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5.3.6.3.3. Diffusion of HfO- and HfO2- 

 

Figure 5-19: TOF SIMS profiles of HfO- and HfO2
- for Unannealed, 500oC and 800oC. 

           At first in Figure 5-19, it appears that HfO- and HfO2
-diffuse into the CFO and SiO2 layer. 

However, this apparent diffusion is really from the matrix effect. No diffusion of HfO- and HfO2 

was seen in EDS.   
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5.3.6.3.4. Diffusion of O2-and Si- 

 

Figure 5-20: TOF SIMS profiles of O2
- and Si- for Unannealed, 500oC and 800oC samples. 

For O2
- profile (Figure 5-20), Unannealed, 500oC, and 800oC look nearly identical. For 

Si- the matrix effect makes it appear like Si- is diffusing into the CFO layer. Granted, according 

to EDS there was some diffusion of Si- into the CFO layer, though not as extreme as the TOF 

SIMS profile shows. For 800oC, there is some Si- in the HfO2 layer. 

5.4. Work of adhesion 

Work of adhesion is the work needed to separate the interface into two separate phases. 

[1], [2] In other words one interface becomes two surfaces. If the work of adhesion is positive, 

then the two films would adhere to each other. If the work of adhesion is negative, then the two 

films would not adhere to each other and it would not take any work to separate them.  

 

 Wa = γs1 + γs2 − γS1S2  (5-2) 

 

Equation 5-2 shows the equation for work of adhesion where γs1 is the surface energy of 

solid 1, γs2 is the surface energy of solid 2, and γS1S2 is the interfacial energy when solid 1 and 
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solid 2 are combined. Systems would want to stay at the lowest energy possible. If the interfacial 

energy γS1S2 is less than the surface energies of γS1 and γS2 combined then the film would adhere. 

If the interfacial energy of γS1S2 is more than the surface energies of γS1 and γS2 combined then 

the film would not adhere. 

Looking at the TEM figures again, it appears as though CFO and HfO2 are de-adhering 

from each other as seen in the growing partial voids as temperature and annealing time increases. 

The interfacial energy of HfO2/CFO is higher than the surface energies of HfO2 and CFO 

combined.  Thus, HfO2 and CFO would have less energy as two non-connected phases. The 

partial voids in the HfO2/CFO heterostructures grow at higher temperatures and longer annealing 

times because diffusion can take place and HfO2/CFO interface can reach an equilibrium.  

5.4.1. Cobalt diffusion as a secondary effect 

A secondary effect of HfO2/CFO interface de-adhering could be Co diffusion into the 

SiO2 layer. Referring back to the EDS maps of Co, and Fe, 800oC shows the most Co diffusion 

into the SiO2 layer while Unannealed and 500oC showed slight Co diffusion into the SiO2 layer. 

In contrast, the Plain CFO sample showed no Co diffusion at all suggesting that Co will not 

always diffuse into the SiO2 layer and maybe that the HfO2/CFO interface de-adhering played a 

role in Co diffusion into the SiO2 layer. However, this idea is contradicted with the Extreme 

Conditions samples where that sample had the most partial voids among the other samples, but 

there was no Co diffusion into the SiO2 layer. 

 Here I want to emphasize that the Extreme Conditions sample was made by annealing 

the Unannealed sample (a sample that showed Co diffusion) at 800oC for 1 hour. Perhaps the 

diffusion in Unannealed only occurred in a very small portion of the sample that was not 

representative of the whole Unannealed sample. Hence, when Extreme Conditions was analyzed, 
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no Co diffusion was shown. However, the opposite could be true as well where Co diffusion is 

the norm and no diffusion present is the anomaly. More research is needed to investigate 

diffusion and see the Co diffusion is repeatable. 

Within this experiment, there is limited evidence about Co diffusion into the SiO2 layer. 

EDS images only show a very small portion of a sample that may not be representative of the 

whole sample. Literature does show that Co diffuses into Si to form CoSi and Co2Si. Coulman et 

al. made a 55nm Co sample on Si and did rapid thermal annealing for 20sec. After annealing, 

CoSi and Co2Si had formed. [3] Diale et al. showed that Co was the dominant diffusing species 

in the formation of CoSi.[4] For the Co diffusion into the SiO2 layer the Unannealed, 500oC, and 

800oC samples, it is unknown whether Co diffusion happened along the grain boundaries or 

within the grain. 

5.5. Conclusion  

XRD shows that the thin films are CFO, hafnia, SiO2 and Si. XRD did not detect any 

crystalline secondary phases. 500oC is the minimum annealing temperature needed for the 

heterostructures to have both crystalline HfO2 and crystalline CFO. GIXRD showed that there 

were no crystalline secondary phases at the surface of the HfO2 films. 

TEM images and the roughness estimations show that the HfO2/CFO interface gets 

rougher at higher temperatures and annealing times. This happens because HfO2/CFO interfacial 

energy is higher than surface energy of HfO2 and the surface energy of CFO combined. Higher 

temperatures and longer annealing times allowed diffusion to occur and gave time for HfO2 and 

CFO to de-adhere from each other. The 800oC is the sample that first showed roughening and the 

Extreme Conditions sample showed the partial voids growing larger as HfO2/CFO were able to 

reach an equilibrium. Unannealed and 500oC showed well defined interfaces, but Unannealed did 
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not have crystalline HfO2. 500oC is the optimum temperature to have crystalline HfO2 without 

extensive void formation. 

It is uncertain how Co is diffusing to the CFO/SiO2 interface. The Plain CFO sample 

showed no diffusion according to EDS. However, literature does show that Co reacts with Si. 

One possibility is that the presence of the HfO2 layer influences Co diffusion since the 

Unannealed, 500oC, and 800oC samples exhibited Co diffusion at the CFO/SiO2 interface. Co 

diffusion could be a secondary effect from HfO2 and CFO de-adhering from each other.  As CFO 

diffuses away from the HfO2 layer, the Co diffuses into Si, because Co/SiO2 has a lower 

interfacial energy than HfO2/Co. However, Extreme Conditions contradicts this idea, because 

there was no Co diffusion at the CFO/SiO2 interface, despite Extreme Conditions being made 

from the Unannealed sample and Extreme Conditions showing the most de-adhesion at the 

HfO2/CFO interface. More research needs to be done to test the replicability.  

TOF-SIMS revealed more diffusion overall. TOF-SIMS higher sensitivity showed that 

Co, Fe, and Si diffusion begin at 800oC. Also, the Unannealed and 500oC samples showed nearly 

identical elemental profiles suggesting that diffusion is not an issue for 500oC. This further 

proves that 500oC is the maximum temperature for stability of the crystalline phases, no/little 

diffusion, and no/little void formation at the interface. A relatively low annealing temperature of 

500oC for 30s could possibly make HfO2/CFO compatible with CMOS circuits.    
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CHAPTER 6: FUTURE WORK 

This chapter will briefly go over some ideas for potential future experiments. This is by 

no means a comprehensive list.  

6.1. Add an adhesion layer in between the HfO2 and CFO layers  

Introducing an adhesion layer in between the HfO2 and CFO could improve adhesion and 

interfacial stability. Pt and Ti are common adhesion layers. An adhesion layer would need to be 

able to withstand the annealing process for HfO2 without any diffusing or reacting to HfO2 and 

CFO. 

6.2. Integrate electrodes into the HfO2 and CFO Heterostructures 

In order to measure the ferroelectric properties of HfO2, samples would need electrodes. 

Ferroelectric HfO2 has been made and used TiN electrodes. Research would need to be done to 

evaluate if TiN would react with CFO.  

6.3. Make HfO2 and CFO both with ALD  

ALD allows substantial control of the thickness of a film by depositing a monolayer at a 

time. HfO2 is ferroelectric at less than 10nm thickness and ALD is the best deposition method to 

control film thickness. CFO can potentially be deposited with ALD at NCSU Nanofabrication 

Facility. If HfO2 and CFO could both deposited by ALD without breaking the vacuum, it could 

potentially improve the stability of the HfO2/CFO interface.  

Potential issues could arise in XRD and GIXRD. In my experience, HfO2 and CFO peaks 

did not appear when the films were less than 50nm thick. 
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6.4. Prevent samples from being exposed to the atmosphere  

Fabrication of my HfO2/CFO/SiO2/Si heterostructures involved open-air transportation 

from the sputtering system to the ALD  system. CFO and HfO2 could have reacted with moisture 

or oxygen in the air during the open-air transportation. These reactions could adversely affect the 

stability of the HfO2/CFO interface. Transporting samples in a vacuum would be beneficial, 

especially if HfO2 and CFO cannot be deposited in the same chamber.  
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APPENDICES 
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APPENDIX A  

TEM roughness estimation instructions 

1) Open image in ImageJ [File>Open> Select image] 

2) Use the line tool  to outline the scale bar 

3) Click Analyze and select Set Scale from the drop down menu. A pop-up would appear 

and enter the number on the scale bar and the units. See Figure 0-1. 

 

Figure 0-1: Setting up a scale on ImageJ. 
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4) Select Analyze and choose Tools from the drop down menu. Then choose Grid... from 

the second drop down menu.  

5) A Grid… pop-up menu would appear. Change the area per point to 2500 nm^2 for a 

squares that is 50nm x 50nm.  See Figure 0-2 

 

 

Figure 0-2: Grid set up on ImageJ. 
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6) Crop image by selecting the Rectangle Tool  and select the desired area. Then click 

Image and then select Crop from the drop down menu.The result should look like Figure 

0-3 

 

Figure 0-3: Cropped image on ImageJ. 

7) The image was divided into four sections and putting lines on the image. To draw line, 

select the Line Tool  and draw a line. To make the line permanent, press the Backspace 

key on the keyboard. Then repeat. Each section was 15-16 squares long.  

 

8) Zoom in to the sections you want to analyze with the Magnifying Glass   . Then use the 

Scrolling Tool  to move to the area that needs to be analyzed.  

9) The Multi-Point Tool  was used to outline the HfO2/CFO interface. Each point has to 

be manually clicked. Figure 0-4 shows an example where a section’s HfO2/CFO interface 

is outlined with point. Each section has 200-250 points.

 

Figure 0-4: The HfO2/CFO interface outlined with points. 
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10) Once all of the points are collected for a section. Click Analyze and select Measure from 

the drop down menu. 

11) A pop up menu will appear showing all of the information of the point. Copy all of the 

data and paste it on an Excel Spreadsheet. Figure 0-5 shows a partial Excel Spreadsheet 

of the points. The data needed is from the Y-coordinate column. 

 

Figure 0-5: Partial Excel Spreadsheet for the points. 

12) Calculate Yaverage and make A new column was made to help calculate │Y-Yaverage│as 

seen in Figure 0-6 

 

Figure 0-6: New column for Y-Yaverage. 

13) Refer to Equation 5-1 in Chapter 5 for calculating roughness. 
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