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Abstract 

Nonvolatile magnetoelectric (ME) devices are emerging post-CMOS spintronic 

applications that promise ultralow power consumption, and faster switching, relative to existing 

(spin-transfer torque) technology. Switching of such devices is based upon the idea of exploiting 

voltage-controlled magnetic anisotropy (VCMA), arising at the surface of a ME material. Here we 

study the promising ME chromia (Cr2O3), which is one of the few MEs to exhibit VCMA at room 

temperature. While previous research has successfully demonstrated VCMA in heterostructures 

formed with bulk Cr2O3, its electrical characteristics is not well understood. Also, it remains a 

significant challenge to demonstrate VMCA in the thin films needed for device applications. 

Notably, the development of fully functional devices, in which the Cr2O3 exhibits high endurance 

in response to repeated switching, requires that current leakage be minimized at high electric fields 

(>100 kV/cm). In this thesis, we investigate the high-field current leakage in both high-quality 

single crystal and thin-film crystalline Cr2O3, synthesized on different substrates. By studying the 

variation of the leakage over a wide range of temperature (200 – 400 K), the physical mechanisms 

responsible for dielectric breakdown are identified. The breakdown in thin-film Cr2O3 is found to 

be strongly sensitive to the nature of the metallic substrate on which the crystalline film is formed. 

By proper control of these parameters, we show how it is possible to achieve high film resistivity 

(at the order of 1012Ωcm) with large breakdown fields. The important role of the substrate arises 

from its capacity to impact the propagation of twinning defects into the Cr2O3 itself, and to thereby 

impact the resistivity and breakdown characteristics exhibited by the resulting film. These results 

therefore suggest a highly-promising direction for the realization of spintronic devices based on 

this material.  
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Chapter 1 

Introduction 

 

1.1 Introduction and Motivations 

 The much celebrated Moore’s law predicts that the number of transistors in a dense 

integrated circuit should double every two years [1]. With current complementary metal-oxide-

semiconductor (CMOS) technology at 10nm (gate length), a limitation will be reached in the near 

future due to the atomic size restriction. In addition, joule heating and quantum effects present 

significant challenges with further reduction in size, and therefore set the scaling limits [2]. To 

overcome these barriers, researchers are therefore on a quest to develop post-CMOS technologies. 

 Magnetoelectrics (MEs) are attracting increasing interest due to their potential for 

application in post-CMOS spintronic devices [2, 3]. In such materials, magnetic ordered states can 

be manipulated purely by electrical means, giving rise to voltage-controlled non-volatile states. As 

a result, spintronic devices utilizing MEs can significantly reduce the power consumption while 

enhancing the processing speed, integration density and functionality compared with current 

CMOS electronics [4-7] (Fig. 1.1). In addition, MEs are typically dielectrics, with high intrinsic 

resistivity that strongly limits current flow, even under the application of strong electric field [8]. 

They may therefore offer a route to replace the far-more energetically costly electrical switching 

of magnetism by spin-transfer torque (STT), in which the writing current densities in some 

memory elements are in excess of 1MA/m2 [9]. 
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Figure 1.1 Comparison of calculated energy-delay factors for different ME and CMOS logic gates. The data point of 

ME-MTJ inverters overlap with XNOR gates so a larger symbol is used denote the ME-MTJ inverter. With increasing 

logical complexity, ME devices are expected to perform better than CMOS devices, at least in terms of energy 

consumption [2, 10]. For detailed parameters used in this calculation, we refer readers to Ref. 10. 

 

 There are various proposals currently being explored as a means to realize such technology. 

Particularly noteworthy are proposals to develop a ME-controlled magnetic tunnel junction (ME-

MTJ. See Fig. 1.2(a)) [6, 11-13] and ME spin field-effect transistors (ME spin FET. See Fig. 1.2(b)) 

[14, 15]. Among these proposals, chromia (Cr2O3) is frequently utilized as the ME material since 

it is one of a few MEs that demonstrate ME effect above room temperature, together with its high 

antiferromagnetic resonance frequency (or, antiferromagnetic domain/ boundary magnetization 

switching time) of ~170GHz [16]. All these physical properties make Cr2O3 a very promising ME 

material for future spintronic device applications. However, given the importance of Cr2O3 as an 

emergent material for electronics, its electrical characteristics remains largely unknown. Moreover, 
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when Cr2O3 is grown in thin-film form, it exhibits high current leakage due to the presence of 

structural defects. It is therefore the goal of this thesis to understand the conduction mechanisms 

in Cr2O3, both in bulk and thin-film, and to find a solution to eliminate the structural defects as 

well as the high current leakage in thin-film Cr2O3, making it implementable in a fully functional 

device. 

 

Figure 1.2 Schematic illustration of (a) a ME-MTJ [6] and (b) a ME spin FET [3]. In (a), the magnetization of the 

free ferromagnetic (FM) layer can be switched by the voltage-controlled surface magnetization of the ME 

antiferromagnet (AFM), hence writing on and off states of the MTJ. In (b), the magnetization of the FM source or 

drain can be switched by applying voltage to the ME substrate, similar to the free FM layer in (a). Also, the surface 

magnetization of the ME material can cause precession of electron spins regardless of spin-orbit coupling in the 

channel material.  

 

1.2 Outline of this thesis 

 Following this brief introductory chapter, we provide an overview of Cr2O3 and discuss in 

details some key conduction mechanisms in dielectrics in chapter 2. We start with the Cr2O3 crystal 

structure. In this part, we examine its unit cell and discuss qualitatively how the antiferromagnetic 

order allows the crystal to break both spatial and time inversion symmetries simultaneously. Then, 

we consider how the magnetoelectric (ME) effect and ME-controllable boundary magnetic state 

arise from such unique crystal structure. Followed by that, we review a few recent important 

studies of Cr2O3 in historic order as well as current challenges associated with it. Finally, we review 
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the key conduction mechanisms that are found to be the dominant source of leakage in Cr2O3, 

namely the Poole-Frenkle (PF) effect and space charge limited conduction (SCLC), with a 

particular emphasis on the influence of trap distribution on the resulting electric transport. 

 In chapter 3, we show details of fabrication methods and experimental setup for the 

electrical characterization measurements. The fabrication methods section is divided into two parts: 

bulk and thin-film Cr2O3. For bulk Cr2O3, we present tools and procedures required for mechanical 

polishing of samples, as well as necessary cautions that need to be taken during electrode 

deposition. For thin-film Cr2O3, we describe the employed lithographic process, such as 

photolithography and electron-beam lithography, step by step, for contact formation, followed by 

sample packaging. Lastly, procedures for identifying high-resistivity electrodes and details of 

temperature dependent I-V characterization, such as noise reduction techniques for ultralow 

current measurements, are presented. 

 In Chapter 4, we present our results on the temperature dependent I-V characterization of 

bulk Cr2O3 from 200K to 400K. We first show I-V curves exhibited by different bulk Cr2O3 

samples, after discussing the importance of background noise elimination. Through further 

analysis, different conduction mechanisms are found to dominate the electrical transport in various 

temperature ranges. By studying those conduction mechanisms, a few key physical properties, 

such as mobility and effective trap depth at thermal equilibrium, can be obtained. Following this, 

we compare our results with earlier studies of electrical resistivity of thin-film Cr2O3, and find that 

thin-film Cr2O3 exhibits serious current leakage. This comparison suggests our results provide 

important benchmarking data for assessing the dielectric quality of epitaxially- grown Cr2O3 films, 

which will be used in later chapters. 
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 Chapter 5 focuses on the physical origin of current leakage in thin-film Cr2O3. We first 

show the problem that, when Cr2O3 is grown on Pd, it exhibits significant current leakage. Then, 

we review a structural study that suggests the current leakage originates from the presence of 

twinning defects, which cause a 65% reduction of Cr2O3 bandgap due to the unoccupied 2p states 

of the oxygen atoms along the boundary. Following this, we present results of XRD and C-AFM 

measurements on Cr2O3 grown on three different conductive substrates (Pd, Pt and V2O3), 

confirming the presence of such defects in Cr2O3 on Pd, and it is completely eliminated in Cr2O3 

on V2O3. We further show confirmation from our resistivity measurements that, the leakage in 

Cr2O3 on Pd is the highest, while Cr2O3 on V2O3 exhibits the lowest leakage, and its resistivity is 

comparable to that of bulk Cr2O3. 

Chapter 6 presents our results on temperature dependent electrical characterization of thin-

film Cr2O3 on Pd, Pt and V2O3 from 200K to 400K. We show an in-depth analysis to demonstrate 

that the space-charge limited conduction (SCLC) is the dominating conduction mechanism across 

all films, and the choice of underlying substrate has profound influence over the density and energy 

distribution of traps. We find that results are consistent with our study in chapter 5, suggesting a 

fundamental difference between Cr2O3 films grown on Pd, and those formed on Pt and V2O3 

substrates, with the former being dominated by deep, discrete traps while the latter are 

characterized by the presence of exponentially-distributed, fairly shallow traps. 

This thesis ends at chapter 7, where we draw the key conclusions obtained from our study. 

With all the evidences presented in early chapters, we conclude that chromia thin films formed on 

V2O3 substrates are a promising candidate for next-generation spintronics. 
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Chapter 2 

An Overview of Cr2O3 and Conduction Mechanisms in 

Dielectrics 

 

 With the clear motivation provided in the previous chapter, in this chapter we now discuss 

the background knowledge that is essential to this thesis. We first present an overview of the 

material Cr2O3, including a discussion of its crystal structure and the key physical properties that 

make it a promising material for future spintronic applications. Then, we review a few recent 

important studies of Cr2O3 in detail, to demonstrate how it is utilized for technological applications, 

and to highlight some of the current challenges associated with it. Finally, we review some of the 

key electrical conduction mechanisms in dielectrics, namely the Poole-Frenkle (PF) effect and 

space charge limited conduction (SCLC). 

 

2.1 Chromia (Cr2O3) 

 Cr2O3 is an antiferromagnetic insulating oxide with a Néel temperature of ~307 K [1], 

below which it exhibits the magnetoelectric (ME) effect. This effect involves the phenomenon in 

which a magnetization may develop in a material in response to an applied electric field, or, 

equivalently, in which a static electrical polarization may be generated under the application of a 

magnetic field [2]. More significantly, this material is known to demonstrate robust boundary 

magnetization at its (0001) crystalline surface [3], a phenomenon that can persist in the absence of 

any external (electric or magnetic) field. The direction of this magnetization maybe reversed, 

however, simply by applying a suitable electric field across the insulator [4]. Together with its 
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wide bandgap of 3.31 eV [5], Cr2O3 is expected to make ultralow-power electrical control of 

magnetization possible, offering a route to replace the far- more energetically costly switching of 

magnetism by spin- transfer torque [6]. 

 

2.1.1 Crystal Structure of Cr2O3 

 The crystal structure of Cr2O3 is shown in Fig. 2.1. It adopts a corundum structure and 

consists of a rhombohedral unit cell (of space group R3̅c for reference), which contains four 

crystallographically equivalent Cr3+ ions, each of which is octahedrally coordinated with six 

oxygens [7]. Usually, the [111] axis of this rhombohedral unit cell is denoted as the z (or c) axis, 

but is also otherwise referred to as the [0001] axis in recent literature [3, 4, 8] (For more 

information on the 4-digit Miller index system, also known as the Miller-Bravais coordinate 

system, we refer the reader to Ref. 9. Please also note that we will be using the terms z- , c- and 

[0001]- axis interchangeably in this thesis).  Within the unit cell, the oxygen octahedra are distorted, 

such that, from the viewpoint of Fig. 2.1, the triangle formed by oxygen atoms varies in size 

alternately, and so configures an ABA stacking. Here, we refer to the A layer as that with the larger 

triangle of oxygen atoms in Fig. 2.1, and the B layer as that with the smaller triangle. Each stack 

encloses two Cr3+ ions, which always lie closer to the nearest A plane. To ease the following 

discussion, we name the AB block as [+] and the BA block as [-]. In fact, the [+] and [-] are 

structurally equivalent to each other through spatial inversion I, which is simply a reflection about 

the ab plane in this context (see Fig. 2.1).  However, the I operation does not reverse any magnetic 

moment. This is the reason that Cr2O3 is said to break spatial inversion symmetry. 



 
 

10 
 

 

Figure 2.1 Crystal structure of Cr2O3. The open circles are the O2- ions and the filled circles represent Cr3+ ions. The 

crystal consists of a hexagonal close packed (hcp) array of O2- ions with octahedral holes occupied by Cr3+ ions. The 

rhombohedral unit cell is located inside the hcp structure. The oxygen ions form triangles of different size, and so are 

layered in ABA fashion. The notation [+] and [-] denotes the different domains in the stack, both of which preserve 

space-time symmetry. This gives rise to antiferromagnetic order in Cr2O3, with the order interchangeable in between 

states 1 and 2 as indicated [7]. 

 

Each Cr3+ ion in the [+] and [-] blocks contributes a total spin (S) of 
3

2
 and is magnetized in 

the opposite direction to that of the other, thereby providing the source of the antiferromagnetism 

of Cr2O3 below ~307 K. There are two antiferromagnetic states in this system, labeled as 1 and 2 

in Fig. 2.1, and they can be flipped by ME switching, a subject that we shall revisit again in Section 

2.1.3. For now, it is important to note that, the magnetic moments break time reversal such that 

spin reversal can happen under the time reversal operator R = t → -t. A classical analogy would be 
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the magnetic field and dipole generated by an electric current. Under time reversal, the current 

reverses its direction, as does the generated magnetic field or dipole. At the quantum level, spin 

flip occurs due to the reversal of orbital and angular momentum [10]. However, under the IR 

operation, the crystal remains unchanged. Take [-] as an example, the I operator reflects [-] about 

the ab plane and then the R operator reverses the spin, so that [-] becomes identical to [+]. This is 

how Cr2O3 breaks both spatial and time inversion symmetry, while the product of both symmetries 

remains invariant. 

 

2.1.2 The Magnetoelectric (ME) Effect in Cr2O3 

 The ME effect couples the magnetic and electrical properties of a material, such that the 

material will be magnetized with the application of an external electric field, or an electrical 

polarization will be induced under the influence of an external magnetic field. Although this effect 

was discovered experimentally by R ö ntgen [11] in the late 19th century, a mathematical 

formulation of the linear ME effect was first provided by Landau and Lifshitz in their famous texts 

on theoretical physics [12]. Furthermore, it was Dzyaloshinskii who pointed out, using symmetry 

arguments, that the linear ME effect should occur in Cr2O3 [2], a prediction that was later verified 

experimentally by Astrov [13]. Following the successful observation of this behavior, many 

theories were developed to explain the microscopic origins of magneto-electricity in Cr2O3 [14-

16]. In this section, we first analyze the ME effect, in general, from a thermodynamic perspective, 

following which we discuss the microscopic origins of this effect in Cr2O3. 
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Thermodynamic approach 

In general, the ME effect can be described by an expansion of the free energy of a material 

that fulfills particular symmetry requirements, namely the breaking of spatial- and time-reversal 

symmetry [17]: 

𝐹(�⃗� , �⃗⃗� ) = 𝐹0 − 𝑃𝑖
𝑆𝐸𝑖 − 𝑀𝑖

𝑆𝐻𝑖 −
1

2
𝜀0𝜀𝑖𝑗𝐸𝑖𝐸𝑗 −

1

2
𝜇0𝜇𝑖𝑗𝐻𝑖𝐻𝑗 − 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 −

1

2
𝛽𝑖𝑗𝑘𝐸𝑖𝐻𝑗𝐻𝑘 −

1

2
𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗𝐸𝑘 − ⋯.         (2.1) 

Here, �⃗�  and �⃗⃗�  are the applied electric field and magnetic field, respectively. Differentiation of Eq. 

(2.1) with respect to a particular direction of electric field yields the polarization: 

𝑃𝑖(�⃗� , �⃗⃗� ) = −
𝛿𝐹

𝛿𝐸𝑖
= 𝑃𝑖

𝑆 + 𝜀0𝜀𝑖𝑗𝐸𝑗 + 𝛼𝑖𝑗𝐻𝑗 +
1

2
𝛽𝑖𝑗𝑘𝐻𝑗𝐻𝑘 +

1

2
𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗 + ⋯.          (2.2) 

Similarly, differentiating Eq. (2.1) with respect to a particular direction of magnetic field yields 

the magnetization of the material: 

𝑀𝑖(�⃗� , �⃗⃗� ) = −
𝛿𝐹

𝛿𝐻𝑖
= 𝑀𝑖

𝑆 + 𝜇0𝜇𝑖𝑗𝐻𝑗 + 𝛼𝑖𝑗𝐸𝑖 + 𝛽𝑖𝑗𝑘𝐸𝑖𝐻𝑗 +
1

2
𝛾𝑖𝑗𝑘𝐸𝑗𝐸𝑘 + ⋯,          (2.3) 

where 𝑃𝑖
𝑆 and 𝑀𝑖

𝑆 denote the spontaneous polarization and magnetization, 𝜀 and 𝜇 are the electric 

and magnetic susceptibilities, and the subscripts i, j and k indicate the spatial directions x, y and z. 

The parameter 𝛼 is the linear ME effect tensor, while 𝛽 and 𝛾 are tensors describing the higher 

order ME effect. The 3rd term on the right-hand side of both Eq. (2.2) and Eq. (2.3) is the linear 

ME effect, showing that an external magnetic or electric field can lead to the appearance of an 

electric polarization or magnetization, respectively.  Since Cr2O3 is a linear ME material, most 

analyses typically only consider Eqs. (2.1) – (2.3) up to the α term, for which time-reversal anti- 

symmetry is implicitly applied. 
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Early experiments 

 

Figure 2.2 (a) Experimental setup of Astrov’s work, which included 1. the Cr2O3 sample, 2. electrodes, 3. measuring 

coils (signals were fed into an amplifier through a balancing transformer), 4. a heater, 5. an electrostatic shield, and 6. 

a copper- constantan thermocouple. (b) Results from the experiment, see main text for details [13]. 

 

 The first experimental confirmation of ME effect in Cr2O3 came from Astrov [13], soon 

after Dzyaloshinskii’s prediction. Astrov’s experimental setup is shown in Fig. 2.2(a), in which an 

AC (10 kHz) electric field was applied and the resulting magnetic field was measured. The results 

are shown in Fig. 2.2(b), where curves 1 and 2 represents the induced magnetic moments (units: 

gauss cm/V) under an applied electric field of 430 V/cm and 230V/cm, respectively. In the same 

figure, curve 3 demonstrates the magnetic susceptibility (in relative units) of Cr2O3 near the 

vicinity of its Néel temperature, in order to confirm the magnetic ordering transition within the 

crystal. This experiment was not perfect, due to the irregular shape of the single crystal and the 
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high inhomogeneity of the external electric field [18], it nonetheless successfully demonstrated the 

ME effect in Cr2O3. 

 Following the early success of Astrov, more research was done to study the ME effect in 

Cr2O3. In the work of Folen et al. [19], the authors measured the ME coefficient (the α tensor term 

in Eq. (2.1) – (2.3)) from 100 K to around 330 K (using a similar setup as Ref. 13), and 

demonstrated the anisotropic nature of the ME effect in Cr2O3. Their results are shown in Fig. 2.3 

(in Gaussian units), where 𝛼∥ and 𝛼⊥denote the ME tensor component parallel and perpendicular 

to the c-axis, respectively. Comparing both terms, 𝛼∥ is observed to be significantly larger than 𝛼⊥, 

which means that the ME effect along the c-axis of Cr2O3 is much stronger than that along any in- 

plane directions. However, 𝛼∥ is only 4.13 psm-1 at its maximum at ~260K, which is considered to 

be small when compared to other ME materials such as LiCoPO4 (30 psm-1) [20], yttrium iron 

garnet (YIG) films (~30 psm-1) [21] and TbPO4 (36.7 psm-1) [22]. Nonetheless, chromia one of the 

few materials to demonstrate the ME effect at room temperature, a point that we will return to in 

Section 2.2. 
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Figure 2.3 The ME coefficients measured by Folen et al. [19].  𝛼∥ (right axis) and 𝛼⊥(left axis) represent the ME 

tensor component that is parallel and perpendicular to the c- axis of the Cr2O3, respectively. 𝛼∥  is found to be 

significantly larger than 𝛼⊥. 

 

 Another important experiment was performed by Martin et al. [23], who paved the way to 

modern device-oriented research. These authors were the first to demonstrate the isothermal ME 

switching of antiferromagnetic domains (from state 1 to 2 in Fig. 2.1, or vice versa) in Cr2O3. 

Formally, these two states are time reversal anti-symmetric with respect to one another, such that 

the sign of the α coefficient is different for each state; this can be visualized as an opposite spin 

direction in each state, since electronic spin breaks time-reversal symmetry (see Section 2.1 or Ref. 

10). The free energy of states 1 and 2 of the antiferromagnetic Cr2O3 can be expressed as follows 

[23]: 

𝑆𝑡𝑎𝑡𝑒 1: 𝐹+ = 
1

2
𝜇𝑖𝑗𝐻𝑖𝐻𝑗 +

1

2
𝜀𝑖𝑗𝐸𝑖𝐸𝑗 + 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 ,          (2.4a) 
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𝑆𝑡𝑎𝑡𝑒 2: 𝐹− = 
1

2
𝜇𝑖𝑗𝐻𝑖𝐻𝑗 +

1

2
𝜀𝑖𝑗𝐸𝑖𝐸𝑗 − 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 .          (2.4b) 

and the energy difference between 2 states is: 

𝐹+ − 𝐹− = 2𝛼𝑖𝑗𝐸𝑖𝐻𝑗 .          (2.4c) 

Eq. (2.4c) shows that the simultaneous application of external electric and magnetic fields, via 

their so-called EH product, is required in order to fulfill the energy requirement to switch from 

state 1 to 2, or vice versa. The associated experimental results of Martin et al. are shown in Fig. 

2.4, which demonstrate a change of the sign of the α term once the EH product reaches a threshold 

value. This indicates the switching between the two stable antiferromagnetic states for sufficiently 

strong EH product. 

 

Figure 2.4 ME switching behavior in Cr2O3 at 290K [23]. 
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Microscopic origins of the ME effect in Cr2O3 

 There are three different origins of the c-axis ME effect in Cr2O3, namely single-ion 

anisotropy [14], two-ion theory [15, 16], and electric-field- induced g-shifting [24, 25]. Here, we 

focus only on the two-ion theory as it dominates the ME effect in Cr2O3 at high temperatures, in 

the range of interest for practical device applications. For a more complete discussion, we refer the 

reader to Ref. 26. 

  

Figure 2.5 Exaggerated schematic drawing of Cr2O3 at thermal equilibrium (left) and under bias (right). In the 

presence of an electric field, the the Cr3+ ions shift from their equilibrium positions. This changes the exchange 

interaction between sublattices and hence creates asymmetric magnetic moments, resulting in net magnetization [17].  
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 The mechanism of interest here is named the ‘two-ion theory’ due to its origins in the 

interaction between the two sub- lattices [+] and [-]. A schematic diagram of the Cr2O3 crystal 

structure, at thermal equilibrium and under potential biasing is shown on the left- and right-hand 

sides of Fig. 2.5, respectively. With the application of electric- field, the Cr3+ ions at the A1,2 sites 

are shifted closer to the small O2- triangle while those at B1,2 sites move away from it. This breaks 

the symmetric equivalence of the [+] and [-] sublattices. Consequently, Cr3+ ions at the A1,2 sites 

and B1,2 sites experience different crystalline fields from the O2- triangles. With such a perturbation, 

the two sub- lattices no longer interact in the same way as they do at thermal equilibrium. In the 

language of quantum mechanics, the applied electric field introduces some additional terms into 

the exchange integral [16], hence changing the intra-sublattice exchange energy. As a result, the 

energy of the d-orbitals of the Cr3+ ions differ in each sub- lattice, hence creating different magnetic 

moments that lead to the development of a net magnetization. 

 

2.1.3 Boundary Magnetization of Cr2O3 

We have already covered the antiferromagnetic nature of Cr2O3; however, at its surface, it 

exhibits a net magnetization that can be reversed isothermally by ME switching. In this subsection, 

we provide an intuitive understanding of this phenomenon and show experimental evidence that 

confirms the existence of single domains in the boundary magnetization. 

 The boundary magnetization of Cr2O3 is actually a property of antiferromagnets, and all 

antiferromagnets possess boundary magnetization [27, 28]. In the case of Cr2O3, it arises from the 

symmetry breaking properties of the crystal structure. Fig. 2.6(a) shows a compact view of the 

Cr2O3 crystal. Corresponding to state 2 in Fig. 2.1, the spin-up Cr3+ ions are closer to the lower O2- 
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triangle while the spin-down Cr3+ ions are closer to the upper O2- triangle. It is apparent that only 

spin-up Cr3+ ions exist at the immediate surface of Cr2O3, since the spin-down ions require an 

upper O2- triangle to ‘hang’ onto, which does not exist in this case. 

 

Figure 2.6 (a) A compact view of single Cr2O3 crystal to show that, in this particular domain state, the spin-up Cr3+ 

ions are always located above the O2- planes whereas spin-down Cr3+ ions are below the O2- planes. The separation 

distance between spin-up and spin-down Cr3+ ions is 0.6Ȧ [29] such that spin-down Cr3+ ions are bonded stronger to 

the upper O2- plane. This contributes to the surface magnetization as the spin-down Cr3+ ions are removed together 

with its upper O2- plane, leaving only spin-up Cr3+ ions behind. (b) Schematic drawing of single domain state Cr2O3 

to demonstrate robust surface magnetization against roughness.  

 

The surface magnetization of Cr2O3 is robust to the presence of surface roughness. A 

schematic drawing of an atomically-rough Cr2O3 surface is shown in Fig. 2.6(b) . When a layer of 

O2- ions is removed, the spin-down Cr3+ ions are also cleared away as they bind strongly to the 

upper O2- triangle. This leaves the spin-up Cr3+ ions behind, in order to maintain the charge 

neutrality of the surface [30]. This boundary magnetization of Cr2O3 was first visualized by Wu et 

al. [3], using photoemission electron microscopy (PEEM) combined with x-ray magnetic circular 

dichroism (XMCD). Their results are shown in Fig. 2.7, where the surface magnetization is 
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measured under three different conditions: 1. above the Néel temperature, 2. below the Néel 

temperature without ME cooling, and 3. below the Néel temperature with ME cooling.  

Figure 2.7 PEEM- XMCD image of surface of a 127 nm-thick Cr2O3 film (a) above the Néel temperature (of 307 K) 

(b) at 223 K without ME- field cooling, and (c) at 223K with ME- field cooling [3]. 

 

 In Fig. 2.7(a), the PEEM-XMCD image was recorded at 584 K, which is far above the Néel 

temperature of Cr2O3. Consequently, no magnetic domains are observed. However, in Fig. 2.7(b), 

which was recorded at 223K without ME cooling, there is some contrast that is interpreted as 

arising from surface magnetic domains. The positive and negative contrast is approximately 50:50, 

consistent with expectations for zero-field cooling that does not lift the energy degeneracy of the 

two magnetic states. With ME- field cooling (Fig. 2.7(c)), a positive to negative contrast of 96:4 

was observed; this indicates that the surface magnetization is mostly in a single-domain state. 

 

2.2 Recent studies of Cr2O3 and current challenges 

 The study of ME Cr2O3 has received increased interest recently mainly due to a 

breakthrough that came in 2005, in which Borisov et al. [31] demonstrated sign reversibility for 

the exchange bias (EB) in a ME heterostructure (consisting of single crystal Cr2O3 [0001]/ Pt 

(0.5nm)/ [Co (0.3nm)/ Pt (1.5nm)]3/ Pt(1.5nm)). The EB effect refers to a shift of the soft 
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magnetization curve of a ferromagnetic (FM) film that is caused by the hard magnetization 

behavior of an underlying antiferromagnetic (AFM) film (Fig. 2.9). For details of EB, we refer 

readers to Ref. 32. The achievement of Ref. 31 represents a major breakthrough, since, quite often, 

only negative EB is observed (see Fig. 2.8 and curve (2) in Fig. 2.9). The EB arises from the FM-

like interface of the AFM and FM layer, meaning that the surface magnetization of the AFM is 

parallel to that of FM layer, after the field- cooling process (see Fig. 2.8 for a qualitative 

understanding of negative EB). To achieve positive EB, an AFM interface is required during the 

field-cooling process. This is often hard to achieve in practice, however, due to the hard 

magnetization of the AFM layer; when a strong magnetic field is applied opposite to the 

magnetization of the FM during cooling, it often reverses the magnetization of the FM layer first, 

hence causing negative EB. However, this can be overcome by the use of ME Cr2O3, as its 

magnetic state is not only controlled by the strength of the external magnetic field but by the EH 

product.  By the simultaneous application of a magnetic field, and a strong electric field in the 

opposite direction, an AFM interface can therefore be created, hence leading to a positive exchange 

bias (see Fig. 2.9). In addition, ME control of the boundary magnetization of Cr2O3 allows the sign 

of the EB to be switched at will. Together with the insulating nature of Cr2O3, this opens new 

possibilities for tailoring magnetoresistive components with ultralow power consumption. 

 

 

 

 



 
 

22 
 

 

Figure 2.8 Schematic diagram providing an intuitive understanding of negative EB using a typical AFM (not ME 

Cr2O3). (i) At a temperature between the Curie temperature (TC) and the Néel temperature (TN), spins in the FM layer 

are aligned parallel to the external magnetic field but the AFM spins are randomly oriented. (ii) Below the Néel 

temperature, in the presence of an external magnetic field and of the additional magnetic field from the adjacent FM, 

the AFM surface spins align parallel to those of the FM layer. (iii) Coupling between the FM and AFM layers prevents 

spin rotation in the FM under the presence of a reversed field. In other words, the effective magnetic field experienced 

by the FM spins is less than the applied field. (iv) The FM spins saturate at a magnetic field larger than the saturation 

field of the FM layer itself. The extra amount of magnetic field is used to compensate the energy requirement of 

breaking the AFM/ FM coupling. (v) AFM surface spins provide additional magnetic field to aid spin reversal in the 

FM, hence causing EB [32]. 
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Figure 2.9 (a) Normalized hysteresis loop of a ME heterostructure (single crystal Cr2O3 [0001]/ Pt (0.5nm)/ [Co 

(0.3nm)/ Pt (1.5nm)]3/ Pt(1.5nm)), measured after: (1) magnetic field cooling to 298 K with μ0Hfr = 0.6 T and Efr = 0 

kV/m, (2) ME field cooling to 250 K with μ0Hfr = 0.6 T and Efr = -500 kV/m and (3) ME field cooling to 250 K with 

μ0Hfr = 0.6 T and Efr = 500 kV/m (μ0 is the vacuum permeability). Here, Hfr and Efr denotes the applied magnetic field 

and electric field, respectively, during the cooling process. The field scale HEB in the figure indicates the exchange-

bias field of curves (2) and (3). (b) & (c) Schematic drawing of the magnetic states of the FM/AFM system for curves 

(2) and (3) in (a), respectively. Here, M and l± are the order parameters, and SFM and SAFM are the magnetic moments 

of the FM and AFM layers, respectively. In this particular sample, we can see that negative EH product results in a 

FM-like interface and negative EB (curve 2 in (a)), whereas positive EH product leads to an AFM like interface and 

positive EB [31]. 

 

 While Borisov et al. [31] succeed in switching the sign of the EB, this was achieved by 

utilizing the ME-field cooling technique, meaning that the switching is achieved by warming up 

to above the Néel temperature and then cooling down again in the presence of opposite EH product. 

Obviously, this is not practical for device applications. This problem was later solved by He et al. 

[4], who demonstrated isothermal, electric-field driven switching of the EB in Cr2O3-based 

heterostructures. To do this, they left the realm of the linear ME effect [33, 34].  

 In addition to demonstrations of the use of chromia to control the EB effect, another 

important work has demonstrated an increase of the Néel temperature of thin-film Cr2O3 for 
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application purposes. This was achieved by Street et al. [35], who investigated how boron (B) 

doping of Cr2O3 may be used to affect its remnant magnetic moment, and, thus, its N éel 

temperature. Their measurements are performed with a superconducting interference device 

(SQUID), giving the results indicated in Fig. 2.10. For high concentration (3%) of B, the Néel 

temperature was raised to as much as 400 K, an increase by almost 100 K over the native material. 

In addition, the remnant magnetization of such doped Cr2O3 was measured to be the highest among 

all samples (see Fig. 2.10). The capacity to control the Neel temperature in this way makes Cr2O3 

even more attractive for device applications. 

 

 

Figure 2.10 Magnetic moment, m, of the boundary magnetization of Cr2O3 versus temperature. Samples were 

measured by SQUID under a field-cooling condition of μ0Hfr = 7 T [35]. 

 

  



 
 

25 
 

While previous research has successfully demonstrated voltage controlled magnetic 

anisotropy (VCMA) in heterostructures formed with bulk Cr2O3, it remains a significant challenge 

to demonstrate this phenomenon in the thin films for the energy requirement needed for efficient 

device applications. Notably, the development of fully functional devices, in which the Cr2O3 

exhibits high endurance in response to repeated switching, requires that current leakage be 

minimized at high electric fields (>100 kV/cm). A small number of studies have reported the 

successful observation of VCMA using thin films of Cr2O3; however, their reported resistivity 

values were orders of magnitude lower than that of crystalline chromia (ρ = 10 T Ωcm at room 

temperature) [36] (see Table 2.1). In order to make ultralow power ME Cr2O3-based technology 

possible, it is the goal of this thesis to understand as well as to identify the cause of leakage in thin-

film Cr2O3.  

Reference 𝜌a (Ωcm) @ 300K Comments 

34 109 130-nm thick films formed by pulsed- laser deposition 

36 1013  Measurements on thick Cr2O3 crystals 

37 108 500-nm thick films prepared by radiofrequency magnetron 

sputtering 

38 106 DC-sputtering deposited thin film of thickness 200 nm 

a 𝜌 is the film resistivity 

 

Table 2.1 Resistivity values for thin-film Cr2O3 in which ME switching or VCMA was successfully observed. 

 

2.3 Conduction Mechanisms in Dielectrics 

 As we shift our attention to the electrical characterization of Cr2O3, it is essential to 

understand the details of the common conduction mechanisms in dielectrics. Fig. 2.11 lists all of 

these different mechanisms, of which there are as many as ten. In the discussion that follows, 

however, we focus our attention on the Poole-Frenkle (PF) effect and space charge limited 
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conduction (SCLC), as they will turn out to dominate electrical conduction in our crystalline 

materials. 

 

Figure 2.11 Summary and classification of all conduction mechanisms in dielectrics [39].  

 

2.3.1 The Poole-Frenkle (PF) Effect 

 The PF effect is a thermionic-field assisted process. It differs from thermionic-field 

emission at a metal electrode, in that moving charge carriers in the PF effect are generated within 

the bulk. The mathematical expression describing this effect was first approximated by Poole, and 

later analytically formulated by Frenkle [40], who considered the electric-field induced barrier 

lowering and thermal ionization of trapped charge carriers in a bulk material. The final expression 

for the current density (J) derived from this effect is as follows [41]: 

𝐽 ∝ 𝐸 ∗ exp(
−𝑞(𝜑𝐵−√

𝑞𝐸

𝜋𝜀𝑟𝜀0
)

𝑘𝐵𝑇
),          (2.5) 
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where E denotes the electric- field, q represents the elementary charge, 𝜑𝐵 is the potential barrier 

at zero electric field, 𝜀𝑟 and 𝜀0 are dielectric constant and vacuum permittivity, respectively, 𝑘𝐵 is 

the Boltzmann constant and T is the temperature. A schematic sketch of this effect is demonstrated 

in Fig. 2.12.  

 

Figure 2.12 A schematic diagram illustrating the PF effect [40]. Without an electric field (solid line), traps are deep 

in energy (trap depth: q𝜑𝐵) and charge carriers can rarely escape through thermal excitation. However, the application 

of an electric field can lower the barrier to emission as indicated. 

 

 It is well known that in typical insulators and semiconductors, traps within the forbidden 

gap due to the presence of a number of different structural defects [42]. At thermal equilibrium, 

random thermal fluctuations may occasionally allow electrons trapped in these localized states to 

delocalize as they are excited into the conduction band. Following this, they typically only move 

for a brief period of time before relaxing into another localized state. Therefore, little current arises 

from these carriers near thermal equilibrium. Under the application of a large electric field, 

however, the conduction band is tilted heavily (dotted line in Fig. 2.12), causing the effective 

barrier height viewed by electrons to decrease. Under such circumstance, electrons no longer 

require as much thermal energy to delocalize, and will be able to be excited into the conduction 

band more frequently. 
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The PF effect has been quite widely observed in oxide materials, subjected to high 

temperature and strong electrical bias [43, 43-44]. Observation of this effect is valuable, since it 

provides important information about the the host material, including the effective trap depth 

(q𝜑𝐵) and the dielectric constant. We will return to discuss this effect later in Chapter 4, where we 

measure the electrical properties of crystalline (bulk) Cr2O3. 

 

2.3.2 Space Charge Limited Conduction 

Space charge limited conduction (SCLC) is another conduction mechanism that is widely 

exhibited by dielectric materials [45-47], and arises when current through the insulator becomes 

limited by a build- up of charge injected from the source electrode. This mechanism dominates 

once the applied voltage (V) reaches a characteristic value (Vtr), at which point the number of 

injected charge carriers in the vicinity of the source becomes equivalent to the number of 

thermally-generated ones [39]. At smaller voltages (V < Vtr), in contrast, thermal carriers provide 

the dominant contribution to the current, and ohmic conduction is consequently obtained. 

Quite generally, the interplay of ohmic transport with SCLC leads to a four-stage 

conduction mechanism in dielectrics, as illustrated schematically in Fig. 2.13 [37, 40, 48] (Note 

that both axes in this figure are indicated on a logarithmic scale). Starting from the situation at low 

bias, these mechanisms are as follows: (1) ohmic-like conduction (𝐼 ∝ 𝑉𝑚, 𝑚 = 1); (2) trap-limited 

SCLC (𝑚 = 2); (3) the trap-filled limit (𝑚 > 2), and; (4) trap-free SCLC (𝑚 = 2).  
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Figure 2.13 I-V characteristics for space charge limited currents [39, 42]. 

Dependent upon the nature of the defects in the material, a variety of I-V curves may arise 

due to SCLC. In an insulator free of traps, for example, only stages (1) and (4) will be observed. 

The analytical expression for the current density in stage (4) is known as Rose’s version of the 

Mott- Gurney (MG) law [49], and is expressed as follows [50-53]: 

𝐽 =  
𝜇𝜃 𝑟𝑉

2

8𝑑3  ,         (2.6) 

where 𝜇 is the carrier mobility, 𝑑 is the film thickness, and 𝜀𝑟 is the dielectric constant. θ is the 

ratio of free carriers to the total carrier concentration (i.e. free plus trapped charges). In samples 

free of traps, the parameter θ = 1. To derive Eq. (2.6), it is assumed that the electrodes are ohmic. 

In reality, it is often hard to fabricate ohmic contact with wide bandgap semiconductor/ insulator. 

To this end, Chiang et al. [54] proposed that the ohmic- like behavior (stage 1 in Fig. 2.13) is 

actually composed of a number of mechanisms, including thermionic- field emission (under 
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electrode- limited conduction mechanism in Fig. 2.11) from the electrode into deep traps, followed 

by trap to trap emission (see Fig. 2.14). 

 

Figure 2.14 Simplified energy band diagram to illustrate the contributions to ohmic-like injection. First, charge 

carriers are injected into deep traps through thermionic field emission (JTFE, T). They are then promoted to the next 

higher energy level through trap-to-trap thermal emission (JTT), and finally to the conduction band through shallow 

trap thermal emission (JST) [54]. 

 

With discrete traps present (see Fig. 2.15(a)), the parameter θ is no longer equivalent to 

unity. Assuming n-type material, this ratio can be expressed as: 

𝜃 =  
𝑁𝑐

𝑔𝑛𝑁𝑡
exp (

𝐸𝑇−𝐸𝐶

𝑘𝐵𝑇
),          (2.7) 

where 𝑔𝑛  denotes the degeneracy of energy states in the conduction band, 𝑁𝑡  is the total trap 

density, 𝑁𝑐 is the effective density of states in the conduction band, 𝐸𝑇  is the trap energy, 𝐸𝑐 is the 

energy at the conduction band edge, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. Eq. 

(2.7) shows that the value of 𝜃 is voltage dependent, ultimately reaching unity as the last trap is 

filled [42]. The product 𝜇𝜃 in Eq. (2.6) may then be used to define an effective mobility, the value 
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of which may be inferred directly from the observed current variations, as we will see in Chapter 

6. 

While measuring the I-V curves of samples with discrete traps, charges will begin to fill 

the traps at 𝑉𝑡𝑟 (see Fig. 2.13), an estimate for which can be derived by equating the ohmic and 

MG components of the current (Eq. (2.6)), using the 𝜃 term from Eq. (2.7). In this way it can be 

shown that the resulting value for 𝑉𝑡𝑟 can be expressed as [39]: 

𝑉𝑡𝑟(𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒 𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠) =  
8𝑞𝑑2𝑔𝑛𝑁𝑡

9 𝑟
exp (−

𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
)          (2.8) 

where 𝐸𝐹  denotes the Fermi level. From this relation it is apparent that 𝑉𝑡𝑟  increases with 

increasing temperature. At voltages larger than this value, the MG law (Eq. (2.7)) dominates the 

current, as injected carriers overwhelm thermally-generated ones. However, once all traps are 

completely filled, implying that the quasi-static Fermi level is precisely aligned with the energy of 

the shallowest trap, a sudden increase in current (step 3 in Fig. 2.13) will be observed [42]. This 

occurs at a voltage defined as the trap-filled limit voltage (VTFL). At even larger voltages than this, 

the I-V curve will once again resume its square-law dependence (step 4 in Fig. 2.13), reflecting the 

influence of trap-free SCLC.  
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Figure 2.15 Energy band diagram illustrating the concept of (a) discrete trap states in a wide bandgap n-type 

semiconductor [49], and (b) exponentially distributed traps in a wide-bandgap p-type semiconductor [55], where Evb 

is the valence band, Ecb is the conduction band, and N(E) is the density of trap states. 

 

 

 In some studies [54, 55], it has been suggested that the traps in insulators should be 

distributed exponentially in energy (with a characteristic energy range 𝐸𝑡 ) (see Fig. 2.15(b)). 

Under such an assumption, the trap distribution (nt) is expressed as: 

𝑛𝑡(𝐸) =  
𝑁𝑡

𝑘𝐵𝑇
exp (−

𝐸

𝑘𝐵𝑇𝑐
)        (2.9) 

where 𝑇𝐶 is a temperature scale that defines the characteristic energy (𝐸𝑡 = 𝑘𝐵𝑇𝐶) of the traps and 

𝐸  is the energy measured from the bottom of conduction band (again, assuming an n-type 

semiconductor). In this situation, the transition to the third stage of SCLC in Fig. 2.13 will no 

longer be sharply defined and the current will rather follow the expression: 

𝐽 =  𝑞1 − 𝑙𝜇𝑁𝑐 (
2𝑙 + 1

𝑙 + 1
)
𝑙 + 1

(
𝑙

𝑙 + 1

0 𝑟

𝑁𝑡
)
𝑙

(
𝑉𝑙 + 1

𝑑2𝑙 + 1
)          (2.10) 

where 𝜀0 is the permittivity of free space and 𝑙 = 𝑇𝐶/𝑇. Under such conditions, the current due to 

SCLC may no longer follow the lower boundary of the I-V curve in Fig. 2.13. Nonetheless, 
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reflecting Lampert’s theory for SCLC [50], it should always remain within the enclosed region 

indicated in Fig. 2.13. 
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Chapter 3 

Device Fabrication and Experimental Methods 

In this chapter, we describe the details of sample preparation and our experimental 

measurement procedures. As our primary objective is to electrically characterize chromia along its 

c-axis, most of the devices that we describe will resemble capacitor structures, in which the 

chromia is sandwiched between two conducting plates. Two different types of sample were studied, 

bulk and thin- film chromia, each requiring different preparation methods. In bulk chromia, the 

sample dimensions are in the millimeter range and preparation involves a largely manual process 

requiring considerable caution. For thin-film chromia, the device dimensions range from the 

micro- to the nano-meter scale, requiring the use of state-of-the-art microprocessing technologies. 

These include photolithography, atomic layer deposition (ALD), and electron-beam lithography 

(EBL), each of which will be discussed in detail. The final step in fabrication involves adhering 

prepared samples to 16-pin DIP packages, both physically and electrically, through silver pasting 

and wire bonding. The last part of this chapter is devoted to a discussion of the experimental 

measurement techniques. As pointed out earlier, chromia is a highly insulating dielectric (εr ≈ 14), 

for which reason one should expect it to only support extremely low currents in electrical transport 

measurements. For this reason, care must be taken to eliminate, or at least suppress, electrical 

leakage currents elsewhere within the measuring apparatus. We therefore discuss in detail the 

procedures that we employ to achieve such low-current measurements. 
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3.1 Bulk Chromia 

 High quality single-crystalline chromia samples ([0001] orientation, dimensions: 4 mm × 

2 mm × 0.5 mm) were purchased from Crystal GmbH. The material appear to have a black/dark-

green coloration due to its wide, indirect band gap (~3.31eV) [1]. To perform high-resistance 

electrical characterization, as well as to explore possible isothermal electrical switching of the 

surface magnetization [2], samples were thinned by mechanical polishing and large area electrodes 

(covering most of the sample’s surfaces) were fabricated. In the following, we discuss the details 

of both fabrication processes in further detail. 

Mechanical polishing: To thin the purchased crystal, it was initially glued to a mechanical polisher 

(Gatan Disc Grinder 623). Once the glue dried and the sample was fixed in position, the thinning 

process could begin by moving the polisher against uniformly several different grit of sandpaper, 

in the following order: rough (grit 320), mild (grit 800) and fine (grit 1000). During this process, 

it is necessary to be very careful when applying pressure as the chromia becomes more brittle as 

it is thinned. After the mechanical polishing, acetone was applied to dissolve the glue, allowing a 

razor blade to be used to cleave the sample away from the polisher. The thinned sample was then 

taken into the cleanroom and cleaned by means of a standard procedure (acetone → methanol → 

IPA → DI water). The final thickness of the thinned samples was determined, by placing them in 

a scanning electron microscope (SEM), to be between 70 μm and 110 μm (Fig. 3.1). 
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Figure 3.1 Sideview SEM images of thinned Cr2O3 samples for thickness measurement. (a) Sample A of approximate 

thickness 72 μm, and (b) sample B of approximate thickness 110 μm. The thickness of both samples was about 0.5 

mm when first purchased from the supplier. 

 

Electrode fabrication: In principle, direct deposition can be performed to fabricate an electrode 

that covers the full surface of a sample. However, a problem that arises from this approach is that 

metallic sidewalls can be created. These sidewalls will result in shorting paths between the top and 

bottom electrodes. In addition, it is also of importance to avoid depositing fingerprint grease on to 

the sides of these samples; fingerprint grease may be more conductive than bulk chromia, and so 

consequently serve as a shunting path. In order to avoid this problem, we therefore covered all four 

sides of the sample with low-adhesion tape prior to metallization (Fig. 3.2), and cleaned the 

samples thoroughly after electrode deposition. 



 
 

43 
 

 

Figure 3.2 Electrode deposition on bulk chromia. (a) Edges of the sample are taped with low adhesive tape to prevent 

the creation of metallic sidewalls, which can electrically connect the top and bottom electrodes. (b) Bulk chromia with 

the top electrode formed, after the removal of protective tape. 

 

3.2 Thin- Film Chromia 

In addition to our studies of bulk chromia, we have also explored the properties of thin 

(300-nm thick) chromia films. Different bottom electrodes, namely palladium (Pd), platinum (Pt) 

and vanadium (III) oxide (V2O3), are utilized in these films (Fig. 3.3), allowing us to investigate 

the influence of these electrode materials on the resulting electrical properties of the films.  (All of 

these films were deposited on α-Al2O3 (0001) substrates.) The films studied in this thesis were 

grown at the University of Nebraska, Lincoln, in the group of Professor Christian Binek. The 

precise growth methods utilized to realize these films depended upon the nature of the bottom 

electrode. With molecular beam epitaxy (MBE) being used to deposit Pd, DC magnetron sputtering 

being used for Pt, and pulsed laser deposition (PLD) beimg employed for V2O3. PLD was then 

always used for the growth of the chromia layer. Although V2O3 and chromia shares the same 

growth method, they are grown ex- situ. For details of the growth techniques and parameters, we 

refer the reader to Refs. 3-5. Once the growth is completed, X-ray diffraction (XRD) was 
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performed to confirm the crystalline quality of the films. We will present a quick introduction to 

XRD here before discussing the device fabrication and experimental setup in details. 

 

 

Figure 3.3 Schematic diagram to illustrate the layer structure of as-received thin-film chromia samples. Typical 

thickness of bottom electrode is 25nm. 

 

XRD basics 

 XRD is a commonly used technique to examine the crystalline structure of solids. The 2θ 

mode utilizes Bragg’s law, which involves directing a beam of electromagnetic radiation with 

wavelegnth λ (of Angstrom order) onto the sample surface, and detecting the reflected beam at 

angle θ. If constructive interference of the reflected ray is detected, the intensity will peak. A 

schematic of the 2θ mode is illustrated in Fig. 3.4. The angular position of peak reflected intensity 

is given by the following sequence: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆          (1) 

where d is the interplanar distance and n = 1, 2, 3, … .   
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Figure 3.4 A schematic diagram illustrating the working principle of the 2θ diffraction mode, based on Bragg’s law. 

 

Fig. 3.5 shows typical XRD scans of our crystalline chromia films. It also shows the Miller index/ 

plane orientation of the sample. This information is of particular importance, as the 

magnetoelectric effect and its switching requires specific crystalline strucutres  [6]. Information 

on the Miller index is obtained by implementing the set of procedures and selection rules described 

in Ref. 7.  
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Figure 3.5 Typical XRD 2θ mode scans on our chromia samples [3]. Peaks indicate the coherent interference of the 

reflected x-rays at a fixed angle θ. 

 

3.2.1 Careful Visual Inspection of Samples 

 While the growth parameters are quite similar, and XRD is performed to confirm the 

crystalline quality of each batch of samples, their appearance may differ from batch to batch. For 

example, with Pd as a bottom electrode, one sample may appear purple while another may appear 

green (see Fig. 3.6(a)). We believe that this variation reflects the different amount of oxygen 

present within the samples [8]. In addition, we have found that there will occasionally be islands 

apparent on the sample surface, as indicated in Fig. 3.6(b). A counter example is provided in Fig. 

3.6(c), in which we show a sample without such islands. We have learned that these islands are 

not induced during lithographic processing, but that they rather originate from the growth process. 

As we will discuss in subsequent chapters, these islands contribute to the current leakage through 
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the films [3], for which reason it is essential to inspect the samples under an optical microscope 

prior to performing any processing. 

 

Figure 3.6 (a) Two thin- film chromia samples grown on same bottom electrode material (Pd) exhibit different color 

(b) Pd-based chromia under an optical microscope (100X magnification).(c) Pt-based chromia under 100X optical 

magnification. 

 

3.2.2 Device Fabrication  

Sample preparation for thin-film chromia is differerent markedly from that for bulk 

chromia. For thin-film studies, typical electrode dimensions are on the micron scale, and, in certain 

cases, are even defined on the nanoscale. To this end, state-of-the-art fabrication capabilities are 

required, and should be undertaken in a controlled environment that minimizes exposure to 

contaminants. To meet requirements, sample processing was performed in the class-1000 

cleanroom located in Davis Hall at the University at Buffalo. In the following sections, we discuss 

the various processes used in sample preparation, and review the working principles of the 

different equipment used.       
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3.2.2.1 Lithographic Contact Formation 

One approach to sample preparation that we use is based upon the application of 

photolithography, which involves the following key steps: substrate preparation, spin coating of 

an appropriate photoresist, soft baking of the resist, exposure, development and UV ozone cleaning. 

Fig. 3.7 provides a schematic illustration of the process flow associated with photolithography. 

 
Figure 3.7 Schematic depiction of the photolithography process. (a) Spin coating of photoresist to form a uniform 

film on the sample surface. (b) UV exposure induces changes in the chemical structure of the photoresist, causing the 

exposed photoresist to dissolve in developer. (c) Development to remove the exposed photoresist. (d) Metal deposition 

in the areas of the removed photoresist. (e) Immersion of the sample in acetone dissolves remaining photoresist as 

well as any excess metal.  

 

Prior to processing the thin-film samples, they are first cleaned using the standard 

procedure of rinsing in Acetone, Methanol, IPA and DI Water. This step removes any organic dirt 

loosely attached to the sample surface. Following this, positive photoresist (Microposit® S1818) 

is applied to the sample surface and spin coated at ~4500 rpm for 35 secs. Since the solvent in 

which the photoresist is diluted is volatile, the higher spin speed causes more evaporation and 

therefore results in a thinner film [9]. According to the manufacturer’s specifications, a spin speed 

of 4500 rpm should produce a uniform photoresist of approximate thickness 2 μm [10], sufficient 

for our purpose. After spin coating, the sample is next transferred to a hot plate for soft baking (at 
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115̊ C for 90 seconds). The baking process reduces the remaining solvent content of the resist, 

helping to avoid mask contamination and foaming of the resist during exposure [11]. After baking, 

the sample is ready for pattern transfer, using a photomask with a pre-designed pattern. The mask 

aligner we used for this step was a Karl Suss MJB3 aligner, in which the exposure wavelength 

generated by the Hg lamp spanned from around 320 to 450 nm. Within this spectrum, the intensity 

is known to be maximal at the following wavelengths (shown in Fig. 3.6): ~365 nm (i- line), ~405 

nm (h- line), ~440 nm (g- line). The Microposit® S1800® series photoresists are effective for 

broadband exposure but are optimized for the g- line [12]. The exposure time is usually in the 

range of 12 – 20 seconds, depending upon the condition of the lamp. After the exposure step, the 

sample is immersed in developer (MF 319) for approximately 45 seconds, sufficient to fully 

remove the exposed photoresist. At this point, the sample is nominally ready for metal deposition. 

However, occasionally, there may be few nanometers of photoresist residue left in the developed 

areas, which is invisible under optical microscope. UV ozone cleaning (UVOCS T10X10/OES) is 

performed to remove any such residue, since it is an effective means to remove thin layers (at the 

order of Angstrom) of photoresist. The typical etching time will be around 20 minutes. Once the 

cleaning is completed, the sample is placed inside an electron- beam evaporator (Kurt J. Lesker 

AXXIS E- Beam Evaporator) for metal deposition. We deposited 50 nm of chromium (Cr) and 

150 nm of gold (Au) for all samples, with the Cr acting as an adhesive layer. Such thick metal is 

chosen here so that the chromia surface will not be easily damaged by later measurements in a 

probe station.  A completed device is shown in Fig. 3.9. 
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Figure 3.8 The spectrum of the Hg lamp used in our mask aligner [13]. The intensity peaks at multiple wavelengths 

(i- line@ 365 nm, h- line@ 405 nm and g-line@ 440 nm). Microposit® S1800® can be used at different wavelengths 

but it is optimized for g-line exposure. 

 

 

 

Figure 3.9 Micron-scale top electrodes fabricated by photolithography and metal deposition. The various top 

electrodes, with different sizes (from 500 × 500 μm2  (left) to 50 × 50 μm2  (right)) allow us to investigate the 

relationship between electrode area and the corresponding current leakage. 
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3.2.2.2 Nano Scale Devices 

 

As we will see in the latter parts of this chapter, the current leakage that arises when biasing 

the chromia films is proportional to electrode area. To minimize this leakage, it is therefore 

essential to fabricate electrodes with dimensions smaller than 1 μm2. The key idea here is to 

fabricate an electrode that is so small so that any contact with conductive defects is minimized. 

This requires the use of electron- beam lithography (EBL), due to the resolution limitations of our 

photolithography system (maximum resolution of 2 μm). In principle, the EBL process flow is 

similar to that of photolithography for micro scale devices, except that it involves more processing 

and the operation of the EBL system itself is more complex. We break down the discussion of this 

process into its key parts. Fig. 3.10 presents an overview of the following discussion, which shows 

a completed device and a schematic of the structure. 

 

 

Figure 3.10 (a) SEM image of a nanoscale electrode on chromia. The area of the electrode that is in contact with 

chromia is kept at less than 1 μm2. (b) A schematic of the completed device. The HfO2 layer acts as an insulating pad 

to isolate the top electrode from chromia. This layer is characterized prior to the fabrication of the top electrode, by 

determining its dielectric properties. 
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1. Marker fabrication 

The first step in nanoscale device fabrication involves the creation of registration makers 

by photolithography (in similar fashion to the micro scale devices). Fig. 3.11 shows examples of 

completed markers on the chromia surface; these markers will serve as alignment points in the 

later EBL process. Since the smallest features (~3 μm) of these markers approach the maximum 

resolution of our photolithography system, it is occasionally found that the developed patterns 

seem to be both under- and over- exposed at the same time. We attribute this to the possibility that 

the photoresist may not be uniformly coated on the microscale. Under such conditions, the 

photoresist will not be not in good physical contact with the mask, causing some part of the markers 

to be underexposed while others are left overexposed. A solution to this problem is to raise the 

spin-coating speed, for example, to 7000 rpm. This should result in a more uniformly coated 

photoresist and hence solve the problem. Meanwhile, the photoresist thickness should not be a 

major concern in our case as it saturates at a thickness of 1.5 μm with increasing spin speed [10], 

whereas the markers are composed of 5nm of Cr and 45 nm of Au. This thickness is optimized to 

provide a high contrast for alignment later in the EBL processing step.      
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Figure 3.11 Optical image of a subset of fabricated markers on chromia. Each marker is 25 μm in size while successive 

markers are 250 μm apart from each other. The optical image on the right provides an enlarged view of a single marker 

(the cross) and it is surrounding four identifiers, which denote the location of the marker. The linewidth of the cross 

is 3 μm, which is close to the maximum resolution of our mask aligner. 

 

2. E- beam lithography for HfO2 insulating pad 

Following markers fabrication, EBL is used to write 100 × 100 μm2 boxes at the center of 

four surrounding markers. It is at this stage that the markers are used to define the edge of the 

exposure window as well as to inform the system about the location of the origin of the exposure 

window. The 100 × 100 μm2 box is placed at the center of the markers, since this allows more 

room for alignment error in the latter stages of fabrication. A large part of the fabrication resembles 

that of micro-scale fabrication; however, a bilayer resist recipe, consisting of polymethyl 

methacrylate (PMMA 495A4 and PMMA 950 A2), is used here in order to produce a more defined 

undercut that aids the lift-off process. The PMMA 495A4 is deposited first due to its lower 

molecular weight [14], which makes it more sensitive to electron-beam exposure and therefore 

creates the undercut.  After spinning, the combined thickness of PMMA 495A4 and 950 A2 was 

~230 nm, which is sufficient for our purpose (since the required thickness of HfO2 was around 10 

nm). Once the 100 × 100 μm2 boxes were written and developed, the sample was ready for HfO2 

deposition by atomic-layer deposition (ALD). 
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3. Atomic layer deposition (ALD) of HfO2 

Atomic-layer deposition is a popular tool for thin-film deposition in microelectronics, as it 

allows precise control of film growth down to the atomic scale. This scheme is considered to be a 

subclass of chemical vapor deposition (CVD) [15]; however, it differs importantly from CVD as 

the precursors are not simultaneously present in the reactor, but are instead introduced in sequence. 

This enables self-limiting surface reaction mechanisms of the reactants to occur, thereby resulting 

in atomic scale precision. The ALD system used was in this process was an Ultratech/ Cambridge 

Nanotech Savannah S100, and the procedure for growing HfO2 was as follows: first, a spray of 

water (precursor A) is  injected into the chamber and allowed to settle on the sample surface for a 

certain period of time (dependent upon the recipe, varying from 2 to 20 seconds). During this 

period, the water reacts with and bonds to the chromia surface until it is passivated. Since H2O 

does not interact with itself, however, this reaction is limited to the deposition of a single layer. 

The excess H2O and byproducts produced during the reaction are swept away by maintaining a 

constant flow of inert gas. Following this, a spray of tetrakis(dimethylamido)hafnium/ Hf(NMe2)4 

(precursor B) is injected into the reaction chamber and allowed to react with the H2O layer 

deposited earlier. As with that layer, the excess Hf(NMe2)4 and byproducts generated during this 

second reaction are pumped away again. This process is repeated until the desired thickness of 

HfO2 is reached. 

The HfO2 that was selected as the contact insulator is a high-κ dielectric material (εr ~14), 

with a band gap of 5.3  – 5.7 eV [16]. It is widely used as a replacement for silicon oxide, as the 

gate insulator in field-effect transistors (FETs) [17], as it can mitigate gate leakage when the oxide 

thickness is downscaled to less than 1 nm . In recent years, researchers have proposed it is a 

possible candidate for resistive-switching memory technology [18], and for CMOS-compatible 
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ferroelectric memories [19]. In our case, it serves as a gate dielectric that insulates the contact pad 

from the chromia. It has previously been noted that HfO2 may not always function as an effective 

dielectric [19, 20], and there is some debate as to whether the amorphous [21] or crystalline [22] 

forms yield better dielectric characteristics. Our experience has generally been that HfO2 growth 

via low-temperature ALD yields serious leakage issues when the deposited thickness is less than 

50 nm. In order to obtain films with satisfactory characteristics, we therefore recommend that a 

minimum thickness of 70 nm be deposited. Fig. 3.12(a) shows an example of a HfO2 film grown 

on chromia. 

 

4. EBL of nanoscale electrodes and contact pads 

Having completed the deposition of HfO2, a second EBL step was used to define the 

nanoscale electrodes to chromia, and their associated contact pads. Due to the insulating nature of 

chromia, and the high beam magnification used when fabricating small structures by EBL, charge 

accumulation in the exposed area represents a significant challenge. This accumulation can cause 

drifting of the observation window during the beam-alignment process, and subsequent exposure, 

as trapped charges on the sample surface deflect the incoming electron beam [23]. To minimize 

the drift, it is recommended to ground the sample surface, which can be done by connecting the 

surface to the stage with carbon tape, allowing excess charges to be conducted away.  

Due to the different scales involved, the EBL process is separated into two parts: the first 

involving the fabrication of the large scale pads (50 × 50 μm2), and the second involving that of 

the nanoscale electrode. The EBL procedure utilized to define the contact pads was similar to that 

for forming the HfO2 boxes described already. Once these large Cr/Au electrodes had been 

fabricated, they could be probed to evaluate the insulating action of the underlying HfO2 pad. 
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Figure 3.12(b) shows an optical image of the sample, taken after this fabrication step and 

subsequent testing. With this process having established the desired insulating characteristics for 

the dielectric layer, fabrication of the nanoscale contact could then continue. In this lithography 

step, the working distance (WD) of the microscope was changed to 6 mm for increased resolution, 

the writing current was decreased to tens of picoamps to reduce the beam spot size (less Coulomb 

repulsion between electrons), and the accelerating voltage was increased from 15- to 30-keV, to 

reduce proximity effects due to forward- and back-scattered electrons (Fig. 3.12(d)) [24, 25]. In 

addition, to avoid any misalignment due to random shifting (typically around 1 μm, which was 

also the designed length of the electrode), the alignment process was also changed from manual to 

semiautomatic.  

Once the exposure had been completed, the sample was developed in MIBK:IPA (1:3) for 

about 10 seconds and subsequently immersed in IPA to wash away any residue of this solution. At 

this point, the sample was ready for metal deposition and subsequent lift- off. Fig. 3.12(c) shows 

an optical image of a finished structure, and the inset shows a scanning-electron micrograph of its 

nanoelectrode. 
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Figure 3.12 (a) An optical micrograph of a 100 × 100 μm2 HfO2 film (of thickness 70 nm) deposited on chromia using 

ALD. (b) A top electrode is fabricated on top of the HfO2. It will serve as both a contact pad for the nanoelectrode 

and as an electrode for evaluating the insulating quality of the HfO2 layer. (c) An optical micrograph of a completed 

device. The inset shows an enlarged image of the nanoelectrode taken using SEM. (d) Illustration of the backscattering 

and proximity effect. 

 

3.3 Packaging and Wire Bonding 

The last step prior to any electrical measurement is device packaging. This process is 

performed by first gluing the sample into a plastic dual-in-line (DIP) package with silver epoxy. 

This plastic package was chosen, instead of the ceramic chip carrier that has been traditionally 

used in our group, due to its low electrical leakage compared to bulk chromia. This is necessary as 

it ensures that any observed current in electrical measurements is dominated by the chromia and 
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not by any parasitic paths. With the sample glued to the DIP package, it was then heated to 65 ºC 

for about 20 minutes to promote curing. 

Once the silver epoxy has been properly cured, wire bonding of the samples was performed 

in a Kulicke and Soffa 4523 ultrasonic wedge bonder [26]. The typical wedge-bonding process 

flow is demonstrated in Fig. 3.13. In this process, the critical parameters are power, force and time. 

Here, power refers to the amount of ultrasonic energy applied to form the bond, force is that 

asserted by the wedge while the ultrasonic energy is being applied, and time is the duration of the 

applied ultrasonic power and force. Similar to the experience of other researchers in our group [27-

29], the bonding parameters were carefully adjusted to minimize any damage to the electrodes 

during bonding.  

 
Figure 3.13 Typical wedge bonding procedure [26]. (a) The wedge is at the ready position. (b) The wire undergoes 

plastic deformation through the applied force and then ultrasonic energy is applied to form the 1st bond. (c) The wedge 

rises to a pre-set loop height. (d) Repeat (b) for the 2nd bond. (e) The wire clamp closes and rises, tearing the wire. 

 

3.4 Electrical-Measurement Techniques 

In this thesis, the electrical properties of bulk and thin-film chromia were measured in both 

probe-station and cryostat setups. Measurements on the probe station provide a quick and 

convenient means to establish sample quality, while cryostat studies were used for more-extensive 
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investiations. In this section, we discuss the experimental setups used for these measurements, and 

describe some of the special precautions that were used for ultra-low current (~pA) measurements. 

 

3.4.1 Probe-Station Measurements 

 Our probe-station measurement setup is illustrated in Fig. 3.14(a). Here, a Keithley 2400 

source-measure unit (SMU) is connected to the probe station (Signatone S-1160 A) via BNC 

cables. To perform measurements, it is necessary to land the probe tips (Signatone SE-T) on top 

and bottom measurement electrodes. This required some practice, since the probe could easily 

scratch through the metal if too much pressure was applied, especially when it was new. The tip 

diameter of an unused probe is 5 μm, a feature size that is essential for the smallest devices (50 × 

50 μm2). After repeated use, the probe tip would become slightly bent, and blunted, increasing the 

contact area. To ensure a good contact to the electrode, the probe should slide on the metal surface 

and leave a light scratch behind with increasing pressure (see Fig. 3.14(b)). Once secured contacts 

were established in this manner, the probes could be connected to a 2400 SMU. The latter was 

connected to a computer via a GPIB connection, and a customized LabVIEW program was then 

used to control of the measurement as well as acquisition of data. 

The voltage applied to the electrodes to generate a current through them was dependent 

upon on the dielectric quality of the sample is. Thin-films grown on Pd substrates, for example, 

showed the highest leakage, for which reason the applied voltage was limited to less than 1 V (Fig. 

3.15(a)). For films formed onV2O3, however, leakage was reduced, requiring larger voltages to be 

applied (Fig. 3.15(b)). In general, high-quality electrodes were considered to be those that 
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demonstrated not only a low absolute level of current (< nA) at high voltages, but also a nonlinear 

current-voltage characteristic. 

 

Figure 3.14 (a) Experimental setup used in probe-station measurements. A Keithley 2400 SMU is connected to the 

probe station, with tungsten probe tips used for the majority of the measurements. To ensure good contact of the probe 

tip to the metal surface, the applied probe tip pressure should be varied back and forth slightly to check if the probe 

tip is sliding on the electrode, and leaving a track behind. (b) A light scratch indicates a secured contact is established.    

 

 

Figure 3.15 (a) I-V characteristic of an electrode fabricated on Pd-based chromia, measured using the probe station. 

High current leakage is observed at very low voltage. The linear transport behavior indicates the existence of shorting 

paths under the electrode. (b) I-V characteristic of an electrode fabricated on V2O3 based chromia, also measured using 

the probe station. This electrode exhibits much lower current leakage, at significantly higher voltages than in (a). 
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In total, for the purpose of this thesis, we both fabricated and characterized over 300 

different electrodes to chromia films. This allowed us to generate the summary presented in Fig. 

3.16, in which we plot the variation of electrode resistivity as a function of electrode area. The 

resistivity values quoted here were determined from the resistance measured at the end point of 

the voltage sweeps and it is clear that there is significant scatter for each film type. This reflects 

inhomogeneity in the fabricated films and the presence of apparent shunting paths [3,30]. Crucially, 

however, we note that the V2O3-based films allow the highest resistivities to be achieved. The 

reasons for this will be discussed in greater detail in subsequent chapters. 

 

Figure 3.16 Variation of resistivity as a function of electrode area, for different chromia films. In the Pd-based films, 

the resistivity scales inversely with electrode area, indicating the existence of shunting paths. As the structural quality 

of the films improves, the resulting  resistivity also improves. The highest resistivity (about 10 TΩcm) is exhibited by 

electrodes formed on chromia-on-V2O3, for which the leakage approaches that of bulk chromia [31]. 
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3.4.2 Temperature-Dependent Leakage Characterization 

Having identifed high-resistivity electrodes in the probe station, these were then mounted 

in our cryostat for temperature dependent measurements. Such studies are important, since they 

allow one to gain physical insight into the mechanisms for charge transport in the dielectrics. These 

experiments were performed in a customized closed-cycle cryostat (SHI-4STH-2; Janis, Inc.) that 

is capable of covering a wide range of temperature (3 – 500 K) [32]. As the cryostat plays a major 

role in this experiment, we will first present a quick overview of the working principle and some 

basic maintenance of the cryostat, followed by the setup and the process flow of the experiment. 

A schematic of experimental setup is shown in Fig. 3.17. For these measurements, the packaged 

samples were mounted in a DIP socket on the cold-finger of the cryostat, which was then enclosed 

within a radiation shield and a vacuum jacket. The legs of the DIP socket were soldered to polymer-

coated copper wires that were connected at their other end to vacuum feedthroughs at the top of 

the cryostat. Outside of the cryostat, a Keithley 2400 was used for measurements of the 

conductivity of the thin-film chromia, while a HP 4155B semiconductor parameter analyzer was 

used for characterization of the bulk crystals. The latter  instrument was needed due to its capability 

to source an output voltage as large as 100V, while also allowing high-resolution measurement of 

small (10 pA with 1 fA resolution [35]) currents . Capture of the measured data was achieved using 

a LabView program and a GPIB interface between the measuring instruments and a computer. 
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Figure 3.17 Schematic of the experimental setup used to perform temperature-dependent I-V characterization of 

chromia.  
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 Due to the high intrinsic resistivity of bulk chromia, triaxial cables were required for 

measurements of its electrical leakage, since these provide greater rejection of background 

interference than coaxial cables [36]. There are three functional layers in a triaxial cable: the central 

signal conductor, and the inner and outer shields, which are termed the force, guard, and shield 

lines, respectively (see Fig. 3.18). A typical coaxial cable, in contrast, is composed of only the 

force and the shield lines, and current leakage happens due to the potential difference between 

them. However, in triaxial cable, the force and guard are held at the same voltage, ensuring that 

the current leakage is virtually zero, even if imperfections exist in the insulating layer.  The shield, 

on the other hand, is grounded, so that current leakage occurs between the guard and the shield. 

 

Figure 3.18 Schematic of a triaxial cable. The potential difference between the signal wire (force) and inner shield 

(guard) is held at zero, so that there should be no leakage current across the layers. The outer shield (shield) is grounded 

to protect the signal wire from background radiation, similar to a coaxial cable. However, there is a potential difference 

across the shield and the guard, which will lead to current leakage. 

 

In our electrical measurements of both bulk crystals and thin films, a voltage bias (V) was 

applied across the sample and the resulting current (I) was then measured by the instrumentation, 

before the voltage was further stepped up or down. In sample exhibiting ultrahigh intrinsic 

resistivity (TΩcm), caution was required to ensure that parasitic circuit leakage did not dominate 

over the actual current signal. This was especially problematic at low temperatures, where the 
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sample resistance was highest. In Figs. 3.19(a) & 3.19(b), we show measurements at 200 K of the 

actual sample current for a V2O3-based chromia film, and the corresponding parasitic leakage, 

respectively. These current can be seen to be comparable at voltages less than around 20 V, 

indicating that an appropriate correction to the film-based current is required. This was performed 

by determining the leakage current across an open-circuit connection, across the full temperature 

range of the experiment (200K – 400K), and then subtracting this from the measured sample 

current. 

 

Figure 3.19 (a) I-V characteristic of V2O3-based chromia at 200 K. (b) Leakage characteristics of the background 

circuit at 200 K. 
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Chapter 4 

Conduction Mechanisms in Crystalline Chromia 

  At this point, we have a good understanding of the essential properties of chromia, 

especially its crystal structure and how its magneto-electric (ME) nature can allow for the electrical 

switching of its boundary magnetism. As we have discussed, this behavior that makes it of strong 

technological interest as a potential of replacement for spintronic switching by spin-transfer torque 

[1]. Given the importance of its potential applications, surprisingly little has been known about its 

different physical properties, especially its electrical characteristics [2-5]. For applications where 

voltage-based control of magnetism is envisaged this is potentially problematic, since electric field 

control of the boundary magnetism of chromia relies implicitly on the absence of large leakage 

currents through the material [2-7]. Motivated by this, we have studied the electrical properties of 

bulk chromia crystals, in order to identify their electric field-induced transport mechanisms. This 

provides insight into the influence of defects on charge conduction, and yields important 

benchmarks against which to compare the dielectric character of the thin films that we will study. 

Our measurements, performed on high-quality crystalline samples from 200 – 400 K, reveal the 

excellent insulating characteristics of this material, with resistivities as large as 10 – 100 TΩcm at 

room temperature. While varying temperature, a crossover is observed from space-charge limited 

conduction (SCLC) of Mott-Gurney type [8] (200-300K), and the Poole-Frenkel (PF) effect [9] at 

higher temperatures (300 – 400K). Interestingly, the crossover between these two different regimes 

occurs in the vicinity of the Neel temperature of this material (~308 K [10]). From an analysis of 

the PF effect, we infer the presence of charge traps that lie approximately 0.5eV below the 

conduction-band edge, consistent with results of independent, surface-spectroscopy studies [11] 
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in which the authors have attributed traps to oxygen vacancies in the chromia crystal. Our 

experiments confirm the excellent dielectric properties of chromia, a result that suggests it should 

be excellently suited to applications requiring the voltage control of magnetism. The results also 

provide important benchmarking figures against which we can assess the quality of the epitaxially-

grown chromia thin films, whose properties will be discussed in detail in the following two 

chapters.  
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4.1 Sample Preparation 

 As discussed in Chapter 3, high-quality (0001) chromia crystals were thinned in a mechanical 

polisher, to a thickness of 70- (sample A) and 110-μm (sample B). After top-contact formation, 

the current-voltage characteristics of these samples were measured using an HP 4155B 

Semiconductor Parameter Analyzer, with an input impedance of >1013 Ω. As also described in 

Chapter 3, the measurement setup was calibrated by determining the resistance of an open circuit 

on the same DIP package, over the full temperature range of the experiment (200 – 400 K, see Fig. 

4.1). The influence of this background leakage was found to be largest at the lowest temperatures, 

where it contributed no more than 5% of the current measured with the samples present. At higher 

temperatures, this contribution was even smaller. In the discussion that follows, we present the 

results of detailed temperature-dependent studies of sample A. While sample B was measured over 

a narrower temperature range (290–350 K), it was nonetheless found to exhibit behavior consistent 

with that of sample A. Our measurements were made by first cooling to 200K under zero-field 

conditions (i.e. no applied electric or magnetic field), following which current-voltage 

characteristics were recorded as temperature was increased in a series of steps to 400 K. Resistivity 

values, determined at room temperature, and for various voltages, were in the range of 10–100 

TΩcm for the two samples. 
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Figure 4.1 (a) Temperature-dependent current measured with the sample in place. (b) Temperature-dependent 

parasitic current. The main signal is comparable to the background noise in the low temperature range (200 – 300K) 

so it is important to eliminate the background leakage. At high temperature (300-400K), the main signal is orders of 

magnitude larger than the background leakage.  
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4.2 Results and Analysis of Conduction Mechanisms 

 With the parasitic current leakage calibrated, a subtraction allows us to obtain the I-V 

characteristic of the chromia, as shown for sample A in the main panel of Fig. 4.2 (corresponding 

results for sample B are plotted as an inset to the figure, over the narrower range of 290 – 350 K). 

It is clear from the behavior shown in Fig. 4.2 that the current is a strongly nonlinear function of 

voltage, and that it is also strongly dependent on temperature (𝑇). Such behavior is typical of 

dielectrics, in which bulk conduction is typically dominated by SCLC and by the PF effect [12]. 

In the case of SCLC, the current density (𝐽) is expected to vary with voltage as: 

𝐽 =  
9𝜀𝑟𝜀0𝜇

8𝑑3
𝑉2          (4.1) 

where 𝜀𝑟 is the dielectric constant, 𝜀0 is the permittivity of free space, μ is the carrier mobility, and 

d is the insulator thickness. Separately, the PF effect yields a contribution: 

𝐽 ∝
𝑉

𝑑
exp

[
 
 
 

−𝑞

(

 
𝜑𝑡 − √

𝑞𝑉
𝑑𝜋𝜀𝑟𝜀0

𝑘𝐵𝑇

)

 

]
 
 
 

,         (4.2) 

where 𝑞𝜑𝑡 is the depth (measured from the conduction-band edge) of the traps responsible for the 

field-assisted emission process.  

 Dependent upon the temperature range of our measurements, we find clear evidence for both 

SCLC and the PF effect. We begin by discussing the role of the latter contribution. 
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Figure 4.2 The main panel plots the I-V curves of sample A at various temperatures from 200 to 400 K. The inset 

plots I-V curves of sample B at seven different temperatures from 290 to 350 K. 

 

4.2.1 Conduction Mechanism at High Temperature: PF Effect  

  To identify the signatures of the PF effect, we note from the form of Eq. (4.2) that, under 

conditions where 𝜑𝑡 is only weakly dependent on voltage, this mechanism should be revealed as 

a straight line in a plot of ln(𝐽/𝑉) 𝑣𝑠. 𝑉0.5. This behavior is clearly demonstrated in Fig. 4.3(a), in 

which we plot 𝐼/𝑉 𝑣𝑠. 𝑉0.5 on a semi-log scale from 340 – 400K and clearly observe the expected 

straight-line dependence. It is apparent from this (semi-log) plot that the onset of the PF behavior 

occurs at lower voltages at increased temperatures; this is consistent with the fact that the field-

assisted emission from the localized traps should be easier to induce at higher temperatures, in 

accordance with Eq. (4.2). For a more accurate analysis of the PF effect, we note that Eq. (4.2) 

predicts that a plot of ln(𝐽/𝑉) as a function of 1/𝑇 (at fixed 𝑉) should yield a straight line with a 

slope that is equal to an “effective trap depth” [5]:  
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𝐸𝑏 = −𝑞(𝜑𝑡 − √𝑞𝑉/𝑑𝜋𝜀𝑟𝜀0).          (4.3) 

In Fig. 4.3b, we show plots of 𝐽/𝑉 (on a logarithmic scale) vs. 1/𝑇 for various voltages from 10 – 

100 V. Clearly, the data fall on a good straight line over a reasonably wide temperature range that 

extends from around 300 to 400K. At lower temperatures than this, the data fall away from the 

straight line, suggesting that another mechanism instead becomes dominant. To emphasize the 

connection to Eq. 4.3, in the inset to Fig. 4.3(b) we plot the variation of 𝐸𝑏 as a function of 𝑉0.5. 

The data points shown in this plot were computed from the straight-line slope of the various data 

sets in the main panel, by assuming a dielectric constant 𝜀𝑟 = 11 [10]. By extrapolating the data 

to 𝑉 = 0 we infer 𝑞𝜑𝑡 = 0.5𝑒𝑉, a value in good agreement with that reported in independent 

measurements of low energy electron diffraction (LEED) in chromia [11]. In that work, the source 

of the traps was attributed to oxygen vacancies in the crystal structure. We also note that the slope 

of the line in the inset implies a dielectric constant 𝜀𝑟 = 13 ± 3, a value consistent with our 

original assumption of 𝜀𝑟 = 11. 
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Figure 4.3 (a) I-V curves of sample A, replotted in a manner to reveal the connection to the PF mechanism described 

by Eq. (4.2). (b) The main panel plots 𝐽/𝑉 𝑣𝑠. 1/𝑇  at various fixed voltages (indicated), in order to reveal the 

temperature-dependent behavior predicted by the PF effect. The Neel temperature (𝑇𝑁) of 308 K is also indicated on 

the plot. For the sake of clarity, error bars are indicated for the 10-V data only. The inset plots the variation of 

𝐸𝑏  𝑣𝑠. 𝑉0.5, which extrapolates to an intercept that corresponds to the trap depth 𝑞𝜑𝑡 = 0.5𝑒𝑉. 
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4.2.2 Conduction Mechanism at Low Temperatures: SCLC 

 Turning next to the behavior at lower temperatures, in the range of 200 – 290 K, this is found 

to be more consistent with the variations expected for SCLC. We indicate this in Fig. 4.4, in the 

main panels of which we plot current as a function of 𝑉2  to reveal the straight-line behavior 

predicted by Eq. (4.1). From the slope of the resulting straight line, we are able to extract the carrier 

mobility and its dependence on temperature, and the results of this analysis are plotted in the inset 

to Fig. 4.4. The data nicely follow an exponential dependence, behavior that is typical of many 

insulators (see, for example, Refs. 12–15). 

 

Figure 4.4 The main panel (upper and lower parts) plots 𝐼 𝑣𝑠. 𝑉2 for sample A at three different temperatures to 

indicate the connection to SCLC. The dotted lines through each data set indicate a straight-line variation predicted by 

Eq. (4.1). The inset plots the mobility inferred from the slope of the straight lines, as a function of temperature. The 

data fall on a straight (dotted) line, indicating an exponential increase with temperature. 
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4.2.3 Notes on the Crossover of Conduction Mechanisms 

 An intriguing aspect of the results presented above is the crossover from SCLC to the PF effect, 

which occurs near the Neel temperature (𝑇𝑁) for chromia. The current-voltage characteristics 

indicate that the conduction is significantly enhanced beyond this temperature. The mechanism 

responsible for this increased conductivity is currently unclear and is puzzling given that the SCLC 

and PF effect are not expected to depend explicitly upon magnetic degrees of freedom. One 

interpretation might be that the magnetic ordering that occurs below 𝑇𝑁 is accompanied by subtle 

structural changes that alter the energy of the defect states involved in the PF transport. While we 

have no evidence to suggest that this is indeed the case, we do note that Raman studies of other 

antiferromagnets have shown the phonon frequencies of such materials to be modified by the onset 

of antiferromagnetic order [16]. 
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4.3 Resistivity Benchmarking 

 By clarifying the mechanisms for field-induced conduction in bulk chromia, our measurements 

have revealed the excellent insulating characteristics of this material. As noted already, room-

temperature resistivity values are in the range of 10 – 100 T Ωcm, dependent upon the applied 

voltage. This, together with the implied dielectric constant (𝜀𝑟 = 13 ± 3), classifies chromia as 

an outstanding insulator (see Fig. 4.5). In an indication what we might expect to find when we 

move on to investigate the properties of our synthesized chromia films, the bulk resistivity values 

that we measure are significantly higher than those reported in the few previous studies of various 

chromia films. Ku and Winterbottom [2], for example, deposited submicron-thickness chromia 

films by sputtering chromium-oxide coatings, and reported room-temperature resistivity of 102 – 

104  Ωcm. Lim et al. [3] similarly used pulsed laser film deposition and measured resistivities as 

large as 109 Ωcm. In a more recent study, Julkarnain et al. [4] formed chromia films by thermal 

evaporation of Cr powder, and reported a resulting room-temperature resistivity of 107 Ωcm. 

Clearly, all of these values are significantly lower than those found here for bulk chromia, 

suggesting the need to synthesize high-quality chromia films with insulating quality that 

approaches that of bulk crystals. This point is further made clear in Table 4.1, where we summarize 

the results of earlier studies of the electrical resistivity of chromia [2-7], and compare them with 

our results. 
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Figure 4.5 A summary of the relationship between resistivity and dielectric constant for different materials (from Ref. 

18). This provides a rough guideline by which to classify materials according to their electrical conductivity. Our 

measurements conform how chromia may be viewed as a well-behaved insulator, which makes it a potential candidate 

for many technological applications. 

 

Reference 𝑇 (K) 𝜌a (Ωcm) Comments 

2 300 102 - 104 Sputter deposited thin films of thickness 2 – 600nm 

3 300 ≤ 109 130nm thick films formed by pulsed laser deposition 

4 300 107 140 – 300nm thick films formed by thermal evaporation 

of Cr powder 

 

5 313 - 373 … I- V characteristics reported for sputtered Cr2O3 (15nm) 

resistive- random- access- memory structures 

 

6 500 102 – 103 500 – 600nm thick polycrystalline films prepared by 

normal pressure chemical vapor deposition 

 

7 300 102 – 104 AC conductivity was measured for nanostructured 

chromia films synthesized by hydrothermal technique 

 

This thesisb 200 - 400 5 × 1015 – 4 × 1014 Measurements of thick chromia crystals 

a 𝜌 is the film resistivity 
b Resistivity values quoted are for a source voltage of 1V. 

Table 4.1 Reported resistivity values for chromia thin films. 
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4.4 Conclusions 

 We have investigated the mechanisms of electric-field-induced conduction in high-quality 

chromia crystals, in the temperature range from 200 – 400 K. A crossover is observed between 

SCLC and the PF mechanism with increasing temperature, with the crossover occurring in the 

vicinity of the Neel temperature (~308 K) of this material. From an analysis of the PF effect, we 

infer the presence of charge traps that lie approximately 0.5 eV below the conduction-band edge. 

The SCLC is described by a strong (exponentially) temperature dependent mobility, consistent 

with observations for other insulators. Overall, our experiments confirm the excellent dielectric 

properties of chromia, a result that is important for attempts to utilize this material as a ME “gate” 

dielectric [19]. These results furthermore provide important benchmarking data that will be used 

in the following chapters to assess the dielectric quality of epitaxially-grown chromia films. 
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Chapter 5 

Dielectric Properties of Thin Cr2O3 Films Grown on 

Elemental and Oxide Metallic Substrates 

 

 In the previous chapter, we identified the electric-field induced conduction mechanisms of 

single-crystal Cr2O3 and benchmarked its resistivity (5 x 103 – 4 TΩcm from 200 – 400K), in 

anticipation of forthcoming measurements on thin-film Cr2O3. Such benchmarking is of great 

importance, since the ability to switch the boundary magnetization of thin- film Cr2O3 by means 

of an electric field requires that the materials should be able to withstand large electric fields (>10 

kV/mm) without exhibiting significant leakage. However, thin films produced previously via 

different techniques have been found to have resistivities far from this benchmark, with reported 

values ranging from 102 – 109 Ωcm [1, 2, 3]. To make thin-film Cr2O3 based technological 

applications possible, here we take on the challenge of understanding the causes of electrical 

leakage in thin-film Cr2O3, and of improving its resistivity.   

In this chapter, we first consider the problem of electrical leakage in a 300-nm thick Cr2O3 

film (grown on Pd (111)) at macroscopic scale. This allows us to understand how leaky thin-film 

Cr2O3 behaves differently from its bulk counterpart. Over 100 electrodes of varying size (from 500 

× 500 to 50 × 50 μm2, see Ch. 3.2.2.1) were fabricated and tested. The resulting electrical leakage 

is found to have a strong association with the electrode size, which lead to a hypothesis of a 

distribution of shunting paths across the film. In the second part of this chapter, we examine the 

dielectric properties of thin-film Cr2O3 grown on Pd (111), Pt (111) and V2O3 (0001). These films 

were characterized using a variety of experimental techniques, such as X-ray diffraction (XRD), 

conductive atomic force microscopy (C-AFM) and room temperature resistivity measurements on 
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lithographically patterned electrodes. XRD measurements (φ scan) reveal the degree of rotational 

domains within the defective Cr2O3; topographic scans and conduction mapping of C-AFM 

measurements show a strong correlation between electrical leakage and the presence of structural 

defects; and room temperature resistivity measurements confirm the resistivity mismatch between 

films grown on different electrodes. Combining the above measurements with a structural study 

performed by our collaborators, we find the leakage in defective thin-film Cr2O3 to originate from 

a 60° rotation, and a translational shift, of the Cr2O3 unit cell across the grain boundaries (which 

we explain in detail in this chapter). Through proper choice of the substrate, we are able to suppress 

the defects, and to achieve resistivity values that approach those associated with bulk chromia. 

 

5.1 Electrical Leakage in Thin- Film Cr2O3/Pd 

 To evaluate the electrical characteristics of 300-nm thick Cr2O3 films, grown on Pd 

substrates, top electrodes (see Fig. 3.8) of varying size were fabricated. Assuming intrinsic 

conduction in the films, the resistivity values calculated from I-V measurements should be constant, 

independent of the size of the electrodes. At the same time, the temperature dependent I-V 

characteristics of these films should be consistent with those found for bulk Cr2O3. Surprisingly, 

however, significant current leakage was exhibited by these films. Figure 5.1(a) demonstrates the 

room temperature I-V characteristics of a number of large electrodes of size 500 × 500 μm2. In 

contrast to bulk Cr2O3, Ohmic I- Vs are observed and the resistivity of the devices is calculated to 

be below ~5 kΩcm. On the other hand, there are some improvements in smaller devices. Figure. 

5.1(b) presents equivalent results of temperature dependent I-V measurements for an electrode of 

size 50 × 50 μm2.  These curves are non-linear and the resistance drops as temperature increases, 

behavior that is typical of an insulator. The temperature dependent I-V of this electrode resembles 
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the shape of the I-V curves for bulk Cr2O3; however, the calculated resistivity at room temperature 

is ~140 MΩcm, orders of magnitude lower than the benchmarked value of ~10 TΩcm. 

To summarize the results of our measurements the Cr2O3-on-Pd films, Fig. 5.1(c) shows 

the calculated resistivity for all of the different electrodes that were fabricated on this film. It is 

clear that the maximum resistivity increases with decreasing size of electrodes, in spite of the fact 

there is a corresponding growth in the spread of these values. This suggests the existence of 

shunting paths underneath the electrodes, such that smaller electrodes may have higher probability 

of avoiding them. As we will see in later sections, these shunting paths indeed exist and they can 

be visualized by C- AFM measurements. Before discussing these results, however, it is important 

to briefly discuss some structural studies performed by our collaborators (the Binek group, 

University of Nebraska, Lincoln), as their results serve as a fundamental bridge to understanding 

the nature of electrical leakage in thin-film Cr2O3. 
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Figure 5.1 (a) Room temperature I-V characteristics of 500 × 500 μm2 electrodes, fabricated on Cr2O3-on-Pd films. 

(b) Temperature dependent I-V curves of the 50 × 50 μm2
 electrode that was found to demonstrate the highest 

resistivity (~140 MΩcm). (c) A summary plot that showing the resistivity determined for all fabricated devices on a 

Cr2O3/Pd film. It is clear that the maximum resistivity increases as size of electrode decreases. 
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5.2 Structural Study of Thin- Film Cr2O3 on Al2O3 

 Our collaborators in the Binek group have used a combination of scanning tunneling 

electron microscopy (STEM) and density functional theory to correlate the presence of structural 

defects in thin-film Cr2O3 with its electronic properties For further details of this work, we refer 

the reader to Refs. 4 & 5. Figure 5.2 highlights an important finding of their work [4]. This shows 

a plane view of a high-angle annular dark-field (HAADF) STEM image of grain boundaries in 

thin-film Cr2O3. The image viewed along the c- axis is shown in (a), while a cross section along 

the [112̅0] direction grain boundaries is shown in (b). These images show that grain boundaries 

in defective thin- film Cr2O3 are of the twinning type, which separate two crystalline regions that 

are, structurally, mirror images of each other [6].  

The inset of Fig. 5.2(a) magnifies the grain boundary along the [112̅0] direction shown in 

the main panel of Fig. 5.2(a). Although it cannot be clearly seen in the image, the Cr2O3 hexagonal 

unit cells (as indicated by the quadrangle in the inset, in which the different colored solid balls 

represent the ABC stacking order of Cr atoms) rotate by 60° along the c- axis and there is a 1/3 

[101̅0] basal plane shift across the grain boundary. The basal plane shift originates from the 

dominance of the interfacial free energy during the initial stages of film nucleation and growth. 

An atomic model based on the 60° rotation and the basal plane shift of the unit cell is further 

illustrated in Fig. 5.3. Here, the plan view is shown in the top panel, the cross-sectional view is 

shown in the bottom panel, and the inset demonstrates the concept of 60° rotation and the 1/3 

[101̅0] basal plane shift of the unit cell. Along the twinning symmetry (top panel), there is a slight 

distortion of boundary Cr and O atoms along the c- axis (highlighted by the blue dashed line). This 

gives rise to unoccupied 2p states in the O atoms, which, according to the results of density-
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functional theory (Fig. 5.4), reduce the Cr2O3 bandgap along the grain boundary and therefore 

cause leakage.  

 

 

 

 

 

Figure 5.2 (a) Plan view HAADF STEM image of grain boundaries viewed along the c- axis. The inset magnifies the 

[112̅0] direction grain boundary, as pointed out in the main panel, together with superimposition of an atomic model. 

(b) Cross section HAADF STEM image of [112̅0] direction grain boundary. [4] 
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Figure 5.3 Top panel: Plan view of the atomic model superimposed on the inset of Fig. 5.2(a). The blue dashed line 

highlights the distorted Cr and O atoms along the boundary which are responsible for the leakage. Different solid color 

balls in the inset correspond to ABC stacking order of Cr atoms, similar to that in inset of Fig. 5.2(a). The inset 

demonstrates the 60° rotation and the 1/3 [101̅0] basal plan shift of Cr2O3 unit cell. Bottom panel: The cross section 

view of the [112̅0] direction grain boundary. The solid box demonstrates the ABC stacking order of Cr atoms. This 

atomic model also includes the spin orientation of Cr atoms. [4] 
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Figure 5.4 Simulated total density of states (DOS) of defective Cr2O3 based on the atomic model shown in Fig. 5.3.  

The bandgap is reduced by 65% along the grain boundary compared to its bulk counterparts. [4] 

 

 

5.3 Dielectric properties of Thin Cr2O3 Films at Local and Macroscopic Scale 

 At this point, we have discussed the physical cause of leakage in thin-film Cr2O3, which 

arises as a result of electrostatic energy reduction at the interface. In this section, we investigate 

the dielectric properties of thin-film Cr2O3 grown on different metallic substrates, namely, Pd (111), 

Pt (111) and V2O3 (0001). It should be noted here that thin-film V2O3 exhibits a metal- insulator 

transition (MIT) at 150K [7], above which it functions as a poor metal. Cr2O3 is grown on various 

bottom electrodes because the choice of metal substrate is known to have a profound impact on 

the electrical properties as well as the surface structure of the resulting oxide film, regardless of 

the specific growth method used [8]. Also, the rationale of selecting these three distinct seed layers 

is to elucidate the influence of twinning defects on electrical conduction. Our investigation reveals 

that growth of Cr2O3 on V2O3 can dramatically suppress leakage. The reasons for this are twofold; 

firstly, V2O3 is isostructural with the corundum Al2O3 (space group R-3c) substrate, in contrast to 

the cubic- structural materials Pd and Pt. This pseudo- homoepitaxy promotes growth of films that 

are free of rotational defects, in contrast to the growth of Pd and Pt on Al2O3 [9]; secondly, V2O3 
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has small lattice mismatch (∼0.1%) with chromia, in contrast to Al2O3 (4%) [10], Pd (3.9%) and 

Pt (3.1%). This matching minimizes the resulting strain in the Cr2O3 films. 

 

5.3.1 XRD Characterization of Thin-Film Cr2O3 

 We have already presented the XRD confirmation of the crystalline structure of Cr2O3 and 

the bottom electrodes in Fig. 3.4, using the 2θ mode. To investigate the presence of 60° rotational 

domains in the films, φ mode was instead used (please refer to Ref. 11 for the working principle 

of this mode). Similar to the 2θ mode, Cu K α1 x-ray radiation with wavelength of 1.54 Ȧ was used 

for these measurements. In φ mode, samples were tilted such that the scattering vector is normal 

to the (101̅4) planes of the Cr2O3 and V2O3 films, and normal to the (111̅) planes of Pd and Pt 

films. During the measurements, each sample was rotated about its normal, while the source and 

detector were fixed at a Bragg angle. This allowed us to infer the presence of in-plane rotational 

domains in the thin films. In Figs. 5.5(a) – 5.5(c), the top panels show the results of φ scans of 

Cr2O3 grown on Pd, Pt and V2O3, respectively, while the bottom panels demonstrate similar scans 

on the corresponding bottom electrodes. In general, a (111)-oriented Pd or Pt single crystal should 

have a threefold symmetry in the φ scan due to the triangular plane in the (111) direction of the 

face- centered cubic structure. In other words, peaks are expected to be separated by 120°. 

However, as indicated in the bottom panels of Figs. 5.5(a) & 5(b), a six-fold symmetry is instead 

found, with each peak sharing nearly equal intensity and being separated by 60° from the others. 

This is the signature of the 60° rotational domains that we discussed in Section 5.2. According to 

Ref. 19, this result indicates that the growth of cubic Pd or Pt on a hexagonal plane of Al2O3 with 

epitaxial relationship [111] || [0001] has no preference in the two rotational domain formations. In 

contrast, the V2O3 film (bottom panel of Fig. 5.5(c)) shows no indication of such rotational 
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domains. This provides clear evidence that films grown on Pd, Pt and V2O3 are structurally very 

different from one another. 

Moving on to the φ scans of the Cr2O3 films (the upper panels of Fig. 5.5), they share 

similar results with their seeding layers. In Fig. 5.5(a), each rotational domain peak is separated 

by 60°. It is noteworthy that neighboring peaks have alternating intensity, and that peaks of equal 

intensity are separated by 120°. For clarity, we have labeled these peaks as A and B. These signals 

originate only from the 60° rotation of the Cr2O3 unit cell along the grain boundary and they do 

not include any information about the basal plane shift. In Fig. 5.5(b), in which the signal for Cr2O3 

on Pt is shown, one of these domains is significantly reduced. In Cr2O3 on V2O3, they appear to be 

completely eliminated  

From this set of figures, it is clear that 60° rotational domains originate from the underlying 

electrode/substrate interface and that they penetrate into the thin-film Cr2O3 during growth. Also, 

we see that the Cr2O3-on-V2O3 system is structurally different from the other two, in terms of the 

extent to which 60° rotational domains are present. We will show in the next section how 60° the 

presence of the rotational domains, together with the 1/3 [101̅0] basal plane, enhance leakage in 

the Cr2O3 films. 
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Figure 5.5 XRD φ scans of the (101̅4) pole of (a) Cr2O3 (top panel) grown on Pd (bottom panel), (b) Cr2O3 (top panel) 

grown on Pt (bottom panel), and (c) Cr2O3 (top panel) on V2O3 (bottom panel). In (a), the in-plane rotational domains 

are labeled A or B and are separated by 60°. Peaks should be separated by 120° if only a single domain is present in 

the film. The coexistence of A and B peaks, or the 60° separation, indicates that there are two domains. For Pt and Pd 

films, the φ scans are performed from the (111̅) planes. 

 

 

5.3.2 Conductive Atomic Force Microscopy (C-AFM) Measurements 

In this section, we present the results of scanning-probe studies of the topography and 

current leakage of the various thin films. In addition to local conduction mapping, we also 

measured the conduction map of lithographically formed electrical contacts of various size. The 

results that we obtain are shown to be consistent with the structural study and the XRD 

characterization. 
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5.3.2.1 Experimental Setup 

Conductive-AFM studies were performed under ambient conditions using a Bruker Icon 

atomic force microscope in tunneling AFM (TUNA) mode, with a current sensing C-AFM module. 

PtIr-coated Si tips, with a nominal radius of 20 – 40 nm, were used and the spring constant of the 

tips was 2.8 N/m. The current sensitivity was set at 20 pA/V. To ensure a dry measurement 

environment, all topography and electrical measurements were performed under a constant flow 

of nitrogen gas. Since the structure of the tip, including its shape and radius, can be worn out both 

mechanically and electrically as successive scans are performed, care was taken to acquire images 

with fresh tips whenever such degradation was noticeable. Usually, during current mapping by 

scanning probe, the observed variations depend greatly on cantilever deflection and the tip 

condition. A constant cantilever deflection set point of 30 nN was utilized during all imaging. The 

DC voltage was applied between the bottom electrode and tip, with the latter acting as a virtual 

ground. 

 

5.3.2.2 Results and Discussions  

Topographic scan and conduction mapping measurements of a 300-nm thick, Pd-based 

Cr2O3 film is shown in Figs. 5.6(a) and 5.6(b), respectively. In Fig. 5.6(a), the topographic scan 

reveals some degree of roughness of the Cr2O3 surface, with the difference between the highest 

and lowest points in the scanned area being approximately 10 nm. The corresponding conduction 

map (Fig. 5.6(b)) uncovers some interesting features of the electric leakage, which is mostly 

restricted to the edge of the grain boundaries observed in Fig. 5.6(a), while the interior of the 

domains remain highly insulating. For the purpose of clarity, we highlight the grain boundaries in 
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the conduction map by dotted lines. Upon close inspection, the majority of the leakage observed 

here is restricted to small dot-like regions. These conductive spots are, in fact, very common in 

transition- metal oxides, and well known to serve as conducting filaments [12-15].  In the literature, 

they have often been explained by the formation of oxygen vacancies left behind after O2 ion 

migration [16, 17]. It is noteworthy that the lateral resolution of our AFM tip is less than that in 

STEM, making it impossible to capture grains smaller than 50 nm. However, due to their high 

conductivity, the conduction mapping measurements are capable of capturing certain features of 

the grains that are otherwise unresolvable in topographic scans. They are indicated by blue arrows 

in both Fig. 5.6(a) and (b). 

 

 

Figure 5.6 (a) Topography and (b) conduction mapping of 300-nm Cr2O3 (0001) film on Pd on Al2O3 substrate. Tip 

bias voltage for C-AFM is 1.0 V. Blue arrows in (a) and (b) point to smaller-sized domains that are sensitive only to 

conduction mapping but not topographic scanning, whereas the areas marked by dotted lines represents individual 

grains.  

 

To shed further light on these measurements, topographic scans and conduction mapping 

were also performed on a set of lithographically fabricated electrodes, whose size varied from 300 
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× 300 𝜇𝑚2 to 1 × 1 𝜇𝑚2. This allows us control to the number of conducting filaments in contact 

with the electrodes, and to therefore to characterize their current profile.  In Fig. 5.7, the results of 

topographic scans and corresponding conduction mapping are shown in panels (a) and (b), 

respectively, for a 5 × 5 𝜇𝑚2 electrode (highlighted by blue dashed line). Similar results are shown 

for a 1 × 1 𝜇𝑚2 electrode in panels (c) and (d). Under the same scanning tip bias of 1 V, different 

maximum current strengths (~3 pA for 5 x 5 𝜇𝑚2 electrode and 0.5 pA for 1 x 1 𝜇𝑚2 electrode) 

are observed. This trend is reproduced for other electrodes, as we summarize in Table 5.1. Overall, 

the current is found to be proportional to the electrode size, indicating that smaller electrodes do 

indeed cover fewer filaments. This result appears consistent with our earlier observations of 

resistivity scaling for the different electrodes (Fig. 5.1(c)). 
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Figure 5.7 (a), (c) Topography and (b), (d) conduction mapping of a 5 × 5 𝜇𝑚2 (highlighted by blue dotted line) and 

a 1 × 1 𝜇𝑚2 electrode, respectively. The conduction map in (d) represents an almost negligible current of  ~0.1 pA. 

Tip bias voltage for both conduction maps (b) and (d) is 1.0 V.  

 

Electrode size (𝜇𝑚2) Current at Vtip = 1 V (nA) 

300 x 300 1.1 

120 x 120 0.9 

70 x 70 0.7 

50 x 50 0.4 

20 x 20 0.15 
 

Table 5.1 Current measured by C-AFM tip of various size electrodes. 

 

 

 While we have largely focused on the topography and conduction map of Pd- based Cr2O3 

systems so far, similar measurements have also been performed for the Cr2O3 (300nm)/Pt (20nm) 
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and Cr2O3 (20nm)/V2O3 (20nm) systems. Fig. 5.8(a) displays the topography of a Cr2O3/Pt film. 

Here, the grains are much smaller than those that are observed for Cr2O3 on Pd. Their size ranges 

from 50 – 100nm. Consistent with this, the difference between the highest and lowest points in the 

scanned area is about 3 nm (rms roughness is ~0.15nm). The corresponding conduction map (Fig. 

5.8(b)) shows that the Cr2O3 film is highly insulating, as the leakage current remains at almost zero 

over most of the map, aside from a few small spots. These overlap coincidentally with the tall 

structures that appear in the topographic scan. It is possible that they represent surface 

contaminants rather than conducting filaments. In Fig. 5.8(c), where the topography of Cr2O3 on 

V2O3 is shown, the surface is found to be ultrasmooth with a rms roughness of < 0.1nm. Combining 

both the topography and the conduction map (Fig. 5.8(d)), we find no evidence of the grains that 

are observed in the other films.  This is due to the absence of in- plane rotational domains, as 

indicated in the XRD 𝜑  scan shown earlier. As a result, the conduction map is featureless, 

indicating the strongly insulating nature of the Cr2O3, even under a tip bias of 3 V. 
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Figure 5.8 (a), (c) Topography and (b), (d) conduction map of Cr2O3 (300nm)/ Pt (20 nm) and Cr2O3 (20 nm)/ V2O3 

(20nm), respectively. The tip bias is (b) 1 V and (d) 3 V. The surface of Cr2O3/ V2O3 is extremely smooth; this is a 

consequence of structural matching of the V2O3 seed layer and Al2O3 substrate [9], leading to the absence in-plane 

rotational domains. 

 

5.3.3 Room Temperature Resistivity Measurements 

 Further support for the conlusions above is provided by the results of room-temperature 

measurements of the resistivity of Cr2O3 films deposited on Pd (111), Pt (111) and V2O3 (0001) 

seed layers. These measurements were performed on electrodes of various sizes, and the 
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resistivity value was determined from the value of the current is measured at a voltage bias of 

1V. The resulting measurements are summarized in Fig. 5.9.  

 

 

Figure 5.9 Room-temperature resistivity measurements of 300 nm Cr2O3 films formed on Pd (red), Pt (green) and 

V2O3 (blue) seed layers using electrodes of different size. Reflecting the absence of twinning defects in the Cr2O3/V2O3 

system, its maximum resistivity is found to reach values comparable to that for bulk Cr2O3. 

 
 It will be apparent from Fig. 5.9 that there is significant leakage exhibited for the largest 

electrodes. Our C-AFM study has shown that these electrodes cover a large number of conducting 

filaments, which therefore contribute to significant leakage. For smaller pad sizes, the different 

resistivity trends exhibited by the three systems becomes clearer. Pd-based films are more leaky 

and subject to large statistical variations in resistivity. For Pd- based Cr2O3 with a contact size of 

50 × 50 𝜇𝑚2, resistance values range from just 1 kΩ to as much as 1 GΩ. The tendency for the 

Pd-based films to show increasing resistivity value with decreasing contact size appears to be 
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consistent with the results of our corresponding conduction-mapping studies, which point to the 

reduced number of shunting paths in direct contact with the electrodes. This appears to result in 

improved uniformity of the Pt-based films, making them a candidate for the more reliable 

realization of dielectric filsm, as long as their resistivity of ~109 Ωcm can be tolerated. The V2O3- 

based films also exhibit considerable variability (for fixed electrode size) but their resistivity 

approaches a maximal value of 1012 Ωcm, comparable to that of bulk chromia at the same 

temperature. Overall, these measurements appear consistent with our structural studies, and with 

the results of our XRD characterization and C-AFM measurements.       

 As a final comment, we have also investigated the resistivity, using the nanostructured 

electrodes whose fabrication was described in Chapter 3. We performed these measurements on 

the Pt-based films (only), and in Fig. 5.10 we compare their results with those obtained on the 

larger, photolithographically-defined, electrodes. From these measurements we obtain essentially 

the same value for the resistivity, independent of electrode area. This provides further support for 

the idea that the influence of pinhole defects is strongly suppressed in the Pt-based chromia. 
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Figure 5.10 Room-temperature resistivity determined from measurements of nanoscale electrodes formed on 300 nm 

Cr2O3/ Pt, and from measurements of micron-scale devices on the same sample. 

 

 

5.4 Conclusions 

 In this chapter, we have explored the dielectric properties of thin-film Cr2O3 grown on Pd 

(111), Pt (111) and V2O3 (0001) layers.  We discussed the ways in which thin-film Cr2O3 differs 

electrically from it bulk counterpart, the physical cause of defects that can lead to high leakage in 

films, and offered solutions to overcome the challenges. The I- V characteristics were found to 

exhibit Ohmic behavior, with a small shunting resistance, when large numbers of conducting 

filaments are in contact with the electrodes. When the electrode covers a smaller number of 

filaments, the form of the I- V curves qualitatively resembles that of bulk Cr2O3 but the resistivity 

remains orders of magnitude below its expected value. We reviewed a structural study performed 

by our collaborators [4], who argued that the leakage originates from a 65% reduction in the Cr2O3 
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bandgap at grain boundaries, where twinning defects, formed by 60° rotational domains and a 

basal-plane shift of the Cr2O3 unit cell, are observed. The results of their study were further 

confirmed by XRD characterization and C-AFM measurements. Room-temperature resistivity 

measurements presented here suggest that the twinning defects are absent in Cr2O3/V2O3, which 

exhibits the highest resistivity of the three different field types. This resistivity approaches that of 

bulk Cr2O3. Based on these results, we suggest that the all-oxide approach to spintronics has great 

promise for implementation in ultralow-power ME-MRAM and logic devices. 
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Chapter 6 

Conductivity Mechanisms in Epitaxial Chromia Films 

Grown on Elemental and Oxide Metallic Substrates 

 

In the previous chapter, we explored the morphology of Cr2O3 thin films synthesized on 

various conductive substrates (Pd, Pt and V2O3), and used XRD and C-AFM measurements to 

show that electrical leakage was strongly associated with structural defects. Among the three 

different types of substrates used to support Cr2O3 growth, we found that the Cr2O3-on-V2O3 

system exhibited the smallest amount of leakage, a result that we attributed to the absence of 

twinning defects in that material. However, no analysis was made of the electrical leakage 

mechanisms in the different films. In this chapter, we therefore undertake a detailed analysis of the 

conduction mechanisms in these films, by measuring their temperature dependent current leakage 

over the wide temperature range from 200 – 400 K. We find that trap-assisted space-charge limited 

conduction (SCLC) is the dominant source of leakage in the films, and that the density and 

(energetic) distribution of the charge traps is strongly dependent upon their underlying substrate. 

Overall, we find that Pd-based Cr2O3 exhibits the highest leakage level, and that this current is 

consistent with the presence of deep, discrete traps, as expected for twinning defects in the material. 

The Pt- and V2O3- based films, in contrast, show behavior typical of insulators with fairly shallow, 

exponentially-distributed traps, possibly associated with the dislocations that we discussed in Ch. 

5. The properties of the different films, and their preparation for the electrical studies, has been 

described already in Chapter 3. 
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6.1 Results and Analysis of SCLC 

 In Fig. 6.1(a) – 6.1(c), we present the representative I-V curves for the different Cr2O3 films 

over the temperature range of 200 – 400K. We find that the overall behavior is qualitatively 

reminiscent of that observed for (bulk) Cr2O3 crystals [1]. It is apparent that all I-V curves exhibit 

pronounced nonlinearity, and that the current increases strongly with increasing temperature, both 

indicative of the insulating nature of the Cr2O3 films. The corresponding changes of resistivity 

(calculated for an electric field of 33 kV/cm) of these films as a function of temperature are shown 

in Fig. 6.1(d). Consistent with our earlier findings [2], we see that Cr2O3 on V2O3 exhibits the 

highest resistivity (~5 TΩcm at 300 K). The highest leakage, on the other hand, is found for Cr2O3 

on Pd, for which the corresponding resistivity (~50 MΩcm at 300 K) is almost six orders of 

magnitude smaller than that of Cr2O3 on V2O3. 

To explore the underlying conduction mechanisms, the I-V curves in Fig. 6.1 are replotted 

in Fig. 6.2 on logarithmic axes, where Figs. 6.2(a), 6.2(c) and 6.2(e) correspond to the upper-right 

quadrants of Fig. 6.1(a) – 6.1(c), and Figs. 6.2(b), 6.2(d) and 6.2(f) represent data from the lower-

left quadrants. Here, we see that all plots reveal the presence of two different regimes, namely 

ohmic conduction (𝐼 ∝ 𝑉𝑚 , 𝑚 ≈ 1) at small bias and SCLC (𝑚 ≥ 2) at higher voltages. The 

crossover between these regimes is less pronounced for Cr2O3 on Pd (Figs. 6.2(a) & 6.2(b)) but is 

much clearer in the other films. More quantitatively, it can be seen that the crossover between 

transport regimes occurs at a voltage (𝑉𝑡𝑟) that increases with increasing temperature for Pd, while 

the opposite is true for 𝑉𝑇𝐹𝐿 (another crossover voltage) in other films. Through measurement of 

multiple samples, we have confirmed that this is a systematic difference rather than any random 

one. Crucially, these differences point to the influence of very different trapping sites on SCLC in  
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Figure 6.1 In the main panel we plot the temperature-dependent I-V characteristics of epitaxial Cr2O3 grown on (a) 

Pd, (b) Pt, and (c) V2O3. In (a), filled circles are experimental data points (only 10% of which are shown) and solid 

lines are fits to the form of Eq. (6.1a). (d) shows the temperature dependent resistivity of the Cr2O3, calculated at an 

electric field of 33 kV/cm (dotted line is guide to the eye for linearity of resistivity). 
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Figure 6.1 (continued) In the main panel we plot the temperature-dependent I-V characteristics of epitaxial Cr2O3 

grown on (a) Pd, (b) Pt, and (c) V2O3. In (a), filled circles are experimental data points (only 10% of which are shown) 

and solid lines are fits to the form of Eq. (6.1a). (d) shows the temperature dependent resistivity of the Cr2O3, calculated 

at an electric field of 33 kV/cm (dotted line is guide to the eye for linearity of resistivity). 

 

different films. In the case of Cr2O3 on Pd, the increase of 𝑉𝑡𝑟  with increasing temperature is 

consistent with expectations for SCLC in the presence of discrete impurities. This point is 

confirmed in Fig. 6.3(a), in which we plot ln (𝑉𝑡𝑟) vs. 1/𝑇 to reveal the connection to Eq. (2.8). 

The data clearly fall on a good straight line, from the slope of which we determine 𝐸𝑇 − 𝐸𝐹~50 

meV. That is, the SCLC in this system should be limited by deep traps, lying close in energy to 
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the Fermi level of insulating Cr2O3. While we return to discuss this point later, the likely source of 

these deeps traps is twinning defects, which are known to be generated in abundance when Cr2O3 

is grown on Pd [2], as we have already covered in Ch. 5. Computational studies based on density 

functional theory have suggested that these defects may result in a (local) reduction of the effective 

bandgap by as much as 65% (see Ref. 3, 4 and Ch. 5), a scenario that appears to be consistent with 

the presence of discrete, deep (mid-level) traps. 
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Figure 6.2 The I-V curves from Fig. 6.1 are replotted on double-log scales to reveal the connection to Fig. 2.13.  (a) 

positive and (b) negative bias for the Pd-based film. (c) positive and (d) negative bias for the Pt-based film. (e) positive 

and (f) negative bias for the V2O3-based film. Dashed lines are guide to the eye for change of slope as a function of 

temperature.  
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Figure 6.2 (continued) The I-V curves from Fig. 6.1 are replotted on double-log scales to reveal the connection to 

Fig. 2.13.  (a) positive and (b) negative bias for the Pd-based film. (c) positive and (d) negative bias for the Pt-based 

film. (e) positive and (f) negative bias for the V2O3-based film. Dashed lines are guide to the eye for change of slope 

as a function of temperature.  
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Figure 6.2 (continued) The I-V curves from Fig. 6.1 are replotted on double-log scales to reveal the connection to 

Fig. 2.13.  (a) positive and (b) negative bias for the Pd-based film. (c) positive and (d) negative bias for the Pt-based 

film. (e) positive and (f) negative bias for the V2O3-based film. Dashed lines are guide to the eye for change of slope 

as a function of temperature.  
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Figure 6.3 (a) Variation of the transition voltage (𝑉𝑡𝑟) as a function of temperature for the Pd-based Cr2O3 system. (b) 

Temperature dependent variation of the effective mobility of the same film. 
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 Further inspection of the I-V curves of Cr2O3 on Pd indicates that the leakage is dominated 

by both ohmic conduction and SCLC (MG law shown in Eq. (2.6)). In the presence of both 

mechanisms, the total current density (J) may follow the functional form:  

𝐽 =  𝛼𝑉 +  𝛽𝑉2          (6.1a) 

where the parameters 𝛼 and 𝛽 are associated with ohmic transport and SCLC, respectively. The 

defining equations for these parameters can be expressed as [5-8]: 

𝛼 = 
𝑛𝑞𝜇

𝑑
          (6.1b) 

𝛽 =  
9𝜇𝜃 𝑟

8𝑑3           (6.1c) 

In these expressions, 𝑛 is the density of thermally generated charge carriers, 𝑞 is the electronic 

charge, 𝜇 is the carrier mobility, 𝑑 is the film thickness, and 𝜀𝑟 is the dielectric constant. Θ is the 

ratio of free carriers to the total carrier concentration (i.e. free plus trapped charges). Fits according 

to Eq. (6.1a) are indicated in Fig. 6.1(a), in which the filled circles are experimentally-measured 

data points (for clarity, just 10% of these are plotted), while the solid lines represent the result of 

a two-parameter (𝛼 & 𝛽) fit to the data. The 𝛽 term enables an estimate of the carrier effective 

mobility (𝜇𝜃, see Eq. (6.1c)), and in Fig. 6.3(b) we plot the variation of 𝜇𝜃 (or 𝜇𝑒𝑓𝑓) as a function 

of temperature. Much like the behavior reported for bulk Cr2O3 [1], and for numerous other 

insulators [9-11], we find that this mobility increases exponentially with increasing temperature. 

 Turning to the behavior exhibited by the other two types of film, these exhibit a decrease 

of 𝑉𝑇𝐹𝐿 with increasing temperature (see Figs. 6.2(c), 6.2(d), 6.2(e) & 6.2(f)). This behavior is 

opposite to that found for Cr2O3 on Pd, and is consistent, instead, with expectations for materials 

exhibiting trap distributions that are distributed exponentially within the gap (as described in Eq. 

(2.9), see also Fig. 6.4). In these (i.e. the Pt- and V2O3-based) films, the I-V curves exhibit a 

crossover from a linear to a power-law dependence with increasing voltage, with a corresponding 
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power- law index ((𝑙 + 1) in Eq. (2.10)) that is larger than two. Similar behavior has been reported 

previously for a number of other dielectric materials [13-16], and is especially clear in the V2O3-

based films (Figs. 6.2e) & 6.2(f)), for which the power-law exponent increase from around 3 to 7 

with reduction of temperature to 200 K. 

 

Figure 6.4 Examples of SCLC with exponentially distributed traps in (a) metal/ La2O3/ Si [14], and (b) metal/ Dy2O3/ 

Si [16] systems to demonstrate the decreasing crossover voltage (𝑉𝑇𝐹𝐿) with increasing temperature. 
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Figure 6.5 (a) The main panel plots the SCLC component of the current (filled symbols) as a function of voltage, 

including its extrapolation to larger voltages (solid lines), for chromia on Pt. The Inset plots 𝑙 (= 𝑚 + 1) as a function 

of inverse temperature in the same film. (b) The main panel plots the SCLC component of the current (filled symbols) 

as a function of voltage, including its extrapolation to larger voltages (solid lines), for chromia on V2O3. The Inset 

plots 𝑙 as a function of inverse temperature in the same film. 

 

 

In the insets to Figs. 6.5(a) & 6.5(b), we plot the variation of the power-law index (𝑙) as a 

function of 1/𝑇. The resulting data fall on a reasonable straight line, consistent with the definition 

of 𝑙 in Eq. (2.10). The slope of the resulting straight line allows an estimate of the characteristic 

energy (𝐸𝑡) of the exponential trap distribution, and from the insets in Fig. 6.5 we infer 𝐸𝑡 = 27- 
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& 90-meV for Cr2O3 on Pt and on V2O3, respectively. In contrast to the case of the Pd- based films, 

these values correspond to trap distributions that are relatively shallow, lying close to the relevant 

transport band. 

 With an exponential distribution of traps, it is possible to make an estimate of the total trap 

density (𝑁𝑡), by extrapolating the space-charge limited component of the current to larger voltages. 

As we demonstrate in the main panels of Fig. 6.5, this yields a temperature-independent fixed point 

(𝑉𝑐) at which the various I-V curves intersect one another. To obtain an analytical solution of 𝑉𝑐, 

we follow the treatment in Ref. 17 by writing Eq. (2.10) in an Arrhenius form to isolate the 

temperature dependence of the current. After some algebraic calculations, Eq. (2.10) may then be 

expressed as [17]: 

𝐽 = (
𝜇𝑁𝑐𝑞𝑉

𝑑
) 𝑓(𝑙) exp [−

𝐸𝑡

𝑘𝐵𝑇
𝑙𝑛 (

𝑞𝑁𝑡𝑑
2

2 𝑟 0𝑉
)]          (6.2) 

where: 

𝑓(𝑙) =  (
2𝑙+1

𝑙+1
)
𝑙+1

(
𝑙

𝑙+1
)𝑙 1

2𝑙          (6.3) 

At the voltage 𝑉𝑐, the space-charge limited current is temperature independent and the form of Eq. 

6.2 implies that: 

𝑉𝑐 = 
𝑞𝑁𝑡𝑑

2

2𝜀𝑟𝜀0
     (6.4) 

By making use of Eq. (6.4), and the experimentally determined values of 𝑉𝑐 from Fig. 6.5, we 

determine the total trap densities 𝑁𝑡 = 2.1 × 1019 cm-3 & 3.2 × 1018 cm-3 for Cr2O3 on Pt and on 

V2O3, respectively. These values fall within the range expected of high-quality insulating thin films 

[17-19]. Interestingly, we note that the trap density is an order of magnitude smaller for Cr2O3 on 

V2O3, which might be related to the improved lattice matching (just 0.1% mismatch) in this system. 
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6.2 Discussion 

In this chapter, we have demonstrated how it is possible to use temperature-dependent 

measurements of current leakage in epitaxial Cr2O3 films, grown on different conducting substrates, 

and to infer quantitative information on the microscopic characteristics of their defects. The studies 

here suggest a fundamental difference between Cr2O3 films grown on Pd, and those formed on Pt 

and V2O3 substrates, with the former being dominated by deep, discrete traps while the latter are 

characterized by the presence of exponentially-distributed, fairly shallow traps. This difference is 

consistent with what we learned previously in Chapter 5 [2]. These have shown that growth on Pd 

results in films with a preponderance of twinning defects, which function as effective leakage paths. 

The leakage has been related to a 65% reduction of the effective bandgap in the vicinity of the 

twinning defects, a prediction that appears consistent with our finding of deep traps in this 

particular system. 

Our earlier work [2] showed that the twinning defects can be suppressed through the 

growth of Cr2O3 on either Pt or V2O3, consistent with which our analysis here shows that the 

microscopic nature of the defects in these latter films is very different to that in Cr2O3 on Pd. The 

resulting traps are much shallower in energy, and distributed exponentially within the forbidden 

gap, in contrast to the discrete, deep traps inferred for Cr2O3 on Pd. The presence of such different 

trap distributions should, perhaps, not be altogether surprising, since, while the twinning defects 

are suppressed by growing Cr2O3 on either Pt or V2O3, these materials are nonetheless known to 

exhibit dislocations that can act as charge traps [4, 20-22]. 
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Chapter 7 

Conclusions 

 In this thesis we have taken two different approaches to study the electronic properties of 

ME chromia (Cr2O3). This includes a detailed temperature-dependent (200K to 400K) electrical 

characterization of both bulk and thin-film Cr2O3, and a structural/topographical study of thin-film 

Cr2O3 using X-ray diffraction (XRD) and conductive atomic force measurement (C-AFM). 

Through these studies, we have gained a clear understanding of conduction mechanisms in Cr2O3 

and learned the cause of current leakage in thin-film Cr2O3. We also obtain a solution to solve the 

current leakage problem in thin-film Cr2O3. 

We first electrically characterized bulk Cr2O3, such that it provides important 

benchmarking data that can be used to assess the quality of epitaxial Cr2O3 in potential device 

applications. We found its resistivity varies from 5 x 1015 to 4 x 1012 Ωcm from 200K to 400K. 

This confirms the excellent dielectric properties of Cr2O3, a result that is important for attempts to 

utilize this material as a “gate” dielectric for proposed devices. We also examined the dominating 

conduction mechanisms in bulk Cr2O3. A crossover is observed between space-charge limited 

conduction (SCLC) and the Poole-Frenkel (PF) effect with increasing temperature. The SCLC is 

described by strong (exponentially) temperature-dependent mobility, consistent with observations 

in other insulators. Further analysis of the PF effect showed that the charge traps lie approximately 

0.5eV below the conduction-band edge..  

 Similar study was performed on 300nm Cr2O3 thin films, synthesized on various 

conductive substrates (Pd, Pt and V2O3).We found that Cr2O3 exhibits the largest current leakage 

when it was deposited on Pd, and the maximum resistivity achieved by this system was at least six 
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orders of magnitude less than that of bulk Cr2O3. The leakage is due to the formation of twinning 

defects during the growth process, which leads to unoccupied 2p states in the O atoms along the 

grain boundaries and causes a 65% reduction of Cr2O3 bandgap. By growing Cr2O3 on a more 

lattice-matching material, such as relaxed V2O3, these twinning defects can be completely 

eliminated and the resistivity of such system is comparable to that of bulk Cr2O3.   

With large variation in resistivity across three different types of samples, we found SCLC 

to be the dominant source of leakage. Pd-based chromia is found to exhibit behavior consistent 

with the presence of deep, discrete traps. The Pt- and V2O3-based films, in contrast, show behavior 

typical of insulators with shallow, exponentially-distributed traps. The total trap density is 

approximately an order of magnitude smaller in the more-lattice-matched V2O3-, than in the Pt-, 

based films, a characteristic that appears consistent with the fact that the resistivity in this film 

system approaches that of bulk chromia. Overall, our results suggests that V2O3-based Cr2O3 is a 

promising candidate that next-generation spintronic devices should be built upon. 
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