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Abstract

This study evaluates two electron resonance spectroscopy techniques on an emerging mem-
ory technology, resistive random access memory. The first is electrically detected magnetic res-
onance, which is a well established spectroscopic technique used to investigate nanoelectronics.
The second technique is near-zero field magnetoresistance, which is a new tool with the potential
to provide information and functionally that electrically detected magnetic resonance cannot cur-
rently provide. 10 nm tantalum oxide resistive random access memory in a partially formed state
was swept across 80 G centered at 0 G and with a 5 G modulation field. This analysis revealed a
broad, asymmetric zero-field response, but no resonance response was present above the noise in
the system. This study provides a preliminary spectroscopic analysis of resistive random access
memory and is the first reported use of near-zero field magnetoresistance spectroscopy on a resis-
tive random access memory device. While it does not provide any substantial evidence to support
claims about the controversial formation and switching mechanisms discussed in current literature
on resistive random access memory, this study provides clear evidence that further development
of near-zero field magnetoresistance spectroscopy will be useful for the investigation of devices
that are currently difficult to study with previously established electron resonance spectroscopy
techniques.
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Chapter 1

Introduction

1.1 Recording Information

For centuries, humans have found a means of recording information. Ancient people drew on

the walls of caves; granaries recorded stock and religion on papyrus in the fertile crescent. Stone

tablets were replaced by scrolls, and then by books. Handwritten notes were replaced by printing

in the renaissance. Today, we find ourselves in a digital age, with knowledge recorded in ones and

zeroes in discs and flash drives.

We know increasingly more of the past as inventors developed more effective means of record-

ing information. Surely, much of what we do today will be read, rewritten, and reported by his-

torians of the future. Much of this will be with greater clarity than is achievable by historians

today, in part because of the advanced we have made in science and engineering. More practically,

people today need effective means of recording information. Faster, more reliable memory and

storage devices are needed to meet the future needs of computer users and consumers. Resistive
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random access memory, or ReRAM, is a viable candidate for future memory and storage uses. In-

vestigating the nature of these devices is pertinent for developing the next generation of recording

tools.

1.2 Understanding Devices

The investigation of both ReRAM and other devices requires powerful analytical techniques.

As scientists and engineers, it is increasingly important that new tools be developed and studied

so that we may have a greater means of processing and studying devices. Researchers have, for

some time, used resonance spectroscopy as a means of studying bulk materials. Later, these spec-

troscopic techniques were developed for use on electronic devices. Developing these techniques

further is essential for aiding the study and production of the electronics used in tomorrow’s com-

puters, phones, and devices.

1.3 Overview

This study will outline the basics of electron spin resonance, as well as provide an introduction

to the structure and operation of ReRAM. After, it will detail the methods used to develop both

the aforementioned spectroscopic techniques and the understanding of ReRAM. These results will

be presented and discussed, and future work for both resonance spectroscopy and ReRAM will be

broadly outlined.
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Chapter 2

Semiconductor Spectroscopy

2.1 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a technique which may be used to find paramagnetic

species in a variety of materials [1]. Electrons have, as elementary particles, a quantized angular

momentum that is referred to as the electron spin [2]. The quantization of this spin means that

an electron has, at least one on confined direction, with a spin number of ±1
2
. While an electron

in free space can move freely between both spin states, given that both spin states are at the same

energy, an electron under a magnetic field cannot transition freely between both states. An electron

under a magnetic field experiences a phenomena known as Zeeman splitting, depicted in figure 2.1

[2, 3]. The Zeeman splitting energy difference may be described via

∆E = gµβBS (2.1)
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where ∆E is the energy difference between levels, g is the Landé factor (approximately 2.00232),

µβ is the Bohr magneton, or −|e|h
4πme

, where me is the mass of the electron [2, 4].

Figure 2.1: Illustration of Zeeman splitting. Figure from J. P. Ashton, S. J. Moxim, P. M. Lenahan,
C. G. Mckay, R. J. Waskiewicz, K. J. Myers, M. E. Flatte, N. J. Harmon, and C. D. Young, “A
new analytical tool for the study of radiation effects in 3-d integrated circuits: Near-zero field
magnetoresistance spectroscopy,” IEEE Transactions on Nuclear Science, vol. 66, no. 1, pp.
428–436, 2019.

Additionally, magnetic nuclei have a spin quantization component. Nuclei spin experience

energy similar to that of electrons. This nuclear Zeeman effect is described via

∆E = gNµNBI (2.2)

where all quantities are analogous to that in equation 2.1 except for I , which is the nuclear spin

number [2]. The electron and nuclear interactions are called nuclear hyperfine interactions. These

hyperfine interactions can affect the resonance condition of an electron in EPR. If an electron is

interacting with many magnetic nuclei, then the energy level difference may be described via

E = gµβBS +
∑

αiIiS (2.3)

in which α is a hyperfine coupling constant, and i indicates each nucleus interacting with an elec-
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tron [2].

In EPR, a resonant condition is found by applying a stable field of microwave frequency pho-

tons. Recall the expression for the energy of a photon,

E = hν, (2.4)

where E is energy, h is the Planck constant, and ν is the frequency of the photon [2, 5]. Setting

equal the photon energy to energy level difference from Zeeman splitting described by equations

2.4 and 2.1,

hν = gµβB. (2.5)

This relationship is the fundamental basis for practical EPR spectroscopy [6, 4].

Equation 2.5 shows that two variable parameters for the electron spin resonance condition are

electromagnetic frequency, ν, and magnetic field, H . To gleam some insight about the defects in

a solid, one of these parameters should be held constant while the other is varied. In EPR spec-

troscopy, a constant frequency electromagnetic field is applied to a sample, generating a standing

wave. Simultaneously, a varying magnetic field is also applied. At the resonant condition described

by equation 2.5, the standing wave is disturbed. The change in the standing wave is measurable,

and this plot of reflected radiation versus magnetic field is referred to as the EPR spectrum [2].

Moreover, in a real system, the value of g is dependent upon a variety of factors. Studying the

change in this value can provide some insight into the nature of a given system [7, 8]. Figure 2.2

from Ryan et al. illustrates EPR results in HfO2 thin films compared to simulation [9]. Note that

in this particular figure, the expected defect, a Pb0 defect, is present, as well as an additional defect

that was not found during the EPR simulation. The authors attribute the peak on the right to an

oxygen vacancy in the HfO2 film [9]. EPR therefore has the ability to illustrate which defects are

present in solids provides meaningful information about the structure of a studied material.
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Figure 2.2: a) EPR trace of an HfO2 film, and b) simulation of the same system. Figure from J.
Ryan, P. Lenahan, A. Kang, J. Conley, G. Bersuker, and P. Lysaght, “Identification of the atomic
scale defects involved in radiation damage in hfo/sub 2/based mos devices,” IEEE transactions on
nuclear science, vol. 52, no. 6, pp. 2272–2275, 2005.

2.2 Electrically Detected Magnetic Resonance

While EPR spectroscopy is an effective technique for studying defects present in material sam-

ples, it is less useful for nanoscale electronics [8]. For these devices, it is more appropriate to use

electrically detected magnetic resonance (EDMR) spectroscopy [8, 10]. In EDMR, both a constant

electromagnetic field and a varying magnetic field are applied, just like in EPR. However, instead

of measuring the reflected portion of EM radiation, the spin-dependent current across the device

is measured [11]. In doing so, information about the spin of carriers are considered [12]. EDMR

therefore allows for the identification of electron transport mechanisms including recombination,

scattering, and tunneling [4].

One advantage of EDMR spectroscopy is that it is about 107 times more sensitive than conven-

tional EPR [13, 14]. Part of this increase in sensitivity stems from the nature of the investigation.

Classic EPR spectroscopy considers all of the spin-active defects in a sample. By using current
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or voltage instead of reflected radiation, only defects that impact the device performance are con-

sidered. The logistical drawback of this technique is that additional equipment is often need in

addition to the spectrometer setup. This includes devices like preamplifiers and voltage sources,

both of which are often needed to optimally bias the device and measure great enough current or

voltage to see a signal amidst the noise.

EDMR has been used on a variety of systems. It has been used to assess the defects involved

in negative bias temperature instabilities in 4H SiC MOSFETs [13]. In an atypical use case, it has

been used on bulk SiC crystals [15]. It has been used to find deep silicon vacancies in SiC bipolar

junction transistors and in SiC diodes [10, 14]. In emerging memory technology, EDMR has been

used to study the switching mechanism of resistive random access memory and to describe the

effect of radiation on these devices [8]. Moreover, in complex systems with featureless spectra,

defect properties have been studied by varying the frequency of the applied electromagnetic field

[16].

EDMR has been used to detect spin dependent recombination [11]. It is also an effective

technique for identifying deep-level defects [10]. Relevant for this study, EDMR been used to

detect spin-dependent trap-assisted tunneling (SDTAT) [11, 6, 8]. In SDTAT, electrons tunnel

through traps in an oxide. From the Pauli exclusion principle, electrons with the same spin cannot

occupy the same trap in the oxide. However, a magnetic field can be used to flip the spin of either

an electron with energy to enter the trap or the electron in the trap. In doing so, the spins of the

electrons differ, and thus the Pauli exclusion principle may be satisfied. This process is therefore

spin dependent [11, 6, 8]. Figure 2.3 illustrates this process. SDTAT is important for this particular

work because SDTAT is typically observed in oxides and describes the means by which an EDMR

repsonse may be found as an electron tunnels through traps in an oxide [8]. Moreover, the major

structural area of interest in the devices studied in this work are, generally, oxides [17, 18, 19, 20].
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Figure 2.3: a) The triplet state, a forbidden transition; b) a singlet state, or allowed transition. An
applied field can allow the spin to flip, changing the system from a triplet state to a single state and
allowing for tunneling. In this case, the electron is tunneling through an oxide via SDTAT, with
labels given to describe the system at a transistor gate. Figure from M. A. Anders, P. M. Lenahan,
C. J. Cochrane, and J. van Tol, “Physical nature of electrically detected magnetic resonance through
spin dependent trap assisted tunneling in insulators,” Journal of Applied Physics, vol. 124, no. 21,
p. 215105, 2018.

2.3 Near-Zero Field Magnetoresistance

2.3.1 Theory and Literature

Near-zero field magnetoresistance (NZFMR) is a relatively new technique that involves similar

physics to conventional EPR and EDMR [3]. A change in magnetoresistance is detectable when

preforming EDMR at low fields [21]. While conventional EPR and EDMR involve the flipping of

a triplet state into a singlet state, NZFMR instead involves a mixing of states [6, 3, 22, 23]. This is

because the mixed-state phenomenon occurs at low magnetic fields [22, 23].

It is speculated that the NZFMR response may be useful for determining information about the

hyperfine interactions in electronics, in part because the mixed-state phenomenon often involves

hyperfine interactions [3]. Moreover, NZFMR is, in practice, a DC measurement, and is believed

to have substantial use in 3D integrated circuits; classic EPR and EDMR are both less applicable

to these systems because of the dependency on high-frequency electromagnetic fields [3]. These
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traits suggest that NZFMR has meaningful applicability in modern integrated circuit and device

research.

While conventionally observable in EDMR, SDR has been demonstrated in the NZFMR as

well. Cochrane and Lenahan demonstrate an approximately 1% change in current via ∆i/i mea-

surement in a PN junction [4]. The authors report finding both an expected SDR response at low

fields as well as an unexpected SDR response, dubbed the zero-field SDR response (ZFSDR),

around B = 0 G. This response is visible on both traces included in figure 2.4. Moreover, a broad-

ening of the SDR response was shown in the ZFSDR response, with a lower overall magnitude.

Figure 2.4: Low field and zero-field responses in a SiC diode. The top trace is with RF radiation
applied, the bottom trace is without it. Adapted from C. J. Cochrane and P. M. Lenahan, “Zero-field
detection of spin dependent recombination with direct observation of electron nuclear hyperfine
interactions in the absence of an oscillating electromagnetic field,” Journal of Applied Physics,
vol. 112, no. 12, p. 123714, 2012. [Online]. Available: https://doi.org/10.1063/1.4770472

Also of note is a proof-of-concept paper by Ashton et al. In this paper, the researchers compare

a variety of techniques on devices including planar MOSFETs, SiGe transistors, finFETs, SiO2

oxides, and low-k dielectrics [3]. The work by Ashton et al. demonstrates that NZFMR can both

be compared to EDMR, as well as possess potential for use in situations beyond conventional
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EDMR. Specifically, the authors note that NZFMR should be a useful technique for analyzing

3D integrated circuits because it is not dependent on a applied field which is otherwise unable

to penetrate a dense circuit. Moreover, it illustrates the need for further NZFMR spectroscopy

studies.

2.3.2 Financial Considerations

If the NZFMR effect can be understood with the rigor and depth that currently exists for our

understanding of EDMR, significant costs may be eliminated from resonance spectroscopy. EPR

and EDMR require an oscillating electromagnetic field in order to meet the resonance condition

outlined in equation 2.5. The specialized equipment needed for this system is a serious source of

cost in resonance spectroscopy. NZFMR, however, does not require an applied electromagnetic

field [4]. The elimination of these components from resonance spectroscopy may ultimately allow

for systems be developed at a reduced cost.
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Chapter 3

Resistive Random Access Memory

3.1 Resistive Random Access Memory Devices

Resistive random access memory (ReRAM) is an emerging and controversial memory. ReRAM

is currently envisioned in literature as a viable candidate for future non-volatile memory [24, 18]. A

ReRAM cell is typically built as a metal-insulator-metal stack with a metal oxide as in the insulator

[17, 18, 19]. The metal oxide is typically a transition metal oxide; Hf and Ta are popular candidates

[20]. This stack may be describes as a top electrode (TE), metal oxide, and bottom electrode (BE).

Figure 3.1a illustrates a conventional ReRAM cell. Transition metal oxide ReRAM cells often

include a metal cap between the TE and the transition metal oxide [20]. Figure 3.1b illustrates this

structure.

Metal oxide ReRAM is believed to operate by means of forming, setting, and reseting a con-

ductive filament within the metal oxide [19, 20, 24]. In bipolar ReRAM, a positive voltage is

applied to a very high resistance, ”unformed” device. This application of relatively high voltage
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is believed to cause the formation of a conductive filament in the metal oxide, thus ”forming” the

device and leaving it in a low resistance state (LRS) [20]. Subsequently, a negative voltage may

be used to break the CF, therefore ”resetting” the device to a high resistance state (HRS) [20].

A positive voltage, generally less than that needed for formation, may ”set” the device back into

the LRS by reforming the CF. This alternation between the LRS and the HRS is how a device is

switched back and forth between the ”on” and ”off” states. Many of these processes require the

use of a compliance current to prevent damage to the device as the conductive filament forms [20].

Figure 3.2 illustrates a proposed model for the formation, set, and reset processes in an ReRAM

device. Figure 3.3 illustrates IV data for the set and reset processes.

The switching mechanism in bipolar transition metal oxide ReRAM is a source of some interest

and controversy in literature. It is believed that the CF in transition metal oxide ReRAM is made

of oxygen vacancies [18, 20, 24, 25, 26]. When a positive voltage is applied to the TE, defects

flood the oxide. When a negative voltage is applied, defects leave the oxide via diffusion. In

subsequent SETs and RESETs, the oxygen vacancies are believed to move from the CF edge near

the BE [18, 20, 24, 27, 28]. Moreover, the SET and RESET processes appear to be both field and

temperature dependent [18].

This description of the switching mechanism, however, is rife with controversy. In some

ReRAM models, oxygen vacancies are generate by the migration of oxygen atoms in the SET

process and recombine during the RESET process [29, 30]. In others, however, it is believed that

no vacancy generation and recombination occurs, and instead the vacancies remain present else-

where in the cell before being SET again [31]. Moreover, both mechanisms are independently

suggested to be present in bipolar switching, an inherently impossible conclusion.

3.2 EDMR on ReRAM

EDMR is, in theory, an excellent tool for identifying the nature of spin-active defects within

resistive random access memory. However, EDMR on ReRAM only appears in literature once.
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In ”Total Ionizing Dose Effects on TiN/Ti/HfO2/TiN Resistive Random Access Memory Studied

via Electrically Detected Magnetic Resonance,” McCrory et al. investigate hafnium oxide ReRAM

[8]. While the authors report significant EDMR signals that are reportedly due to oxygen vacancies

in ReRAM, they also report that only a small EDMR signal is present before radiation. Moreover,

multiple doses of radiation in the devices seems to induce a negligible change in resistance. This

suggests that while radiation induces spin-dependent electrically active defects in this author’s

sample of ReRAM, the devices are effectively radiation-hard, as noted by the negligible resistance

change.

McCrory et al. report that the EDMR response is substantially bigger after increased radia-

tion. These findings are clearly available in figure 3.4. By definition, the LRS in ReRAM has

more current through a device than the HRS. McCrory et al., however, report that despite higher

current, a higher current change is demonstrated in the HRS than in the LRS both before and af-

ter irradiation. These findings may suggest that a higher spin dependence is present in devices

without a completely formed conductive pathway. Fittingly, it seems plausible that investigating

the physical mechanism behind filament formation should help elucidate the nature of the defects

potentially involved in ReRAM’s operation. Investigating these types of devices and comparing

resonance measurements at different points in the formation/reset/set process should therefore pro-

vide meaningful information to supplement and develop the findings both by McCrory et al. and

other research groups.

Furthermore, low-field and zero-field resonance measurements have not appeared present in lit-

erature. It is possible that NZFMR measurements may provide further information about ReRAM

that is currently not accounted for by EDMR or by other structural investigation techniques. More-

over, in conjunction with other projects comparing high-field and low-field measurements, the

investigation of ReRAM with NZFMR may provide further information about how to best apply

NZFMR and what information it can uniquely gleam about an electronic device.
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Top Electrode

Metal Oxide

Bottom Electrode

Top Electrode

Metal Oxide

Bottom Electrode

Metal

a) b)

Figure 3.1: a) Typical ReRAM device structure; b) ReRAM device with metal cap.

Figure 3.2: a) Formation of a conductive filament in a ReRAM device; b) ReRAM device after
reset; c) ReRAM device after set process. Note that this is a proposed model, and variations exist.
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Figure 3.3: Typical ReRAM IV characteristics. The transition from 1 to 2 is the set process, and
from 3 to 4 is reset. The orange, solid line is the ”on” state, and the dashed blue line is the ”off”
state, with the dot-dashed line representing the transitions between states.
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Figure 3.4: EDMR response in ReRAM in the LRS (top) and HRS (bottom), taken at .16 V and 5 V,
respectively. Figure from D. J. Mccrory, P. M. Lenahan, D. M. Nminibapiel, D. Veksler, J. T. Ryan,
and J. P. Campbell, “Total ionizing dose effects on tin/ti/hfo2/tin resistive random access memory
studied via electrically detected magnetic resonance,” IEEE Transactions on Nuclear Science, vol.
65, no. 5, pp. 1101–1107, 2018.
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Chapter 4

Methods

4.1 Characterization

Samples of ReRAM from Sandia National Laboratories were acquired and processed for spec-

troscopy. The ReRAM samples were made with a 10 nm TaO oxide layer. The ReRAM arrays

feature a crossbar architecture. Figure 4.1 illustrates the crossbar architecture used. In order to

abide by the physical constraints of spectroscopy, the ReRAM cell chip was attatched to an in-

sulting ”T.” The pads of a subject ReRAM cell were wire-bound to conductive strips on the T and

to a USB port. Figure 4.2 illustrates a typical device processed for spectroscopy. ReRAM cells

were then characterized for their initial resistances using a Hewlett Packard 4155A Semiconduc-

tor Parameter Analyzer. The semiconductor parameter analyzer was linked to a virtual instrument

controller on a Lenovo computer running Windows 10 Enterprise.
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4.2 Spectroscopy

Spectroscopy was carried out on a homemade spectrometer. The experimental setup uses a

Stanford Research Systems Model SR570 Low-Noise Current Preamplifier, a Dell computer fea-

turing Blue Spin Software, and a National Instruments USB X Series Multifunction Data Acquisi-

tion System (DAQ). A Hewlett Packard 8658B Signal Generator (.1-999MHz) set to a 72.2 MHz

frequency applied a 17 dBm waveform. Figure 4.3 illustrates the device in the spectrometer. Fig-

ure 4.4 illustrates the network of devices used in the spectroscopy experiment. The EDMR and

NZFMR response on an unformed ReRAM cell was measured using this system.

A 5 G modulation signal with a .5 time constant, scanning 80 G wide was used to identify a

where the spectrum may occur on a partially formed device. A .01 V bias was applied, as prelimi-

nary testing indicated that the devices would form over time if left at higher voltage (approximately

.05 V). This would overload the preamplifier circuit and would require a different sensitivity to be

used. EDMR measurements often require many scans, typically more than 1000, in a device with

consistent performance. This, combined with the dearth of quantitative models of ReRAM perfor-

mance available, meant that it was necessary to use a low biasing condition of .01 V. Anecdotally,

.02 V could be used in a completely unformed device, though a myriad of practical issues limit the

ability to meaningfully report this finding thoroughly within this study and so it is only included

as practical advice for future studies.
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Figure 4.1: a) Crossbar structure from a top-down view; b) viewed from the side, such that the
stack is visible.

Figure 4.2: Illustration of a typical device processed for spectroscopy, mounted to a T and con-
nected to a USB port.

Figure 4.3: Illustration of device in lab-made spectrometer.
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Figure 4.4: EDMR and NZFMR spectrometer system. Figure from J. P. Ashton, S. J. Moxim, P.
M. Lenahan, C. G. Mckay, R. J. Waskiewicz, K. J. Myers, M. E. Flatte, N. J. Harmon, and C. D.
Young, “A new analytical tool for the study of radiation effects in 3-d integrated circuits: Near-zero
field magnetoresistance spectroscopy,” IEEE Transactions on Nuclear Science, vol. 66, no. 1, pp.
428–436, 2019.
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Chapter 5

Results

Figure ref? illustrates the performance of an unformed device from 0 V to switching. Note

that a compliance current was used to limit potential damage to the device. Ultimately, this failure

was too great and was impossible to switch into the HRS. Another device was partially formed

(PFD) in preprocessing via electrostatic damage. This device was processed as it seemed plausible

to contain relevant defects. Figure 5.2 illustrates the combination of device scans from 0 to .02 V

and from 0 to -.02 V on the PFD. Overall, a device resistance of about 500 kΩ was measured.

Figure 5.3 shows early spectroscopic results of the PFD device. These results feature high

asymmetry, and no notable resonance peaks. These results do, however, show a great NZFMR

response.
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Figure 5.1: Formation of ReRAM device. Note that the current before the drop to 0 A was negative,
and the current thereafter was positive in magnitude.

Figure 5.2: ReRAM device sampled from 0 V to .02 V and from 0 V to -.02 V.
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Figure 5.3: Resonance measurements of ReRAM. Note the large NZFMR signal, but almost lack
of EDMR signals
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Chapter 6

Discussion

6.1 Magnetic Resonance in Resistive Random Access Memory

Figure 5.1 shows the device potentially forming. It hit compliance current around just about 8

V. Of note is that the device experienced some form of soft-forming just before that. Additionally,

the current until that point was demonstrated to increase linearly in the log scale. The implications

of these findings are unclear and demand further investigation.

Figure 5.3 illustrates the results for low field and zero-field spectroscopy measurements on

ReRAM. From the figure, it is clear to see a large zero-field signal, the NZFMR response. However,

the EDMR response is equivalent or smaller than the magnitude of the noise given by this particular

figure. The NZFMR response is not profoundly clear, despite being nontrivially larger than any

present resonance signature, at least because of the noise present. Further analysis and fine-tuning

is required to best isolate the NZFMR signal from any noise present and to most clearly show any

detailed features in the system. For example, the presence of any nuclear hyperfine interactions are
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unable to be interpreted from this signal due to the lack of clarity.

Still, the presence of a clear and unambiguous NZFMR response is, it itself, a useful find-

ing. This finding supports the claim that an NZFMR response may be more readily present than

an EDMR response, which may allow for quicker system scanning or more meaningful scanning

in systems in which spin-dependent defects are not abundantly available for resonance measure-

ments. The mixing of triplet and singlet states evidently may play a role in the NZFMR response

of ReRAM that allows a higher current change in this system. These results do not provide sub-

stantial and useful information about the nature of ReRAM, but they do suggest that both NZFMR

and general resonance measurements may have a meaningful role in studying the formation and

switching mechanisms in ReRAM. Moreover, this study provides the first NZFMR response of

ReRAM in any literature.

6.2 Future Work

This study is a small introduction into spectroscopic studies of ReRAM, and it primarily estab-

lishes that more work must be done to fully understand the forming and switching mechanisms of

ReRAM at an atomic scale.

The findings illustrated in figure 5.1 may provide some information about the conduction mech-

anism in an unformed device. Future work should focus on mapping the device current to existing

models of current, if only to elucidate potential means by which a spin dependence can be used.

If the conduction mechanism is indeed tunneling, as is consistent with the SDTAT model, stability

could perhaps be balanced against predicted current to uncover more information about the device

via electron resonance.

First, it is pertinent that EDMR spectroscopy be done on these samples at x-band electromag-

netic frequencies. While the EDMR response should be visible at low fields, low and zero-field

resonance spectroscopy are still a relatively new techniques [4]. It would therefore be meaningful

to compare low and high field EDMR responses. This information would help elucidate which
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spin-dependent defects in ReRAM and would further develop the base of research available for

interpreting resonance responses between different EM frequencies.

Second, it would be meaningful to compare responses at a range of temperatures. EDMR has

been shown to have varying signal strength at different temperatures during internal, unpublished

investigations of ReRAM. Given how small the resonance response is in the unformed ReRAM

samples studied, even a small increase in signal size may allow for a clearer understanding of the

structure of these devices.

Third, spectroscopic defect investigations should be done after irradiating these devices. In

McCrory et al., the defect responses increase dramatically in magnitude, but do not appear to

introduce different types of defects [8]. It seems sensible, then, that a similar method would add to

the understanding of the defects in these devices.

6.3 Conclusion

In this study, low-field and zero-field measurements were made on TaO ReRAM. While lim-

ited results were found concerning resonance in the ReRAM studied, a clear an obvious NZFMR

response was found. This response was unambiguous, but was not finely resolved. A variety of

future studies were described, and the first foray into studying these devices with spectroscopy

beyond McCrory et al. was made. A potential use of the NZFMR response was demonstrated in a

system for which the NZFMR response is substation ally clearer than any EDMR response present.

Furthermore, this study outlines the first NZFMR measurements in ReRAM.
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