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Abstract 

Bismuth sulfde (Bi2S3) nanowires have their transfer characteristics in a backgated 
transistor geometry analyzed with accompanying resistance noise spectroscopy data. 
The ON/OFF ratio, mobility and activation energy are extracted which reveal the 
presence of a previously theorized midgap state originating from native sulfur vacan-
cies. This has a broad impact for all sulfde nanostructured materials and open new 
avenues for a defect-engineering route to explore material properties and functionali-
ties. 

Vanadium pentoxide bronzes (MxV2O5) are made from intercalating guest atoms 
into the structure of V2O5. This gives an otherwise standard semiconductor system 
vast new possibilities such as metal-insulator, superconducting and charge ordering 
transitions. The growth parameters allow for these bronzes to form an abundance of 
phases ranging from long tunnel networks to layered arrangements which give the ever 
growing list of 2D materials a new family member. Herein two phases of hydrated 
nickel intercalated V2O5, δ and σ, are shown to have an intrinsic memory feature in 
their current-voltage characteristics due to hydration, donating a mobile proton in 
the interlayer channel. This memory feature is characterized by testing its stability 
over time (retention) and cycle (endurance). This work is just the beginning in what 
could potentially be the discovery of an entirely new type of memory seen in oxides. 

Cuproiridsite (CuIr2S4) is a strongly correlated electron system. These systems 
have electronic behavior that deviate from typical band structure calculations unless 
the interaction between the electrons are taken into account. CuIr2S4 is a 5d electron 
system exhibiting a structural and metal-insulator transition at 230 K. Aside from 
observing this transition thermally, while in the insulating phase an electric feld can 
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be applied to drive the sample into its metallic phase. The thermal and electrically 
driven transition are studied for their physical mechanism. 
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Chapter 1 

Introduction 

1.1 Overview 

Metals, semiconductors, and insulators make up the three primary classifcations for 

electronic properties of materials. Semiconductors, with a smaller band gap compared 

to insulators, have been the basis for electronic, optoelectronic, and thermoelectric ap-

plications for decades. Currently, the semiconductor industry is battling Moore’s law, 

which describes the increasing density of transistors on integrated circuits. [1, 2] Sili-

con has been the bedrock of the industry for decades, but unfortunately the decreasing 

size of transistors presents detrimental e˙ects due to physical limitations. [3–5] In op-

position to this, complex and expensive processing is undertaken to continue to push 

silicon to its limits where other niche materials cannot fulfll the needed role. [6–8] 

However, in the near future scientists will need to look for more innovative solutions 

involving overlooked material families and emerging nanostructures that physicists 

have been studying for the past decade. [9–12]. Compared to a bulk semiconductor, 

nanostructures including two-dimensional sheets, one-dimensional wires and zero-

dimensional quantum dots have electron motion restricted to the dimensions their 

geometry confnes them to. This quantum confnement gives rise to new physical 
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2 CHAPTER 1. INTRODUCTION 

properties now that one or more of the dimensions of the sample is on the scale 

of the electrons wavelength. These would otherwise be absent in the bulk. [13, 14] 

Scattering length is another parameter that can be overcome when the semiconduct-

ing channel length is shrunk below this value. More factors also contribute to new 

physical behavior, constricting these electrons to tight geometries also results in in-

creased interactions between the charge carriers. [15, 16] Additionally, the geometric 

parameters of the nanostructure themselves can be vital for many applications. Since 

narrowing the dimensions results in a decreasing volume while simultaneously max-

imizing the surface area, any e˙ect that is external environment sensitive will be 

amplifed since the majority of the material is now exposed to its surroundings. [17] 

Semiconducting nanostructures currently popular in literature are either classic 

or novel materials. However, it is these new structural forms giving rise to new exotic 

physical phenomena that need to be thoroughly understood before any device appli-

cations and specifc functionalities can be considered. These nanoscale confgurations 

not only yield the answers to our problems, but also allow us to push into new realms 

of possibilities regarding computation and memory applications, by moving beyond 

electrical charge as the means to store and carry information to previous popular 

candidates such as electron spin, [18–20] and new ground breaking territory such as 

valley-polarization. [21–24] Fig. 1.1 categorizes various logic devices in terms of con-

ventional charge based devices but also those that are non-charge. [25] The conjoined 

role of both material and structure is emphasized to being key in realizing the future 

nature of logic devices. 

This thesis sits at a triple point between solid state physics, device physics and 

material characterization. This unique perspective allows this work to be accessible 

for researchers across many felds. Specifcally, this work explores a variety of up and 

coming material systems that have the potential to replace or complement current ma-

terials which are being used in electronic components. The most noticeable families of 
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Figure 1.1: Categorization of logic devices along two parameters, between using 
charge or not as the means of conveying information and also the novelty of the 
structure and material being used. [25] 

materials studied are sulfdes and oxides who have already been frmly established as 

candidates for post CMOS (complementary metal-oxide-semiconductor) devices due 

to their novel optical phenomenon, [22–24] correlated electron behavior, [26, 27] and 

defect tunability. [28, 29] The conclusions reached in this thesis concerning band struc-

ture infuences from defects in nanostructures, emergent properties in various cation 

intercalated frameworks and comparing thermal and electronic e˙ects in strongly cor-

related phase transitions can be used to understand a wide range of systems in these 

families. Whether the material is an exotic correlated electron system, or a common 

semiconductor in new nanostructured form, those studied in this work o˙er fresh 

physics to explore with the potential for future technology applications. 
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1.2 Motivation 

The transistor is the fundamental unit in our computing technologies. Since its cre-

ation, denser chips for faster computational power has led to extremely small and 

sophisticated designs. As physical limitations have hindered progress in transistor 

design in standard materials such as silicon, innovative solutions involving classic 

semiconducting materials as nanostructures, or novel materials with unique trans-

port properties to exploit are examined as successors. This work aims to understand 

the physical properties of various materials and to explore any technological role 

these projects could fulfll. Oxides and sulfdes will be looked at in depth and how 

their physical properties impact their performance in logic devices. This includes 

sulfur vacancies in bismuth sulfde nanowires and the changes this induces on the 

band structure, vanadium pentoxide bronzes that have been hydrated to generate a 

current-voltage hysteresis e˙ect for use as memory elements, and a strongly correlated 

material (CuIr2S4) whose impressive structural, magnetic and electrical conductance 

transitions in a three dimensional crystal demand a greater understanding of physics 

behind the various phenomena. 

1.3 The Field E˙ect in Nanostructured Semiconduc-

tors 

The principal physical mechanism in the operation of a transistor is the feld e˙ect. A 

transistor is a three terminal device which has a semiconducting channel between the 

source and drain electrodes. The third terminal of this device operates the "gate" via 

controlling the fow of current through the device by forming or suppressing a con-

ductive channel with an electric feld. Due to electron screening, channels on the scale 

of tens, hundreds or more unit cells can not be fully permeated by the electric feld 
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5 CHAPTER 1. INTRODUCTION 

and accessed. [30] Due to the drastically reduced volume of these new nanostructures, 

the vast majority, if not the total semiconducting channel, can be penetrated by the 

electric feld allowing for more eÿcient binary control. More importantly however 

are the new physical features that can be accessed through magnetic, structural, and 

electronic transitions due to previously unrealized carrier densities. [31–36] This is 

achieved when suÿcient charge density leads to interactions between charge carriers 

culminating in the new physical behavior. As mentioned in Chapter 1.1, eliminating 

dimensions in the structure confnes electrons to the point where their interactions 

can become non-negligible. Pushing these rising instabilities further with additional 

charges causes the correlations to become more extreme yielding the transitions listed 

above. Examples of this are shown in Fig. 1.2, [30] where various correlated elec-

Figure 1.2: Comparison of di˙erent correlated materials as a function of sheet charge 
density. The injection of charge through the feld e˙ect can drastically transform the 
systems physical parameters. [30] 

tron systems are displayed. These behaviors stemming from preexisting instabilities 
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due to electron-electron interactions are triggered electrostatically through polariza-

tions not achievable in bulk form. This highlights an entirely new method of probing 

and taking advantage of unusual physical properties as opposed to triggering them 

through external stimuli like temperature and pressure, but it also alludes to un-

mapped possibilities in other systems that have not been studied under high charge 

doping conditions. In addition, in a nanostructure, any type of defect that is present 

will now have a broader impact on the material’s band structure. Since the feld e˙ect 

is directly controlling the Fermi level and thus the position of the electrons between 

bands, understanding the detrimental and benefcial properties of any defects is of 

paramount importance. Specifcally, in Chapter 3, we will look at bismuth sulfde 

nanowire feld e˙ect transistors, and how a midgap state formed from native sulfur 

vacancies changes the transfer characteristics of the transistor. 

1.3.1 Nanowire Field E˙ect Transistors (NWFET)s 

For next generation logic devices, the dominant geometry will be based around 

nanowire channels. [37–39] The principal reason for this is for the simple fact that 

this confguration maximizes the surface area to volume ratio, ultimately allowing for 

enhanced electrostatic control of the channel. This notion resulted in the FinFET, a 

transistor design where gates are located on multiple surfaces of a rectangular channel 

in contrast to a planar design with the gate resting on the top surface only. Pushing 

this idea of maximizing surface area to volume ratio further by considering rectangu-

lar versus cylindrical geometries, then the ideal structure is a gate-all-around (GAA) 

NWFET, a natural evolution of the FinFET which due to its rectangular geometry 

does not exhibit as good of electrostatic control as the nanowire counterpart and is 

also more susceptible to damage from various compressive contact stresses. [40] One 

major obstacle to overcome for any new step in the semiconductor industry would 

be to integrate a new material with existing silicon technology. Alternative materials 
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that normally are not easy to integrate with silicon due to lattice strain can overcome 

this issue with vertical growth. [41] 

As discussed in the overview, equally important to the literal geometric aspects of 

nanostructures such as nanowires are the physical properties that come about due to 

quantum confnement. As the diameter of a wire is reduced, the energy bands begin 

to split into subbands giving parabolic features in the density of states. Controlling 

the population of electrons in these subbands can be achieved once the average energy 

between them is greater than thermal energy. Fig. 1.3 [42] illustrates this relationship 

between the subbands and the matching parabolic density of states for a system where 

two dimensions are confned, making the system one-dimensional. The flling of these 

subbands is observed, even at room temperature in some systems, and is identifed by 

the oscillations in conductance. In addition to the diameter of the wire, the length of 

the wire, in which carriers are confned to travel, also plays a role in physical processes. 

The scattering length, dictates the average distance an electron will travel before a 

scattering event will occur. Ballistic transport occurs in systems where the channel 

length is shorter than the scattering length. [14] Thereby e˙ectively eliminating any 

scattering processes in the system. If the wire length is now equal to or less than 

the scattering length, no internal scattering will occur resulting in ballistic transport. 

The only remaining contribution of resistance comes from the contact between the 

electrode and the wire. 

The electronic applications for NWFETs can be expanded into thermoelectric and 

optoelectronic uses as well. For thermoelectrics specifcally, it is a key objective to 

curtail the phonon thermal conductivity as much as possible, since unlike metals the 

phonons will play a much larger role than electrons. The phonon mean free path 

can be matched to these physical constraints yielding more surface scattering events 

ultimately lowering this phonon conductivity. To optimize the nanowire for phonon 

di˙use scattering as opposed to specular scattering, growth parameters can be selected 
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Figure 1.3: In a one-dimensional system, which has two dimensions confned, fur-
ther confnement from a shrinking diameter results in energy subbands which can be 
individually populated. [42] 

to enhance the roughness of the nanowire surface. [43] Doing this in conjunction with 

minimizing the nanowire diameter can result in much lower thermal conductivities in 

materials than in their bulk form. [44–46] This follows similar logic to the discussion 

of electron scattering length above, but with the desire to maximize scattering in this 

case instead of eliminating it. The ease of vertical growth where only the ends of 

the nanowire make contact with the substrate also ensure very low thermal di˙usion 

out of the wire. Furthermore, the optoelectronic properties of nanowires should be 

highlighted. Even minute changes in the radius can lead to larger changes in the 

bandgap. [47, 48] In conjunction with subband formation, a material and its radius 

can be tuned for specifc band gap values with accompanying desired band splitting. 

This can disrupt normal electron-hole recombination paths allowing for non-radiative 

recombination or changing the wavelength of light released. For solar cell applications, 

their light trapping properties are superior to that of thin flms. [49] Lastly, the 

natural dimensions of nanowires allow for excellent waveguide applications with the 

large majority of absorbed light transferred to the length wise to the ends. [50, 51] 
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In contrast to the obvious benefts this exciting new geometry o˙ers, a nanowire’s 

high surface area to volume ratio also makes it vulnerable to internal and external 

surface conditions which can be detrimental to performance depending on the ap-

plication. [52, 53] External factors such as the atmospheric environment, annealing 

conditions and contact metal can severely change its performance. [54–56] The con-

tact metal impacts more so in nanowires than bulk due to band bending having a 

more dominate e˙ect. Most importantly, the defects such as adatoms, vacancies, im-

purities and boundary faults are now going to play a larger role in physical behavior 

of the nanowire. [57–59] If applied carefully, these seemingly adverse properties can 

be turned into an advantage through careful tuning of the nanowires optoelectronic 

properties. Chapter 3 focuses on vacancies as the primary defect type and how it 

a˙ects the transport properties of a nanowire transistor. 

To summarize, the physical consequences of quantum confnement as well as geo-

metric considerations make nanowires optimized for certain electronic, optoelectronic 

and thermoelectric applications. The splitting of subbands from quantum confne-

ment, the increased electron-electron interaction and further generation of midgap 

states from defects can be utilized for many applications that are unique to nanowires 

because of this miniaturized geometry. Nanowires have been realized as gate-all-

around feld e˙ect transistors, [60, 61] gas sensors, [62] chemical sensors, [63, 64] 

gate-tunable LEDs, [65] solar cells, [49] radial heterostructure p-n junctions, wave 

guides, [50, 51] and thermoelectric generators. [43, 66] 

1.3.2 Bismuth Sulfde (Bi2S3) Nanowires 

Layered semiconducting chalcogenides, especially bismuth chalcogenides, are a family 

of materials that have been drawing increased attention as low dimensional struc-

tures due to their vast array of interesting physical properties. Two prominent mem-

bers, bismuth selenide, Bi2Se3 and bismuth telluride, Bi2Te3 are topological insulators 
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which demonstrate surface conductance but are insulating in the bulk. [67–69] This is 

due to special surface states arising from the discontinuation of normal periodic be-

havior in the crystal. Where normally an energy gap would exist between the valence 

and conduction bands, these states have these bands intersect at the surface. By 

further exploiting these special boundaries by placing them in proximity to supercon-

ductors, it is possible to generate new quasi particles purely from quantum mechanical 

e˙ects that can be exploited for quantum computing. From an application perspec-

tive, Bi2Se3 and Bi2Te3 already been established as good thermoelectric materials due 

to a low thermal conductivity and a high Seebeck coeÿcient. [70] However, Bi2S3 is 

now receiving increased attention due to being cheaper, non-toxic, and easily grown 

in a multitude of nanostructures. Bi2S3, has an orthorhombic crystal structure and 

many diverse and useful qualities such as a small band gap of 1.3-1.7 eV, [71, 72] high 

bulk mobility, [73] high Seebeck coeÿcient, [74] low thermal conductivity [73, 74] and 

a high optical absorption coeÿcient. Due to these distinct physical properties, Bi2S3 

has been incorporated as the active material in optical, [75, 76] electronic [77, 78] and 

thermoelectric technologies. [79] 

After Bi2S3 was grown in various nanostructured forms, these too were explored 

for these optoelectronic applications. However it was noted that the quantum yield 

diminished and non-radiative recombination occurred. [80, 81] This change was not 

well understood until various band calculations were performed which included e˙ects 

of native sulfur vacancies. [82–84] For instance, Calzia et al., [83] (Fig. 1.4) and 

Zhan et al., [84] have demonstrated that these vacancies can produce a midgap state 

which act as charge traps. The impact of this altered band structure of Bi2S3 on 

the transport properties for the most fundamental building block of electronics, the 

transistor, have not been realized but sulfur vacancies have been known to have a 

pronounced impact on properties and performance. [85] In Chapter 3, we show a 

systematic study of the transport characteristics in Bi2S3 nanowire transistors and 
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Figure 1.4: Bi2S3 nanowire with sulfur vacancies at the surface producing a band 
structure with a midgap state forming roughly 250 meV below the conduction band. 
[83] 

present supporting evidence for the mid-gap states induced from vacancies. 

Specifcally, we characterized the transport properties of Bi2S3 nanowires over a 

wide temperature range and developed a deeper understanding of the charge trans-

port mechanisms in Bi2S3 single nanowire feld e˙ect transistors via transport and 

noise spectroscopy studies. Noise spectroscopy is a method to probe the intrinsic 

fuctuations of a system to obtain an understanding on the microscopic conduction 

mechanisms, which normally cannot be obtained through standard transport mea-

surements that obtain averaged values of the quantities. The knowledge gained from 

this study is applicable in general to many up-and-coming sulfde systems. There 

has been recent reports of similar behavior in other sulfde nanostructured materials 

such as MoS2 and WS2 where the vacancies can be flled through ionic liquid gat-

ing. [86, 87] The vacancies themselves can also be directly integral to applications. 

For example they have been shown to act as adsorption sites for gases which can lead 
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to modulated electronic performance in the form of increased or decreased conduc-

tivity and feld e˙ect mobility depending on the specifc gas. [88] Our current work 

sets the stage for many new works to be explored, from deeper noise spectroscopy 

studies to defect engineering to tune these vacancies and the electronic properties of 

Bi2S3 for future applications. On a grander scale, this work solidifes the importance 

of defect engineering for all sulfdes, if not all materials. 

1.4 Novel Memory Systems 

Traditional computational memories such as RAMs (random access memories) rely 

upon combining various passive and active circuit elements in conjunction. For exam-

ple, a single DRAM cell consists of a capacitor (passive element) to store information 

as charge, in series with a transistor (active element). Other types of memory such 

as static random access memory (SRAM) employ multiple transistors meaning their 

cell size is even larger. To create denser chips, processing techniques are constantly 

refned to shrink each element down allowing for greater memory capacity. As stated 

in the overview (Chapter 1.1), this shrinking leads to short channel e˙ects which limit 

the performance of a memory cell. [89–91] These short channel e˙ects (SCE)s embody 

a variety of forms. For logical distinction between a binary "0" or "1", one of the 

most detrimental SCEs is drain-induced barrier lowering (DIBL) which erodes the 

OFF current by widening the depletion region and altering the space-charge region 

underneath the gate. The majority of this e˙ect is localized to the surface, as opposed 

to a deep channel e˙ect known as punchthrough where further application of voltage 

will cause the two depletion regions from source and drain to merge providing a mass 

fow of unwanted charge. Now that the OFF current has been altered due to DIBL, 

the threshold voltage needed to control the device between its two operating states is 

also e˙ected. [92, 93] Gate-induced drain leakage (GIDL) can also degrade the OFF 
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current with application of signifcation negative gate voltage on NMOS transistors. 

Extreme band bending creates conditions for electrons to tunnel to the drain, known 

as band to band tunneling. This amplifes but is di˙erent in principle to direct tun-

neling through the dielectric. [94–96] Finally, there also exists hot carrier injection. 

Charge carriers gain an increase in velocity under high electric felds, where they are 

able to burrow into the dielectric layer. This can cause impact ionization creating 

defects a˙ecting gate performance, but also the trapped electrons will change the 

threshold voltage. [97, 98] If damage can be minimized, this tuning of threshold volt-

age can be turned into applications such as NAND memory to di˙erentiate between 

two read states based upon the injection history. NAND memory is named after 

the fundamental logic gate, where fash memory is created from many of these gates 

connected in series, utilizing a foating gate and Fowler-Nordheim tunneling to store 

excess charge in a secondary oxide layer in between the gate and the channel. The 

presence of this excess charge can disrupt the normal threshold voltage to activate or 

deactivate the transistor, meaning reading an ON or and OFF state is determined by 

the history of the gate voltage. Regardless of the cell size and physical mechanism of 

operation, in order to be a reasonable candidate for a new memory system the criteria 

on what makes such a system worth pursuing must be fulflled: the endurance and 

retention (especially for non-volative memories), the speed at which the cell can read 

and write, the programming voltage and the energy use tied with that programming. 

In the midst of a paradigm shift, new emerging memories need to be studied and 

eventually implemented to ensure a smooth transition from the current architectures 

mentioned above. Examples of these include various magnetic random access mem-

ories such as spin-torque-transfer RAM (STTRAM), phase change memory (PCM) 

and resistive random access memory (ReRAM or RRAM). Fig. 1.5 demonstrates the 

family tree of the many varieties of memories including those just listed. [99] The 

operation of these memories depends entirely on their physical properties, leaving a 
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Figure 1.5: Flow chart of semiconductor memories. Two major families are volatile 
and non-volatile, where the latter contains new emerging systems. [99] 

great demand for solid state physicist to grasp the fundamentals of these complicated 

systems before any engineering can be considered. For instance, STTRAM takes ad-

vantage of a fxed and foating magnetic layer arranged as a stack with a metallic 

layer in between to form a spin valve. This structure utilizes spin polarized currents 

to achieve a high or low resistance state. Once the write voltage has been applied, 

the foating magnetic layer can be made parallel (low resistance state) or anti-parallel 

(high resistance state) to the fxed layer where then either spin defection or di˙usion 

from the metallic layer determines the amount of current fow. [100, 101] PCM in var-

ious chalcogenide glasses employs Joule heating to arrange the atomic structure of the 

channel into an amorphous or crystal phase. This melting and recrystallization of the 

lattice coincides with a large change in electrical conductance. The power (dependent 

on current) needed to achieve the transition temperature is calibrated for low current 

read operation and two higher currents for crystallization and melting. [102] Since 

this memory relies on a structural transformation to drive the electrical conductance 

change, it di˙ers from yet another type of RAM known as ReRAM which also takes 

advantage of conductance changes from the history of operation. In Chapter 4 the 



DEVICE CHARACTERISTICS OF MAINSTREAM AND EMERGING MEMORY TECHNOLOGIES. 

MAINSTREAM MEMORIES EMERGING MEMORIES 

FLASH 

SRAM DRAM NOR NANO STT-MRAM PCRAM RRAM 

Cell area >100 F1 6 F1 10 F1 <4F2 (3D) 6~SOF2 4~30F1 4~ 12F2 

Multibit 2 3 2 2 

Voltage <1 V <1 V >10 V >10 V <1.5 V <3 V <3 V 

Read time ~1 ns ~10 ns ~SO ns ~10 µs <10 ns <10 ns <10 ns 

Write time ~1 ns ~10 ns 10 µs-1 ms 100 µs-1 ms <10 ns ~SO ns <10 ns 

Retention N/A ~64 ms >10 y >10 y >10 y >10 y >10 y 

Endurance >1E16 >1E16 >1ES >1E4 >1E15 >1E9 >1E6~1E12 

Write energy (J/bit) ~fl ~1011 ~100pl ~10/J ~O.lpJ ~10pl ~0.1 pl 

Notes: F: feature size of the lithography. The energy estimation is on the cell-level (not on the array-level). PCRAM and RRAM can achieve less than 
4F2 through 3D integration. The numbers of this table are representat ive (not the best or the worst cases). 
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Figure 1.6: Comparison of device characteristics of mainstream and emerging memory 
technologies. [105] 

focus of this work will be directed at this one particular type of emerging memory. 

Ideally, a byte of information should be stored on a single cell consisting of one ele-

ment that can be scaled to the limits of our current technology. This can be achieved 

with resistive random access memory (ReRAM) where the device’s channel material 

has its resistance changed simply through the history it’s operation. This simple 

two terminal cell structure also allows for 3D integration where layers of cells can be 

stacked in a terrace-like fashion. Their simplicity, scalability, speed, retention and 

endurance make ReRAM systems necessary to explore as an alternative to the larger, 

more complex and less scalable existing silicon technologies. [103, 104] Fig. 1.6 [105] 

compares the more popular emerging memory candidates with existing volatile and 

non-volatile memory mediums. Many families of materials have shown the memory 

behavior required for ReRAM including organic, perovskite, metal sulfde and oxide 

systems. This work will focus on the latter group. While electrically switching in 

various oxides has been observed historically for decades, it has only been in the 

recent decade that serious attention has been paid to this family for actual applica-

tions. Fig. 1.7 demonstrates the current-voltage (IV) characteristics of such a device. 
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Figure 1.7: An illustration of a ReRAM device’s operation, where opposing high 
(HRS) and low (LRS) resistance states can be accessed through the history of the 
applied voltage. The safety of the memory cell is maintained by compliance currents 
(cc). [106] 

Two di˙erent IV curves can be accessed through the history of the applied voltage, 

allowing the device to be set to a low resistance state (LRS) with the application 

of a high positive voltage, to reset the device to its high resistance state (HRS) the 

voltage needs to be reversed to the negative extreme. [106] 

1.4.1 Oxides Memory Systems 

The origin of interest in oxide resistance switching dates back to 1962 when T. W. 

Hickmott reported on an abundance of binary oxides demonstrating what he described 

as a negative resistance which di˙ered from typical dielectric breakdown. This unusual 

behavior was theorized to be due to tunneling or voltage dependent traps. This inter-

est was reinvigorated in 2008 when R. Stanley Williams demonstrated [107] resistive 

switching in titanium oxide (TiOx) an example of which is shown in Fig. 1.8(a) [108] 

displaying several orders of magnitude in change. To elaborate on the mechanism, the 

positive bias repels the positively charged oxygen vacancies causing them to migrate 

and form a conductive channel. This can be broken by applying a negative bias, and 
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the cycle can continue. This process is visualized in Fig. 1.8(b). [109] Defects being 

Figure 1.8: (a) Repeated voltage sweeps displaying the two resistive states the TiOx 

can access matching experimental models, linking the behavior to oxygen vacancy 
migration. Inset: Logarithmic view of the current-voltage data. [108] (b) A pictorial 
representation of a voltage providing the means of oxygen vacancy migration ulti-
mately forming a conductive flament. This can be reversed through application of 
negative voltage as shown in the third from the right image. [109] 

the source of this phenomena once again highlight the signifcant of defect engineering 

mentioned in Chapter 1.3.2. The size and shape of the switching hysteresis is directly 

correlated to the concentration of oxygen vacancies in the channel. The ability to 

control this concentration before or after fabrication can have drastic implications 

for any future applications. In the years following countless other materials were 

explored, for example TaOx, [110] SrTiO3, [111] ZnOx. [112] Another binary oxide, 

vanadium oxide, also shows resistive switching due to other mechanisms. 
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1.4.2 Vanadium Oxides 

Vanadium oxides, a well studied subclass due to their rich physics demonstrate inter-

esting correlated electron physics with opportunities for applications based on the 

electronic, structural and charge ordering transitions they undergo. [113–118] As 

a result they have also been considered candidates for emerging memory applica-

tions. [119–125] One heavily studied example is vanadium dioxide which has a metal-

insulator transition ∼342 K. Many vanadium oxides, especially those in the Mangeli 

group have similar transitions, [126] but none as easily accessible as VO2 since they 

are far below room temperature. [127] Family members that can be classifed as Man-

geli phases are defned by the formula VnO2n−1 where n = 3 - 9. These phases with 

the exception of VO and V7O13 manifest the correlated behaviors described above. 

Fig. 1.9(a) lists various vanadium oxides and their transition temperatures, if ap-

plicable, and Fig. 1.9(b) shows a VO2 specifcally demonstrating nearly four orders 

of change in resistance. Despite being studied extensively, there still linger questions 

about the physics at work in these materials. Debates whether electron-electron inter-

actions or electron-phonon interactions dominate the correlated behavior, or possibly 

contributions from both continue to fuel research into this group of oxides. 

A distinguished non-Mangeli vanadium oxide, vanadium pentoxide (V2O5) has 

no native correlated behavior, [128, 129] but it still has already proven useful in 

industry and still continued to be studied for battery, capacitor and sensor tech-

nologies. [130–134] In order to create new possibilities for V2O5, various phases of 

bronzes can be formed by intercalating cations into the various structures giving rise 

to MxV2O5 containing vastly new structural and electronic properties due to the in-

stabilities the guest cations cause. [135] The diverse combinations of guest atoms and 

phases that can be made allows for tailoring the material to whatever technologi-

cal demand is needed. [136, 137] The structural phase family of these bronzes can 

be accessed through careful combinations of cation intercalation (charge and atomic 
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Figure 1.9: (a) Table of vanadium oxide compounds and their metal-insulator tran-
sition temperatures. [126] (b) Resistance versus temperature for a VO2 nanowire 
showing a metal-insulator transition above room temperature at 338 K. [127] Inset: 
Device picture 

radius are the main factors), hydration, and temperature. The di˙ering assortment 

of phases include the layered orthorhombic α (Fig. 1.10(a)) and γ (Fig. 1.10(b)), 

the quasi 1-D tunnels of β/β’ (Fig. 1.10(f)), and the double layered sheets of δ and 

σ (Fig. 1.10(d,e,g)) which are formed when inserting larger guests. Through this 

intercalation new physical phenomena has arisen in bronzes such as charge-ordering, 

metal-insulator and superconducting transitions under various external stimuli such 

as pressure, temperature and electric feld making them as unique and exotic as the 

other members of the vanadium oxide family. [138–142] Fig. 1.11(a-d) illustrates these 

numerous possibilities listed in the β phase alone. [140, 143, 144] 

Recently, hydrated bronzes (δ − [M(H2O)4]xV2O5) shown in Fig. 1.10(e) have 

been explored as candidates for ReRAM technology due to their non-volatile mem-

ory behavior, giving them yet another new functionality to explore. [145, 146] It has 

been theorized that the hydration of the channel coordinates the oxygen from the 
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Figure 1.10: A collection of the many phases V2O5 and V2O5 bronzes can form: (a) 
V2O5, (b) α0-MxV2O5, (c) γ-MxV2O5, (d) δ-MxV2O5, (e) δ − [M(H2O)4]xV2O5 a sub-
type of the delta phase which is hydrated, (f) β-MxV2O5 and β0-MxV2O5 displaying 
quasi 1D tunnel structures and (g) solvated δ-MxV2O5. [135] 

water with the double layer framework, leaving a free proton to migrate within the 

channel when an electric feld is applied. The coordination of water within the frame-

work releasing a proton to be mobile for conduction is demonstrated by the following 

reaction: 

[ML2(H2O)2+4 ] ←→ [ML2(OH)(H2O)+3 + H+] (1.1) 

In the equation, L is the apical vanadyl oxygen associated the guest cation ligands. In 

Chapter 5 two hydrated bronzes δ − [Ni(H2O)4]0.25V2O5 and σ − [Ni(H2O)4]0.25V2O5 

have their memory characteristics studied. The impact that phase while keeping 

the cation (nickel) constant has on the memory properties is explored by performing 

WRER (Write-Read-Erase-Read) and WORM (Write-Once-Read-Many) cycles that 

upon subsequent analysis can reveal the systems endurance and retention, stability 

over cycle number and time, respectively. Preliminary measurements of a similar 
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Figure 1.11: Phase maps relating the variables temperature and pressure to induce 
various magnetic, structural and magnetic behaviors arising from the instabilities of 
inserted cations. (a) β-Ag0.33V2O5, (b) β-Na0.33V2O5, [143] (c) β0-Cu0.65V2O5, [40] 
and (d) β-Li0.36V2O5. [144] 

bronze, δ − [Co(H2O)4]xV2O5, are shown in Fig. 1.12. [146] The resistance versus 

temperature (RT) characteristics (Fig. 1.12(a)) indicate that the temperature plays 

an enormous role in conjunction with the sweep bias and history. This is evident by 

the 0.05 V bias RTs having a lower resistance than their high bias (-2 V) counterparts. 

This reversal fully manifests itself above 300 K indicating the ion mobility is highly 

temperature dependent. Fig. 1.12(b) solidifes this claim, since the hysteresis in the 

current voltage characteristics only fourishes at 300 K to 400 K. Fig. 1.12(c) shows 

a degradation in the hysteresis as image charges from the device electrodes cancel 

the mobile protons. Repeating sweeps for a given polarity of bias will result in a 
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Figure 1.12: (a) Resistance versus temperature plot demonstrating the crucial role 
temperature has in activating this memory behavior. (b) Current-voltage charac-
teristics showing a large hysteresis forming at 300 K. (c) Repeated voltage sweeps 
collapsing the hysteresis until an opposite polarity is applied (d) Voltage/Current 
versus voltage characteristics. [146] 

diminished hysteresis until the opposite polarity is applied. Fig. 1.12(d) emphasizes 

the non-linear behavior seen in Fig. 1.12(b). 

Most noteworthy is that the novel mechanism described for the switching shown 

is very di˙erent from the phenomena that can give rise to conductive flaments 

in majority of other oxide systems. In competition with new, complex or multi-

functional classes of emerging non-volatile memory materials such as organic poly-

mers for ReRAM, [147–149] chalcogenide glasses for PCM, [150–153] and magnetic 

materials for MRAMs [154, 155] we propose that there is still many avenues left to ex-

plore for oxides based memory systems which can reinvigorate the feld and can bring 
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about not just original ideas for the upcoming high demand for commercial ReRAM 

systems but also new physics in an already well studied system such as V2O5 where 

new possibilities are seemingly endless. 

1.5 Strongly Correlated Systems 

Strongly correlated materials, previously mentioned in Chapter 1.4.2 when discussing 

vanadium oxides, are a class of materials which demonstrate atypical transport be-

havior due to non negligible electron interaction. Coulomb repulsion and spin-orbit 

coupling are two primary causes of these behaviors. Phenomena include high TC 

superconductivity, colossal magnetoresistance (CMR), charge density waves (CDW), 

metal-insulator transitions (MIT)s, charge and spin ordering, multiferroicity, and 

topological insulators. [156] Various stimuli such as stress, temperature, or electric 

feld can evoke these unusual properties making them not only interesting systems to 

study but also a rich source of applications. 

1.5.1 Cuproiridsite (CuIr2S4) 

Cuproiridsite (CuIr2S4) is a strongly correlated material belonging to the spinel group 

(AB2X4) with a wealth of physical puzzles to solve. Other popular spinel materials 

such as magnetite (Fe3O4) also have been a source of rich physics. The most commonly 

studied feature in CuIr2S4 is the metal-insulator transition (MIT) at 230 K (Fig. 

1.13) but also exhibit a charge order and magnetic transition from paramagnetic 

to diamagnetic. Coinciding with these dramatic changes is a structural transition 

from a cubic to tetragonal system. [157–159] This abundance of exotic physics comes 

somewhat as a surprise since unlike the 3d orbitals of vanadium and the 2p orbitals 

of oxygen which are narrow and prone to high correlation, the spacious 5d orbital 

of iridium and 3p orbital of sulfur are not expected to produce highly correlated 
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24 CHAPTER 1. INTRODUCTION 

activity, especially in a bulk three dimensional structure. [160, 161] As the lattice 

Figure 1.13: Resistance versus temperature plot for a single CuIr2S4 showing several 
orders of magnitude in change. [157] 

transforms from the cubic to tetragonal structure, charge ordering occurs in which 

the t2g orbital splits from its Ir3.5+ valence to a Ir3+ and Ir4+ confguration. The 

Ir4+ should theoretically be half flled, but spin dimerization causes the band to split 

further and manifest itself as insulating behavior (Fig. 1.14). [162] 

A primary curiosity is the nature of the electrically driven transition. Like other 

correlated materials demonstrating a MIT, applying an electric feld across the sam-

ple will trigger the transition to occur below the critical temperature. One concern 

in these electrically driven transitions is that Joule heating within the sample is actu-

ally generating metallic domains that eventually form a conduit for current to travel 

through. [163, 164] This is in direct contrast to the transition being actually induced 

by the electric feld. One qualitative concern related to this is the many smaller 

jumps in current that prelude the fnal switching to metallic behavior, however these 

could also arise from inhomogeneous melting of the insulating phase or the formation 

intermediate phases. [165] There have been arguments in previous systems that state 
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Figure 1.14: Illustration of the electronic states CuIr2S4 contains on each side of the 
transition. The half flled band in (a) yields metallic behavior while in (b) band 
splitting and Ir4+ dimerization manifests insulating behavior. [162] 

that the time scales needed for Joule heating to have any decisive e˙ect [166, 167] 

are longer than the electric feld would require to stimulate the transition and as a 

result theories have been developed for pure electrically driven transitions for several 

systems involving electric feld assisted detrapping [168] or charge gap closure. [169] 

Seeing if CuIr2S4 could be better understood from the groundwork laid out from other 

systems and their mechanisms is of primary importance. 

While there has been great interest in this material, and much work has been done 

studying these behaviors optically, there has been little electrical characterization 

performed especially with regards to the electric feld induced transition. In Chapter 

6 we drive the transition not only thermally but also with an applied electric feld. 



Chapter 2 

Experimental Methods 

This Chapter explains the methods used to fabricate the devices in this work, as well 

as the general experiment techniques used to measure various transport characteristics 

these devices. It will contain details of wafer and sample preparation, photolithog-

raphy, post processing and device geometry for specifc measurements. Descriptions 

and images of the instruments and facilities used are also included. 

2.1 Device Fabrication 

In order to e˙ectively measure the samples in this work, photolithography must be 

used to create devices with metal contacts which are ohmic in nature. The next 

two sections will describe the fabrication process from the beginning starting with a 

simple wafer leading to chips containing a plenitude of devices. 

2.1.1 Substrate Preparation & Material Dispersion 

Wafers of heavily doped p++ silicon with a thermally grown oxide layer (Si/SiO2) of 

either 200 or 300 nm are used as substrates for this work. In a feld e˙ect transistor, 

26 
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the strength of the electric feld across this oxide is dependent on the thickness and 

the dielectric constant, it is also important for optically identifying thin fakes of a few 

atomic layers thick which have maximum visibility with specifc dielectric thicknesses. 

These wafers are cut into smaller square chips (5x5 mm) with a diamonded tip 

cutter so that their size is compatible with the chip carrier. Dicing them initially also 

allows for smaller batches of devices to be made which is benefcial if one wanted to test 

a few devices of a largely varying parameter such as doping level (Fig. 2.1(a)). The 

substrates then need to be cleaned before material can be dispersed on the surface. To 

do this, the chips are placed in beakers frst flled acetone, then methanol and fnally 

deionized water (DI water) and sonicated using a Branson 1510 Ultrasonic Cleaner 

for 2-5 minutes in each solvent. Afterwards, they are blasted dry with nitrogen air 

(N2) to remove the contaminants as well as the remaining liquid solvents. A next 

optional step is to dehydrate the surface of the chips by placing them on a hotplate 

in case of remaining liquid residue. 

Figure 2.1: (a) A large portion of a wafer that has been diced into 5x5 mm pieces for 
lithography, cut with a diamond tip wafer cutter. (b) Nanowire powder in a sealed 
container with a small portion of that powder dispersed in a solution of IPA with an 
accompanying syringe. 

Material can now be deposited onto the substrates. For nanowires/nanobeams, 
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the samples frst arrive in powdered form and are placed in vials with isopropanol 

alcohol (IPA) (Fig. 2.1(b)). This helps preserve the wires which can quickly react 

with the environment and also is important for the next step, sonication. The wires 

are sonicated to separate the large bundles of wires so that when they are sprayed 

onto the substrate then individual nanowires desired for measurement are alone and 

easily accessible. Diluting this sample before spraying also ensures good control of the 

density of wires in each spray, so that multiple wires do not fall into the photomask’s 

pattern. A syringe is used to place a droplet that covers the entire substrate surface, 

before once again using nitrogen air to spray the chip, leaving only the sample behind 

in a random distribution. Here once again a baking step could be performed on a 

hotplate if there is leftover IPA residue which would prevent good adhesion from the 

photoresist. 

For thin fakes, mechanical exfoliation using adhesive tape is the preferred method 

of material deposition. Di˙erent materials seem to respond better to various brands of 

tape. Scotch tape is standard, but other low adhesive tapes which pull with less force 

and leave less residue such as Nitto brand dicing tape are good alternatives. This is 

shown in Fig. 2.2 where a thin fake of gallium sulfde (GaS) is exfoliated (Fig. 2.2(a)) 

from a larger crystal using Nitto tape (Fig. 2.2(b)) Regardless of what tape is being 

used, a standard procedure is used: The tape itself is laid adhesive side up and the 

crystal or powder is placed on one end. A segment of tape close to that end is then 

brought into contact with the material and peeled away revealing a thinner layer, 

this is repeated only a few times because as more peels occur the materials break 

down in length and width faster than they do in thickness. The Si/SiO2 substrates 

are placed on a hot plate at 100 ◦C to remove any moisture from the surface. They 

are then removed and allowed to cool for 10-20 seconds, before the tape is put on 

top of it. Pressure is gently applied using a cotton swab, and the tape is briefy left 

attached before it is slowly peeled back, leaving fakes of various sizes and thicknesses. 
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Figure 2.2: (a) A thin fake of exfoliated GaS, the scalebar is 20 µm. (b) Nitto brand 
tape which is desired for its trace amount of adhesive, and large bulk crystals for 
exfoliation. 

Any monolayer (or desired thickness) can be identifed through manually scanning 

with an optical microscope and further confrmation given by Raman spectroscopy. 

It is recommended to confrm the thickness with Raman spectroscopy or atomic force 

microscopy as an alternative because due to thin flm interference, the exact shade 

of the fake and its varying thicknesses will depend on what thickness of Si/SiO2 is 

being used. 

2.1.2 Optical Lithography and Metal Deposition 

Now that the chips have been prepared with the desired sample, devices can be 

fabricated on them. They are taken to the cleanroom where they are frst spin coated 

with Microposit S1818 positive photoresist at 500 rpm for 5 seconds, followed by 4500 

rpm for 30 seconds. (Fig. 2.3(a)) Positive photoresist contrasts negative photoresist 

by having areas exposed to ultra-violet light soluble in a liquid developer. Negative 

photoresist is already soluble and exposing it would make it immune to the developer. 

The angular speed of the spin coater is crucial to ensure an even distribution along 

the chip and more importantly determines the fnal thickness of the photoresist layer. 
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The recipe is intrinsically dependent on this thickness because the amount energy 

output needed from the mask aligners ultra-violet light source will depend on the 

concentration of photoresist. The chips are then baked on a hot plate for 90 seconds 

at 115 ◦C to dehydrate the photoresist and ensure it does not smear when it comes into 

contact with the photomask (Fig. 2.3(b)). Devices are now patterned with the mask 

Figure 2.3: (a) A spincoater used to deposit an even layer of photoresist over each 
individual chip. (b) Hotplates used to dehydrate and solidify the photoresist before 
the mask aligner is used. 

aligner one chip at a time, while the others must be covered so that no ambient light 

can a˙ect the photoresist. The mask is frst scanned for an appropriate pattern for 

the geometry of the material on the chip. The mask contains a diverse set of patterns 
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useful for basic two and four terminal measurements of even channel length, varying 

channel length, ionic liquid gating and Hall e˙ect measurements. Once determined, 

the mask is then removed so that the chip can be scanned under the microscope for 

a device candidate. Ideally, this candidate should be alone, a singular crystalline 

piece and not close to the edge of the chip where beading e˙ects cause nonlinear 

thicknesses of photoresist to be present. Once one is found then the mask is slid back 

into place so that the pattern selected earlier is directly above the sample. Contact 

mode is initiated, the sample stage is raised and manually aligned in the horizontal 

and vertical directions while slowly adjusting the height of the stage, and once the 

sample is fnally positioned between the pattern fngers then the mask and chip are 

brought into complete contact. The sample now undergoes exposure with ultraviolet 

light and the process is repeated on the chip until as many potential devices as 

possible are exposed on it. (Fig. 2.4) Depending on the energy output of the bulb, 

Figure 2.4: The mask aligner for emitting UV light in a specifc pattern over the chips 
so that the exposed regions become soluble in a chemical developer. 

this exposure can be 3-15 seconds. A blank test chip is used to calibrate the exact 

numbers for a batch of devices. After, the chip must be developed using Microposit 

MF-319 developer for 25-30 seconds. Holding the chip with tweezers and shaking 
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it violently in the developer assists in eÿciently removing all developed photoresist. 

Following development, the chips are placed into DI water to ensure this reaction 

has stopped to combat over-development which causes lithography features to merge 

together. After being blown dry with N2, inspection with an optical microscope is 

done to ensure all the exposed photoresist has been removed and the substrate is once 

again visible. If development is not complete, the chips are returned to the MF-319 

developer for a few additional seconds. This entire process is repeated until every 

chip has undergone this cycle. 

The chips are now ready for deposition of contact metals. A Kurt J. Lesker AXXIS 

Electron Beam Evaporator (Fig. 2.5(a)) is used to deposit metal contacts under high 

vacuum (ideally 1x10−7 Torr). The chips are attached to glass slides using double 

sided tape which are clamped to the e-beam stage. Since they will exit the e-beam 

evaporator all uniformly covered and looking near identical, it is important to make 

a key to distinguish di˙erent samples undergoing lithography. A layer of chrome (2-5 

nm) is deposited frst to ensure good adhesion of gold (40-60 nm) to the Si/SiO2. 

Both are deposited at a rate of 1-1.5 Å/s which is controlled by the systems software 

(Fig. 2.5(b)). Immediately following deposition the chips are placed into acetone and 

left covered for several hours before performing lift-o˙. 

2.1.3 Acetone Lift O˙, Annealing and Wire Bonding 

After soaking for several hours the chips are now gently sprayed with acetone using a 

syringe to drive the unwanted photoresist and metal o˙, leaving only the individual 

devices left on the substrate. If the chip was excessively exposed or developed there 

may be diÿculty in lift-o˙, so sonicating it in acetone for 1 second can be used as 

a last resort. However it should be noted that this can very easily destroy many if 

not all of the devices on the chip. To remove any remaining acetone after lift-o˙, N2 

is once again used to blow dry the surface. The contacts can be improved through 
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Figure 2.5: (a) The Kurt J Lesker AXXIS Electron Beam Evaporator system. (b) 
Magnifed view of the computer display where variables such as deposition rate and 
contact metal are chosen. 

annealing in a vacuum chamber (VWR 1400 Vacuum Oven) at 120 ◦C for 12-24 hours 

to ensure they are ohmic in nature. 

In order to measure the fnished devices, they need to be attached to the chip 

carrier which will be mounted at the bottom of the cryostat’s probe during exper-

iments. The chips are glued with a thermally conductive yet electrically insulating 

adhesive anchor, GE varnish, which allows the chips to be insulated from the cryo-

stat’s body, but at the same time in thermal contact with the thermometer on the 

opposite side of the probe. Using K&S Model 4523 Wire Bonder, gold wire is bonded 
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on both the selected chip carrier pins as well as the contact pads of the fabricated 

devices. If the Si/SiO2 substrate is going to be utilized as a backgate for feld e˙ect 

transistors (FET)s, a small square from the glass plate used to mount the samples in 

the e-beam evaporator chamber (which is now covered with deposited gold) is frst 

glued with the varnish, and then the chip is attached to one end of this plate with 

conductive silver paste. A BNC cable is soldered to the other end of this glass plate 

allowing a voltage to be driven across the substrate for a backgate FET geometry. 

In this case, silver paste is often used as opposed to wire bonding to avoid damaging 

the oxide dielectric which causes the gate to rupture. A simpler setup is used for an 

ionic liquid gate, where no connection to the substrate body is needed, but instead a 

drop of Diethylmethyl(2-methoxyethyl)ammonium bis(trifuoromethylsulfonyl)imide 

(DEME-TFSI) is placed on top of the device using a syringe, and a third lateral 

contact is wire bonded so that voltage can be applied across the liquid to the device. 

However, no silver paste may be used here to avoid any chemical reactions between 

the paste and the ionic liquid. For other large samples such as single crystals on the 

size hundreds of microns or millimeters, then silver paste can be carefully applied on 

either end of the sample to make a set of contacts. 

2.2 Nitrogen Cryostat and Instrumentation 

All of the measurements described in this thesis were performed in a homemade 

nitrogen cryostat. The cryostat has a probe stick with a socket at the bottom for a 

14 pin chip carrier which is built into a copper block. Fig. 2.6(a) shows the probe 

stick with the copper block at the bottom end. Fig. 2.6(b) magnifes this bottom 

area to show a chip mounted in a backgate geometry demonstrating the soldering to a 

glass plate as discussed in the previous Chapter 2.1.3. A thermometer is attached to 

the opposite side which communicates with the temperature controller. In addition to 
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Figure 2.6: (a) The probe stick without its casing displaying in the inner workings. 
(b) Magnifcation of the chip carrier attached to the bottom of the probe. A BNC 
cable running down the length of the probe is soldered to the gold plate which the 
chip is attached to with silver paste. This creates a connection beneath the substrate 
used for backgating. (c) Rack of instruments with the cryostat in the foreground. 

the 14 sample pins, there are also three BNC wires for high voltage usage (backgate, 

piezoelectric etc.). The working temperature range is 77-400 K which is controlled 

with a Cryocon Model 32 temperature controller for accuracy up to ±10 mK. To 

take electric transport data, DC sourcemeters (Keithley 4200 and 6202a), lock-in 

amplifers (Signal Recovery 7265 Dual-Phase DPS) as well as 34401A Agilent Digital 

Multimeters were used for all measurements. Fig. 2.6(c) shows the probe mounted 

in the cryostat with the instruments on the rack behind it. Various circuit setups are 

shown in Fig. 2.7 below demonstrating how di˙erent experiments were performed. 

The frst circuit (Fig. 2.7(a)) shows a two terminal DC setup used in characterization 

of oxide memory systems. An altered circuit is shown in Fig. 2.7(b) showing the 

backgate connection for FETs. For the ionic liquid gate FETs discussed in Chapter 

2.1.3, the circuit is shown in Fig. 2.7(c) where the lateral gate terminal is used to 
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Figure 2.7: (a) Device confguration for performing 2-terminal measurements. Used 
for characterizing oxide memory systems and CuIr2S4 crystals. (b) Device confgura-
tion for backgated transistors, a third terminal (the gate) is connected to the source 
along with the drain. (c) Device confguration for ionic liquid gating. A lateral third 
terminal, in contrast to the backgate terminal which is beneath, is used to apply a 
voltage across the liquid to the source terminal. 

apply a voltage across the liquid. 



Chapter 3 

Bi2S3 Nanowire Transistors 

This chapter is an adaptation from a manuscript that is published. 

C. Kilcoyne, A. Ali, A. M. AlSaqqa, A. A. Rahman, L. Whittaker-Brooks, and G. 

Sambandamurthy, "Gate-tunable transport characteristics of Bi2S3 nanowire transis-

tors," Solid State Comm., vol. 270, pp. 135-139, 2017. 

3.1 Introduction 

As introduced in Chapter 1.3.2 this portion of the thesis will elaborate on the e˙ects 

of sulfur vacancies on the behavior and performance of Bi2S3 nanowire transistors. A 

variety of parameters such as mobility, ON/OFF ratio, and activation energy are an-

alyzed for indications of the theorized trapping behavior. Furthermore, a resistance 

noise spectroscopy analysis will allow for a deeper probing to observe the micro-

scopic events unfold. Ultimately, trapping behavior is observed and a midgap state 

is detected, answering a long theorized question about Bi2S3 nanostructures and the 

magnitude of important that defects play in them. 

37 
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3.2 Nanowire Growth and Device Fabrication 

The Bi2S3 nanowires with a mean diameter of 36 nm were synthesized through a 

hydrothermal method, the details of which can be found elsewhere. [170] The or-

thorhombic structure of Bi2S3 is depicted in Fig. 3.1(a). Bi2S3 possesses a highly 

anisotropic lamellar crystal structure that consists of ribbon-like [Bi4S6] cages linked 

together by the intermolecular interaction between Bi and S atoms. These ribbon-like 

[Bi4S6] cages, which are oriented parallel to the c-axis, dictate the growth direction 

in Bi2S3 nano-structures. A scanning electron microscope (SEM) image of these 

nanowires is shown in Fig. 3.1(b). They are then further characterized to ensure 

good crystalline quality by X-ray di˙raction as shown in the pattern in Fig. 3.1(c). 

All experimental refections can be assigned to the Pbnm space group of orthorhom-

bic Bi2S3 (Joint Committee of Powder Di˙raction Standards (JCPDS) No. 17-0320). 

Also, XRD analyses verify that the synthesized nanowires are phase pure with no de-

tectable secondary phases. The single-crystalline nature of our as-synthesized Bi2S3 is 

verifed by the SAED and lattice-resolved HRTEM patterns presented in Fig. 3.1(d). 

Here, both the SAED and lattice-resolved patterns do not change along the length 

of the nanowire, underlining its single-crystalline nature. All devices were fabricated 

from single crystalline, individual nanowires. Nanowires dispersed in a 2-propanol 

solution were dropped onto a Si/SiO2 substrate, where SiO2 (200 nm) serves as the 

back gate dielectric. Devices were fabricated using standard photolithography tech-

niques followed by metal deposition by means of electron-beam evaporation (1-5 nm 

Cr / 40-50 nm Au) creating contacts with a channel length of 5 µm. After lift-o˙ 

with acetone, the devices are annealed in vacuum at 115 ◦C for 12-24 hours to im-

prove contacts and ensure they are ohmic in nature. More on this exact procedure 

can be found throughout Chapter 2.1. Transport measurements were done in a two 

terminal confguration under vacuum in a homemade liquid nitrogen cryostat using 
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Figure 3.1: (A) Structural representation of Bi2S3 showing a layered orthorhombic 
structure. (B) SEM image of many individual nanowires after growth. (C) XRD spec-
tra confrming no secondary phases. (D) HRTEM showing single crystalline nature, 
inset: SAED image. 

a Keithley 2602a sourcemeter between source and drain, and using a Keithley 2400 

sourcemeter between source and gate as described in Chapter 2.2. Fig. 3.2(a) shows 

an optical image of a typical device, and Fig. 3.2(b) displays the circuit diagram 

used. To further probe the transport mechanisms in the Bi2S3 nanowires, a series of 

resistance noise measurements were performed. The noise is measured by adding the 

DC and AC signals together with a summing amplifer (SRS SIM980) and measuring 

the current fuctuations with a lock-in amplifer (Signal Recovery 7265). A lock-in 

frequency of 283.119 Hz was used for the noise measurements to prevent interference 

with the powerline frequency and its harmonics. [171, 172] 
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3.3 Results and Discussions 

3.3.1 Transistor Characterization 

Transistor characteristics were studied at several drains-source biases as well as at sev-

eral temperatures. All nanowires show n-type conduction which has been previously 

attributed to sulfur vacancies in Bi2S3. [173] n-type conduction in other sulfde mate-

rials such as MoS2 has been attributed to the same origin. [174] Gate voltage sweeps 

at various temperatures are shown in Fig. 3.2(c). As the temperature is increased, the 

threshold voltage to turn the device ON decreases and the overall switching becomes 

smoother. As those higher temperatures are reached, we observe that the threshold 

Figure 3.2: (A) Optical image of a typical device. Scale bar is 10 µm. (B) Circuit 
schematic for transport measurements.(C) Gate sweeps showing n-type conductance 
done between 120 and 320 K in 20 K intervals with a bias of Vds = -1 V. 

gate voltage shifts away from zero in the negative direction and a larger magnitude 
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of negative gate voltage is needed to activate the device. Also, the value of the OFF 

current increases more rapidly than the ON current, reducing the ON/OFF ratio 

with increasing temperature. This collapse of a common OFF state with increasing 

temperature indicates that thermal activation of charge carriers plays an important 

role in the transport. [175] At higher temperatures, more carriers are thermally ex-

cited and contribute to screening which can inhibit response to the electric feld. This 

is also a consequence of the nanowire’s thickness, since thermally activated carriers 

cannot be modulated by the electric feld far from the gate interface. These perfor-

mance impairing symptoms can be alleviated with a gate-all-around nanowire feld 

e˙ect transistors as discussed in Chapter 1.3.1. 

The drain-source bias drastically alters the ON/OFF ratio. At a bias of -0.5 V 

and -1 V, there is a slight increase in ON/OFF ratio approaching room temperature 

whereas when the bias is increased to -2 V and -3 V this trend begins to fatten or 

show a slight decrease. Approaching room temperature these values begin to converge 

together (Fig. 3.3(a)). 

Field e˙ect mobility is obtained (Fig. 3.3 (b)) from the gate sweeps in the linear 
∂Ids L 1regime by µFE = where L is the channel length (5 µm), and C is the∂Vbg C Vds 

2π�oxgate capacitance per unit length. The capacitance, C is equal to C = where 
ln(4tox )W 

W is the channel width (36 nm), �ox is the oxide dielectric (3.9�0), and tox is the 

oxide thickness (200 nm). The range of mobility values (0.1-1 cm2/V·s) found at 

room temperature are consistent with those found in other Bi2S3 nanowire FETs. 

[77, 78] At -2 V and -3 V of drain-source voltage (Fig. 3.3(b)), there is an inverse 

relationship with temperature, indicating electron-phonon interactions are dominant 

giving band-like conduction. [176, 177] However, this relationship deteriorates as the 

bias is lowered to -1 V and -0.5 V where despite the many fuctuations, mobility 

remains relatively constant. This is likely due to impurity/defect scattering giving 

hopping-like conduction as seen in other semiconducting nanowire systems such as 
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Figure 3.3: (A) ON/OFF ratio as a function of temperature. (B) Mobility as a 
function of temperature. (C) Resistance as a function of temperature at various 
gate voltages taken at Vds = -1 V showing semiconducting/insulating behavior. (D) 
Activation energy extracted as a function of gate voltage calculated from the Vds = 
-1 V temperature sweeps. 

GaN. [178] Although at the higher biases the magnitude of the values may be slightly 

skewed due to high electric feld e˙ects, the trends observed are purely due to the 

type of scattering within the Bi2S3 nanowire. [179, 180] As discussed before, sulfur 

vacancies can have dramatic consequences on the transport properties in a material, 

and here it is readily seen that these charged defect sites can act as scattering zones 

for charge carriers. Table 3.1 compares the mobility and ON/OFF ratio of various 

materials. [181–183] The playing feld is kept even and all the nanowire FETs are 

two terminal backgated transistors on a Si/SiO2 substrate. While Bi2S3 rivals silicon, 

zinc oxide (ZnO) and single walled carbon nanotubes (SWCNT) in terms of its logic 

capabilities, the ON/OFF ratio, it fails to reach the mobility of silicon by two orders 

of magnitude. ZnO also su˙ers from a low mobility, both of these are likely due to 
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Nanowire FETs Bi2S3 Si ZnO SWCNT 
Mobility (cm2/V·s) 0.5 52 13 20 
ON/OFF Ratio 105 106 105 106 

Table 3.1: Comparison of two terminal backgated nanowire transistors of popular 
materials from various categories on a Si/SiO2 substrate. 

native vacancy defects crippling their performance. The impact of these vacancies on 

the band structure can also be further explored by analyzing the activation energy. 

Temperature sweeps were performed to extract activation energy as a function of 
Ea 

gate voltage (Fig. 3.3(c). From the expression R(T ) = R0 ekBT , an Ea of 0.325 eV 

at Vbg = 0 is obtained. The resistance as a function of temperature shows semicon-

ducting/insulating behavior. As the gate voltage goes from negative to positive, the 

activation energy decreases (Fig. 3.3(d)). This has been attributed in similar works 

to be conduction through hopping between trap sites [184, 185] which supports the 

mobility data for Vds = -1 V. At large negative gate voltages the activation energy 

tapers to a maximum, indicating a mid-gap state below the conduction band. [186] 

This activation energy provides a map for the Fermi level, and thus the average 

concentration of electrons as they move between the valence and conduction bands. 

The value of obtained at room temperature (0.325 eV) is not trivial. Recall from 

Chapter 1.3.2 that Calzia et al. [83] calculated a mid-gap state of 250 meV, a value 

very close to one observed experimentally. While the location of this state is consistent 

in that it is much closer to the conduction band than valence band, any deviation 

from the theorized value could be due to di˙erences in thickness of the wire in the 

calculations versus the experiment (4 nm versus 36 nm). It is also worth pointing 

out that Zhan et al. [84] calculated the mid-gap state due to sulfur vacancies to 

be below the midway point in the bandgap which would make it over twice our 

observed value, and location wise deeper as it is nearer to the valence band. In those 
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calculations however the geometry used was a 1x1x3 super cell. The implications 

are that changing the form of the nanostructure from a nanowire to a quantum dot 

can entirely change the nature of the defects and their optoelectronic potentials. 

Similar to works studying mid-gap states due to channel defects in silicon, [186] the 

activation energy as a function of gate voltage tapers at each end making it diÿcult 

to model. However, it is clear that above Vbg = +30 V one is able to overcome the 

e˙ects of trapping due to the decreasing linear behavior. Being able to activate this 

trapping behavior just through gate voltage alone, which signifcantly impacts the 

absorption/radiative functions of Bi2S3, opens new doors to advanced optoelectronic 

nanowire devices. 

In order to fnd more evidence of a mid-gap state, noise measurements were per-

formed which can reveal underlying transport mechanisms in the nanowire. 

3.3.2 Resistance Noise Spectroscopy Analysis 

Measuring the current fuctuations in time domain and employing a Fourier transform 

yields the noise magnitude, or the power spectral density (PSD) as a function of 

frequency which takes the form of 1/fα where α corresponds to the slope of the PSD. 

A value of α = 1 is found in ohmic conductors and deviations from α = 1 may indicate 

transport through an inhomogeneous channel. [171, 187] For any given temperature, 

collecting these fuctuations can be done at various gate voltages (Fig. 3.4(a)) and the 

noise magnitude is normalized to the maximum current. The experimental parameters 

used here are T = 200 K, Vds = -1 V and Vosc = 0.2 V. The dashed line corresponds 

to the case where α = 1. 

Both the slope governed by α as well as the magnitude themselves can be useful 

indicators of unusual charge transport behaviors in our nanowires. Fig. 3.4(b) shows 

the noise magnitude for both a selected high frequency (3 Hz) and low frequency 

(10 mHz) at 200 K at very fne gate voltage increments plotted together with the Ids 
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Figure 3.4: (A) Normalized noise magnitude as a function of frequency at three 
gate voltage values each in a di˙erent representative state of the transistors transfer 
characteristics at T = 200 K. The dashed line represents 1/fα where α = 1. (B) 
Normalized noise magnitude as a function of gate voltages for two select frequencies 
superimposed onto the gate sweep. 

vs. Vbg trace at T = 200 K frst seen in Fig. 3.2(c). The horizontal line indicates 

where the background noise becomes comparable to the measured PSD and serves 

as the limitation of the measurement. The signal is buried in background until the 

device is turned on at Vbg = 0, where then both the current and noise magnitude 

increase together. Other nanostructure semiconductor systems (such as amorphous 

InGaZnO thin flm transistors and CdSe nanocrystals) have shown this noise feature 

as a function of gate voltage. [188, 189]. This has been attributed to carrier number 
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fuctuations from trapping and de-trapping events, which is further evidence for mid-

gap states trapping charges before they are injected into the conduction band. 

3.4 Conclusions 

In conclusion, Bi2S3 nanowire back gated feld e˙ect transistors have been charac-

terized and their transistor parameters such as, mobility and ON/OFF ratio were 

studied. Mobility is shown to be dependent on both electron-lattice scattering as well 

as defect/impurity scattering as temperature and drain-source bias are modifed. The 

overall values range from 0.041 to 2.58 cm2/V·s. The ON/OFF ratio ranged from 2 to 

5 orders, which at room temperature became roughly bias independent due to a large 

density of thermally activated carriers. In the low temperature regime the ON/OFF 

ratio went from having a positive temperature correlation to a negative temperature 

correlation. The activation energy trend which was extracted from fxed gate voltage 

temperature sweeps shows evidence of mid-gap states which could have originated 

from sulfur vacancies altering the band structure which was further supported by the 

noise spectroscopy data. Understanding how defects such as atomic vacancies alter 

the band structure and the transport properties of a material is a crucial question in 

device physics. This notion, coupled with the ambition to progress defect engineering 

in materials to tune their transistor parameters or to create new device functionality 

show Bi2S3 to be a rich system to continue studying. 



Chapter 4 

Memory E˙ects in Hydrated V2O5 

Bronzes 

Parts of this chapter are adapted from a manuscript that is under review. 

C. Kilcoyne, S. Singh, J. Andrews, S. Banerjee, and G. Sambandamurthy, "Memory 

Applications of Various Hydrated Vanadium Pentoxide Bronze Structural Phases," 

2018. 

4.1 Introduction 

Typical memory platforms often involve several components and complex architec-

tures. Additionally, the performance degrading e˙ects of reducing channel size dis-

cussed in Chapter 1.4 all contribute to the desire for novel memory systems. A 

primary candidate for one of these systems is ReRAM (resistive random access mem-

ory) which works on the principle of changing the resistance of the channel depending 

on the history of the device’s operation. By switching between two extreme voltages, 

two opposing conductive states can be read at a singular intermediate voltage. The 

diÿculty lies in discovering new material systems that show this switching behav-

ior, and then studying its mechanism so that better understanding can yield future 
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devices that complete with current RAM frameworks. 

Vanadium pentoxide (Chapter 1.4.2) is a member of the popular vanadium ox-

ide family which unlike its siblings, shows no native correlated electron behavior. 

However intercalating V2O5 with guest cations can generate structural and electronic 

instabilities causing it to form di˙erent phases with new transport properties. As 

discussed in Chapter 2.2, the structural phase and choice of intercalated cation have 

a tremendous impact on the properties of a specifc bronze. The choice of cation 

and growth parameters can yield bronzes in various phases to obtain di˙erent mor-

phologies with new physical properties. Fig. 1.10 is recalled to display this diversity 

of phases again. Certain phases, such as δ and σ, manifest themselves through hy-

dration during the growth which yield a layered Van Der Waals structure with the 

guest cation and water molecules occupying the space between each layer. The delta 

structure is displayed as an example in Fig. 4.1. The nickel is forms a coordination 

with the water molecule’s oxygen (as NiO6) when it is intercalated, which is then 

also coordinated with the V2O5 framework. This hydration forms a hysteresis in the 

Figure 4.1: The hydrated δ phase displaying the coordination of the water molecules 
and nickel within the V2O5 framework. [146] 

current-voltage characteristics of the device which has been attributed to protons be-

ing donated from the water molecules that migrate through the interlayer channels, 

changing the resistance of the material as they are displaced from their equilibrium 
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position. The disassociation of the proton is explained by equation 1.1. This hys-

teresis can be navigated to yield two di˙erent values of current at the same voltage 

in the manner described above, the history of the device’s operation. Within this 

chapter the endurance and retention of this novel switching mechanism is studied in 

both δ − [Ni(H2O)4]0.25V2O5 and σ − [Ni(H2O)4]0.25V2O5. 

4.2 Material Growth and Device Fabrication 

The materials were grown in a hydrothermal process which has been described in 

several previous works on these materials, [135, 146] where the σ phase is obtained by 

heating the reactants an additional 40 ◦C in an autoclave (Fig. 4.2(a)). The δ and σ 

phases of V2O5 are layered compounds held together by van der Waals interactions, 

with the guest cations and water molecules intercalated between each layer. The δ 

phase is characterized by VO6 coordination, while the σ has additional VO5 trigonal 

bipyramids and VO4 tetrahedral substructures (Fig. 4.2(b) and Fig. 4.2(c)). The 

resulting morphologies of the growths gave the δ phase a nanobeam like structure 

and the σ phase plate like structures. Although they possess the same double layer 

structure, the σ phase has larger interlayer spacing, a˙ecting the proton migration 

which will be explained below. 

Before fabrication, the δ phase nanobeams were sprayed onto Si/SiO2 (300 nm) 

substrates, while the σ phase fakes were exfoliated onto the substrates using the 

scotch tape method. Then, photolithography is performed, followed by electron beam 

metal deposition yielding contacts with 5 nm Cr/60 nm Au and lengths of 5 µm using 

the methods described in Chapter 2. Every device was measured in a two terminal 

confguration using a DC source-meter (Keithley 2400 or 2602) at room temperature 

in a homemade liquid nitrogen cryostat. 
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Figure 4.2: (a) Chemical process to form the materials. (b) δ Structure and (c) σ 
Structure bilayers where in between a set would lie the intercalated cation and water. 
Image made by Dr. Sarbajit Banerjee’s group in Texas A&M chemistry department 

4.3 Results and Discussions 

4.3.1 Current-Voltage Characteristics 

A current versus voltage curve (IV) for each phase is shown in Fig. 4.3 - δ in Fig. 

4.3(a) and σ in Fig. 4.3(b) The dashed vertical lines represent the singular voltage 

(+2.5 V) at which both read states occur. The two extrema voltages at opposite 

polarities used to write/erase the current state are ±5 V. It should be noted that 

while typically a memory device ‘writes’ the higher conductive state, this is merely 

a semantic argument. Hence, both plots have write (W) labeled at +5 V and erase 

(E) labeled at -5 V. The devices start in the high conductive state which is read at 

R1 and once the next state is written it is read at the same voltage (+2.5 V) in a 
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Figure 4.3: (a) IV of δ (b) IV of σ. Both are measured within the same parameters 
of ±5 V and read at a singular voltage of +2.5 V which is represented by the dashed 
lines. The labels are W (Write), E (Erase), R1 (Read ON) and R2 (Read OFF). 

new low conductive state denoted as R2. The size and shape of the hysteresis changes 

slightly with each device, and temperature and sweep rate can also have an e˙ect 

on these parameters as well. The nature of the memory feature remains the same, 

where a lower resistance state is the initial condition and a higher resistance state is 

reached upon reverse sweeping. For any emerging material for memory technology 

to be suitable for any application, it should function at room temperature, where 

our measurements take place. We have observed at higher temperatures that current 

relaxation increases which makes the devices less practical. While increasing the 

sweep rate reduces the size of the hysteresis, at slower rates electrochemical e˙ects 

are observed which can result in large degradation, rectifying behavior or completely 

insulating. Wan et al. has reported similar observations in their hydrated V2O5 

devices, where application of high voltage at a slow sweep rate degrades the device 

into an insulating or rectifying state. [190] Our sweep rate is kept at 0.1 V/s to 

avoid any of these negative electrochemical consequences. It is possible that further 

exploration of these undesired behaviors can shed light on the microscopic events 
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happening at each electrode. 

4.3.2 WRER (Write-Read-Erase-Read) 

The Write-Read-Erase-Read (WRER) characteristics of the δ phase are shown in Fig. 

4.4(a) for 30 complete cycles, and times lasting +7,000 seconds. The black portions 

of the data represent current during switching between states. The red represents 

the ON current, which is naturally higher than the OFF current represented by the 

blue coloring. Any large scale view on this type of data will look redundant and hard 

Figure 4.4: WRER characteristics of the δ phase showing the (a) complete measure-
ment over +7000 seconds consisting of 30 cycles. (b) Magnifes this experiment to 
qualitatively show the higher degree of relaxation present in the ON state. 

to distinguish any fner features, so only δ is shown as an example. For each set of 

runs, the device is frst switched to its low conductive state, and is compared with the 

following high conductive state, both of which are held for 30 seconds until switching 

to the other. The ratio of these two states is the ON/OFF ratio and is calculated at 
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t = 0, 15 and 30 seconds so that e˙ects of relaxation can be determined. Fig. 4.4(b) 

magnifes a select portion of the WRER data where a higher degree of relaxation can 

be seen. The current values at those three time intervals (0, 15, and 30 seconds) in 

each cycle are now extracted in terms of cycle number and total elapsed time. The 

results of which are seen in Fig. 4.5. For the δ phase, the current over cycle (Fig. 

4.5(a)) and time (Fig. 4.5(b)) show a higher relaxation in the ON state with minimal 

change in the OFF. 

Figure 4.5: WRER analysis: Current as a function of both (a) cycle number and (b) 
time for the δ structure. Also Current as a function of both (c) cycle number and (d) 
time for the σ structure. 
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Figure 4.6: ON/OFF ratio from the WRER analysis as a function of (a) cycle number 
and (b) time 

The total current decreased exponentially throughout the WRER experiment. σ 

showed qualitatively similar results (Fig. 4.5(c-d)) where the ON state showed even 

higher instability. For each three time intervals in the course of the 30 second hold, 

the ON and OFF currents are divided to obtain the ON/OFF ratio. Fig. 4.6(a) 

displays these ratios in terms of cycle and Fig. 4.6(b) displays them in terms of time. 

The δ phase remains stable and consistent since both the ON and OFF total current 

degraded together uniformly, whereas the σ phase showed a drastic increase in its 

initial ON/OFF ratio only to be susceptible to a large degree of relaxation. Once this 

initial degradation occurs however the relaxation begins to decelerate owing to the 

high retention and endurance of these novel memory devices. 

4.3.3 WORM (Write-Once-Read-Many) 

Next, the Write-Once-Read-Many (WORM) characteristics of the δ phase are shown 

in Fig. 4.7(a). After a state is written or erased, that state is read and turned back to 
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Figure 4.7: WORM characteristics of the δ phase showing the (a) complete measure-
ment over +10000 seconds consisting of 100 cycles of both ON and OFF. (b) Magnifes 
this experiment to qualitatively show the higher degree of relaxation present in the 
ON state similar to that observed during WRER. 

zero volts before being read again. There are a total of one hundred ‘ON’ and ‘OFF’ 

states read, grouped into sets of ten before switching to the other read state with a 

total time exceeding +10,000 seconds. For a memory to be considered non-volatile, 

the information needs to be retained when the power source is removed. If turning the 

device o˙ causes it to switch to the other state, or cause signifcant enough relaxation 

to approach the other state, then any memory application is contestable. Fig. 4.7(b) 

magnifes the results for δ and shows once again higher relaxation in the ON state, 

however this relaxation tapers o˙ and stabilizes. To make sense of an ON/OFF ratio 
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Figure 4.8: Maximum current of each cycle for both δ and σ as a function of (a) cycle 
number and (b) time 

for WORM, each ‘ON’ state is compared with its previous ‘OFF’ state (e.g. the 37th 

‘ON’ state is compared to the 37th ‘OFF’ state) allowing us to observe the overall 

health of the device in each group of ten same state cycles, as well as over all one 

hundred complete ON/OFF cycles. This analysis begins by extracting the maximum 

current value for each cycle in terms of that cycle and over time. (Fig. 4.8(a-b)). 

From these plots no appreciable overall device decay can be seen. These values are 

divided by one another to obtain the ON/OFF ratio as shown in Fig. 4.9. The black 

horizontal dashed line in this fgure represents an ON/OFF ratio of one where at 

that value and below any defnition of memory is lost. The vertical dotted blue lines 

represent each pair of ten runs before the next group of OFF and ON runs began. 

There is greater decay in each grouping of ten cycles for σ rather than δ. This high 

and unstable relaxation causes two transition errors in the complete set. Over the 

course of the entire experiment the OFF and ON pairs retained this behavior, showing 

no improvement or increasing instability. The δ phase shows increasing relaxation in 

each set of ten, however it is critical to point of that the device’s ON/OFF ratio 
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Figure 4.9: ON/OFF ratio from the WORM analysis as a function of cycle number 

becomes higher during the entire set. 

4.3.4 Discussion 

In both the WRER and the WORM data there is clear relaxation for both phases, 

with the σ phase being more prone to the e˙ect. However, it is important to note that 

this fact does not undermine their potential use in memory applications due to the fact 

both ‘read’ states decay together. The overall magnitude of current is meaningless 

(the magnitude between the two phases are two orders apart), but rather only the 

ratio between each ‘read’ state makes it useful. The cause of σ’s higher relaxation has 

not been experimentally proven, but if the hysteresis is formed by proton migration 
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through the interlayer channels, then it could be a result of the larger interlayer 

spacing between each layer in the σ structure. Simply, if the spacing is larger, the 

easier the protons can migrate when an electric feld is applied, and the easier they 

can relax back to their initial state if the electric feld is held constant or reversed. 

This could also explain why in Fig. 4.9 the ON/OFF ratio for δ increases throughout 

the experiment. As the experiment progresses, the proton is never able to return to 

equilibrium even with reversing the voltage or turning it to zero. Constantly cycling 

this device means the average distance from equilibrium that the proton lies grows 

farther with each set of ten OFF and ON cycles. Since the size of the intercalated 

guest changes the interlayer spacing, the choice of cation could change the hysteresis 

shape and size since this is primarily determined by the rate of relaxation. 

However it is possible that electrochemical e˙ects have a more dominant role than 

suggested. It was mentioned in Chapter 4.3.1 that rectifying or insulating behavior 

was observed for slower sweep rates. Fig. 4.5 and Fig. 4.8 both illustrate clearly 

that even at our higher sweep rate there is some overall device decay as mentioned in 

the text. This small degree of degradation could be a hint that irreversible changes 

are indeed happening within the device every cycle. Wan et al. [190] has performed 

cycling of hydrated vanadium pentoxide as a function of sweep rate and observed 

device breakdown at rates as slow as 40 mV/s, but with signifcant device degeneration 

beginning at 80 mV/s which is close to our value of 100 mV/s. Our devices showed 

analogous behavior to theirs only at rates as slow as 1.25 mV/s. This is attributed 

to oxygen vacancy formation at the electrodes due to OH− weakening the vanadium-

oxygen bonds. It should be noted however that their measurements are performed 

with the voltage applied across the c-axis of the crystal. This di˙ers from our devices 

which are grown and measured along the b-axis, parallel with the interlayer channel 

as opposed to perpendicular to it (refer to Fig. 4.2). The di˙erence in direction of the 

applied voltage could explain why no signifcant device breakdown was observed until 
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a rate nearly 100 times slower. If the protons are more motivated to travel along the 

channel instead of interact with the V2O5 framework that surrounds them then the 

chance of an electrochemical reaction is lower. An alternative explanation could be 

that the nickel somehow hinders any signifcant decay. This contrasts their experiment 

which are done without having an intercalated metal. Hu et al. [145] performed 

WRER measurements similar to ours with potassium intercalated nanobelts and saw 

virtually no change in the switching properties after 150 cycles. Those nanobelts 

were also hydrated and in the delta phase. One could conclude that either the metal 

plays some role in stabilization or more likely the crystals axis in which the voltage is 

applied is crucial for durable non-volatile memory behavior. The observed rectifying 

or insulating behavior seen by applying a voltage across the c-axis isn’t necessarily a 

mistake or disadvantage, but rather shows how versatile hydrated bronzes or even the 

more simpler hydrated V2O5 can be in terms of the assortment of device applications 

this family can fulfll. It was suggested for the non-intercalated hydrated V2O5 that 

they could be used for low power read only memories or diode-resistor networks. 

Returning specifcally to our results; for overall concerns of practicality, the ON/OFF 

ratio range of 1.12-1.98 for the WRER analysis should be addressed. Compared 

with other upcoming ReRAM memory systems, those involving organic polymers, 

[191, 192] or even other established RAM systems such as MRAM [193–195] the 

ON/OFF ratio is comparable. Furthermore, it should be emphasized that there is 

still more potential functions that remain unrealized in these hydrated nanostruc-

tures. The e˙ects of oxygen vacancies could have on the memory properties have 

not been fully explored as well as any magnetic functionality due to nickel being the 

guest cation. Taking advantage of these potential magnetic properties could give rise 

to adjacent spintronic applications approaching the ideal of universal memory. 

https://1.12-1.98
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4.4 Conclusion 

To conclude we have studied two phases of hydrated, nickel intercalated V2O5 for the 

future application of memory devices. Both phases underwent WRER and WORM 

trials to demonstrate stability when switching between alternate ‘read’ states, and 

stability when continuously reading a single ‘read’ state. In both measurements, 

the σ phase showed a greater degree of relaxation which could be a result of higher 

proton mobility between each layer due to increased spacing. Device performance 

gives stable "read" states for both ON and OFF over many cycles and several hours, 

demonstrating high retention and endurance. The resulting quality of ON/OFF ratio, 

endurance and retention are comparable with that of other novel materials for ReRAM 

applications as well as preexisting RAM systems. The non-volatile memory property 

seen in hydrated V2O5 bronzes is one of the few technology roles this class of materials 

could fulfll and their full potential have not yet been realized. 



Chapter 5 

Miscellaneous V2O5 Bronze Studies 

In this chapter more vanadium oxide bronzes are examined. Fig. 1.11 in Chapter 

1.4.2 shows phase diagrams for various bronzes (β-Ag0.33V2O5, β-Na0.33V2O5, β0-

Cu0.65V2O5, and β-Li0.36V2O5) exhibiting a variety of magnetic, superconducting and 

charge ordering transitions. These exotic behaviors were brought about by varying the 

temperature of and/or the pressure on the sample. In the sodium samples specifcally, 

and most likely in all mono-valent bronzes, zigzag formations of V4+ and V5+ assemble 

along the a-b axis (refer to Fig. 1.10) during the charge ordering transition. [161] The 

ratio of these two oxidation states is determined by the amount of intercalated cations 

and their valency. The higher the density, the greater amount of V5+ atoms will shift 

to V4+ . These axes play an equally important role in determining the behavior of 

conduction similar to the discussion in Chapter 4.3.4 where conduction along the 

quasi 1-D tunnels parallel with the b-axis results in metallic behavior whereas for the 

a-axis and c-axis there is semiconducting behavior. [157, 161] Since this observation 

is made in other bronzes, it appears to be more dependent on intercalation density 

more so than the specifc guest cation since approaching a concentration of x = 0.33 

yields the metallic behavior in Ag intercalated samples as well. [139] 

For di-valent bronzes such as the aforementioned β-Sr0.33V2O5, the underlying 
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physics is di˙erent. This is evident from the di-valent bronzes showing frst-order 

jumps in magnetic susceptibility at the charge ordering temperatures whereas the 

mono-valent show no change. In previous studies, as the temperature is lowered 

below 50 K, the mono-valent bronzes show an exponential increase in susceptibility 

(Curie-Weiss behavior) where in contrast the di-valent show a decrease representing 

no long range spin order (a spin gap). [139, 143] It is clear that there is hidden phys-

ical processes happening within these systems in terms of their magnetic ordering, 

charge ordering, and physical structure. One way to probe further would be noise 

spectroscopy in measurements such as seen in Chapter 3.3.2. which have been used 

to uncover a mysterious charge order transition in addition to the metal-insulator 

transition seen in β0-Cu0.65V2O5 with stable stoichiometry. [138, 196], The next mea-

surements below detail β phase di-valent strontium samples in comparison with the 

previously explored δ phase. The behavior as a function of temperature and voltage 

is studied to di˙erentiate any correlated behavior between the two geometries. 

5.1 Transport of δ and β - Sr0.33V2O5 

The focus in this section will be to explore other cations in non-hydrated bronzes in-

tercalated with Sr. To contrast the double layers which have just been explored, one 

will be paired with the quasi 1-D tunnel β phase where the tunnels run the length of 

the wire in the b-axis. β-Sr0.33V2O5 has been studied previously for showing strongly 

correlated behavior, [197] namely a charge ordering transition below room temper-

ature (∼160 K). Fig. 5.1 is repeated from Fig. 1.11 to remind us of these exotic 

behaviors the β phase can demonstrate. However, cation ordering has also been ob-

served to begin as high as room temperature. [198] Like the mono-valent bronzes, 

these ordered states can be tuned by applying pressure where eventually even at low 

temperature the ordering can be broken with through suÿcient stress. Before that 
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Figure 5.1: Phase maps relating the variables temperature and pressure to induce 
various magnetic, structural and magnetic behaviors arising from the instabilities of 
inserted cations. (a) β-Ag0.33V2O5, (b) β-Na0.33V2O5, [143] (c) β0-Cu0.65V2O5, [40] 
and (d) β-Li0.36V2O5. [144] Note: This fgure is repeated from Fig. 1.11 

breaking happens however no superconductivity is observed which has been attributed 

to the systems magnetic state relaxing into antiferromagnetism before superconduc-

tivity is achieved. We frst start however by returning to the familiar δ phase as a 

basis, once again stressing that these samples are dehydrated so no switching behavior 

is observed as in Chapter 4. For the δ phase transport data shown in Fig. 5.2 typical 

semiconducting behavior is observed. Fig. 5.2(a) demonstrates the smooth nature 

of the layered phase which has taken on a rectangular prism morphology. Recently, 

samples of δ-Sr0.50V2O5 have undergone solution phase exfoliation towards the scale 

of unit cells which resulted in an increase in bandgap from 1.07 eV to 2.32 eV hinting 

towards dramatic tuning of this property for 2D semiconductors. [199] Fig. 5.2(b) 

shows the resistance versus temperature (RT) behavior over 200-350 K yielding just 
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Figure 5.2: Tranport data for δ-Sr0.33V2O5. (a) Device image with a scalebar of 10 
µm. Inset: Higher magnifcation image with a scalebar of 5 µm (b) Resistance versus 
temperature sweep at a bias of 100 mV. (c)Arrhenius model extraction of activation 
energy. (d) Current-voltage characteristics showing standard semiconducting non-
linear behavior 

over two orders of magnitude in change. When analyzed using an Arrhenius model 
Ea 

(R(T ) = R0 ekBT ) a single value of activation energy is extracted as 194 meV (Fig. 

5.2(c)). While the RT and subsequent constant activation energy show no appar-

ent correlated behavior unlike what has been seen in the β bronzes, it should be 

stressed again that methods such as noise spectroscopy can be used to detect any 

hidden features. Previous δ bronzes such as silver intercalated only clearly showed 

signs of correlated behaviors at extremes such as high voltage. [142] Nonetheless, the 
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current-voltage characteristics up to ± 10 V reveals standard non-linear semiconduct-

ing behavior for all temperatures (Fig. 5.2(d)). It should be noted though that the 

Ag intercalated samples had a concentration of x = 0.88, meaning either the density 

of strontium within the device needs to be larger to show this switching behavior or 

this is a feature of the silver or perhaps multiple transition metal guest cations. 

Figure 5.3: Transport data for β-Sr0.33V2O5. (a) Device image with a scalebar of 
10 µm. (b) Resistance versus temperature sweep at a bias of 100 mV. (c)Arrhenius 
model extraction of activation energy showing that unlike the β phase there are two 
activation energies in two temperature regimes. (d) Current-voltage characteristics 
showing an evolution from highly non-linear traces to linear as the temperature is 
increased correlating with the change in activation energy. 

Now, for the β phase an identical procedure is undertaken. Fig. 5.3(a) shows a 

typical device. Within the same range another RT is performed where except now 



66 CHAPTER 5. MISCELLANEOUS V2O5 BRONZE STUDIES 

the activation energy yields two values (Fig. 5.3(b)). When going below room tem-

perature the activation energy begins to decrease. This has been observed before, 

and also in a similar bronze β-Ca0.33V2O5. [200] While no exact model such as small 

polaron or variable range hopping would ft, this could be an indication of a charge 

ordering transition beginning to take place (Fig. 5.3(c)). The RT itself does not show 

any frst order changes in conductance which have been observed by other groups. 

While charge ordering itself has been seen to occur near room temperature as men-

tioned above, the deviation here could be the result of non-exact stoichiometry or 

mechanical strain from the contacts. Fig. 5.3(d) shows the IV characteristics for 

the β phase which show a dramatic change from drastic non-linearity to linearity as 

temperature increases, also indicating some transformation taking place within the 

material which is not present in the δ phase. β-Pb0.33V2O5 also showed unprecedented 

changes under application of voltage. There is also a gradual development from large 

non-linearities as the temperature is increased which is also attributed to charge or-

dering. [141] Temperatures below 200 K in those samples showed frst order changes 

in current with enough applied voltage at Vth. In further contrast the activation en-

ergy of these samples show a constant value across all temperatures implying di˙erent 

physics at play. This departure from what we have observed is curious since both of 

these bronzes belong to the di-valent variety. The lead bronzes also deviate from the 

expected norm in their magnetic properties as well where they remain paramagnetic 

at all temperatures. [201] These di˙erences could indicate that while valency plays a 

role in the physical properties of these systems, the fact that this is also a transition 

metal like the Ag bronzes means the long range order could be entirely di˙erent. 

Overall we have demonstrated that varying phase between the double layers frst 

studied in Chapter 4 and the quasi 1-D tunnel systems that make up the bronze 

phase show signifcant physical di˙erences. Coordination in these tunnels as opposed 

to between double layers results in a charge ordering transition that begins near room 
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temperature. This temperature makes it ideal for further study into exploiting this 

correlated behavior and more for applications. 

5.2 Irreversible E˙ects of Ionic Liquid Gating 

In this section the e˙ects of ionic liquid gating are explored. Oxides have been 

studied in various feld e˙ect geometries previously but overwhelming charge screening 

has slowed the realization of any implementation. Gating correlated oxides to any 

signifcant degree of polarization has been a large area of interest for the end result 

of creating a Mott-transistor [202, 203] where the instabilities of the system can be 

triggered through mass charge injection independent of the temperatures, pressures 

and other stimuli normally required. In contrast to typical solid gate dielectrics, ionic 

liquids are being used to push the boundaries of injectable charge densities and as a 

pleasant surprise can also include electrochemical reactions [204, 205] which will be 

discussed below. 

Here δ − [Ni(H2O)4]0.25V2O5 is studied again for this purpose. The device con-

fguration is as shown in Chapter 2 Fig. 2.2(c). The drain-source is between the 

electrodes with the vanadium oxide bronze channel and a third lateral contact forms 

the gate-source contact. Fig. 5.4 displays an initial resistance versus temperature 

(RT) sweep at a low bias of 50 mV in the linear regime is performed as a baseline 

for any changes the device may undergo. The sweep is over 250-325 K. Since ionic 

liquid gating with oxides often exhibits changes both reversible and irreversible, the 

history of the device is signifcant. Afterwards, the device is brought to 350 K where 

then a gate voltage of +0.5 V is applied. Note that the gate voltage is applied at 

the higher limit of temperature. This is standard procedure due to the fact many 

experiments involve temperatures below the freezing point of the DEME-TFSI is 182 

K. Although this sweep only goes to 250 K this procedure should be maintained for 
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Figure 5.4: Resistance versus temperature at various gate voltages showing an irre-
versible chemical reaction taking place preventing the device from returning to its 
original state 

comparison with other experiments. After this gated RT is fnished it is clear that 

the resistance of the device has increased. While at 350 K again, the gate voltage is 

now reversed to −0.5 V. This action does not recover the device’s initial state, but 

does cause the resistance to fall between the initial and positively gated value. If one 

were to start by applying a negative gate voltage, this would not actually decrease 

the initial resistance but still have less of a detrimental e˙ect than a positive gate 

bias would. The irreversibility of this gating hints to electrochemical reactions seen 

in other ionic liquid gated oxides. It has been suggested before that the TFSI anion is 

responsible for stripping the channel of oxide, [206] but the degree of irreversibility has 

been dependent on structure meaning V2O5 bronzes could be extra susceptible to the 

e˙ects and also diÿcult to repair the defects formed in the lattice. For a comparison 

with VO2, the monoclinic (insulating) phase is less reactive than the rutile (metallic) 

phase indicating the energy associated with remove an oxygen atom is structurally 

dependent. The monoclinic phase is able to be fully restored with an application 

of negative gate voltage, so the question remains what voltage history or process is 
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required to return the δ − [Ni(H2O)4]0.25V2O5 sample to its initial condition short of 

leaving it exposed to the atmosphere. 

Other MxV2O5 samples in all phases show this behavior as well and it is currently 

unclear what the overall impact this gating could have on the correlated electron 

behaviors seen in certain bronzes or the memory features seen in the hydrated bronzes 

discussed in Chapter 4. 



Chapter 6 

Metal-Insulator Transition in 

Cuproiridsite 

Parts of this chapter are adapted from a manuscript that is under review. 

A. Ali, D. Adhikari, C. Kilcoyne, A. Alsaqqa, N. Matsumoto, S. Nagata, and G. Sam-

bandamurthy, "Probing The Metal-Insulator Transition In CuIr2S4 Single Crystals 

Via Fluctuation Measurements," 2018. 

6.1 Introduction 

As stated in Chapter 1.5.1, CuIr2S4 has a metal-insulator and structural transition 

at 230 K. This change in conductance was studied through a two terminal measure-

ment. The cuproiridsite crystals yielded a size of 0.5 mm on average after being grown 

through a slow cooling method. The size and shape of these crystals disqualifed them 

from undergoing the nanofabrication techniques described in Chapter 2. Therefore, a 

single crystal was placed by tweezer onto a clean glass slide which served as the sub-

strate. It was mechanically and thermally anchored to the substrate by GE varnish. 

Silver paste contacts were applied manually to two opposing ends of a crystal. All 

measurements were performed in a two terminal AC confguration in a liquid nitrogen 
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cryostat using a Signal Recovery 7265 Dual-Phase DPS lock-in amplifer. 

An initial resistance versus temperature (RT) measurement in the range of 180-330 

K was taken to determine the exact transition temperature and for the specifc crystal 

during the cooling run (Fig. 6.1). This is crucial to identify when later establishing 

a series of electrically driven transition runs. This critical temperature (Tc) was 

Figure 6.1: Resistance versus temperature for heating and cooling cycles of a single 
CuIr2S4 crystal showing a Tc of 231 K. 

observed to be 231 K, and when heating the sample back to 330 K a hysteresis of 

width 11 K was produced generating a change in resistance of two orders of magnitude 

at the critical temperature. Now that resistance as a function of temperature has been 

determined, the sample is cooled down where DC voltage is applied across the crystal 

until a transition is recorded. The maximum voltage applied is 5 V to avoid damaging 

any signal wires, and to protect the sample during the transition a 100 ohm resistor 

is placed in series. In this voltage range the frst temperature at which a transition 

was recorded was 200 K. As the temperature is increased, the transition hysteresis 
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Figure 6.2: Current-voltage plots for several temperatures displaying the evolution of 
smaller jumps as clusters of metallic domains form as the Tc becomes nearer. This 
evolution smooths out the overall trace. No transition is observed above 231 K 

collapses, and many smaller jumping events are recorded (Fig. 6.2). This pattern 

continues until 231 K where afterwards the sample has become metallic once again. 

The RT shows that upon heating, the transition temperature should be 242 K. The 

fact that the current-voltage data doesn’t refect this suggests that Joule heating 

might play a critical role in the dynamics of driving the transition in this method. 

This idea is supported by the fact that in Fe3O4, the transition itself seems to be driven 

purely through voltage, whereas the hysteresis generated as a result is due to Joule 

heating. Pulse measurements varying the relaxation time in between each instance 

of applied voltage showed a smaller hysteresis for those larger time frames indicating 

thermal relaxation was responsible for the width. This logic is consistent with the 
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CuIr2S4 data. The width of the hysteresis does not change as much as the height with 

increasing temperature. When mentioned before, pulse measurements were described 

to allow for thermal relaxation before the subsequent application of voltage. Here 

a constant voltage is applied meaning the e˙ects of Joule heating are always active. 

The height in contrast does drastically decrease. The distinction between the phases 

becoming muddled with increasing temperature is responsible for this, but only the 

heating can explain why the nearly same magnitude in di˙erence of voltage at 200 K is 

also needed to switch the device at 230 K (around 0.63 V). The transition mechanism 

and subsequent transport dynamics for CuIr2S4 will be discussed further below. To 

study a sharper evolution of the threshold voltage sweeping upwards and downwards 

as a function of temperature, a fner set of measurements can be recorded to produce 

a phase map dependent on voltage and temperature as shown in Fig. 6.3. 

For the upward sweep, the frst ten degrees from 200 K to 210 K illustrate a 

very sharp transition like seen in Fig. 6.2 where there is an abrupt discontinuity 

between the brown and violet regions. Afterwards, an intermediate region evolves 

represented by the rust color which becomes prominent between 220 K and 230 K. As 

the temperature nears the thermally driven transition, this intermediate region could 

represent the percolation of metallic domains forming which in the current-voltage 

measurements were the small jumping events discussed. These portions of the crystal 

undergo their transformation prematurely due to stress or defects and are motivated 

into revealing themselves at smaller voltages due to the increase in temperature. For 

the downward sweep this intermediate region represented by the rust color appears 

as a thin band that runs the entire length of the color map between the metallic and 

insulating regions. The greatest di˙erences are conveyed in the frst ten degrees of 

the color plots where afterwards the behaviors seem nearly identical. The threshold 

voltages will be extracted to explore this transition more in depth. 

However, to determine the physical mechanism of the transition ramping upwards 
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Figure 6.3: Color map of voltage versus temperature with various shades representing 
the current. The approach towards a more gradual rather than a sharp transition can 
be observed with increasing temperature. (a) Upward sweep (b) Downward sweep 

or downwards, the contribution of voltage dropping across the series resistor and 

resistance of the signal wires must be removed. Doing so yields a transformation to 

an s-curve as shown in Fig. 6.4. Three temperatures of current-voltage measurements 

are displayed from the middle of the experiment (Fig. 6.4(a)), and after subtracting 

the unwanted contributions transforms the sharp vertical jumps used to mark the 

transition into nearly fat diagonally lines (Fig. 6.4(b)). The threshold voltages are 

extracted from the frst marker of the diagonal jump in the upward sweep and likewise 

for the downward sweep it is extracted at the frst marker heading back diagonally. 

Once these are collected for all temperatures both upwards and downwards are plotted 

together in Fig. 6.5. 

It is visually clear from the trends that the mechanisms responsible are di˙erent. 

While this is not atypical, the actual microscopic mechanism yielding familiar results 

may be di˙erent. As noted above, the lower half of the temperature window up to 215 

K di˙ers signifcantly from the upper portion. In the upper portion the two trends 

are parallel, despite any fuctuations in the upwards threshold voltage. However 
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Figure 6.4: (a) Example of select current-voltage traces without having the voltage 
drop across the standard resistor and signal wires removed. (b) The same traces with 
those voltage contributions removed leaving only the voltage across the device. 

2they diverge in the lower portion. As temperature decreases, Vth↓ follows a (Tc-T)
1 

trend, tapering o˙ with decreasing temperature where in contrast Vth↑ increases in 

a linear fashion as the temperature is lowered. Joule heating most likely impacts 

Vth↓ greater due to the high initial current. [206, 207] In other correlated systems 

such as VO2 the increase in transition voltage with deceasing temperature (in that 

case exponential) is due to charge ordering or in another case charge density wave 

(CDW) formation for Sr2CuO3 and SrCuO2. [208] However, that explanation isn’t 

likely for CuIr2S4 due to the fact CDW is most commonly seen in 1D chains in 

nanostructured correlated materials and a larger model not only involving charge 

ordering but also spin dimerization will be needed to understand the role any electric 

feld plays in switching. While there is obvious evidence that Joule heating plays 

a large role in the observed switching, there is nothing conclusive that says it is 

the primary cause. It does however severely impact the dynamics of the switching, 

most notably the shape, size and overall ruggedness of the hysteresis. Chapter 1.5.1 

introduces the idea that the many bumps we observed which we earlier attributed 

to Joule heating being able to activate metallic domains the closer we approached 
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Figure 6.5: The threshold voltages for upwards and downwards sweeps. Vth↑ follows 
a linear trend whereas Vth↓ follows a (Tc-T)

1 
trend indicating that two di˙erent 2 

physical mechanisms are at work. 

the transition temperature could actually be inhomogeneous melting of the domains. 

Various crystal imperfections changing the electronic structure could allow for certain 

regions to switch at lower temperatures giving this e˙ect. Whether this voltage driven 

transition is purely electronic, purely Joule heating or a combination of the two still 

remains a mystery. 

To conclude, the initial electrical characterization of these crystals has taken place 

and many questions have been put forward. Since the unanswered questions in this 

system parallel many other strongly correlated materials any further progress made 

in CuIr2S4 could beneft a wider audience. The fact that these phenomena take place 

despite being a 5d electron system should not only encourage more research into 

these materials but also remind us to look in unexpected places for new physics. 

The knowledge obtained from studying a 5d orbital system with three dimensional 

ordering could help refne research into other comparatively simple systems whose 

answers have been elusive. For the future resistance noise spectroscopy data will be 
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analyzed to further probe the physical mechanisms behind these phenomena. These 

measurements will put a magnifying glass on the percolation of domains and what 

drives their creation. 



Chapter 7 

Conclusion and Outlook 

This thesis has characterized and aimed to understand the new intricacies various 

nanostructures such as 1D nanowires and 2D thin fakes of various families of semi-

conducting materials. Through its description of device fabrication and universality 

with its material families many other researches should beneft from this text. 

For sulfde nanostrutures, questions about the impact of native sulfur vacancies on 

the transport properties have been addressed. While these vacancies have their most 

obvious impact in optical measurements, work on Bi2S3 has shown that extensive 

charge trapping can severely limit the mobility and give rise to unwanted high levels 

of noise within a transistor. This midgap state was detected around 350 meV below 

the conduction band, correlating with previous calculations. Field-e˙ect mobility was 

hindered by insuÿcient electric feld to overcome these trap states where across a 200 

K temperature range the charged impurities dominated. The charge traps make the 

performance of Bi2S3 nanowire transistors signifcantly vulnerable to factors such as 

voltage bias and temperature. Like other sulfdes, this work sets the framework for 

Bi2S3 to be a candidate for defect engineering. The next logical step would be to see 

how the level of vacancies can be tuned during growth, post fabrication annealing 

or other methods mentioned previously such as ionic liquid gating. Their layered 
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structure also makes it possible to mechanically exfoliate these wires. By reducing 

the thickness, any undesired charge screening or thermally activated carriers too far 

from the gate could be removed as an issue. The increase in charge density could also 

lead to new physics not currently known at this time. Additional future plans for Dr. 

Ganapathy’s group also include studying these nanowires as a function of selenium 

doping. As Bi2S3 gets nearer to Bi2Se3 in concentration, it would be interesting to see 

how any topological insulating domains might form and what would be the critical 

doping density to instigate this correlated behavior. 

An emergent memory feature of hydrated vanadium pentoxide bronzes was char-

acterized for understanding its mechanism and determining its suitability as a non-

volatile memory candidate. Through hydration a proton was able to disassociate 

from the water molecule and migrate between the vanadium pentoxide double layers 

changing the internal resistance of the material. It was shown through WRER and 

WORM testing that the δ phase had signifcantly less relaxation and volatility over 

time and cycle than the σ phase. This is likely due to the larger interlayer spacing 

in the σ phase giving the proton a larger mobility to travel back to the equilibrium 

position eliminating any change in internal resistance. On the contrary, the δ phase’s 

narrower spacing fxes this internal resistance change for much longer periods of time, 

or until a reverse feld motivates the proton back to equilibrium. By choice of inter-

calation cation, or through selection of structural phase the interlayer spacing can be 

tuned to adjust the mobility of this proton, altering the size and shape of the hystere-

sis. Future plans involve measuring a direct correlation between atomic radii of guest 

cations and the volatility of the memory e˙ect for a given phase, as well as continue 

the ionic liquid gating studies that were briefy visited in Chapter 5. The magnetic 

properties of bronzes such as these explored with guest cations such as Ni and Co will 

also be investigated for any additional magnetic e˙ects which would make hydrated 

MxV2O5 bronzes candidates for universal memory where spintronics for processing 
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could be coupled with non-volatile behavior for memory storage. 

Lastly, a strongly correlated material CuIr2S4 was explored and the transport 

characteristics studied. The metal-insulator transition in the single crystals of this 

material was driven both thermally and electrically. As the temperature is increased 

closer to the transition, many small jumps are observed in the current-voltage char-

acteristics indicative of competing domains forming within the crystal. Dr. Ganapa-

thy’s group is currently analyzing resistance noise spectroscopy data aiming to study 

the exact mechanism of the thermally driven metal-insulator transition, but also the 

nature of the electrically driven transition. Similar questions for other correlated 

materials arise, such as are the structural, magnetic and metal-insulator transition 

inherently joined? Or does one initial transition ultimately drive the others? There 

is also interest specifcally in the electrically driven metal-insulator transition. Is the 

nature of this transition a local Joule heating e˙ect that is indistinguishable from the 

thermally driven transition at the microscopic level? Discovering the answer through 

noise spectroscopy could be useful in understanding other systems with similar com-

peting mechanisms driving a phase transition. 

This thesis aimed to explore various nanostructured and material family systems 

to examine their physical properties for potential applicative use in the future. While 

this work aids in the understanding of specifc materials, much of the knowledge gained 

during the course of these studies can be used to assist in research of nanowires, thin 

fakes, oxides, sulfdes and correlated materials. 
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