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Department of Electrical Engineering

In this Ph.D. work, the resistive switching effects of vanadium pentoxide (V.O;) thin films are
extensively explored and investigated. Contrary to conventional Flash memory devices where the
information is stored by the electrons in the floating gate (FG), emerging memory devices employs
the resistive switching effects of metal-insulator-metal (MIM) devices in which the information is
stored in the location of atoms, which determines the high or low resistance state.

Both reversible and irreversible resistive switching are discovered for the first time in V.O,
based MIM devices and the switching effects are studied as a function of metal contacts and
environment, which play an important role in determining the device characteristics. Two
conductor materials, chromium and indium tin oxide (ITO), are mainly investigated and the

mechanisms for both irreversible and reversible switching are addressed. The dependence of



switching effects on testing environment is enabled by building a vacuum test chamber. The
devices are tested in a variety of gases environment and the role of intercalated H.O molecules in
enabling the resistive switching is established. Resistance change is attributed to reduction of
valence states of vanadium at electrode/V.O; interface resulting from the electrochemical reactions
when a voltage bias is applied. Reversibility of the switching is determined by whether the
electrode material has the capability of temporarily storing oxygen ions.

V.0 xerogel film synthesized by sol-gel process experiences drastic atomic structural change
during post annealing process, resulting in significant impact on resistive switching characteristics.
X-ray diffraction analysis reveals that a-phase V.O, forms at bottom V.O./ITO interface while f3-
phase V.O, forms at top V.O/ITO interface. The presence of intercalated H.O molecules is essential
for the reversible switching to occur. Ab initio calculations prove that the enlarged interlayer
spacing in V.0, xerogel significantly reduces the formation energies of oxygen vacancies, thus
enabling the creation of mobile oxygen ions.

In order to make the synthesis of V.O: thin film more compatible with modern IC fabrication
processes, thermal evaporation is employed for V.O, deposition. Reversible bipolar switching is
preserved and the stability of I-V characteristics over annealing temperature has been improved.
DFT calculations are performed to simulate the amorphous V.O: structure generated by melt-
quench process using ab initio molecular dynamics technique. Formation energies of oxygen
vacancy is also reduced in amorphous V.O,. Degradation of V.O; film due to spontaneous reduction

of vanadium oxide with presence of intercalated water molecules has been suppressed.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

High speed non-volatile memory is highly desired and has many applications as it can maintain
the stored information without any external power source. Currently, the most widely used non-
volatile memory is Flash memory based on floating gate (FG) transistors [1, 2]. Figure 1.1 shows
a typical flash memory cell that resembles a standard MOSFET, except that the transistor has two
gates: control gate (CG) and floating gate (FG). During the programming process, a large positive
voltage is applied on both the control gate and drain, creating a high current in the channel and
enabling the hot electrons to inject into the float gate and get trapped there as the floating gate is
insulated from the substrate [3]. By introducing negative charges into the floating gate, the
threshold voltage (V,) of the transistor increases so the current from drain to source under a small
read voltage is low, representing a logic “0”. During the erasing process, a large negative voltage
applied on the control gate forces the electrons to tunnel off the floating gate and into the channel
[2], resulting in a reduced threshold voltage and thus increases the drain-source current, which is
a logic “1”. Therefore, in Flash memory, the data is stored by the location of electrons.

While Flash memory has achieved great success over the past decades, it has its own
limitations as the feature size of semiconductor industry keeps going down following Moore’s
Law. When the gate oxide becomes thinner and thinner, quantum tunneling effects take place and
reduce the ability of the floating gate to hold its stored charge [3]. The excess fabrication process
for the floating gate is also limiting the area for a unit cell. Typical programming/erasing time for

a Flash memory cell is in ys range [4-6], which also limits the operation speed. Researchers are
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investigating emerging memory devices, such as Phase Change Memories [7-11], FeRAMs [12-

15], MRAM [16-20] and ReRAM to solve these issues.

Source Bit Line|
Line Word Line
Control Gate |

Float Gate

Figure 1.1. A flash memory cell

Resistive random access memory (ReRAM) is one of the promising candidates to replace the
Flash memory in modern integrated circuits and computing [21-25]. Most resistive memories have
a metal-insulator-metal structure and thus have a high resistance in their pristine states [26]. When
a high forming voltage is applied on the device, conductive filaments that usually consists of metal
ions or oxygen vacancies are formed between the two electrodes, reducing the resistance of the
device by orders of magnitude, which is the logic “1”. An erasing voltage that either reverses the
polarity or has a larger current compliance can break or dissolve the conductive filaments and
switch the device back to high resistance state, achieving the logic “0”. Obviously in ReRAMs,
the data is stored by the location of atoms in the device [27].

To achieve the formation of conductive filaments in ReRAM devices under a reasonable
forming voltage, the insulator layer has to been very thin (usually only a few nanometers).

However, other than forming conductive filaments bridging the two electrodes, resistance of the
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MIM devices can also be changed by modifying the interface properties between metal and
insulator. This type of resistive memories has not yet been extensively studied.

Vanadium pentoxide has been intensively studied in the past few decades due to its special
electrical and chemical properties. Its orthorhombic layered structure (Figure 1.2) promises a large
capacity of conducting and intercalating metal ions, especially lithium and sodium ions, for which
it can be used as a cathode material in lithium-ion batteries [28, 29]. The dangling vanadium-
oxygen bonds also suggest that the oxidation states could be easily reduced by electrochemical

reactions that might enable the interfacial resistive switching.

Figure 1.2. Atomic structure of orthorhombic V.O, crystal

A persistent and reversible electrochromic effect is also observed in V.O; structures, resulting
from intercalation and extraction of ions [30]. In particular, Iwanaga performed nano-scale
patterning of V.O, thin film by conducting AFM in the air without depositing other ionic
compounds as a charge source, suggesting that electrochemical reactions involving water
molecules are possible to occur in a plain V.0, film [31, 32].

Electron transport properties of crystalline V.O, are commonly characterized by small polaron
hopping (SPH) [33]. V+ atoms (vanadium atom with a valence of four) created by thermal agitation

and crystal defects induce extra electrons to the system, and electronic conduction occurs by means
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of electron hopping accompanied by a travelling lattice distortion. Therefore, the conductivity of
V.O: can be enhanced by several orders of magnitude after ion intercalation, which significantly
increases the concentration of V+ states. Switching behavior has also been reported in V.0, xerogel
due to the creation of a conductive channel [34]. However, the application of V.O; as a potential
memory material employing its electrochemical properties has not yet been exploited so far.

V.O, nanostructures, including nanowires, nanoribbons and nanofibers, have attracted
increasing attention recently, and are used in multiple electrical devices such as field emitters [35]
[36], field effect transistors [37], sensors [38-40] and photodetectors [41]. Nanoscale structures
usually have higher surface to volume ratios, thus making it easier for electrochemical reactions
to occur. One of the easiest ways to construct V,O, nanostructures is through the sol-gel process.
Nanoribbons are formed in DI water during a melt-quench process. After the gel is dispersed on
the substrate and dried, most physically and chemically bonded water molecules evaporate, leaving
a thin V.0, xerogel film consisting of entangled nanoribbons [42]. Recent research has shown that
such xerogel films with a nano-scale rough and porous surface could significantly enhance the

electrochemical reaction capability compared to crystalline V.O..

1.2 OUTLINE

In this thesis, we mainly explore the possible applications of nano-structured V.O, thin film
synthesized by sol-gel process for resistive switching based memory. Metal/V.O./Metal structure
is fabricated using microfabrication techniques; devices are characterized by various
characterization methods such as scanning electron microscopy (SEM), atomic force microscopy
(AFM) and X-ray Diffraction (XRD); electrical properties are measured by semiconductor

parametric analyzers (Keithley 2600B and Keithley 4200SCS), oscilloscope (Keysight
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DSO1022A) and function generator (Keisight 33621A); custom built vacuum chamber with the
functionalities of controlling environments (pressure, moisture and gas compositions), temperature
and laser coupling is employed to investigate the fundamental physics associated with the electrical
properties.

In chapter 2, we investigate the electrical properties of a Cr/V.O,-xerogel/Cr device structure
and observe abrupt switching in the current-voltage characteristics within a low bias amplitude of
1V. Interestingly, the switched electronic behavior of the device is controlled by the direction of
the first applied bias: one is diode-like and the other is resistor-like. Such switching is irreversible
and persistent, lasting for over 1 month. The switching mechanism is studied by performing
environment dependent I-V measurements and attributed to electrochemical reactions at the
metal/V.O, interfaces involving water molecules. An interfacial layer with reduced oxidation states
and thus lower electron affinity appears to be responsible for the diode-like and resistor-like
behaviors of the device. Different electrode materials are used to replace one of the chromium
electrodes but did not solve the issue of irreversibility.

Then we move to a ITO/V,O/ITO structure in chapter 3, and apply a post annealing process
to remove intercalated H.O molecules which might be one reasons for the irreversibility. A novel
bipolar forming free resistive switching behavior is discovered for the first time in this new
structure. While the bottom ITO layer functions as a common ground electrode, the top ITO layer
is an active element and used as an oxygen reservoir with an additional metal electrode patterned
on its top for making contact. Our device exhibits a low resistance state (LRS) in its virgin state,
and is switched to a high resistance state (HRS) when a forward bias of ~+2.5 V is applied. The
device can be reset to its original state at a reverse bias of ~—1.5 V. Transient response of the device

to applied voltage pulses with widths of 2 ys in a full programming and erasing cycle is also tested,
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confirming that no forming process is required and the device has the potential to work in high
speed circuit. By reducing the diameter of top metal contact, a significant decrease in switching
voltage is observed, implying a strong electric field enhanced effect associated with the switching
as the electric field beneath the top metal contact increases when decreasing the contact area, and
the switching is likely to occur at the interface instead of bulk filaments. Although the
ITO/V.OJ/ITO structure seems to be symmetrical, asymmetry in electrical properties is observed
when a reverse sweep is applied first. No resistive switching occurs up to -4 V and the I-V
characteristics of the device remain resistor-like. Bipolar switching appears only when a forward
bias is applied to the top electrode. This observation implies that oxygen ions do not migrate at the
bottom V.O/ITO interface and the two interfaces are asymmetric, which can be explained by the
asymmetric fabrication processes.

In chapter 4, it is discovered that the post annealing temperature strongly affects the electrical
properties of ITO/V.O./ITO structure. For the bipolar reversible resistive switching, the switching
voltages are optimized at post annealing temperature of 280°C; when the annealing temperature
increases to 400°C, the resistive switching behavior disappears. X-ray Diffraction measurements
suggest that the huge transition in electrical switching properties is related to the atomic lattice
structure of V,O,. When the V.O; film has large interlayer spacing supported by H.O molecules,
reversible switching occurs; when the annealing temperature increases and V.O, becomes highly
crystalline, reversible switching disappears. Ab initio calculations have been performed to evaluate
the formation energies of oxygen vacancies in both V.0, xerogel and crystalline bulk phases.

To overcome the drawbacks of V.O; film synthesized by sol-gel process, thermal evaporation
has been employed for V.O. deposition and the resistive switching characteristics of fabricated

devices are discussed in chapter 5. The thin film deposited by thermal evaporation has amorphous
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nature and shows stable I-V characteristics over annealing temperature. Similar to the xerogel film,
reversible switching behavior disappears when the annealing temperature reaches 400°C and the
film becomes fully crystalline. Ab initio molecular dynamics calculations are performed to
simulate the amorphous V.O; structure and evaluate the formation energies of oxygen vacancies,
which also decreases due to the metastable nature of amorphous V.O..

A unique coloration effect of ITO/V.O/ITO structure is presented and discussed in chapter 6.
The color of V.0, xerogel film changes from orangish to greenish when it is exposed under blue
laser with applied voltage bias. Both laser source with sufficient photon energy and adequate
voltage bias are required for the coloration to occur. The coloration effect is a proof of reduction
of oxidation states of vanadium atoms due to electrochemical reactions. The mechanism for
coloration is discussed and the importance of controlling water content in V.O, xerogel film is

addressed again.



Chapter 2. IRREVERSIBLE RESISTIVE SWITCHING IN XEROGEL
V,0s THIN FILM

In this chapter, chromium was first employed as the electrode material for metal/V.O/metal
sandwich structure. Resistance change by Atomic Force Microscopy tip was discovered on V.O./Cr

structure previously [31] so we decided to use it as a starting point.

2.1 CHARACTERIZATION

2.1.1 Film Synthesis

The high aqueous solubility of hydrated V.O, allows its use in solution-based microfabrication
methods, which are fundamentally inexpensive, both in terms of materials and equipment, scalable
to large areas, and do not involve any toxic or otherwise dangerous chemicals. Sol- gel techniques
have proven to be the most versatile, and of these the melt-quench technique has yielded good and
reproducible results on a variety of substrates.

The V.0, thin film is synthesized by a sol-gel process. In this method, V.O, powders were
melted in a fused quartz crucible in an air atmosphere at a temperature of 800°, and held for 15-20
minutes. The melting temperature of V.0, is 670-685°C. Then the melt was poured into DI water
at room temperature and stirred for 1 hour. This process yielded a yellowish color gel, with V.O,
nanoribbons which have hydrated surfaces suspended almost homogeneously in water. This gel
was applied to different substrates by a dip coating method. After application, the film was slowly
dehydrated in open air on a hot plate with a fixed temperature of 40°C, which resulted in a xerogel

film with a gentle overlapping of the ribbons and thus a good alignment of the c-axis normal to the



9

plane of the substrate. The film consists of entangled nanoribbons in the SEM images shown in
Figure 2.1.

Surface roughness of the film is characterized by atomic force microscopy (shown in Figure
2.1 (a) inset). AFM measures the surface height distribution of the synthesized film. Based on the

AFM data, the surface roughness is estimated to be 30 nm.
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Figure 2.1. SEM image of V.O, xerogel film synthesized by sol-gel process. (a) Bulk region
of the film. Inset: Surface height profile extracted from AFM data. (b) Edge of the film. Single

nanoribbon can be observed clearly.

2.12  X-ray Diffraction Analysis

The crystal structure of the V.O,xerogel film was obtained by Bruker F8 Focus Powder X-ray
diffractometer using an X-ray source of Cu K-a radiation with wavelength of 1.54 A. Three
samples were annealed for 30 minutes at different temperatures (150°C, 300°C and 400°C). One
control sample without annealing treatment was also tested for comparison (Figure 2.2).

One dominant peak which represents the (001) orientation can be identified in the results,
showing a crystalline structure with random ab-planes but well-aligned c-axis. Note that even in

the sample without any annealing, this peak is significant, indicating that the V.O. nanoribbons
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have a good alignment in c-axis. However, compared to bulk V.O, with (001) peak at two theta
equal to 20.8°, our presented results, 6.9°, 7.1°, 7.9° and 12.3° respectively, all show smaller two
theta values at the (001) peak, corresponding to larger interlayer spacing as a result of the water
molecules intercalated between the V.O. layers [42]. This is consistent with the fact that an
increasing trend of two theta values is observed as the annealing temperature increases, which
removes more intercalated water molecules. The full-width half-max (FWHM) of the (001) peak
also shrinks and other small peaks appear while the annealing temperature increases. This means
the nanoribbons exist at first, but slowly disappear when increasing the annealing strength, making

the structure more like a uniform, crystalline thin film.
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Figure 2.2. X-Ray diffraction analysis of V.O; xerogel film annealed at different

temperatures.
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2.2  DEVICE STRUCTURE

A schematic of the tested device structure is shown in Figure 2.3. The device consists of a
vanadium pentoxide xerogel thin film sandwiched by two metal electrodes. The bottom electrode
is fabricated by e-beam metal evaporation. Aluminum with a thickness of 280nm is deposited on
the silicon substrate, and then capped with a thin layer of 20 nm of chromium to prevent oxidation
of the aluminum. The V.O, xerogel thin film is then deposited by a dip coating process on top of
the bottom electrode. The thickness of the film is uniform and around 900 nm. A top electrode dot
with diameter ranging from 1mm to 10mm is patterned by a shadow mask during another e-beam
metal evaporation. Note that chromium is also used as the interface metal in order to make the
device symmetric. 260 nm of aluminum is then deposited to make the top electrode more robust
for probe-station measurements as well as to avoid the internal stress of Cr which might crack the
electrodes, and this is capped with another layer of Cr. After the device is fabricated, a clean room
swab with DI water was used to remove the excess V.O, layer around the top electrode, in order to

eliminate the geometry effects and offer equivalent gas exposure to both top and bottom interfaces.
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Figure 2.3. Schematic of the device structure. Bottom electrode is fabricated on silicon
substrate. V.O, xerogel film is then deposited by sol-gel process. Top electrode is then patterned

by shadow mask evaporation.
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2.3 CURRENT-VOLTAGE CHARACTERISTICS IN AIR

The current-voltage characteristics of the device are measured by a custom-built probe station and
a Keithley 2612b source meter unit. In the measurements, the bottom electrode is grounded and a
voltage bias is applied to the top electrode. Environmental tests are performed inside a custom
designed high vacuum chamber that can as well be filled with mixtures of different gases.

Current-voltage measurements of the metal-V.O,-metal structure were first performed in air.
The device exhibits a low-resistance state under low applied bias (200 mV), as shown in Figure
2.4 (a). This is characterized as the virgin-state of the device. Electrical switching occurs for the
first time when a forward cyclic voltage sweep with magnitude of 1V is applied to the top
electrode. A large hysteresis loop with two distinct peaks (at 0.3 V and 0.7 V respectively) exists
in the I-V curve (Figure 2.4 (b)), indicating that the state of the device has been changed. The
mechanism for switching is attributed to the change of oxidation states at the top electrode/V.O,
interface due to electrochemical reactions. In the subsequent voltage sweeps, the I-V curves behave
like a diode with clear rectifying features as well as a few peaks (Figure 2.4 (c)). Note that the
magnitude of the dominant peak keeps decreasing in the consecutive sweeps, indicating that the
reactants, in this case mainly the V.0, at the interface, is being consumed.

We have observed that the scan rates do not change the ability to obtain the transition in
resistive to diode like behavior. The inset to Figure 2.4 (c) shows the I-V measurements with found
different scan rates. With higher scan rates (400 mV/s and 800 mV/s), switching is suppressed in
the first scan, implying that electrochemical reactions are limited by lack of time. However,
repeated scans yield the same behavior as obtained with a single scan with a lower scan rate. That

is, switching becomes more pronounced with increasing number of sweeps, further proving the
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irreversibility of the devices. Further tests under low bias show that the current has been greatly

suppressed (>1,000 times) with strong hysteresis after the switching (Figure 2.4 (d)).
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Figure 2.4. Current-Voltage characteristics of the device in air atmosphere. (a) Low-bias

measurements of the virgin-state. The device is in a high conductance state and lasts for over one

month if not applied higher bias. (b) Forward-first sweep. Switching of the device happens and

shows two peaks. (c) Following reverse sweeps. The device remains in a diode-like state with

peaks. Inset: Sweeps with different scan rates. (d) Low-bias measurements show that device has

been switched to low conductance state.

Interestingly, the device exhibits an entirely different behavior when a reverse voltage sweep

is applied first. Switching with similar hysteresis loop happens in the first reverse sweep and two

peaks show up at -0.3 V and -0.7 V (Figure 2.5 (b)), implying that the same electrochemical

reaction is happening at the bottom electrode/V.O, interface. However, in the following sweeps,
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the device shows highly linear I-V characteristics with little hysteresis, namely a resistor-like state
(Figure 2.5 (b)). Further bias sweeps with a magnitude of 1 V have little influence on the I-V
curves, indicating that further electrochemical reactions are prevented. The low bias current shows
that the resistance of the device has been increased by 5~6 times (Figure 2.5 (a)). Both the diode-
like and resistor-like states of the device last for over one month when the device was stored in a
vacuum dessicator, suggesting that the switching is irreversible and persistent. No significant

degradation of the device is detected within one-month time frame.
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Figure 2.5. Reverse-first sweep I-V characteristics. (a) Low-bias measurements show that the
resistor-like state has only 5~6 times higher resistance than the virgin-state. (b) Switching
occurring at reverse bias shows similar peaks (-0.3 V, -0.7 V) as forward bias case, but turn the

device into a resistor-like state.

24  SWITCHING MECHANISM

Vanadium has its highest oxidation state (V*) in V.O, and has the capability of changing its
oxidation state in the presence of reactants and an external electric field. Here, we attribute the
reason for the abrupt switching of the device’s electronic behavior to the reduced oxidation states

formed at the Cr/V.O; interfaces, due to electrochemical reactions involving water molecules. To
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prove our hypothesis and further understand the switching mechanism, we performed I-V
measurements in a controlled environment.

In Figure 2.6 (a), the device was measured in a vacuum environment (base pressure < 100
mTorr) for about 5 minutes. It is observed that the switching still occurs during the first forward
sweep. In the following sweeps (Figure 2.6 (b)), the rectifying feature becomes less significant,
the hysteresis is reduced and the peak is suppressed, implying that further electrochemical
reactions are limited, due to the lack of reactants. As a comparison, we put another device in
vacuum for over 2 hours, allowing any intercalated water molecules to fully evaporate. After
evaporation, with applied bias, the device shows diminished switching behavior and remains in a
high conductance state after multiple sweeps (Figure 2.6 (¢)), indicating that the intercalated H.O
molecules are responsible for the switching observed in Figure 2.6 (a). Then, we pass air through
a drying tube that helps remove moisture, and bring the pressure up to 600 Torr. I-V measurements
in dry air also show that the switching does not occur (Figure 2.6 (c)), proving that H.O in the
environment is essential for switching to happen, and the switching of oxidation states is not due
simply to the oxidation of chromium electrodes. Finally, a mixture of nitrogen and water vapor is
passed into the chamber. In a few minutes, the device is able to be switched again (Figure 2.6 (d)),
indicating that H.O is sufficient for inducing switching. Small bubbles are observed in all the
devices after switching, indicating that there are gases released in the reactions. Permanent loss of

oxygen is likely to be the reason for the irreversibility of the switching.
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Figure 2.6. I-V measurements in different environments. (a) Sample is in vacuum for 5
minutes. Switching still occurs as it’s in air. (b) Following sweeps show much less hysteresis and
reduced peak. (c) Sample has been in vacuum for over 2 hours. Switching is highly suppressed
due to water removal. (d) Chamber is vented and the same sample in (c) is tested in nitrogen and
water vapor. Switching occurs once again.

So far, we have proved that the presence of H.O molecules is essential for switching the
device. With its layered atomic structure, V.,O, has the capability of intercalating cations such as
lithium and protons. We provide a detailed hypothesis for the resistance change observed. When
a voltage bias is applied to the device, the electric field at the Cr/V.O, interface creates protons
from the dissociation of H.O molecules (2.1). Such reaction does not occur spontaneously as the

dissociation of H.O is endothermic and requires external energy [43]. The energy is provided by

the current, which also explains the long stability of the virgin state. We note that in materials such
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as TiO,, the dissociative adsorption of HO on the TiO. surface is an exothermic process in the
presence of oxygen vacancies [44]. The main hypothesis in our explanation is that the dissociation
energy of H.O is reduced when H.O molecules are intercalated in V.O; layers. The created protons
are then driven into V.,O; nanoribbons, form bonds with oxygen (or create OH- groups), reduce the
oxidation states of V.0, and form a colored H,V.O: (2.2). At room temperature, the presence of OH:
groups weakens the V-O bonds, making it much easier to remove H.O molecules and leave oxygen
vacancies in V,O; lattice (2.4). In the chromium side, OH- groups lose electrons and release oxygen
gas, creating bubbles in the device (2.3). The complete electrochemical reactions at the Cr/V.O,

interface are shown below:

H,0=H"+OH" @2.1)
V,0,+xH" +xe” =H, V,0; (22)
40H —4e” =2H,0+0, 1 (2.3)
H, V,0, = %Hzo +V,0_, (2.4)

2.5 ASYMMETRY IN TWO INTERFACES

The asymmetry in the current-voltage characteristics with two opposite bias polarities indicates
that electrochemical reactions only involve interfacial V.O, rather than the whole film, otherwise
symmetric electrical characteristics would be observed regardless of the bias polarity. In our
hypothesis, electrochemical reactions start from the Cr/V.O; interface to form V.O., layer, and the
thickness of interfacial layer with reduced oxidation states keeps growing with increasing number
of bias sweeps until the applied bias cannot supply enough energy for electrochemical reactions to
occur. The asymmetry we observed still stays pronounced after removal of excess V.O, layer

around the top electrodes, implying that the asymmetry does not simply arise from different
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exposures to the humidity in the environment, but from the asymmetric synthesis process of the
two Cr/V.,0, interfaces. Besides, under forward bias bubbles can be observed while there are none
under reverse bias, indicating that electrochemical reactions are suppressed in the reverse bias
case.

The bottom interface is formed during the sol-gel process of depositing V.O; xerogel film, in
which case the system is exposed to air on a slightly heated (40°C) hot plate for about 5 hours. A
very thin native oxide layer grows on top of the chromium layer during this process, which
substantially reduces the reactivity with the subsequent grown V.O: xerogel film. By contrast, top
interface is formed in the e-beam evaporator chamber with high vacuum environment, where the
fresh chromium atoms impact the V.O, surface with a variety of incident angles without being
terminated by oxygen. During subsequent bias sweeps, if a reverse bias is applied first,
electrochemical reactions occurring at the bottom interface are restricted by the native oxide on
the chromium as it takes more energy for the electrons bound by OH: groups to overcome the oxide
barrier and transfer to the chromium electrode, resulting in a relatively thin layer of vanadium
oxide with reduced oxidation states. In the other case of a forward sweep first, the un-oxidized
chromium allows the electrochemical reactions to fully take place until all the reactants have been
exhausted, implying a much thicker interfacial layer with reduced vanadium oxidation states. The
asymmetric thicknesses of these interfacial layers with reduced oxidation states are responsible for

the asymmetric I-V characteristics in the resistor-like and diode-like states of the device.

2.6 PHYSICAL EXPLANATION FOR DIODE AND RESISTOR-LIKE STATES

In this section, we describe one possible explanation for the underlying mechanism responsible for

the different diode-like and resistor-like behaviors programmed by the polarity of the first applied
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bias. Previously we found that during the voltage sweep, electrochemical reactions occurred at the
Cr/V.0O; interfaces, introducing vanadium oxide layer with reduced oxidation states into the system.
It has been reported that reduction of oxidation states in V.O, will dramatically decrease the
electron affinity of vanadium oxide [45], which helps provide insight in understanding the device’s
behavior.

The band structure of a virgin-state device is shown in Figure 7(a). The conduction band
energy of V.O: is close to the Fermi energy of chromium, forming a low Schottky barrier (¥,,) for
electrons. There is also a very thin layer of chromium oxide on top of the bottom electrode. Note
that the electron affinity (E,) of the chromium oxide is close to the work function of chromium.
Thus, in the virgin-state of the device, the conductance is high and the contact resistance can be
neglected in the low-bias range. When a forward sweep is applied, protons are driven into the V.O,
layered structure continuously and they create oxygen vacancies in the lattice, resulting in a thick
interfacial layer with reduced oxidation states (Figure 7(b)). The electron affinity (E,) of such
interfacial layer is much lower than the V.O, region, indicating that the conduction band energy
rises and thus a Schottky contact with higher electron barrier (®},,) is formed at the top interface.
This Schottky barrier is responsible for the diode-like behaviors in the forward-first I-V
measurements. Note that the increased Schottky barrier is consistent with the polarity of
conduction we observed in the experiments. In the contrasting case of a reverse-first sweep, similar
electrochemical reactions will first occur at the bottom interface. However, such reactions are
highly limited by both the native oxide on chromium. Therefore, a much thinner interfacial layer
is formed in the reverse-first sweep (Figure 7(c)), resulting a thinner Schottky barrier region
through which electrons can easily tunnel. On the other hand, such a thin Schottky barrier region

still increases the contact resistance at bottom interface to a few times larger than the bulk
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resistance of V.0, region. In the following sweeps, the increased contact resistance acts as a voltage
divider that limits the voltage drop at both interfaces, thus preventing the occurrence of further
electrochemical reactions. Therefore, the device remains in resistor-like state.
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Figure 2.7. Band structure of the device. (a) Virgin-state. Chromium has low work function
and thus forms a weak Schottky barrier at the interfaces. The device behaves like a resistor in
low bias range. (b) Diode-like state. Interfacial layer with reduced oxidation states forms at top
interface, creating a stronger Schottky contact. (c) Resistor-like state. Interfacial layer is formed

at bottom interface, but with thinner width. Electrons can tunnel through easily.
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2.7  OTHER STRUCTURES TESTED

Asymmetrical resistive switching has been discovered in the Cr/V.O/Cr structure and the
mechanism is explained by the reduction of oxidation states of vanadium atoms. So far, the
switching is irreversible due to the release of oxygen gas, and for real application in circuits, it is
important to make it reversible. To achieve this goal, we have also tested other device structures
with different conductors that are available in Washington Nanofabrication Facility (WNF) as
electrodes, such as ITO/V.,O,/Cr, Ct/V,O/ITO, Ti/V,O,/Cr. It turns out that asymmetrical switching

only occurs in Cr/V.O,/Cr devices.

27.1 ITO/V,0,/Cr Structures

We first tried replacing one chromium electrode with the conductive transition oxide - indium tin
oxide (ITO). ITO is one of the most widely used transparent conductive oxides and it has a wide
bandgap of around 4 eV that allows visible lights to pass through. The purpose of this work is to
investigate the light response of V.O, devices as well as the effects of a different conductor as
electrode. ITO is fabricated by magnetron sputtering, which typically gives a sheet resistance of
80€2/sq with thickness of 160nm and work function of 4.1 eV. Compared to chromium, it is much
less conductive but should form a low Schottky barrier with V.O, that exhibits resistor-like
behavior. Two types of devices are fabricated: devices with ITO as the top overlayer and devices
with ITO as the bottom adlayer. The other electrode is kept as chromium. The asymmetric
fabrication process that has been described in previous section still exists in chromium. ITO

electrode itself is kept symmetric for both overlayer and adlayer as ITO does not get oxidized in
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the air. Top electrode is patterned by shadow mask during fabrication process while bottom
electrode covers a whole 4°” wafer so there is an intrinsic asymmetry between the two electrodes.

I-V characteristics of the two types of devices are measured using Keithley 2600B and a
custom-built probe station. The I-V characteristics of the ITO overlayer devices are shown in
Figure 2.8. Little switching can be observed under positive bias, while significant switching is
featured under negative bias. The asymmetric diode-like and resistor-like behaviors disappeared.

Regardless of the polarity of the first sweep, the devices only show one final state — resistor-like

state.
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Figure 2.8. I-V characteristics of ITO (top)/V.O,/Cr (bottom) devices. (a) Forward-first

sweeps. (b) reverse first sweeps.

As a comparison, the I-V characteristics of the ITO bottom adlayer devices are shown in
Figure 2.9. Huge switching behaviors are observed under positive bias during both forward and
reverse sweeps with amplitude of 1V. Small hysteresis loop is observed under negative bias during
reverse first sweep, but it does not change the state of the device. It’s clear that switching under
positive bias is dominant in determining the status of the device. By contrast to the ITO overlayer

devices, diode-like behavior is the only state after switching.
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Figure 2.9. I-V characteristics of Cr (top)/V.O./ITO (bottom) devices. (a) Forward-first
sweeps. (b) reverse first sweeps.

Based on the previous I-V measurements, it can be concluded that asymmetry still exists by
comparing ITO overlayer and adlayer devices. When ITO is the top overlayer, device exhibits
resistor-like state after switching regardless of the polarity of the first sweep; in the other case
when ITO is the bottom adlayer, device only shows diode-like state after switching. In other words,
the final state of the device is determined by Cr/V.O; interface instead of ITO/V.O, interface. This
is a further proof of our previous hypothesis, that is, asymmetric Cr/V.O: interfaces result in
different levels of electrochemical reactions, which substantially decide the device state.

Photoresponse of ITO (top)/V.O./Cr (bottom) devices is also tested. The results are shown in
Figure 2.10. Blue laser with wavelength of 405 nm (photon energy = 3.06 V) is shined on the top
electrode with applied voltage sweep by the probe tips and the same I-V measurements are also
performed in dark environment as a comparison. Figure 10 shows that even though the photon
energy of blue laser is larger than the bandgap of V.O,, there is very little photoresponse observed
in the devices. A possible explanation is that when the device is in resistor-like state, its
conductance is already high so that the photon generated current is very small compared to its

intrinsic current. Another observation is that the color of the device changes when a large voltage
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is applied. Bluish color change is observed under negative bias and reddish color change is
observed under positive bias. Notice that this color change is not relevant to the blue laser as it is
observed both with and without blue laser source. This color change is also not persistent and

disappeared after a few minutes.
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Figure 2.10. Blue laser response of ITO (top)/V.O/Cr (bottom) devices. (a) Low bias

response. (b) 3V forward bias response.

272 Ti/V.O./Cr and Ti/V.O/ITO Devices

To solve the problem of irreversibility, we also tried to employ titanium as one of the electrodes.
Titanium has been used in various resistive memory devices as reactive electrode capping
transition metal oxides such as HfO.. The generally accepted mechanism for the reversible
switching is that titanium acts as an oxygen reservoir that temporarily stores oxygen atoms which
are driven by applied electric field, creating oxygen vacancies in the sandwiched oxide region that
substantially changes the conductivity of the device. It would be interesting to introduce this

material as one of the electrodes to see if it could help change the irreversibility.
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We have tested two device structures: Ti/V.O./Cr and Ti/V.O/ITO. Titanium is fabricated by

electron beam evaporation and always acting as the top electrode due to its high reactivity with

oxygen in the air. The I-V characteristics of the devices are shown in Figure 2.11.
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Figure 2.11. I-V characteristics of (a) Ti/V.O./Cr device (b) Ti/V.O/ITO.

The I-V characteristics of both device structures show strong rectifying feature, that is, the
device is conducting under negative bias but relatively insulating under positive bias. Slight
hysteresis behavior can be observed under negative bias, but there is hardly any under positive
bias. This feature could be explained by the high reactivity of titanium itself. V.O, is already fully
oxidized and might react with titanium during deposition process, forming a built-in interfacial

layer with reduced oxidation states that decreases the conductivity under forward bias.

2.8 SUMMARY OF CHROMIUM/V.O, DEVICES

In this chapter, we mainly investigated the electrical switching properties of Cr/V.O. xerogel
devices. V.0, xerogel film fabricated by sol-gel process has nano-structured surface consisting of

bundled V.O, nanoribbons. Without post annealing process, the film contains intercalated H.O
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molecules between atomic layers of V.O,. When the film is sandwiched by two chromium
electrodes, significant change in the resistance of the film is discovered and the switching is
asymmetrical and irreversible. Environmental tests have confirmed that the irreversible switching
is catalyzed by the intercalated H.O molecules. The significant increase in resistance is attributed
to the reduction of oxidation states of vanadium at Cr/V.O, interface. Different electrode materials
such as ITO and Titanium have been tried to solve the problem of irreversibility. However, so far
reversible electrical switching has not yet been achieved, which prohibits the application of V.O,

in real-world memory circuits.
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Chapter 3. FORMING FREE BIPOLAR RESISTIVE SWTICHING IN

ITO/V,0s/ITO STRUCTURE

In the previous chapter, we have discussed the asymmetrical irreversible resistive switching
discovered in Cr/V.O,/Cr sandwich structure. Due to the existence of intercalated H.O molecules,
vanadium ions are easily reduced when a small voltage bias is applied and oxygen gas is created
as there is no place for the oxygen ions to be temporarily stored. Testing on other devices with
different electrode materials also indicates that the presence of Cr in the sandwich structure is
always the dominant electrode that introduces irreversible switching. As it is important to have
reversible operation between the two resistance (memory) states, we probed the ITO/V.O/ITO
structure with a post annealing process added to get rid of the intercalated H.O molecules, which
could also introduce irreversible switching. A novel interfacial forming-free bipolar switching is
discovered that is very different from the conventional filamentary switching in resistive random

access memory (RRAM).

3.1 MOTIVATION

Resistive random access memory (RRAM) is considered as one of most promising candidates for
the next generation memory due to its high speed [46, 47], low power consumption [46] and
superior scalability [47, 48]. Most RRAMs are based on Metal-Insulator-Metal (MIM) systems
and can be divided into two categories: unipolar switching and bipolar switching [26]. The
generally accepted physical mechanism responsible for bipolar switching is the formation and
annihilation of conductive filaments due to migration of ions driven by electric field [21]. Prior to
resistive switching behavior, a large forming voltage that is a few times higher than the switching

voltage is usually required to form the conductive filaments in a pristine insulator layer. However,
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high forming voltages result in very high electric fields, which cause severe electrical and
mechanical stresses to the MIM memory element (the value of the voltage depends on the thickness
of the insulating layer). Dramatic changes of the film morphology are observed after forming,
including partial blowoff of electrode material [49]. The forming process may also result in
unpredictable resistance states, which lowers the device yield [50, 51]. Obviously, reducing or
even eliminating the forming step is valuable for practical applications.

So far, the so-called forming free resistive switching with two different characteristics has
been realized. In the first case, the pristine state resistance is similar to the high resistance state
(HRS) after reset, and the forming voltage is comparable to the subsequent set voltage [52]. In
the second case, conductive filaments have already existed in the as-fabricated RRAM cells,
resulting in an initial ON state [53-56]. However, both cases require elaborate control of the defect
profiles of the device achieved by various approaches, including film thickness optimization [54],
ion doping [52, 55], thermal treatment [53] and fabrication modulation [52, 56]. The drawback is
that this increases the complexity of fabrication. In this work, we demonstrate a forming-free
bipolar resistive switching in ITO/V.O/ITO sandwich structure for the first time. Commercial ITO
coated glass with a sheet resistance of 15 €2/sq is used as substrate and bottom contact. The carrier
concentration is estimated to be 9.66 x 10%2° cm™3, by using parameters from literature [57]. The
Fermi level is thus calculated to be around 1.02 eV above the conduction band minimum [58]{59].
A thin film of V.O, with a thickness of 300 nm is deposited using a sol-gel process. The top layer
of ITO (160 nm) is deposited by magnetron sputtering and the corresponding sheet resistance is
50 €2/sq. After the deposition of the top ITO, a post annealing step is applied at 300°C for 20

minutes in ambient air to remove the intercalated water molecules in the V.O, xerogel layer. An
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additional top contact made from Cr (20 nm)/Al (260 nm)/Cr (20 nm) is then deposited and

patterned by a shadow mask, with contact diameters ranging from 30 ym to 100 pm.

3.2 RESULTS

32.1 Resistive Switching Characteristics

The current-voltage (I-V) characteristics of the device were measured by a custom-built probe
station and a Keithley 4200 source meter unit (SMU). The bias voltage is applied on the top metal
electrode and the bottom ITO electrode is grounded. The measured characteristics are shown in
Figure 3.1. An abrupt drop in current is observed at around +2.5V, indicating a static resistance
that has increased by 5~8 times, varying with different devices. The current level is reset to its
original state after a reverse bias of —1.5V is applied. Subsequent sweeps show consistent and
reproducible resistive switching characteristics. Notice that no forming process is required prior to
the bipolar switching behavior. During the DC voltage sweep no current compliance is applied
either. The results not only suggest a reversible bipolar resistive memory behavior in the V.0,
device, but also imply a novel switching mechanism different from conventional resistive
memories with metal-insulator-metal structures, in which case a large forming voltage is required
to create conductive filaments in the pristine insulator layer. In addition, the large thickness of the
V.O; layer prevents the formation of any conductive filaments bridging two electrodes under such

small biases.



0.015 | '
. — 1st Sweep
0.010 —2nd Sweep 1
0.005 | 7
< i — 7
‘é 0.000 —
8 i -
-0.005 7 L, 1 Probe Tip
V10
-0.010 + @ ‘:;‘: 1
- Glass
-0.015 , , , ,
-4 -3 -2 -1 0 3 4
Voltage (V)

30

Figure 3.1. Resistive switching characteristics of ITO/V.O,/ITO structure, measured by using

a probe tip (2 ym diameter) on the top ITO layer. The applied voltage varies from 0 V=3 V—0

V—-3 V-0 V. Abrupt resistive switching is observed at +2.5 V during the initial sweep. The

resistance is reset to its initial state after a bias of —1.5 V is applied.

Figure 3.2 shows the transient response of the device to applied voltage pulses with widths of

2 us in a full programming and erasing cycle. The initial status of the device is read by a +0.2 V

voltage pulse (Figure 3.2 (a)) and shows a high current of 600 yA. Then a +4 V pulse is applied

(Figure 3.2 (b)), followed by another “read” operation that shows a lowered current of 400 A

(Figure 3.2 (c)). A —4 V pulse is applied (Figure 3.2 (d)) to reset the current of the device to 580

uA (Figure 3.2 (e)). Note that the decreased ON/OFF ratio shown in the transient response is due

to the degradation of the sample which has a ON/OFF ratio of 2:1 even during DC sweep. The

transient response results show that the devices have the potential to operate in high speed circuit.

It is also worthy to point out that the switching speed of ITO/V.O/ITO device is much higher

compared to the Cr/V.O./Cr devices. In the case of chromium devices when the scan rate is 0.8

V/s, there is very little switching observed in the I-V curves, indicating that the irreversible
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switching is a relatively slow process. In the case of ITO devices, the switching speed is increased

by orders of magnitude, suggesting a difference in fundamental switching mechanisms.
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Figure 3.2. Transient response of the ITO/V.O/ITO device. The applied voltage is shown in
blue. The detected current is shown in green. (a) +0.2 V, 200 ns “READ” pulse in the low
resistance state. (b) +0.2 V, 200 ns “READ” pulse in the high resistance state after applying a
“SET” pulse of +4 V, 200 ns. (¢) +0.2 V, 200 ns “READ” pulse returning to the low resistance
state after applying a “RESET” pulse of —4 V, 200 ns.

Note that the transient response is measured by a custom-built circuit on a breadboard using
a function generator (Keysight 33621A) and an oscilloscope (Keysight DSO1022A) controlled by
a custom-built LabVIEW interface (Figure 3.3). A single voltage pulse is sent by the function
generator; negative terminal of the high-speed op-amp LM318 is virtually grounded so the current
flowing through DUT is approximately equal to V,./R... As the op-amp has a high input
impedance, all the current will enter the branch with feedback resistor R,, resulting in a voltage
signal that equals —V,../R,»*R, at the output of the op-amp. This voltage pulse is then detected by

the oscilloscope and the data is processed by LabVIEW interface.
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Figure 3.3. Custom-built circuit for measuring transient response of device under test (DUT).

322 Contact Diameter Dependent Switching Voltages

ITO/V.OJ/ITO devices with different metal contact diameters varying from 30 ym to 100 zm were
fabricated. Reversible switching characteristics are observed for all the devices, but at different
voltage biases. A systematic linear drop in the positive switching voltage is found when the contact
diameter decreases. The results are shown in Figure 3. The lowest switching voltage (+2.5 V) is
observed when a probe tip with 2 ym diameter is directly in contact with the top ITO layer. A
similar trend is also observed for the negative switching voltages.

The results indicate a significant fringe effect associated with the switching process. As the
contact becomes smaller, the electric field beneath the electrode is increased by the larger edge to
area ratio, thus enhancing the migration of mobile ions in the system, and reducing the required
applied voltage for switching. The contact size dependent switching voltages of the tested devices
also support the hypothesis that conductive filament mechanism, which generally does not depend

on contact size, is unlikely to be the underlying physics of switching.
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Figure 3 4. Positive switching voltage increases with the diameter of top metal contact. The
smallest switching voltage (+2.5 V) is observed with a probe tip (~2 ym diameter). The highest

switching voltage (+6.8 V) is observed when the contact diameter is 100 pm.

3.3 SWITCHING MECHANISM

Irreversible resistive switching characteristics were discovered in V.O, xerogel films sandwiched
by chromium electrodes in our previous work [60]. When a sufficient voltage bias is applied,
oxygen vacancies formed at V.O,/Cr interfaces create an energy barrier for electrons to overcome,
thus reducing the conductance of the device. Such a switching process is catalyzed by the
intercalated water molecules in the V.O. xerogel film. Oxygen gas is released after the switching
and a permanent loss of oxygen ions is proposed to be the reason for the irreversibility.

When the electrodes are replaced by ITO and a post annealing step is added, the reduction in
conductance of the devices becomes reversible. Indium tin oxide has a fluorite structure with 25%
empty oxygen sites in an ordered array [61]. Unlike the dense chromium electrodes, a conductive

ITO film deposited by RF sputtering has oxygen vacancies acting as both a source for free electrons
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and a reservoir for oxygen ions. Yang et al. [62] reported a bipolar switching behavior in the
ITO/HfO/ITO system which usually involves conductive filaments consisting of oxygen
vacancies. This observation indicates that ITO can store oxygen ions in a reversible way. The post
annealing step removes the intercalated water molecules in the V.O, film, and thus prevents the
formation of oxygen gas. In our experiments here, no bubbles were observed after the reversible
switching.

It is proposed that the creation of oxygen vacancies in the V.O; lattice at the V.O./ITO interface
is responsible for the resistive switching. When a positive voltage is applied on the top electrode,
oxygen ions are extracted from the V.O; lattice and driven to fill in the oxygen vacancies in the top
ITO layer, leaving a thin vanadium oxide layer with reduced oxidation states behind. A reduction
in electron affinity is expected due to the loss of oxygen [45], thus a thin Schottky barrier is formed
between the vanadium oxide layer and ITO electrode (Figure 3.5). This is also consistent with the
experimental observation that the conduction band minimum of V.O; shifts to about 1 eV above
the Fermi level when the oxidation state is reduced, while the position of valence band maximum
barely changes [63]. Before the reduction, the conduction band was only 0.3 eV above the Fermi
level. The band gap of ITO is 2.9 eV according to literature [64], and the position of Fermi level
has been calculated previously. The filling of oxygen vacancies in the ITO layer also results in an
increase in resistance. This corresponds to the abrupt decrease of current in I-V characteristics
under forward bias. When a negative voltage is applied, oxygen ions are driven back to refill the

vacancies in the interfacial layer, resulting in the conductance increasing back to its initial state.
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Figure 3.5. Proposed band diagram of the ITO/V.O/ITO structure after a “SET” operation. At
the top ITO/V. O, interface, oxygen ions migrate from the V.O; side to the ITO side, leaving an
interfacial vanadium oxide layer with reduced oxidation states. A thin Schottky barrier is formed
due to the reduced electron affinity of the interfacial layer, which is responsible for the increased

resistance. Oxygen ions can be driven back into the V,O, when a negative voltage is applied.

34 DISCUSSION

Although the ITO/V.O/ITO device structure seems to be symmetrical, asymmetry in electrical
properties is observed when a reverse sweep is applied first. No resistive switching occurs up to
—4 V and the I-V characteristics of the device remain resistor-like. The same switching appears
only when a forward bias is applied to the top electrode. This observation implies that oxygen ions
do not migrate at the bottom V.O,/ITO interface and the two interfaces are asymmetric. We believe
the asymmetry originates from the different fabrication processes for the ITO layers. The bottom
V.OJ/ITO interface is formed in a sol-gel process that does not involve high-energy irradiation.
Whereas when the top ITO is deposited on the V.O; film, the whole substrate is immersed in an
Argon plasma and it is possible that surface lattice structure of the V.O, film has changed to a more

reactive state after this exposure. Another possible explanation is the asymmetrical contact size.
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The bottom ITO electrode covers the whole wafer and is much bigger than the top metal contact.
When a reverse bias is applied, the electric field is less confined at the bottom V,O/ITO interface,
making ion migration more difficult to occur.

To investigate the robustness of the resistive switching behavior, we have measured current-
voltage characteristics at temperatures varying from 4.0°C to 62.3°C (Figure 3.6). Distinct
switching features can be observed at all the temperatures tested without degradation, showing that
the device has potential to operate in a wider temperature range.

Preliminary endurance cycling tests of the device have also been performed in ambient air
condition at room temperature (results not listed). After about 10 cycles, destructive changes of
the surface topography are observed, resulting in degradation of the top contact. The LRS and HRS
can then no longer be detected due to high contact resistance. The degradation of the device occurs
after about one-month exposure in the air, accompanied by the color changing from orangish to
greenish. Bipolar switching behavior disappears after the degradation and the device simply
exhibits a resistor-like state. Future engineering of film quality and fabrication process will be

needed to solve these issues.
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Figure 3.6. Current-voltage characteristics of ITO/V.O/ITO structure at different
temperatures varying from 4.0°C to 62.3°C. Resistive switching behavior persists in the tested

temperature range.

3.5 SUMMARY OF ITO/V,O,/ITO DEVICES

In this chapter, reversible bipolar resistive switching is observed in a metal/ITO/V.O/ITO
structure. Opposite to the conventional bipolar switching observed in MIM structures, the device
starts with a low resistance state (LHS) and is switched to high resistance state (HRS) without a
prior forming process when a positive voltage is applied on top electrode. The switching voltage
decreases when the size of top metal contact is reduced, indicating a significant fringe effect that
enhances the electric field beneath the contact and thus accelerates the migration of oxygen ions
at the top ITO/V.O; interface. Creation of oxygen vacancies in the vanadium oxide layer and filling
of oxygen vacancies in the ITO layer are responsible for the increased resistance after switching.
The results suggest future applications of this V.O; structure in low-power, high speed integrated

non-volatile memories.
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Chapter 4. ENGINEERING OF THE RESISTIVE SWITCHING

PROPERTIES BY ATOMIC STRUCTURAL
TRANSITION IN ITO/V,0s/ITO STRUCTURE

Bipolar resistive switching has been reported in ITO/V.O,/ITO structure. Synthesized from sol-gel
process, the V.O,nH.O xerogel film endures significant structural transition during the post
annealing step. The impact of structural transition of V.O; film on the resistive switching properties
is studied in this work. The switching voltage decreases from 6.5 V to 3.0 V when the annealing
temperature increases from 220°C to 280°C, and then increases up to 5.0 V at 350°C. Above
annealing temperature of 350°C, the reversible switching characteristics disappears.
Thermogravimetric measurement show that intercalated H.O molecules fully evaporate above
350°C. X-ray diffraction shows that the xerogel phase gradually vanishes as the annealing
temperature increases, and only a-V.O, and B-V.O, exist at high annealing temperatures. Ab initio
simulations are performed to evaluate the formation energies of oxygen vacancy in xerogel, a-
V.0, and B-V.O, phases. The results are in good agreement with the experiments: the formation
energy of oxygen vacancy is significantly lower in xerogel than in «-V.O, and 8-V.O,, enabling the

occurrence of reversible switching when xerogel phase exists in the sandwich structure.

4.1 MOTIVATION

Resistive random access memory (ReRAM) is considered to be one of the most promising
candidates for the next generation memory due to its high speed [46, 47], low power consumption
[46] and superior scalability [47, 48]. Most RRAMs are based on Metal-Insulator-Metal (MIM)

systems and employ transition metal oxides such as HfO, [46], TiO, [47], ZnO [65] and ZrO, [66]
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as the sandwiched insulator layer. A widely accepted mechanism for bipolar resistive switching,
which means SET and RESET operations require opposite voltage polarities, is the formation of
conductive filaments consisting of oxygen vacancies in the oxide layers due to the applied electric
field [21]. Reports have indicated that the crystallinity of the insulator layer plays an important
role in determining the resistive switching performance [67] as the oxygen vacancy formation
energies differ for amorphous and crystalline oxides. This fact provides insights to engineer the
electrical switching properties for other oxygen vacancy based RRAMs.

Vanadium pentoxide (V.O,) is widely used as cathode material for lithium batteries [68-70]
due to its layered atomic structure [42, 71] and the capability of storing intercalated ions [29].
Previously, a novel forming-free bipolar resistive memory was discovered on ITO/V.O/ITO
structures [72]. ITO coated glass with a sheet resistance of 10 €2/sq is used as substrate and bottom
contact. A thin film of V.O, with a thickness of 800 nm is deposited using a sol-gel process. A
gentle pre-annealing at 220°C is added for 1 hour to reduce the amount of intercalated water
molecules and prevent bubbling during the post-annealing process. The top layer of ITO (160 nm)
is deposited by magnetron sputtering and the measured sheet resistance is 50 €2/sq. It was proposed
that oxygen vacancies were formed in V.0, at the top ITO/V.O, interface due to the applied electric
field and this creates a thin Schottky tunneling barrier which increases the overall resistance. The
oxygen ions migrate into or out of the top ITO layer which consists of sufficient vacancies to
achieve reversible switching. The formation of oxygen vacancies in the V.O; layer is critical in the
electrical switching process and can have a significant impact on the switching voltage, which is
of great importance in terms of energy consumption and electrical stress to peripheral circuits
elements. As the V.O; film is synthesized from sol-gel process, it will endure a drastic structural

transition under various temperatures. In this work, we investigate the impact of structural



41
transition of V.0, thin film in the ITO/V,O/ITO sandwich structure due to post-annealing process

at various temperatures. Significant change in resistive switching properties is found and the
underlying mechanism 1is attributed to the change in the oxygen vacancy formation energies

resulting in phase transition from xerogel to a-/3-V.O, when annealing temperature increases.

472  RESULTS

42.1 I-V Characteristics at Various Annealing Temperatures

Current-voltage characteristics of ITO/V.O/ITO devices are measured using Keithley 4200SCS

parametric analyzer after applying post annealing at temperatures varying from 220°C to 400°C.

The results are shown in Figure 4.1.
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Figure 4.1. Switching voltages vs post annealing temperatures
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Most of the devices show reversible bipolar switching behavior. Under high positive bias, the
device can be switched from a low resistance state (LRS) to high resistance state (HRS) without
the forming process. HRS can be reset to LRS with a sufficient negative bias. The switching
voltages are shown to depend significantly on the annealing temperature. As the annealing
temperature increases from 220°C, the positive switching voltage (for HRS state) drops from 6.5
V and reaches its minimum value of 3 V at 280°C. Negative switching voltage does not show a
monotonic change and varies around -2.0 V. Making the annealing temperature larger than 280°C
results in an increase in the magnitude of both the positive and negative switching voltages. When
annealing temperature is above 360°C, the reversible resistive switching behavior disappears.
Irreversible breakdown that causes the current to drop down to almost zero occurs when the
positive or negative bias reaches about 4 V in magnitude. The results indicate that the switching
behavior is optimized at an annealing temperature of 280°C, and is very sensitive to annealing
temperatures above 320°C.

The shape of I-V curves also changes significantly. At low annealing temperatures, resistance
of the device is high at low biases, and gradually decreases when the applied voltage increases,
showing non-linear I-V characteristics. As the annealing temperature increases, this non-linear
feature disappears, and the device exhibits Ohmic behavior for both LRS and HRS. The transition
in low-bias I-V characteristics also indicates a change of band structure in the transport direction.
The underlying mechanism for the change in electrical properties is attributed to the change in the
chemical composition and atomic structure of V,O,nH.O thin film during post-annealing process,

which will be discussed in the following sections.
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422 TGA and X-Ray Diffraction Analysis
V.0:'nH.O xerogel thin film synthesized by the sol-gel process contains intercalated H.O molecules
[42] which can be gradually evaporated when annealed. First, we evaluate the water content in
V.0:nH.O xerogel as a function of the annealing temperature. Thermogravimetric analysis (TGA)
is performed on a thermal gravimetric analyzer in a N. atmosphere and the temperature is swept

from room temperature to 500°C with a heating rate of 5°C/minute.
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Figure 4.2. Thermogravimetric analysis (TGA) of V.O, xerogel thin film

The obtained thermogravimetric trace is shown in Figure 4.2. It reveals the existence of 1.8
mole of water per mole of oxide at room temperature assuming H.O is the only volatile phase in
the xerogel film. The water content decreases rapidly and is characterized by the weight loss until
the trace enters a gradually decreasing region above 70°C. The value of n decreases to 0.25 at
270°C. At this temperature, there is a sharp peak in derivative weight, indicating the loss of more
tightly bounded water. At 300°C, the n value decreases to 0.05 and beyond 350°C the weight loss
is no longer observed, suggesting that all the bounded water has been released. Comparing the

TGA results with the I-V characteristics mentioned above, it is intuitive to relate the water content
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with the change in switching properties. Below the optimized annealing temperature of 280°C, the
amount of H.O molecules intercalated is relatively high, potentially creating a small barrier
between V.O, atomic layers that blocks the electron transport under low biases. As the annealing
temperature rises beyond 360°C, the bounded H.O molecules fully evaporate, and this results in a
more compact atomic structure solely consisting of crystalline V.O.. The barrier for the generation

of mobile ions is increased, resulting in the disappearance of reversible switching.
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Figure 4.3. XRD results of ITO/V.O/ITO structure

To further investigate the change in atomic structure of the device, X-Ray Diffraction (XRD)
analysis is performed using a Bruker F8 Focus Powder X-ray diffractometer with an X-ray source
of Cu K-a radiation with wavelength of 1.54 A. The XRD patterns of ITO/V.O/ITO structure at
various annealing temperatures are shown in Figure 4.3. At low annealing temperatures below
280°C, the dominant peak (001) is the one at 7.5°, indicating a large interlayer spacing of 11.78 A
with the presence of intercalated water molecules. The broad full-width half-max (FWHM) of the

dominant peak also indicates a large grain size, which originates from the randomized overlapping
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of V.0, nanoribbons during the sol-gel process. As the annealing temperature increases to 320°C,
the intensity of the low angle peak (7.5°) drops significantly and other minor peaks at around 10°
begins to emerge. The dominant peak at 20.6° corresponds to a crystalline orthorhombic a-phase
V.0, (001) peak. Interestingly, secondary peaks emerge at 11° and 12.5° as the annealing
temperature becomes high, and they do not correspond to crystalline ITO or a-phase V.O.. These
peaks belong to a different phase of V.O,, that is the B-phase. The existence of B-phase V.O, in
ITO/V.O/ITO structure is surprising, as previous reports have suggested that B-phase V.O, is
usually formed in rather extreme conditions: thermal heating of V.O, powder at high temperature
(T = 1073 K) and high pressure (P = 6.0 GPa) [73] or DC reactive magnetron sputtering at high
substrate temperature (7'= 550°C) [74]. In the next section, it is discovered that the ultimate phase
of V.0, film grown by the sol-gel process after high temperature annealing depends significantly

on the properties of substrate that the film is interfacing with.

4.3  DISCUSSIONS

43.1 Asymmetrical Interfaces

To investigate the structural transition of V.O,-nH.O xerogel film during annealing process and its
dependence on the choice of substrate material, V.O,nH.,O thin film was coated on three different
substrates first: soda-lime microscope glass slide, sapphire and ITO wafer. An ITO/V.O,/glass
substrate structure was also fabricated to explore the effect of top ITO film which was deposited
by RF magnetron sputtering using the same recipe. The XRD analysis results of the four structures

are shown in Figure 4 4.
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Figure 4.4. XRD results of ITO/V,0./Glass, V.0/Glass, V.O/ITO and V,O./Sapphire
structures at annealing temperatures of (a) 280°C (b) 400°C

It is observed that at high annealing temperature (400°C), the crystal structure of V.0, film
depends on the surface roughness of the substrate. When the substrate is crystalline and smooth
(e.g. ITO or sapphire), the annealed V.O, sol-gel film exhibits a regular a-phase with lattice
constants of a = 11.512 A, b =5364 A, c = 4368 A [71]. However, when the substrate is
amorphous and rough (e.g. soda-lime glass has a roughness of ~13 nm [75]), the crystal structure
of V.0, film is in B-phase, and is identified by the dominant peak at 12.5° in the XRD analysis
results.

The formation of B-phase is explained by the different thermal expansion of substrate and
V.O: film at the V.O,/substrate interface. Figure 2.1 shows the scanning electron microscopy (SEM)
images of V.0, nanoribbons synthesized by sol-gel process from our previous work [60]. These

nanoribbons are about 10 nm wide and 1 ym long and can easily fill into the valleys on a rough
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substrate. At high annealing temperatures, the nanoribbons that directly come in contact with the
substrate can experience high localized pressure due to different thermal expansion coefficients
(eg. CTE is 9.5 ppm/K for soda-lime glass [76] and 51.6 ppm/K for V.O, [77]). The local high
pressure provides the environment for the formation of B-phase V.O; at the substrate/V.O; interface,
which acts as a seeding layer and eventually determines the crystal structure of V.O, film on the
top. Whereas when the substrate surface is smooth, the overlap between substrate and V.O,
nanoribbons is minimized and the local pressure does not reach the threshold for creating 3-phase
V.O.. Therefore, the film exhibits a normal crystal structure of a-phase V.O.. Note that in
ITO/V.O/glass structure, the whole V.O, film only exhibits B-phase at 400°C, contrary to the o-
V.0, formed in V.O/ITO substrate structure. In this case, the V.O: xerogel film becomes the rough
substrate (surface roughness is around 30 nm [60]). During the subsequent magnetron sputtering
deposition of top ITO, a firm interface with large contact area is generated. 8-phase V.O; is thus
formed at high annealing temperature due to different thermal expansion of ITO and V.O, (CTE is
7.2 ppr/K for ITO [78]).

From the above analysis, we conclude that the ITO/V.O/ITO device has asymmetrical top and
bottom interfaces. When the annealing temperature increases above 280°C, a-V.O, starts to form
at the bottom ITO/V.O; interface while 3-V.O, forms at top ITO/V.O; interface. The active region
of xerogel phase with large interlayer spacing is consumed and keeps shrinking. The phase
distribution of the device is illustrated in Figure 4.5. The resistive switching from LRS to HRS
only occurs at positive bias, implying that the oxygen ion migration only happens between top ITO
and V.O; layers. When B-V.O; is formed at the top interface, it acts as a thin barrier layer for oxygen
ion migration, where the xerogel region remains the source for mobile oxygen ions. This is

consistent with the reduced ON/OFF ratio and increased switching voltages at annealing
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temperatures above 320°C. At the same time, the o-V.O, region at the bottom interface keeps
growing and reduces the thickness of xerogel region. At a high annealing temperature of 400°C,
the xerogel phase is thoroughly exhausted, accompanied by the disappearance of reversible
resistive switching. This confirms that neither a-V.O, nor B-V.O, has the capability of generating
oxygen ions and reacting with the ITO electrode to achieve reversible switching. To further
investigate this claim, the results of first-principle calculations are presented in the following

section.

Growth of

Xero gel Bulk Phase

Bottom ITO

Figure 4.5. Phase distribution of ITO/V.O/ITO device at annealing temperature above 280°C
and below 400°C

432  Microscopic Insights

We have confirmed that the presence of xerogel phase is essential for creating oxygen vacancies
in V.0, layer which is responsible for the resistive switching from LRS to HRS. First-principle
calculations of oxygen vacancy formation energies in three different phases of V.O, have been
performed to obtain microscopic insights into our results. For all calculations the spin polarized
periodic DFT code Vienna Ab-initio Simulation Package [79, 80] was employed, in which valence

electronic states are described within a plane wave basis set with a cutoff energy of 520 eV. The
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core electrons were represented using projector augmented wave (PAW) pseudopotential [81] and
explicitly treated eleven valence electrons for vanadium (3p®3d*4s?), six for oxygen (2s%2p*),
and one for hydrogen. The Perdew-Burker-Ernzerhof [82] within the Generalized Gradient
Approximation (GGA) functional [83] was used for the exchange-correlation energy, including
rotationally invariant GGA+U [84] with a coulomb repulsion of U= 3.25 eV to account for the
strongly correlated electrons in vanadium d-states [85]. Structural optimization was obtained by
relaxing the atoms using conjugate-gradient method [86] with the use of a single (gamma) k-point.

Three different phases of V.O. have been modeled to evaluate their oxygen vacancy formation
energies, including a-phase, B-phase, and xerogel phase V.O,0.5 H.O. The value of n = 0.5 was
chosen according to the TGA measurements at the optimized annealing temperature of 280°C. The
atomic structures denoted by distinct oxygen positions are shown in Figure 4.6. Reduced V.O,
calculations were carried out on 1 X 4 X 2 supercell of V.0, for a-V.O, (Figure 4.6(a)) and 2 X 2
X 3 supercell of V,,0,, for B-V.O, (Figure 4.6(b)). V.O, n H,O xerogel consists of bilayer V.O, layers
intercalating H.O molecules with an interlayer spacing of 10.49 A. Structure of V.0:0.5 HO was
obtained by first optimizing the V.O, H.O structure (2 X 4 X 1 supercell) reported in [87], and
removing half of H.O molecules followed by relaxing the structure again. As the water molecules
in [87] have two different orientations, we have examined the cases of removing either type of
water molecule (Figure 4.6(c), (d)). An oxygen atom was then removed from the resulting structure

for the oxygen vacancy formation energy calculations.
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Figure 4.6. Atomic structures of (a) a-V.0O.. (b) 8-V.O.. (¢) V.0,0.5 HO, type I. (d) V.0, 0.5
H.O type II.

The vacancy formation energy was calculated according to the equation

AEV — EV _Epristine +l

form 2 lu02 (41)

where EV is the energy of the system with a vacancy, EPT"€ is the energy of the system

without the vacancy, and g, is the energy of molecular oxygen. In a-V.O,, only Ol vacancy,

where the removed oxygen atom is bonded with a single vanadium atom has been taken into

consideration as it has been reported to have the lowest formation energy [88]. The computed

formation energy is 1.65 eV and it is used as a reference to evaluate how easily the other structures

could generate oxygen vacancies respectively.

Table 4.1. Energies of formation of oxygen vacancies in 3-V,O; and V,0,0.5 H.O.
Vacancy Site Energy of Formation (eV) Difference from a-V.O, (eV)
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B-V.0,, Ol vacancy 1.604 -0.046

S-V.0., 02 vacancy 2.543 0.893

fB-V.0,, O3 vacancy 2034 0.384
V.0,-0.5 HO type I, O1 2230 0.580
V.0,-0.5 H.O type I, O2 1.367 -0.283
V.0,-0.5 HO type I, O3 2.205 0.555
V.0,:0.5 H.O type I, O4 1.302 -0.348
V.0,-0.5 H.O type 11, O1 1.186 -0.464
V.0,-0.5 H.O type 11, O2 0.957 -0.693
V.0,-0.5 H.O type 1I, O3 1.819 0.169
V.0,-0.5 H.O type 1, O4 -0.628 -1.022

The calculated oxygen vacancy formation energies in 8-V.O, and two types of V.0:0.5 H.O
are listed in Table 4.1. Energies of formation of oxygen vacancies in B-V.O, and V.0.:0.5 H.O.
Note that in the xerogel structures, bridging oxygen sites that are bonded to multiple vanadium
atoms are not considered as they are less likely to be removed from the system. The lowest
formation energy found in B-V.0O, is 1.604 eV at O1 site where oxygen atom is bonded with a single
vanadium atom. The difference of formation energy compared to a-V.O, is only 46 meV,
suggesting that both structures have similar capability of generating oxygen vacancies. In the first
type of V.0,-0.5 H.O, both O2 and O4 vacancy sites have lower formation energies than a-V.O,
case. In the second type of V.O,0.5 H.O, the formation energies are further reduced and even
becomes negative in O4 vacancy site, implying that the release of oxygen atoms and generation of
oxygen vacancies is a thermodynamically favored process. Taking a closer look at the resulting
structure after removing the oxygen atom from O4 site, it is found that one intercalated H.O

molecule has been attracted to the V.O; laminar and filled the vacancy site (Figure 4.7(b)). Due to
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the heavy reconstruction occurring after the removal of oxygen atom, the energy of the system

decreased dramatically.
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Figure 4.7. Atomic structure after removing oxygen atom and relaxation for (a) V.0,0.5 H.O

type 11, O3 site. (b) V.0::0.5 HO type 11, O4 site.

Our simulation results are in good agreement with the experiments and the physical models
proposed for the switching mechanism. When intercalated H.O molecules still exist in V.0, film,
the interlayer spacing is enlarged so that the removal of single-bonded oxygen atoms becomes
easier, resulting in a significant decrease in formation energies of oxygen vacancy. The negative
formation energy of oxygen vacancy site (O4) in type II xerogel structure also qualitatively agrees
with the experimental observation that the color of fabricated device usually turned from orangish
to greenish after a few weeks, indicating a spontaneous reduction of oxidation states. Above the

annealing temperature of 360°C, H.O molecules have been fully removed from V.O; film so that
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only a-V.O, and B-V.O, exist. Reversible switching does not occur due to the relatively high

formation energies of oxygen vacancies in these two compact crystalline phases.

44  SUMMARY OF THE IMPACT OF PHASE TRANSITION

In this chapter, we investigate the effects of post annealing temperatures on the switching
characteristics of ITO/V,O/ITO device. At annealing temperatures below 280°C, intercalated
water molecules increase the barrier for electron transport in V.O, xerogel film and thus results in
a non-linear I-V characteristics and higher switching voltages. When annealing temperature is
above 300°C, a phase transition starts to occur at both ITO/V,O, interfaces: a-V.O, is formed at the
bottom and B-V.O; is formed at the top, which gives decreased ON/OFF ratio and higher switching
voltages. The reversible resistive switching requires the existence of xerogel phase in the system.
The annealing temperature is optimized at 280-300°C. Ab initio simulations confirm that the
formation energies of V.0, xerogel is lower than both a-V.,O, and B-V.O,, in agreement with the
experimental evidence that reversible resistive switching only occurs when xerogel phase still

exists in the V.O; thin film synthesized by sol-gel process.
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Chapter 5. BIPOLAR RESISTIVE SWITCHING CHARACTERISTICS

OF THERMALLY EVAPORATED V,0s FILM

In previous chapters, a sol-gel process was employed to fabricate the V.O, thin film due to the
advantages of simplicity and low-cost feature. The synthesized film is in xerogel phase with
intercalated H.O molecules, described by a chemical formula of V.O,-nH.O. The water content n
decreases with increased annealing temperature, and intercalated water is fully evaporated from
the film above 350°C. Reversible resistive switching only occurs with the presence of intercalated
H.O molecules. Ab initio calculations reveal that with the enlarged interlayer spacing supported by
H.O molecules, the formation energy of oxygen vacancy is significantly reduced in V.O, xerogel
compared to other crystalline phases such as a-V.O, and B-V.O,, so that it is easier to create mobile
oxygen ions that can migrate across the ITO/V.O: interface reversibly. However, the film
synthesized by sol-gel process has poor uniformity and its conductivity and switching voltages are
sensitive to the annealing temperature due to variable water content in the film, making it
incompatible with modern IC fabrication technology. Moreover, the device fabricated from sol-
gel process suffers from the issue of short lifetime due to the degradation of V.O, thin film. The
color usually transforms from orangish to greenish within one month, indicating a reduction of
valence states from V* to V*/V+. Ab initio simulation also shows that some oxygen vacancy sites
may have negative formation energy of oxygen vacancy, suggesting that the creation of oxygen
vacancies can be spontaneous in V.O,-nH.O film.

To overcome the downsides mentioned above for the sol-gel process, we have deposited V.0,
thin film by thermal evaporation and employed it in the ITO/V.O/ITO structure in this work.

Bipolar resistive switching characteristics is preserved and the dependence of I-V characteristics
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on annealing temperature is investigated. Ab initio calculations are performed to examine the

formation energies of amorphous V.O, compared with its bulk crystalline phase.

5.1 METHODS

ITO coated glass wafer with a sheet resistance of 20 €2/sq was used as substrate and common
bottom contact. Thin film of V.O, was then deposited by thermal evaporation in a vacuum
deposition chamber. V.O, powder was used as source material and evaporated from a tungsten boat.
The deposition pressure in the chamber was between 5 X 1076 Torr to 1 X 10~° Torr. No internal
substrate heater was used and the distance between source and substrate was approximately 50 cm.
Thickness of the deposited V.O: thin film was measured by the built-in crystal monitor and three
different thickness was obtained: 11.4 nm, 23.5 nm and 53.0 nm. The as-fabricated V.O, thin film
is almost transparent with slight yellowish color. The top layer of ITO was deposited on top of the
V.O; thin film by magnetron sputtering and patterned to have circular shape with a diameter of 2
cm. Two different ITO thickness was chosen: 60 nm and 120 nm. The fabricated ITO/V.O/ITO
device was then annealed in a box furnace in ambient environment at temperatures ranging from
150°C to 375°C. Current-voltage characteristics of the device was measured by Keithley 4200 SCS
parametric analyzer and a custom-built probe station.

First-principle calculations of oxygen vacancy formation energies of both crystalline and
amorphous V.O, have been performed to obtain microscopic insights into our results. For all
calculations, the spin polarized periodic DFT code Vienna Ab-initio Simulation Package
(VASP)[79, 80] was employed, in which valence electronic states were described within a plane
wave basis set with a cutoff energy of 520 eV. The core electrons were represented using projector
augmented wave (PAW) pseudopotential[81]. The calculations explicitly treated eleven valence

electrons for vanadium (3p®3d*4s?), six for oxygen (2s22p*), and one for hydrogen. Exchange
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—correlation energy was treated by using the Perdew-Burker-Ernzerhof [82] within the Generalized
Gradient Approximation (GGA) method [83]. To overcome the limitations of GGA with respect
to the strongly correlated electrons in vanadium d-states, rotationally invariant GGA+U[84] with
a coulomb repulsion of U = 3.25 eV was applied to the system [85]. Structural optimization was
performed by relaxing the atoms using conjugate-gradient method [86] with the use of single
gamma k-point.

Bulk a-V.0, forms a layered orthorhombic structure with lattice constants a = 11.512 A, b =
3564 A, and ¢ = 4368 A[71], and the primitive cell contains two formula units (14 atoms). This
cell consists of distorted corner-sharing and edge-sharing octahedral with each vanadium atom
surrounded by six oxygen atoms. In order to compare the present experiments with computations,
amorphous V.O, was modeled by the melt-quench process. Our modeling of amorphous V.O,
started from the corresponding crystalline material and used ab initio molecular dynamics
simulations included in the VASP code. An orthorhombic a-V.O; system consists of 112 atoms
(1 x 4 x 2 supercell) was first fully melted at 2000 K with 18-ps-long time steps. Then the system
was quenched from 2000 K to 300 K in 4000 more MD runs with 12-ps-long steps. After another
3-ps-long MD run at 300 K to stabilize the system, the last snapshot of this simulation was
optimized at zero Kelvin to obtained to fully quenched amorphous state. The obtained amorphous
structure is shown in Figure 5.1. Formation energies of the oxygen vacancies were calculated by

removing one oxygen atom from random sites in the amorphous V.O..
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Figure 5.1. Bulk-and-stick plots of the simulated (a) orthorhombic a-V.O, (b) amorphous
V.0,

5.2 EXPERIMENTAL RESULTS

The I-V characteristics of the as-fabricated devices are shown in Figure 5.2, and the bias setup is
shown in the inset. All of the devices exhibited bipolar switching characteristics before any post
annealing process, except for the devices with 114 nm V.O; layer (results no shown in the plot).
The devices show LRS in their pristine states, and can be programmed to HRS under a positive
bias of +2.5 V. A negative bias of —=2.5 V can erase the programmed state and change the resistance
back to LRS. The switching occurs at similar voltage levels for the three tested devices with
different thickness of V.O, and/or ITO layers. However, it is counter-intuitive that the current level
increases with thickness of V.O, and ITO layer. This behavior can be explained by the fact that top
electrode (essentially the probe tip) and bottom electrode are asymmetrical in geometry and ITO
is not a perfect metallic conductor that allows current to fully spread across its covered area.

Although an increase in thickness enlarges the distance of the current path in vertical direction, it
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also supports more spreading of current in horizontal plane, giving rise to the overall increase in

current.

| — V20523.5nm, ITO 60 nm
0.010]{ —— V;0s23.5nm, ITO 120 nm

—— V705 53.0 nm, ITO 60 nm /

0.005 {

0.000

Current

-0.005 {

2"

-0.010{ o
| I V,0s

1m0
Glass

Voltage

Figure 5.2. I-V characteristics of as-fabricated devices

It is observed that the device with 11.4 nm thick V.O; layer does not show reversible switching
behavior. Instead, an irreversible breakdown occurs at + 2.5 V bias, resulting in partial ablation of
the ITO film underneath the probe tip. The high electric field and current density generated in V.O,
thin film are likely to be the cause of such breakdown. The result suggests a lower limit for the
thickness of V.0, layer.

In our previous study, V.O; thin film synthesized by sol-gel process suffers from dramatic
change in both atomic structure and electrical conductivity during the post annealing process at
various temperatures due to the variable intercalated water content. To test the thermal stability of
the ITO/V.O/ITO structure fabricated from thermal evaporation, the same device (23.5 nm V.0,
and 60 nm ITO) has been annealed at temperatures increasing from 200°C to 375°C, followed by

I-V measurements after each annealing step. The results are shown in Figure 5.3.
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Figure 5.3. Dependence of I-V characteristics on annealing temperatures

Compared to the as-fabricated state, the positive switching voltage increases for about 500
mV after a soft baking at 200°C, and less increase is observed for negative switching voltage. The
device then shows stable I-V characteristics up to annealing temperatures of 300°C. Further
increase in annealing temperature to 325°C raises the current in both LRS and HRS, resulting in a
degradation in ON/OFF ratio. At 350°C, the switching voltage increases up to +3.7 V and
switching behavior is almost negligible. Bipolar switching fully disappears when the annealing
temperature increases to 375°C. Overall the device exhibits much improved thermal stability over
the devices fabricated from the sol-gel process.

The disappearance of bipolar switching characteristics at high annealing temperatures can be
explained by the re-crystallization of the amorphous V.O, thin film. It has been reported[89] that
amorphous V.O, films deposited by thermal evaporation crystallize and transform to an
orthorhombic phase when annealed in an oxygen rich environment at 400°C. Note that indium tin
oxide is a degenerate n-type semiconductor rich in oxygen vacancies, and its structure and

electrical properties also changes dramatically with annealing temperature and environment[90].
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The annealing of ITO films in air will lead to the filling of oxygen vacancies due to their reaction
with free oxygen. According to our proposed switching mechanism, the loss of oxygen vacancies
in the ITO electrode can also result in the disappearance of resistive switching behavior. To rule
out this possibility, pre-annealing of amorphous V.0, film at 400°C was performed in ambient air
followed by deposition of the top ITO electrode by magnetron sputtering. No reversible switching
was found in the as-fabricated devices, indicating that the transition of the amorphous V.O, film

into a crystalline phase is responsible for the resistive switching.

53 SIMULATION AND DISCUSSION

53.1 Simulation of Oxygen Vacancy Formation Energy

Formation of oxygen vacancies in V.O; layer plays an important role in inducing the resistive
switching behavior in ITO/V.O/ITO structure. Ab initio calculations have been performed to
investigate the formation energies of oxygen vacancies in amorphous V.O; structure compared to
crystalline orthorhombic a-V.O, phase.

The energy of vacancy formation energy was calculated according to equation (4.1), where

EV is the energy of the system with a vacancy, EPTistine

is the energy of the system without the
vacancy, and po, is the energy of molecular oxygen. In a-V.O,, only vacancy site where the
removed oxygen atom is bonded with a single vanadium atom has been taken into consideration
as it has been reported to have the lowest formation energy [88]. The computed formation energy
is 1.65 eV and it is used as a reference to evaluate how easily the amorphous structure can generate
oxygen vacancies. Among the 80 oxygen atoms in the amorphous structure, we randomly picked

nine different oxygens and the calculated formation energies are listed in Table 5.2.

Table 5.2. Energies of formation of oxygen vacancies in amorphous V.O..
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Vacancy Site Energy of Formation (eV) Difference from a-V.O, (eV)
0O(1) a-V.O, 0.428 -1.222
0(2) a-V.0, 1.000 -0.650
0(3) a-V.0, 1.090 -0.560
0(4) a-V.0, 1.609 -0.041
0(5) a-V.O, 1.687 0.037
0(6) a-V.O, 1.892 0.242
O(7) a-V.O, 1.976 0.326
0(8) a-V.0, 2.090 0.440
0(9) a-V.O, 2.148 0.498

We observe that, among the nine oxygen vacancy sites, three have significantly lower
formation energies than the bulk case, which is to be expected given the metastability of the
amorphous structure. Compared to the bulk form where all atoms tend to remain fixed in their
original positions in the lattice after removing one oxygen, the atoms in the amorphous structure
could experience more significant movements and thus result in a lower energy states. Two oxygen
vacancy sites have similar formation energies and the remaining four sites have significantly
higher formation energies. Therefore, these simulations show that it is easier to create oxygen
vacancies in amorphous V.O, than the orthorhombic bulk phase, which is consistent with our

previous experimental observations.



62

Figure 5.4. Illustration of oxygen vacancy sites O(1), O(7) and O(9).

It is normally difficult to qualitatively predict the formation energy of a specific oxygen site
in an amorphous structure compared to its crystalline counterpart, as the ionic environment that
the oxygen atom resides is always irregular and complicated. However, by taking a closer look at
the sampled oxygen vacancy sites, some correlation can be found between the V-O bond lengths
and the corresponding formation energies of oxygen vacancies, which we report here. Figure 5.4
illustrates the positions of three calculated oxygen sites: O(1), O(7) and O(9), which are all single-
bonded to a neighboring vanadium ion. The V-O bond length of the oxygen site that has the lowest
formation energy in crystalline V.0, is 1.608 A. The V-O bond lengths of O(1), O(7) and O(9)
sites are 1.649 A, 1.606 A and 1.605 A, respectively. Generally speaking, the larger the bond
length, the smaller the bond energy. For the O(1) site, the V-O bond length is much larger than in
the crystalline phase, which is consistent with its significantly lower formation energy. For O(7)
and O(9), the bond length is slightly smaller than in the crystalline phase, corresponding to a higher

formation energy. Overall, by transforming V.O, from the crystalline to the amorphous phase, a
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wider distribution of bond lengths is achieved, resulting in the formation energy deviating from
that in crystalline phase in both directions.

Our calculations have confirmed that the formation energies of oxygen vacancies can be
lowered in the amorphous structure without the presence of intercalated H.O molecules, which
enables the reversible resistive switching in the ITO/V,O/ITO devices. The removal of intercalated
water also improves the lifetime of the device. Excellent reversible switching characteristics are
still preserved after seven months of exposure in the air, compared to the one-month lifetime for

the device fabricated from the sol-gel process.

532 Localized Bipolar Resistive Switching Induced by Joule Heating

The bipolar resistive switching characteristics discussed in Chapter 3, 4 & 5 originate from
mechanism similar to that illustrated in Figure 3.5. When an external electric field is applied,
oxygen vacancies are generated in V.0, layer and mobile oxygen ions migrate into ITO electrode.
The filling of oxygen vacancies in ITO layer is partially responsible for the increase in resistance
observed after resistive switching. The high resistance state (HRS) is found to be highly localized,
that is, if the probe tip is moved to another nearby spot, the HRS can no longer be detected.

The resistive switching itself is also highly localized. A test scheme has been set up to confirm
this hypothesis shown in Figure 5.5. The tested sample is a I'TO/amorphous V.O/ITO device
fabricated using the recipes described in previous sections. The thickness of amorphous V.O; is 55
nm, and the thickness of top ITO electrode is 120 nm. The test is performed in the following steps.
The probe tip (2 ym diameter) is placed on the center point at the beginning, and a forward bias is
applied to introduce the resistive switching. Then the probe tip is moved from P1 to P8

successively, followed by the same forward bias to test the resistive switching characteristics of
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each individual point. Low-bias measurements are also performed to record the LRS and HRS at

each point. The spacing of two neighboring points is set to be 10 ym.
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Figure 5.5. Test scheme setup for distribution of switching characteristics

The measured distribution of switching characteristics is shown in Figure 5.6. Resistive
switching from LRS to HRS is found in all the points P1 — P8, although P2, P5 and P8 shows
reduced switching behavior, likely due to contact problem and measurement errors. The switching
voltages are also similar to the center point. This observation confirms that initial switching
occurring at the center point has little impact on the initial resistance and switching characteristics

of its neighboring points outside of 10 #m range.
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Figure 5.6. Switching distribution showing the localized switching characteristics

The low bias resistance of the nine points before and after switching is also measured. The
results are shown in Figure 5.7. It is observed that the switching occurring at the center point has

slight impact on the LRS of its neighbors and overall a decrease in initial current is detected. The
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ON/OFF ratio is being affected as well, although it is hard to conclude that the degradation is

thoroughly due to the center point rather than measurement error or non-uniformity of the film.
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Figure 5.7. Distribution of LRS and HRS of all the nine points tested

The measurements presented above confirm that both the switching and HRS are highly

localized. Initially we thought that this was due to the localized distribution of electric field in the
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direction of current flow. Preliminary 3D TCAD simulation has been performed to investigate the
distribution of electric field in ITO/V,0/ITO device and the results are shown in Figure 5.8. Note

that this simulation is designed for xerogel V.O; film, so the thickness of V.O, is chosen to be 0.8

pm.

ATLAS ATLAS
Data from 1uDia_HighR_3D_xy.str Data from 1uDia_HighR_3D_xz.str

(AR
lIlIIIIIlIIIlllI\

N

Microns
w [N) - o LN
IEH N N
Microns

-
|

b
Silicon

2}
‘\_"JHI
EN
&
o
o
N
w
~
o

(a)

Position X (um) Position X (um)

Figure 5.8. 3D TCAD simulation results of electric field distribution in ITO/V.O/ITO

structure. (a) top view. (b) cross section view.

The simulation suggests that when the contact diameter is small (1 gm), the electric field in
V.0, layer is clustered underneath the metal contact (essentially the probe tip) and does not spread
widely across the V.O; layer. Based on the simulation, the current in vertical direction should also
be confined by the size of metal contact. It should have little dependence on the area of V.O, or top
ITO layer. However, the conclusion derived from the simulation is in contrary to the experiments.
The area of top ITO layer is demonstrated to have significant impact on the I-V and resistive

switching characteristics of the ITO/V.O/ITO device.
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Figure 5.9. Structure of patterned top ITO devices.

To investigate the influence of top ITO size, the top ITO layer is patterned by a shadow mask
during the magnetron sputtering process. The diameter of top ITO electrode ranges from 1 mm to
4 mm, and the device structure is shown in Figure 5.9. Note that the V.O, is synthesized by the sol-
gel process followed by 280°C post annealing. Similar behavior can be found in thermally

evaporated V.O; devices as well.
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Figure 5.10. I-V characteristics of devices with patterned top ITO layer

The measured I-V characteristics of the ITO/V.O/ITO devices with patterned top ITO layer
are shown in Figure 5.10. It is obvious that both the current level and the curvature of the traces
have changed significantly with various top ITO area. The low-bias current increases and is found
to be proportional to the top ITO area, indicating that the current spreads over the top ITO layer at
least within 4 mm diameter range. All the curves show non-Ohmic behavior, contrary to the linear
I-V characteristics reported in previous chapters. The linearity seems to increase with increasing
the area of top ITO layer. Reversible resistive switching is not detected in the tested voltage range
in devices with 1 mm and 2 mm diameters, but it can occur when the voltage is further increased
(results not shown). Switching is found in the other two devices, but with significantly higher
switching voltages (+5.5 V compared to +2.5 V reported before).

The results suggest an apparently different distribution of current in ITO/V,O/ITO devices

from what is shown in the simulation presented previously. The current is not confined underneath
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the small probe tip; it is actually spreading all over the top ITO layer. This observation seems to
be in contrary to the localized switching characteristics mentioned above: if the current spreads
across the whole ITO layer, then the interfacial switching could occur at any place in the current
path, and thus HRS can be detected in other neighboring spots as well. Another interesting
observation is that the switching voltage decreases with increasing area of ITO layer, opposite to
the observation described in Chapter 3 that it decreases with decreasing area of top metal contact.
It is again contrary to the model that current is confined underneath the probe tip.

A preliminary physical model is proposed here to explain the contradictory observations
discussed above and it is illustrated in Figure 5.11. It is proposed that although the current
eventually spreads over the ITO layer, it is still well confined and has high density when it first
comes out of the top probe tip. Such high current density introduces Joule heating beneath the
probe tip, creating a localized temperature increase at the top ITO/V.O, interface in the region
under the probe tip. The increase in temperature accelerates the generation of oxygen vacancies,
and introduces the occurrence of oxygen ion migration discussed previously. Whereas for the rest
of the interfacial region, the reaction is limited due to lower temperature, which explains the
localized switching characteristics. This model can also explain the fact that the switching voltage
increases with reduced top ITO area: when the top ITO area is small, the current density at probe
tip/top ITO interface is also reduced. In order to create the sufficient high temperature to introduce

the reaction, voltage has to be increased to provide more current.
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Figure 5.11. Illustration of the Joule heating model

It is worthy to point out that the model described above is in its very early stage and will need

further proof from either experiments or modeling in the future.

54 SUMMARY OF THERMALLY EVAPORATED V.0, THIN FILM DEVICES

In this chapter, an ITO/V,O/ITO structure has been fabricated using thermal evaporation of V.0,
to replace the sol-gel process employed in our previous study. Resistive switching characteristics
are observed for the as-fabricated devices before any post-annealing process. The device exhibits
good thermal stability up to post annealing temperatures of 300°C, and the reversible switching
disappears when annealing temperature exceeds 350°C. This is attributed to the re-crystallization
of the amorphous V.O; structure into its bulk orthorhombic structure. Ab initio calculations have
been performed to evaluate the formation energies of bulk and amorphous V.O,, and it has been
confirmed that it is easier to create oxygen vacancies in amorphous V.0, than in the crystalline
structure. The lifetime of the device has been greatly improved by the removal of the intercalated
H.O molecules. The results offer a promising IC compatible fabrication process for ITO/V.0O/ITO

structures for memory applications.
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Localized switching characteristics are found and discussed in ITO/V.O/ITO structures,
regardless of the synthesis process of V.O, film. This is somewhat opposite to the observation that
the current spreads across the top ITO layer. A preliminary physical model is briefly discussed to
explain the contradiction and hopefully can provide more insights to the researchers who are

interested in the underlying device physics.
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Chapter 6. PHOTON-INDUCED COLORATION OF V,0s THIN FILM

IN ITO/V,05/ITO STRUCTURE

Electrochromic materials have many applications in display and photonics area, including smart
windows [91-93], modulators [94] and optical memories [95, 96]. Reversible color change has
been discovered in materials such as GST [95, 97], due to phase change from amorphous to
crystalline, whose optical properties can be transformed as desired. Electrochromics has also been
discovered in Vanadium Pentoxide (V.O.) and has been applied to smart window applications.
However, the electrochromic effect discovered in V.O; is often accompanied by the introduction
of Li ions [98-101]. As discussed in previous chapters, we have attribute the resistance change
measured in experiments to the hypothesis that the oxidation states of V.O, can be modified by
applying voltage bias to a conductor/V.,O,/conductor sandwich structure. It is well known that
reduction of oxidation states of V.0, often lead to a change in its color [31]. In this chapter, a
distinct photon-induced coloration effect of V.O, xerogel thin film is discussed and analyzed. This
phenomenon is considered as an experimental proof of the switching mechanism, i.e. change in

valence states of vanadium, proposed in previous chapters.

6.1 EXPERIMENTAL METHOD AND RESULTS

6.1.1 Device Structure and Fabrication Process

In order to observe the coloration of V.O; underneath the electrode, ITO/V.O, xerogel/ITO structure
is fabricated and characterized. V.O, thin film is synthesized by sol-gel process and no post
annealing process is applied, implying that the water content is high in the film. Commercial ITO
wafer with a sheet resistance of 15 €2/sq is used as substrate and bottom electrode. Top ITO is

deposited by magnetron sputtering and patterned by shadow masks with electrode diameter
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ranging from 1 mm to 10 mm. Laser with different wavelengths is shone on the top electrode. The

device structure is shown in Figure 6.1.
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Figure 6.1. Structure of ITO/V.O/ITO device and I-V measurement setup.

6.12 1-V Characteristics in Dark and Illuminated Environment

I-V characteristics of the devices are investigated first under microscope light and the results are
shown in Figure 6.2. Unlike the devices with chromium electrodes, these devices show much less
hysteresis loop in the 1+ sweep. The resistance change is irreversible, similar to the Cr/V.O./Cr
devices. Under forward bias, the current reduces after switching. But under reverse bias, the
current increases with increase in the reverse voltage. The asymmetric I-V characteristics could
be explained also by the asymmetric fabrication process. The top V.0, is exposed to ITO plasma
and as a result can be substantially damaged, and a thin interfacial layer with a reduced oxidation

state of V,O, might be formed.
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Figure 6.2. I-V characteristics of ITO/V.O; xerogel/ITO device under microscope light.

Photoresponse of the devices is measured by applying a voltage and an external laser source
simultaneously. The results are shown in Figure 6.3. Band gap of the V.0, is reported to be 2.1 eV-
2.3 eV, so blue laser with wavelength equal to 405 nm is shined on top of the device to allow
absorption of photons by V.O, film. A constant voltage bias is also applied to the top electrode
while the bottom electrode is grounded. A large amount of photocurrent can be clearly observed,
indicating that photon induced excitons are generated and separated. It has been confirmed that
photons with larger wavelength (green laser, 520 nm; red laser 635 nm) cannot introduce
photocurrent. We also observe that the magnitude of photocurrent is decreases with time and

cannot be reversed.



76

Laser ON

0.00006

0.00005
__0.00004
<
o —— 1V Bias
[
£ 0.00003 2V Bias
O

0.00002

0.00001 l I e —

0.00000

0 20 40 60 80 100

Time (s)

Figure 6.3. Transient photoresponse measurements under blue laser (wavelength = 405 nm)

6.1.3 Coloration of V.O. Film

Coloration of the V.O, film can be clearly observed after simultaneously shining blue laser and
applying a voltage (or sufficient amount of current). Shadow of the probe tip can be clearly
observed after switching OFF the laser source and retracting the probe tip (shown in Figure 6.4).
The color of the V.0, film changes from orangish to greenish after laser exposure with sufficient
applied bias. We find that exposure of the V.O; film to blue laser alone cannot introduce the color
change. We also find that a color change is not observed when the voltage bias is less than +1.5 V,
irrespective of if the blue laser is ON or OFF. However, a large voltage bias (typically > 5.0 V)
can induce a similar color change to the V.O, film without the laser source.

The coloration is somewhat reversible. The device will recover back to a yellowish color after
being exposed in air for a few hours. Although the coloration only occurs under positive voltage

bias, it cannot be erased with a negative bias.
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Figure 6.4. Optical microscope image of color change region. The shape of a probe tip can be
clearly observed.

In order to characterize the coloration of the device, transmittance spectra are measured before
and after coloration by using Varian Cary 5000 spectrophotometer. The result is shown in Figure
6.5. The absorption edge is located at wavelength of ~520 nm in the virgin devices. After the color
change (induced by blue laser and voltage bias), the absorption edge shifts a bit to the blue color
region (~490 nm). Another noticeable difference is the transmittance in the high wavelength region.
Interestingly, the transmittance decreases by about 50% in the wavelength region of 600 nm — 800
nm, probably as a result of additional energy levels in the band structure induced by the

electrochemical reactions.
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Figure 6.5. Transmittance spectrum of ITO/V,O/ITO device before and after coloration.

6.2 PHYSICAL EXPLANATIONS

Besides the blue laser, we also tested laser sources with different wavelengths. Green (520nm) and
red (635 nm) lasers did not introduce any color change on the device. This observation implies
that the energy of photons has to be high enough to induce the color change. We have also tried
increasing the applied voltage in a dark environment. Interestingly, without the presence of
external photons, when the applied voltage is increased to 4~5 V, a similar color change from
orangish to greenish can be observed in the same ITO/V.O./ITO devices.

Based on the previous effects we have observed on Cr/V.O,and ITO/V.O, devices, it is
intuitive to believe that the color change of V.O, devices is mainly due to the change in oxidation
states of vanadium ions. The applied voltage introduces electrochemical reactions at ITO/V.O;
interfaces and results in the reduction of oxidation states. The suggested process of electrochemical

reactions is illustrated in Figure 6.6. Another proof is that the color of vanadium oxide in its
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solution form changes from yellowish to bluish when the oxidation state is reduced. The most
interesting aspect of our experiment is that the introduction of blue photons decreases the amount

of applied voltage required to induce the color change effect.
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Figure 6.6. Illustration of electrochemical reactions occurring in ITO/V.O/ITO structure

It is possible that the laser shined on the device heats it up, thus generating more current to
accelerate the electrochemical reactions. We have placed the device on a hot plate and heated the
device up to 300°C. We shine blue light as the device is maintained at 300°C. No coloration can
be observed. It is worthy to try heating up the device and measuring I-V simultaneously to
completely rule out the heating effect.

As the coloration only occurs when a laser with short wavelength is shined, it is
straightforward to relate the energy of photons to the bandgap of V.O,. Our hypothesis is that the
applied photons create extra electron-hole pairs at ITO/V.O: interface; in the presence of an electric
field, the electrons and holes are separated so that the local electron and hole densities are increased.

We suggest that an increase in electron and hole concentrations at ITO/V.O, interface introduced
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by photons might accelerate equations (2.2) and (2.3), resulting in a stronger reaction under a

smaller bias.

6.3 DISCUSSION AND RELATION TO PREVIOUS CHAPTERS

Compared with the forming-free resistive switching behavior discussed in Chapter 3, the device
structure and fabrication process discussed in this chapter are the same except for removing the
post-annealing step. The current level decreases by 5-8 times and reversible switching no longer
exists. It has been discussed in Chapter 4 that the switching voltage increases with more
intercalated H.O molecules. In the device without post-annealing step, however, the coloration
accompanied by the irreversible increase of resistance occurs before the reversible switching.

The significant difference in terms of device behavior suggests the importance of controlling
the amount of intercalated H.O molecules in V.0, xerogel film. The reversible switching behavior
and coloration effects arises from two different mechanisms. Reversible resistive switching is a
localized effect: the resistance change only occurs underneath the probe tip; if the tip is moved to
a different location, the detected resistance is still the same as the pristine resistance. The coloration
effect occurs more globally. Figure 6.4 is the most straightforward proof: the whole region around
the probe tip is colored by laser exposure and voltage bias. In fact, the colored region is determined
by the size of laser spot coming out of the optical fiber. Moreover, the reason for the irreversibility
of coloration is also likely due to permanent loss of oxygen atoms, similar to the mechanism
discussed in Chapter 1. The key to switch between the two mechanisms is water content.

Large amount of intercalated water molecules affects the behavior of the device in two ways.
It increases the overall resistance of the film, and thus increases the required voltage for reversible
switching. It is also acting like a catalyst by participating in the electrochemical reactions at

electrode/V.O; interfaces, and introduces permanent loss of oxygen (in the form of oxygen gas).
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The presence of intercalated water is also necessary as it decreases the formation energies of

oxygen vacancies, which is also required in the reversible switching behavior.
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Chapter 7. CONCLUSION

In this Ph.D. work, vanadium pentoxide (V.O,) thin film has been employed as an
insulator/semiconductor material in metal-insulator-metal (MIM) structure for resistive memory
applications. Sol-gel process was used first to synthesize V.O; thin film and different conductors
have been selected as electrode materials in order to obtain reversible resistive switching
characteristics.

Irreversible resistive switching was discovered in Cr/V.O/Cr structure and the switching
mechanism is attributed to electrochemical reactions at both top and bottom Cr/V.O; interfaces.
Intercalated H.O molecules are proved to be essential for the irreversible switching to occur.
Resistance change is irreversible due to permanent loss of oxygen gas from V.O.. Efforts have been
made to pursue a proper electrode material that can store oxygen ions reversibly and act as an
oXygen reservoir.

Bipolar switching characteristics was first discovered in ITO/V.O/ITO structure with a post
annealing process applied to remove some of the intercalated H.O molecules. It is proposed that
when electric field is applied, oxygen ions from V.O; layer can migrate through ITO/V.O; interfaces,
leaving a thin Schottky barrier at the interface as well as filling oxygen vacancies in ITO that
contribute to its conductivity, thus resulting in the overall change in resistance.

Due to its layered structure and intercalated H.O molecules, V.O, xerogel thin film can
experience huge transition during post annealing process. Atomic structure of V.O, xerogel thin
film was demonstrated to have significant impact on its resistive switching properties and an
optimized annealing temperature is presented. Three different phases of V.0, exist simultaneously
in ITO/V.O/ITO structure and the distribution is investigated and rationalized. First-principles

simulation was then performed to provide more microscopic insights into the experimental results.
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It is shown that the presence of intercalated H.O molecules significantly reduce the formation
energies of oxygen vacancies in V.O, xerogel, compared to its bulk phases. Interestingly, negative
formation energies were found for some of oxygen sites, indicating that reduction of valence states
can occur spontaneously in V.O; xerogel, which agrees with the degradation we found in our
devices.

In order to overcome the drawbacks of V.O, film synthesized by sol-gel process, thermal
evaporation was employed for V.O; thin film deposition. Better stability of I-V characteristics over
annealing temperature was obtained due to the removal of water molecules from the system. DFT
calculations of amorphous V.O, structure generated by the melt-quench simulation process show
that formation energies of oxygen vacancies is lower in the amorphous state.

The bipolar switching characteristics found in ITO/V.O/ITO structures are demonstrated to
be highly localized, whereas the current actually spreads over the whole top ITO layer. A
preliminary physical model taking the Joule heating into account is proposed to explain the
contradiction.

Finally, a unique photon-induced coloration is found in ITO/V.O/ITO structures without the
post annealing process. A color change from orangish to greenish when a voltage bias and laser
exposure are applied simultaneously is observed. This observation is consistent with the hypothesis
that reduction in oxidations states of V.O, occurs during the electrochemical reactions. It also
suggests that controlling the water content in V.,O, xerogel is critical in tuning the I-V

characteristics of the device.
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APPENDIX A
INSTRUMENTATION: TEST CHAMBER

An environmental test chamber was built to measure the dependence of I-V characteristics of
Cr/V.,O./Cr devices on the testing environment described in Chapter 2.4. The test chamber was
designed to have the following functionalities: (1) environment control (vacuum, O,, N,, N./H.,
H.O, Dry Air etc.). (2) electrical feedthrough (used coaxial cable for better noise shielding). (3)
temperature control. The chamber design is performed by Prof. R. Bruce Darling. The chamber

assembling is completed by Prof. R. Bruce Darling and Zhenni Wan.

Figure A.1. Design of test chamber and base

Figure A.1 shows the design of test chamber and base. The test chamber itself is a six-way
cross with six ports for assembling feedthroughs. Left port is reserved for gas and cooling water
feedthroughs and the corresponding design is shown in Figure A.2. The two cooling lines in the
center of the flange are LN?2 feedthroughs that can be used to pass either liquid nitrogen or cooling
water. The rest four feedthroughs are for other gases and air vent. Right port is used for electrical
feedthrough. An adapter flange with four BNC feedthroughs is assembled for performing electrical
measurements at low current level. Front port is reserved for a transparent view port in order to
visualize the sample inside the chamber. Back port is connected with a mechanical pump to provide

vacuum to the chamber. Since the overall chamber volume is low, it is easier to obtain a reasonable
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low vacuum (10 mTorr) with a mechanical pump within one hour of pumping. The chamber itself
is designed to hold much higher vacuum level. However, due to the leakage introduced during
manual assembling, the vacuum level can only be in 10 mTorr range. Future engineering will be

required to fully utilize its vacuum capability by digging out the source of leakage.

Figure A.2. Design of gas feedthrough port

Top port of the six-way cross chamber is used as a loading door for the sample holder. Since
no micromanipulators are assembled in the chamber, one needs to make contact to the sample
using pogo pins outside of chamber and then load the sample holder into the chamber manually.
Bottom port is used for the sample stage shown in Figure A.3. The top red copper block is used
for cooling/heating the sample. The bottom red copper has two channels for passing through the
cooling lines to maintain its temperature. Between the top and bottom copper block, there is a
sandwiched thermoelectric cooler (TEC) element that provides a temperature difference up to

60°C. The TEC is powered via a DB25 feedthrough on the bottom flange.
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Figure A.3. Design of sample stage

The whole environmental test system contains the test chamber, a gas panel which mixes
different gases with controlled ratios, gas cylinders, a mechanical pump, a thermometer that
measures the temperature of sample stage via the thermocouple through the bottom flange, a source
meter unit (SMU) for the current-voltage measurements using co-axial cables to minimize the

electromagnetic noises.

Figure A 4. Picture of test chamber, gas panel, pump and gas cylinders
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The environmental test chamber described above uses pogo pins as probers to contact with
the sample. In order to measure the I-V characteristics at low current level at various temperatures

as well as maintain a delicate control of the tip position, a temperature-controlled probe station is

built in ambient environment.
. - —

Figure A.S. Picture of temperature-controlled probe station

Figure A.5 shows the picture of the custom-built temperature-controlled probe station. Two
probes are set up for two-wire measurements, but the system can be extended to four-wire
measurements by adding two additional probes. Triaxial probe holders are used for the best noise
shielding and ultra-low current measurements. A TEC element is used to control the temperature
of the DUT and it is powered by a DC power source. The copper block with two cooling lines
passing through is installed for heat dissipation.

The cooling water is set to have a fixed temperature of 20°C. The TEC element has the
capability of raising/decreasing the temperature for a maxim range of 60°C. However, since the
system is ensemble in ambient environment, water can condense on the surface of TEC element
when temperature drops close to 0°C, preventing further decrease of the temperature as well as
interrupting the measurements by creating moisture on probe tips and samples. Therefore, the

operation temperature of the probe station is 3°C — 85°C.
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It is also worthy to point out that as the TEC element is powered by a DC voltage source
instead of a PWM temperature controller, the resulted temperature is fully determined by the
direction and amplitude of the supplied current. There is no function to create a set point and use
the feedback loop to stabilize the temperature. The reason behind it is that due to the high AC
current level running through the TEC element (10 A range) when a PWM temperature controller
is being used, huge electromagnetic noises are emitted from the power lines and create significant

distortion to the measurements. This problem can be eliminated by using a DC source instead.
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