CHARGE STORAGE AND TRANSPORT IN METAL

OXIDE RESISTIVE SWITCHING DEVICES

By
PUNYA PRASAD MAINALI

Bachelor of Science in Physics
Trichandra College, Tribhuvan University
Kathmandu, Nepal
2014

Master of Science in Physics
Patan Multiple Campus, Tribhuvan University
Kathmandu, Nepal
2017
Oklahoma State University
Stillwater, Oklahoma
2020

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY
December, 2022



CHARGE STORAGE AND TRANSPORT IN METAL

OXIDE RESISTIVE SWITCHING DEVICES

Dissertation Approved:

David N. Mcllroy, PhD

Advisor

Mario F. Borunda, PhD

Committee Member

Derek Meyer, PhD

Committee Member

Seok-jhin Kim, PhD

Outside Committee Member



ACKNOWLEDGEMENTS
First, I would like to thank my advisor Dr. David N. Mcllroy for his continuous support
and guidance that made this dissertation and my research work possible. His constant
encouragement, advice, and support made me go through every single problem | faced
during my research work. | cordially appreciate his transfer of knowledge during my
Ph.D. research work. I would like to thank my advisory committee members, Dr. Mario
F. Borunda, Dr. Derek J. Meyers, and Dr. Seokjhin Kim for their encouragement, creative

comments, and questions.

Besides my advisory committee members, | would like to thank Dr. Elena Echeverria,
Dr. Lyndon Bastatas, and Dr. Prasanna Sankaran who helped me get direction in my
research work by instructing and encouraging me on using different techniques for the
fabrication, characterization, and analysis of the data. | would like to thank Mr. Nishan
Khatri who helped me draft this dissertation by proofreading and making necessary
corrections to every single chapter. I would like to thank Mr. Phadindra Wagle for the
countless hours of discussions that helped me not only generate ideas but solve problems

related to my research work.

Last but not the least, | would like to thank my family, especially my parents for their
struggle to make me achieve this milestone. | am indebted to my dear wife, Manisha
Ghimire, for her constant support and motivation throughout my Ph.D. life.

iii

Acknowledgements reflect the views of the author and are not endorsed by committee
members or Oklahoma State University.



Name: PUNYA PRASAD MAINALI
Date of Degree: DECEMBER, 2022

Title of Study: CHARGE STORAGE AND TRANSPORT IN METAL OXIDE
RESISTIVE SWITCHING DEVICES

Major Field: PHYSICS

Abstract: Metal oxide resistive switching devices are designed and prepared using atomic
layer deposition (ALD) and spin coating methods. The electrical and optical
characteristics are studied for their applications in memory, photo-detection, and
chemical sensing. Two electrically dissimilar ZnO thin film layers produced by using two
different ALD recipes on a Si substrate as a bilayer is studied and found to have
characteristics (rectification, hysteresis, and threshold voltage) needed to solve the
crosstalk problem in crossbar memory array. ZnO bilayer device has fingerprint of a
memristive device with AC frequency. The ratio of high to low resistive states
(HRS/LRS) increases, reaches its maximum and starts to decrease with increasing
frequency of applied AC voltage which is attributed to the diffusion dominating low
frequency transport and charge freeze at high frequency. The maximum HRS/LRS
achieved at 1 kHz is 2.3. Next part of the study deals with the a-Fe2Oz thin films on p-Si
and glass substrates. a-Fe>O3/p-Si samples show excellent ultra-fast visible light photo-
detection property of response times under 10 ps with large zero bias photocurrent of >16
nA. The study of resistive switching properties of the a-Fe;O3 /p-Si samples reveals that
it has synaptic potentiation property of neurons. The device's conductance increases with
increasing voltage pulse applied to it and saturates at its maximum after some pulses. The
mathematical hill function fit to the conductance data shows that activation of the device
is programmable with the intensity of white light illumination. a-Fe,O3 /glass sample
shows the coexistence of resistive switching and negative differential resistance
phenomena in the presence of humid air with the transport analysis, it is attributed to the
formation of the space charge at the material electrode interface. The same sample is used

to quantify the relative humidity in air by using a novel sweeping I-V method.
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CHAPTER I

INTRODUCTION TO RESISTIVE SWITCHING PHENOMENA

1. Introduction

Basic electronic circuits have three fundamental two terminal elements: resistors,
capacitors, and inductors. These circuit elements have specific equations connecting
underlying variables. For instance, Ohm’s law connects Current and Voltage across a
resistor(dV = R x dI). The basic circuit variables, current, voltage, charge and flux are
linked to each other with specific equations and corresponding circuit elements. The link
between flux and charge was missing until Leon Chua in 1971 theorized based on a
symmetry argument that a fourth circuit element existed called a memristor [1]. The
resistance of a resistor is independent of input voltage or current, but in the case of a
memristor, the resistance depends not only on the applied input but on the history of
applied input. Current and voltage are linked by a resistor, charge, and voltage by a
capacitor and current and flux by an inductor. Chua realized that the link between charge
and flux should exist in the form of a memristor, which is a short form of memory
resistor; a resistor that adjusts its resistance depending on the history of applied

voltage/current.



Fig.1.1 shows the schematic diagram of the basic circuit elements, circuit variables and their

linked equations. The missing link is a two terminal circuit element that connects the flux and

charge, similar to the resistor connecting current and voltage. The unknown in the figure is

found to be a memristor. Regarding the 1-V characteristics of the memristor, it must exhibit a

pinched hysteresis loop [2]. Specifically, the current increases as the voltage increases, but

when the voltage decreases, the current does not follow the initial path in reverse like a

resistor obeying Ohm’s Law. Instead, it traces a higher current path.

Voltage (V)

Resistor
dV =R « dI

Current (l)

Capacitor
dQ =C=dV Charge(Q)
%
/ﬁb
T I
= e o
o
%, g
& o
%
de =L xdI Flux (¢)
Inductor

Fig. 1.1: Schematic diagram of basic circuit elements, the circuit variables and their
linked equations. Question marks demand for a missing two terminal circuit element
which was theorized to be memristor.

Fig. 1.2 illustrates the typical I-V characteristics of all the basic circuit elements [3]. A pure

resistive device has a one-to-one correspondence between current and voltage, as shown in



top left corner 1-V curve in Fig 1.2. Whereas the reactive devices (capacitive and inductive)
have elliptical I-V curves that do not cross origin, which means the device stores some
energy in the form of electromagnetic field (red and green I-V curves in Fig. 1.2). A
memristive device has a characteristic pinched hysteresis loop, where the 1-V curve always

crosses origin (purple I-V curve in Fig 2), i.e., it does not store energy.

===\  ~ _— |
< s

Time

Current
Voltage

Resistor Capacite

dv =R di dg=Cdv

— A~
Inductor Memristor
ﬁ- _\ di = M dg D

Voltage A ~_ Vdltage

Current

Current

Fig. 1.2: Typical I-V characteristics of fundamental circuit elements. Fig. adopted from [3].

2. Resistive Switching Mechanisms

The fundamental structure of a memristive device is similar to a parallel plate capacitor, an
active material layer sandwiched between bottom and top electrodes. The application of an
electric field between the two electrodes induces a change in the active material layer that

switches the device conductivity back and forth. Fig. 1.3 shows the fundamental structure of

resistive switching devices.



There are several switching mechanisms [4], [5] for two terminal switching devices, where

some of the more widely utilized mechanisms are discussed here.

Active Material

Fig. 1.3: Schematic diagram of fundamental memristive device architecture.

2.1. Electrochemical Metallization

Under the influence of the electric field applied across the active material, the vacancies,
metal, or oxygen ions migrate towards one of the electrodes and form a conducting filament,
there by switching from a higher resistive state (HRS) to a lower resistive state (LRS). Upon
switching the polarity of the electric field, the filaments rupture, and the active material
transitions from the LRS back to an HRS[6], [7]. Fig. 1.4 shows an example of formation and

rupture of conducting filaments and the set and reset process.



SET transition
ON-STATE

le = 100pA

I -

o = 250pA

=

Ic = 500pA

| A—

RESET transition
OFF-state

Natural Relaxation

Fig. 1.4: Formation and rupture of conducting filament when the applied electric field is
increased and the polarity reversed. Figure adopted from [7].

2.2.Ferroelectric Polarization Switching

Ferroelectric materials change their polarization when electric field is applied across it.
Specifically, the polarization of the material changes from one state to another giving rise to
different polarized material and, hence, switches from one tunnel resistive state to the
another[8]. The material resets to the original polarization upon application of the reverse
(negative) field. Therefore, the HRS and LRS take place in accordance with the switching of
polarization state of the active material. Fig. 1.5(a) shows the schematic diagram of
ferroelectric switching memristive device and Fig 1.5(b) shows the resistive state as a

function of applied voltage.



(a) b) R

ROFF

RON ._

Fig. 1.5: (a) Schematic diagram for ferroelectric switching device. (b) The resistive states
associated with the corresponding polarization in ferroelectric material.

2.3.Phase change Switching

Some materials[9], [10] structurally change from a crystalline phase to an amorphous phase
upon applying a pulse of current. The as-grown active material is in the crystalline phase and
a strong current pulse melts the material and establishes a region of amorphous phase, as
shown in Fig. 1.6. The amorphous high resistance phase is programmable, and it is in the
series with crystalline low resistance phase and effectively determines the overall resistance

of the device[11].



Fig. 1.6: Schematic diagram of phase change memory device. The
amorphous phase shown is the active programmable region.

3. Applications of Memristive Devices

The experimental demonstration of memristive devices opened a new frontier for memory
and in memory computing paradigm. Memristive devices are shown to have numerous and
important applications [12], [13]. Some promising applications are discussed here.
3.1.Non-volatile Memory

The memristors retain their state until a reset pulse is sent. Memristors can store information
for a long period of time without the need for external power. The information stored in the
form of conductance state can be accessed after a very long time and at an ultra-fast rate. Due
to its scalability, memristors are said to have potential to extend Moore’s law.

3.2.Dynamic Load

The memristors have the ability to adjust their conductance in accordance with the applied
voltage. This property can be applied to design electrical circuits using memristors as
dynamic loads. For example, using memristive device, a programmable gain amplifier has
been constructed [14] in which pulse program code sets the gain parameter. The same

7



property is applied to construct programmable switching threshold Schmitt triggers,
programmable threshold comparator and programmable frequency relaxation oscillators [15].
3.3. Memristor aided logic gates

Memristors are used in logic gates (AND, OR and NOR etc.). Unlike traditional transistor-
based logic gates, memristor uses only one input voltage but the inputs are determined by the
initial state of the input memristors. The basic logic gates using memristors are called
Memristor Aided Logic (MAGIC) [16].

3.4.Synaptic Devices and Neuromorphic Computing

The temporal dependence of the conductance change in memristive devices can be used to
emulate synaptic behavior in neuromorphic systems. When a series of positive and negative
pulses are sent through the memristive device, the conductance of the device is changed
depending not only on the amplitude and polarity of the pulse, but also the temporal
attributes. The time difference between the pulse and the width of the pulse effectively
dictates the change in the conductance of the device, which directly emulates spike timing
dependent plasticity (STDP) of a synapse [17]-[19]. The famous Pavlov’s dog experiment
that shows biological associative learning is experimentally demonstrated using memristive
network[20], [21]. A single memristive device is shown to emulate the biological

habituation/fatigue behavior of a synapse[22].

This research work addresses the materials design and fabrication for novel memristive
systems and its applications in addressing crosstalk problem in crossbar memory arrays,
photo detection, emulation of synaptic potentiation, and chemical sensing. An important
electrical characteristic required to address the crosstalk problem in crossbar memory array is
observed in bilayer ZnO device. A negative differential resistance with resistive switching

8



behavior is found to coexist in Fe;O3 material system in humid environment. This research
work also discusses the application of resistive switching and negative differential resistance
behavior found in Fe>Os material system in quantification of relative humidity in the

environment by applying a novel sweeping I-V method.



CHAPTER II

MATERIALS’ PREPARATIONS AND CHARACTERIZATION

1. Materials’ preparations

1.1.Fabrication of ZnO bilayer

The technique of atomic layer deposition (ALD) was used in the fabrication of ZnO thin
films at low temperatures (<200°C), which results in a high density of defects [23]-[26],
thereby making it an electrically conductive metal oxide. The ALD recipe controls the
electrical and morphological characteristics of ZnO thin films[27]-[29]. In this work, two
different ALD recipes were used to make electrically dissimilar ZnO thin films, ALD
deposition was performed in an Okyay Technologies ALD system. The films were
deposited on a Si (100) substrate with native oxide at 180 °C under a constant flow of N2
(15 scecm) using diethyl zinc (DEZ) and DI water as the Zn source and oxidizer,
respectively. The ALD was operated in ‘soak’ mode for the bottom layer where the
precursors were allowed to remain in the reactor for a predetermined time prior to
pumping down the reactor. Soaking increases the deposition rate, such that it is no longer
true ALD. A ‘soak’ deposition cycle consisted of a 100 ms dose of DEZ, soak for 20 s,
pump down for 35 s, then a 15 ms dose of DI water, soak for 20 s, followed by a pump

down for 35 s before beginning the next cycle.

10



The ZnO deposition rate with soaking was 2.2 A/cycle. The top ZnO layer was deposited
using a standard ALD cycle, sans soaking. In this case, a deposition cycle consisted of a
100 ms dose of DEZ (100 ms), pump down for 20 s, and then a 15 ms dose of DI water,

followed by a pump down for 10s before beginning the next cycle.

This results in a deposition rate of 1 A/cycle. Here, the higher deposition rate with
soaking produces ZnO films with morphologies and resistances differing from films
without soaking, which is addressed in the succeeding sections. The bottom ZnO layer
was annealed at 300 °C in a tube furnace in an ambient atmosphere prior to the deposition
of the top layer. The rationale for annealing is provided in later chapters. The two
dissimilar ZnO form a bilayer ZnO homojunction memristor.

1.2. Fabrication of Fe2Os3 thin films

The a-Fe2O3/p-Si samples were prepared using an organic iron solution consisting of 0.1
and 0.5 grams powder of Fe (111) Acetylacetonate (Strem Chemicals CAS#: 14024-18-1)
in 10 ml (10g/L and 50 g/L) solutions of acetone (28 mM and 141 mM). The solution was
sonicated for an hour, followed by vortex stirring and filtering. Approximately 10 pL of
the solution was spin-coated onto a p-Si (100) and glass substrates at 3000 rpm. The
solvent was allowed to evaporate and then the sample was annealed in air at 500°C for 1
hour inside a tube furnace and then allowed to slowly cool to the room temperature to
avoid cracking of the a-Fe>Os film. Circular gold electrical contacts with an approximate
area of 0.071 cm? were sputtered onto the sample using a shadow mask. The sputter
chamber was held at a pressure of 10 mTorr of Ar and deposition was carried out with a
plasma power of 25 W. The samples were then annealed at 300°C in the air for 45
minutes to form good electrical contact between the Au electrodes and the Fe>Os films.

11



2. Materials’ characterization

This section briefly discusses the materials characterization techniques. X-ray
photoelectron spectroscopy (XPS) was used to study the elemental composition and
relative non-stoichiometric oxygen content present in the ZnO samples. The basic
working principle, instrumentation, and specific application of XPS related to this

research work is explained in section 2.1.

Scanning electron microscopy (SEM) was used to study sample morphology. In
particular, the morphology of two different ZnO thin films and Fe2Os microcrystalline
thin films. The basic working principle, parts and instrumentation and specific
application applied in this dissertation are presented in section 2.2. Sections 2.3 and 2.4
review the techniques of energy dispersive x-ray spectroscopy (EDX) and Raman
spectroscopy, their basic working principles, and the specific applications peculiar for

this study.

2.1.X-ray Photoelectron Spectroscopy (XPS)

The working principle of XPS is based on the theoretical photoelectric effect explained
by Albert Einstein in 1905 [30]. X-ray photons with characteristic energy (usually Mg
Ka,1253.6 eV or Al Ka, 1486.6 eV radiations) are impinged upon the surface of the
sample, thereby exciting core level electrons of an atom into the vacuum level, where
these excited electrons are called photoelectrons. The photoelectrons are collected and
their kinetic energy measured and recorded by an electrostatic electron energy analyser.
Equation 2.1, Einstein’s photoelectric equation based on conservation of energy [31], is
the relationship between the binding energy (Eg) of the electron in an atom, the kinetic
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energy (Ek) of the free electron (photoelectron) in the vaccum and the energy of the

photon (X-ray) used to create (excite) the photoelectron [32]:

hu = ¢ + Eg + Ey 2.1)

In equation 2.1, h is the Planck’s constant, v is the frequency of incident X-ray photon,
Eg is the binding energy of the atomic orbital in which the electron resided in the atom,
Ey is the kinetic energy of the photoelectrons, and ¢ is the effective work function
between the sample and the electrostatic electron energy analyzer. Each atom in its
particular oxidation state has its own unique signature binding energies of electrons. The
elemental binding energy varies because of the chemical state and polarizability of the
element, therefore one can get direct information about the chemical state of the element
from the binding energy shift relative to its pure form. The photoelectrons with kinetic
energy in the range 50-100 eV have a mean free path (path length through the material
without scattering) in the order of few angstroms. Consequently, only photoelectrons
originating from atoms within the first few layers of surface of the sample escape into the
vacuum level and subsequently analyzed by electrostatic electron energy analyzer.
Typically, XPS can be used to probe a depth of 8nm — 10nm into a sample [33].

Therefore, XPS is an excellent tool for probing the surfaces of materials [34].
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Fig. 2.1: Schematic diagram of XPS components, working principle and the

data acquisition system.
XPS measurements must be performed in ultra high vacuum (UHV) conditions with
pressures of ~1071° Torr in order to protect the samples from contamination, false reading
of photoelectron energies, and excessive scattering of the photoelectrons by molecules in
the atmosphere [35]. Fig. 2.1 shows the schematics of the XPS parts along with the
working and the data acquisition system. The photoelectrons ejected from the surface of
the sample are collected and analysed by the analyzer. The data are transferred to the

computer through the data logger and the data analysed accordingly.

In the present work, XPS was carried out at room temperature in a UHV chamber with a
base pressure <8x1071° Torr. The XPS spectra were acquired with the Al-Ko emission
line from a dual anode X-ray source (Physical Electronics XR 04-548) operated at 400 W
and an incident angle of 54.7° and normal emission. The photoelectrons were collected
and analyzed with an Omicron EA 125 hemispherical electron energy analyzer with an
energy resolution of 0.02 eV. Subsequently, the data was analyzed using the CasaXPS
software package [36], [37] where a Shirley background was subtracted from the core
level spectra presented herein [38]. In this study, XPS analysis has been used to map the
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relative concentrations of stoichiometric (O% ) and non-stoichiometric (0%®") oxygen (&
is a positive fraction) present in the the two electrically dissimilar ZnO thin films grown
on the Si(100) substrates. The core level spectra are deconvoluted with Voight functions
centered at binding energies of 531.0 eV (0%) and 532.5 eV (O??). The areas under
their respective curves are relative quantitative concentration of defects or non
stoichiometric oxygen present in the two types of ZnO. The XPS analysis of the two

electrically dissimilar ZnO thin films are presented in chapter I11.

2.2.Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to study the surface morphology and the average
crystalline size of the materials used in this dissertation. The SEM rasters a focused beam
of electrons across the surface of the sample and reconstructs the backscattered electrons
into an image of the sample surface. A typical SEM system is comprised of four essential
components; an electron source or gun, specimen stage, secondary electron detector and
imaging/display system [39]. The electron gun consists of a low work function thermal
emission filament, high voltage elements to accelerate the electrons, condenser lenses to
focus the beam, and a deflection system consisting of electric coils for rastering the beam
across the sample [40]. The sample is placed on a specimen stage with three axes of
translation and one degree of tilt. The SEM system operates inside a vacuum chamber.

The schematic diagram of SEM system is shown in Fig. 2.2.
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Fig.2.2: Schematic diagram of scanning electron microscopy (SEM)

A high energy (0.1-30 KeV) electron beam is produced from the electron gun condensed
by the lens system interacts with the sample and produces the backscattered and
secondary electrons which are detected by the detector. The scanning coils move the

electron beam from point to point until a rectangular image of the scanned area is formed.
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The spot size of electron beam can be < 10 nm implying the resolution of SEM can be <

10 nm and the depth of penetration into the sample is around 1um [41].

In the current study, SEM images of samples were acquired with a FEI scanning electron
microscope at different magnifications. The analysis of the image was done using ImageJ
software. SEM micrographs provided the insight into the sample morphology and the
average size of the polycrystalline ZnO, the average size of the voids in the sample
surface, etc. In the case of Fe2O3 samples, SEM micrographs provided the overall
distribution of the microcrystalline particle assembly as well as revealing the
discontinuous nature of the films. The overall elemental distribution of Fe and O in the
Fe>Os microcrystalline particles with EDX analysis, discussed in the next section. The

detailed results are discussed in the respective chapters.

2.3.Energy Dispersive X-ray Spectroscopy (EDX)

Most SEM systems are equipped with the EDX analysis system. When high energy
electrons strike an atom, an electron from a core level state can be excited into the
vacuum, much like in photoemission, leaving a positive hole in its place. An electron
from higher energy level decays to fill the hole, giving out an x-ray radiation equal to the
energy difference between the two energy levels, i.e., conservation of energy. The x-ray
radiation is detected and analyzed by EDX system [42]. The energy of the x-ray emitted
from the atom is unique to that atom, therefore it can be used to analyze chemical

information of the sample.
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EDX can be used for qualitative and quantitative analysis of the sample. One can identify
the presence of certain elements, the percentage of the elements present in the specimen

and the overall distribution of the elements[43].

Primary electron

Characteristic X-ray

1 |

Photo-electron )

Fig.2.3: Schematic diagram of characteristic x-ray production in EDX system.

In this study, an EDX system from Bruker Nano Berlin, Germany with primary energy of
10keV, take off and azimuth angles of 35° and 45°, respectively, was used to analyze

sample. The detailed results and discussion can be found in chapters IV and VI.
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2.4. Raman Spectroscopy

With Raman spectroscopic analysis or Raman spectroscopy, a sample irradiated with a
monochromatic laser that emits in the UV-visible region of the light spectrum [44]. The
incident light scatters due to interaction with different vibrational modes of molecules or
a material. The back-scattered light having the same wavelength as the incident light is
said to undergo Rayleigh scattering and is the strongest scattered light. However, a small
fraction of light undergoes scattering at a different wavelength that depends on the
chemical structure of the molecule or material. This is called Raman scattering, which are
further divided into Stokes and Anti-stokes scattering with frequencies v, — v, and

v, + v, respectively. Here, v, is the frequency of incident light and v,,, is the frequency
of vibrational mode of a molecule or material and is a signature of the chemical state of

the scatterer [45].
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Fig.2.4: Schematic diagram of Raman spectroscopy system.

Fig. 2.4 shows the schematic diagram of a typical Raman scattering system. A 532 nm
green laser source was used to acquire data for this dissertation. The incident laser is sent
through a collimator, focused through the optical lenses and onto the sample. The back-
scattered light from the sample is collected through a notch filter that rejects the primary
frequency used to irradiate the sample, thereby filtering out Rayleigh scattered light from
entering the spectrometer. The spectrometer collects only stokes and anti-stokes scattered
light. From the frequency of stokes or anti-stokes light, the frequency of the vibrational

modes of a molecule or material are identified using known standards or reference work.

Raman spectra were acquired with a WITec alpha 300R Raman microscope, equipped
with a 532 nm laser. Raman spectrum was collected using a 100x objective lens of 0.9

numerical aperture, 600 lines/mm grating, and 100 um confocal aperture (fiber) diameter
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to identify the presence of a-Fe2Os in the sample. The presence of signature peaks that
corresponds to the phonon and magnon vibration modes of a-Fe2O3 in the Raman
spectroscopy data is clearly observable. This study attempts to show the increment of
film thickness with the increment of solution concentration used to fabricate the sample

by showing the attenuation in the Raman peak of the Si substrate.

3. Electrical characterizations

To elucidate electrical properties of the samples produced in this dissertation, four
different instruments were used for electrical characterizations. A Keithley 2425 source
measure unit (SMU) for DC measurements, a PXle data card for AC measurements, a
Moku Lab lock-in amplifier for zero bias photocurrent and BK precision LCR meter
model 891 for capacitance measurements were utilized in this study. Custom Labview
programs were written by the candidate for data acquisition with all instruments, with the

exception of the Moku Lab lock-in amplifier, which comes with its own i0OS application.

3.1.Four Point Probe Resistivity

The sheet resistivity (p) of a thin film can be measured using a four-point probe method.
With this method, four identical and collinear probes are attached with equally spacing
between them on the sample, which typically is a thin film. The current is sent through
the outer two probes and voltage is measured across the inner two probes, as shown in
Fig. 2.5, where I and V,,, are the sourced current and measured voltage, respectively. The
resistivity is calculated using equation 2.2, where k is geometrical correction factor that
depends on the tip diameter and wafer diameter, t is the thickness of the sample. For

spacing of probes d >> t, the correction factor k approaches unity [46], [47], [48].
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The Keithley 2425 SMU is used to source the current, I, between the outer probes and

measure the voltage difference, V,,, between the two inner probes.

In the current study, the resistivities of the samples were measured as a function of post
growth annealing temperature. The samples were annealed at different higher
temperatures, brought back to room temperature and then the resistivity was measured.
The process continued for subsequent higher temperatures. The result of the resistivity

measurement is presented in the electrical characterization section in Chapter I11.

o

m

It Thin film

Fig.2.5: Schematic diagram of 4-point probe resistivity measurement setup.

22



3.2.Voltage divider circuit and AC I-V measurement

The AC electrical properties of ZnO homojunction diodes were evaluated by applying
AC voltage and measuring the current using a voltage divider. The measurement circuit
consisted of a resistor (275€Q) in series with sample. Fig. 2.6(a) shows the schematic
diagram of ZnO bilayer device geometry and the gold probe connected on layers to make
the electrical measurements. Fig. 2.6(b) is a voltage divider circuit designed to make AC
electrical 1-V measurements, where Vi, and V1 were measured simultaneously and fed

into the post processing using a custom Labview program.

A PXle 6349 data card from National Instruments interfaced in conjunction with
Labview was used for data acquisition. The custom designed Labview program further
processes the data using the equations 2.3 and 2.4 to retrieve voltage and current in the

sample, respectively.

Vsample =Vin — V1 (2.3)
\% \%
Isample = ?1 = ﬁ (2.4)
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Figure 2.6: (a) Schematic diagram of ZnO bilayer memristor design and
geometry, (b) the circuit diagram of the test setup for AC electrical
measurements, where Vi, and V1 are simultaneously recorded.

3.3.Zero bias photocurrent and responsivity measurement

One of the characteristics of a-Fe>Os/p-Si device is its large zero bias photocurrent. The
zero-bias photocurrent and the rise and decay time of response were measured with a
Moku Lab (Liquid Instruments Inc. California) lock-in amplifier and Tektronix arbitrary
function generator (AFG 31052). The AFG generated pulses at a frequency of 11.897
kHz (a prime number frequency that has a period close to 100 us) with a 10% duty cycle,
1.5V amplitude, for driving the white LED used as the light source, as well as the
reference input to the lock-in amplifier. The Lock-in amplifier measured the voltage
across a resistor (R=1.98 MQ) connected across the photodetector and post-processed the
data to give photocurrent. To measure the responsivity as a function of wavelength of
light, a solar simulator (Model 66002, Oriel Corporation) was used as a source, which
was fed into Monochrometer (Jarrell-Ash) and output light of which was incident on the

sample. The power of light was measured using a Thorlabs PM400 optical power meter.

24



Fig. 2.7 shows the schematic diagram of the experimental setup for the measurement of

zero-bias photocurrent and the actual geometry of the sample inside the dark box.

AFG 31052 Dark Box
- e
0

— ||

(X White LED| |

Moku Lab:
Lock-In Amp

Fig. 2.7: The schematic diagram of the setup for the measurement of zero-bias
photocurrent and the time of rise and decay using Moku Lab lock-in amplifier.
Function generator AFG 31052 generates pulse of 1.5 V amplitude that drives the
white LED on surface of the sample. Zoomed in is the schematics of the sample

inside the dark box.

3.4.Synaptic conductance measurement

In order to observe the synaptic potentiation in an a-Fe>Os/p-Si device, the conductance
as a function of voltage pulses was measured. For this measurement, a Labview program
programmed the Keithley 2425 SMU to source a pulse (amplitude, pulse period and
width) and measure the conductance when the pulse arrived. A 5 V pulse with 100 ms

period and 10 ms width was sent through the device and the conductance was measured
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when the voltage reached 5V. For a-Fe;Os/glass samples, measurements were conducted
in a humid environment (humidity sensing) with a pulse width of 200 ms and a period of

1s.

3.5.Electrical measurement of humidity sensor

The resistance of humidity sensors was acquired using a Keithley 2425 SMU
simultaneously applied a 5 V source voltage and measured the current through the sensor.
Once again, a custom Labview program was used for data acquisition and control of the
Keithley 2425 SMU. The relative humidity inside the chamber was monitored using a
flow meter from CompuFlow, model 8585. Real time capacitance was measured using a
BK precision LCR meter model 891 by applying a 1 kHz and 1 V rms signal through the

sensor and taking the average of 500 data points at a particular humidity level.
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Fig. 2.8: Schematic diagram of the sensor experiment setup (not to scale) where the
humid air is produced by bubbling nitrogen gas through a conical flask of DI water.
The 3-way switch is manually operated for turning on and off humid air onto the
sample.

Fig. 2.8 shows the schematic diagram of the resistance response measurement of the
humidity sensor by applying a humid N2 flow on the sensor and measuring the change in
the resistance. The humid N2 flow was prepared by bubbling dry N2 into a conical flask
filled with DI water which is shown in fig. 2.8. The dry N2 pressure, temperature at which
the conical flask with DI water is heated, controls the amount of water vapor carried by
the N2 gas or the humidity onto the sample. Copper clips were used as contacts because

its work function is close to the electron affinity of a-Fe>Os3 [49], [50].
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CHAPTER IlI

CROSSTALK IN CROSSBAR MEMORY ARRAY AND ZnO HOMOJUNCTION

DIODE

1. Introduction

One of the major difficulties faced in crossbar array-based memory devices is “crosstalk”
between adjacent cells [51], where crosstalk refers to the backflow of current that alters
the state of adjacent cells and subsequently leads to an incorrect reading of the cell’s
state. To avoid the crosstalk problem, a one-diode-one-resistive-switch (LD1R) model is
proposed [52], which is a series combination of a diode and a memristor (resistive
switch). The problem is further complicated by the fact that digital memory, memristive
or not, is for all intensive purposes, an AC circuit of memory bits that are being accessed
at very high rates. This leads to capacitive coupling that adversely impacts the operating
speed of the device. As a consequence, memristor design is not solely an architectural
challenge, but also a materials’ challenge, i.e., identifying materials and combinations
thereof that produce memristors with optimal balance of performance and stability.
Materials’ challenges for the resistive switching devices in RRAM are mostly the spatial
(device to device) and temporal (cycle to cycle) stochasticity. Spatial stochasticity arises
mainly due to the lack of consistency in the materials fabrication process, leading to
variability of electrical characteristics from device to device [53], [54], [55].
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Atomic layer deposition (ALD) of ZnO provides precise control of the film properties,
such as preferential direction of growth [27], morphology, electrical/optical properties
[28] and roughness [29], which are influenced by the growth temperature, ALD soak time
and the ratio of precursor purge. Since Al doped ZnO is found to have minimized
temporal stochasticity and sufficient endurance characteristics[56], ALD synthesized
ZnO has potential for RRAM applications.

There are several studies in ZnO based heterojunction memristors [57],[58] in which two
or many different material layers are fabricated and studied. A single layer of ZnO on
stainless steel using the gold electrode exhibited characteristics of resistive switching
[59]. In thin film ZnO resistive switching devices, it is oxygen vacancies and interstitials
that are the primary participants in the resistive switching process [60]. Therefore,
through judicious control of the density of oxygen defects in a ZnO thin film, one can
construct a double layer homojunction resistive switch device. In effect, different
concentrations of defects in two different layers form a homojunction at the interface.
This study focuses on the electrical properties showing memristive diode behavior of the
double-layered structure having potential applications as 1D1R replacement using the

same material.

2. Results and Discussion

2.1.Morphology and Stoichiometry

In order to produce a homojunction memristor, the electrical properties of the two ZnO
layers need to differ from one another, such that a depletion layer forms at their interface
[61]. This is achieved by controlling their morphology and stoichiometry. Low
temperature ALD grown ZnO films have a high density of defects and nanocrystalline
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structure[23], [24]. Consequently, deposition rate and thermal annealing of ZnO are
variables that can be used to tune the electrical properties of ZnO films and are the
approaches utilized in this study to construct the ZnO homojunction memristors.
Displayed in Fig. 3.1 are SEM images of the two ZnO layers of the memristor. The
contrast of the morphologies of the two layers is apparent at the boundary between them
in the SEM image in Figure 3.1(a). The morphology of the first ZnO layer (Fig. 3.1(b))
can be described as a mosaic of ZnO domains with an average diameter of 40 nm
separated by on average 15 nm wide voids. It is observed that annealing of the first ZnO
layer at 300 °C had no effect on its morphology (not shown). In contrast, the morphology
of the second ZnO layer (Fig. 3.1(c)) consists of large crystals of ZnO with an average
length of 115 nm. We attribute the differences between their morphologies to their
different deposition rates. Specifically, the deposition rate of 2.2 A/cycle for the first ZnO
layer, as opposed to 1 A/cycle of the second layer, impedes nucleation of large ZnO
crystals in favor of a smoother surface. Also, the voids in the first layer are an order of
magnitude smaller than the voids between the ZnO crystals in the second layer.

The stoichiometry of the two ZnO layers have been determined by XPS by measurement
and analysis of the Zn 2p and O 1s core levels states, which are displayed in Fig. 3.2.
Based on wide XPS scans of the two layers, the calculated atomic percentage ratios of
Zn:0 are 0.83 and 1.09 for the first and second layers, respectively. The absence of large
ZnO crystallites in the SEM image of the first layer (Fig. 3.1(b)), in conjunction with a
Zn deficiency, is indicative of highly disordered ZnO and attributable to the high
deposition rate of 2.2 A/cycle. The 1:1 ratio of the top layer is consistent with the

observation of large ZnO crystals in Fig. 3.1(c).
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Figure 3.1: SEM images of (a) the boundary between the two layers (b) annealed

(3000C) base/first layer and (c¢) the as-grown top/second layer.

The Zn 2p spectra for of the two layers in Fig. 3.2(a) are almost indistinguishable and,
therefore, do not reflect their different morphologies. In contrast, the O 1s core level
states of the two layers in Fig. 3.2(b) exhibit distinguishable differences that reflect their
different stoichiometries and morphologies. Both have spectral weight at a binding
energy of 531 eV that is indicative of O% and stoichiometric ZnO[62], as well as a
spectral weight at ~532.5 eV. We propose that the intensity of the higher binding energy
feature of the O 1s can be used as a measure of the relative disorder of the ZnO layer, i.e.,
0@ where § is a positive fraction. To quantify the degree of disorder, the O 1s core

level states for both layers were fit with two Voight functions, where the FWHM of the
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peaks were held equal. The results of the fits for the annealed first layer and the second
as-grown layer of ZnO are displayed in Figs. 3.2(c) and (d), respectively. The ratio of the
area of the peak at ~532.5 eV to the peak at 531 eV is 1.16 for the first layer, and 0.51 for
the second layer, and 0.42 for the single crystal reference (not shown here). The O 1s
ratio of the second layer of ZnO of 0.51 is essentially identical to that of the ZnO single
crystal. This ratio and the observation of ZnO crystals in the SEM image of the second
layer in Fig. 3.2(c) support the conclusion that the second ZnO layer has a low
concentration of defects. In contrast, the ratio of 1.16 for the first ZnO layer, along with
the lack of large ZnO crystals, suggests that it has a much higher concentration of defects
relative to the second layer and the ZnO single crystal. Therefore, we conclude that the
first ZnO layer is highly disordered as a consequence of the high deposition rate of 2.2

Alcycle, as compared to 1 A/cycle for the second layer.
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Figure 3.2: (a) The high resolution XPS data for Zn 2p (b) O1S core level data and
deconvolution fits for (c) annealed first ZnO layer and (d) as grown second ZnO
layer.

2.2 Electrical Characterizations

As-grown low temperature ALD ZnO (T< 200 °C) is highly conductive due to a high
concentration of defects [24]-[26], but the conductivity can evolve over time due to the
self-healing characteristics of ZnO [63]. Consequently, the best practice is to post-anneal
the films, thereby producing a less conductive (higher resistivity) but more stable ZnO
film. Furthermore, the results obtained indicate that a moderately resistive ZnO is
desirable for constructing ZnO homojunction memristors. The resistivity vs. post-
annealing temperature of a ZnO film grown using the conditions for the first layer is

displayed in Fig. 3.3. The sample was annealed at successively higher temperatures at
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twenty minutes intervals, where between each interval it was brought back to room
temperature and its resistivity was measured. With the initial anneal at 200 °C, the
resistivity rises from it as-grown value of ~3.3x103Q-cm to 9x102Q-cm and then
decreases to 2.4x1072Q-cm after annealing to 300 °C, at which point it increases linearly
with successively higher annealing, as expected[64], [65]. We have optimized the
construction of the memristor with the first layer grown at 2.2 A/cycle and annealed to
300 °C based on the results shown in Fig. 3.3. It is clear that annealing at 300 °C
corresponds to a local minimum in the resistivity and that said film would be robust and
stable and have the moderate resistivity needed to construct a ZnO homojunction

memristor.
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Figure 3.3. The resistivity of a 50 nm ZnO film with a
growth rate of 2.2 A/cycle (soaking) as function of

annealing temperature.

The I-V curves of the double layered ZnO homojunction memristor using sinusoidal and

triangular waveform voltages are displayed in Fig. 3.4(a). The I-V curves are
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characteristic of a diode which is attributed to the formation of n-n junction [66], where
current flow is only in the forward direction. From the XPS analysis, it is evident that the
annealed base layer of ZnO contains more defects/vacancies relative to the as-grown top
layer and therefore at the interface an nn-homojunction is formed. As a consequence, a
depletion layer forms at the interface. The resistance for negative bias is of the order of
mega ohms (Fig. 3.4(b)) but tracks with the voltage in forward bias. Note that the device
can be described as having two different resistive states in a cycle, a prerequisite for a
memristor. In the reverse bias, discrete multi-stability of resistive states is observed, a
subject of further study. The primary effect of the choice of the waveform of the driving

voltage is the shape and size of the hysteresis loop, where, as expected, the area under the

curve is larger for a sinusoidal waveform.
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Figure 3.4: (a) I-V plot of the memristor device with a sinusoidal and triangular
waveform voltage and (b) the resistance over multiple cycles at a frequency of 1
kHz. (Multiple cycle data shows temporal uniformity).
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The I-V characteristics of the memristor at different frequencies (f), where the size of the
hysteresis loop is a function of the driving frequency, are displayed in Fig. 3.5. The loop
area increases steadily with increasing frequency until it reaches a maximum at 1 kHz
and decreases again. This frequency dependence is a fingerprint of a memristor[67]. The
hysteresis loop area corresponds to the density of charge carriers that remain in the
depletion region over one cycle. At low driving frequencies (<100Hz) signal, the current
is primarily a function of diffusion and subsequent recombination in the depletion layer.
As the driving frequency increases above 100 Hz, space charge builds up in the depletion
region due to drift velocity of the majority carriers that are not fully compensated by
recombination. The space charge density reaches a maximum at a driving frequency of 1
kHz, where 1/f approaches the mean time between collisions (t) associated with the
carrier mobility. For f> 1 kHz, 1/f<t and the drift velocity approaches zero, at which
point diffusion is once again the dominant transport mechanism. As a consequence,
diffusion leads to the dissipation of carriers in the depletion region and the subsequent
closure of the hysteresis loop with increasing driving frequencies. The area of the

hysteresis loop as a function of driving frequency is summarized in Fig 3.5(f).
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Figure 3.5: I-V curves in forward bias for one cycle of a triangular waveform
voltage at frequencies of (a) 10 Hz, (b) 100 Hz, (c) 500 Hz, (d) 1 kHz, and (e) 5
kHz. (f) The frequency dependence of the hysteresis loop for forward bias as a
function of frequency for a triangular waveform voltage.
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Figure 3.6: The resistance of the memristor in
forward bias as a function of frequency for a
triangular waveform voltage. Distinct bistability
of resistance is observed, as well as a frequency

dependent shift of threshold voltage.
Displayed in Fig. 3.6 is the resistance of the memristor for a triangular waveform AC
voltage in forward bias as a function of frequency. The device exhibits a bistability in the
resistance, i.e., a two state memristive device. The low resistive state is approximately 5
kQ and the high resistive state is in excess of 100 kQ. The shift of the threshold voltage
as a function of frequency of the voltage source in Figure 3.6 is due to frequency
dependence of the dielectric function of ZnO, which decreases with increasing
frequency[68]. In turn, this results in an increase in the built-in potential of the nn-

junction.
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The resistive state of the device is a function of frequency for a given bias. To illustrate
this, the frequency dependent low resistive state (LRS) and high resistive state (HRS) at 3
V and their ratio are plotted in Fig. 3.7(a). As expected, LRS and HRS increase with
increasing frequency and plateau above 10 kHz. The ratio of HRS/LRS at a 3V bias
reaches a maximum of ~2.3 at 1 kHz. In the voltage dependence of HRS, LRS and the
ratio HRS/LRS at 1 kHz frequency the ratio of HRS/LRS is a maximum, in Fig. 3.7(b).
The ratio HRS/LRS reaches a maximum of ~4 at 2 V and decreases with increasing
voltage and below 2 V, the comparative study of HRS/LHR is irrelevant due to threshold
voltage shift. Sun et al. showed that the off/on ratio is influenced by carrier concentration
[69]. Because the maximum ratio of HRS/LRS of our ZnO homojunction memristor
occurs at 1 kHz, the maximum size of the hysteresis loop in Fig. 3.5(f), we have
concluded that the off/on ratio of our device depends on the carrier density in the
depletion region. Therefore, the off/on ratio of a ZnO homojunction memristor can be
tuned/designed by controlling the relative carrier densities of the ZnO layers, which is

dependent upon their morphology, stoichiometry, and post preparation.
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resistive state (LHS) and their ratio of the ZnO homojunction memristor and (b) the voltage

dependence at 1 kHz of HRS, LHS, and HRS/LRS.

3. Conclusion

A ZnO n-n homojunction memristor device has been constructed using two dissimilar

ZnO thin films. The ZnO layers were grown by atomic layer deposition using two

different deposition recipes in conjunction with or without annealing. The differences

between the two ZnO films manifest in different carrier concentrations, where they form

n-n junction relative to one another. When driven with an AC voltage, interfacial charges

are swept in and out of the depletion layer formed and is manifested as hysteresis in the

forward biased IV characteristics. The maximum area of the hysteresis loop occurs at a

driving frequency of 1 kHz, pertaining to a maximum in the space charge within the

depletion region of the junction. From the results obtained it is clear that the memristive

device can exist in either a high resistive state (HRS) or a low resistive state (LRS),

where the maximum of the HRS to LRS ratio occurs at 1 kHz, the frequency that

corresponds to the maximum hysteresis in the 1-V curve. Based on this correlation, it is

40



concluded that the resistive states depend on the accumulation of space charge within the
depletion region, which can be controlled by tuning the materials properties of the ZnO
layers. This study has demonstrated that a memristive device can be constructed by

combining dissimilar ZnO thin films.
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CHAPTER IV

ULTRA FAST PHOTODETECTION FROM a-Fe2O3 ON P-SILICON

1. Introduction

Photodetectors (PD) are devices used for detecting and measuring the characteristics of
incident light. They have wide applications in various sectors of modern electronics, such
as optical communications [70], [71], photodetector array cameras in space research [72],
imaging the hydrogen flames and corona discharge [73], medical applications [74],
wearables [75], etc. PDs can detect light by various mechanisms such as a photo-
electrochemical cell [76], [77], a photodiode [78], or a phototransistor [79], [80]. Most
PDs utilize external power sources to be able to detect light. PDs that do not require an
external power source for light detection are a huge advantage in almost all of the

applications listed herein.

a-Fe>0s is an excellent absorber of visible light due to its bandgap (~2.2eV) aligning to
the center of the visible spectrum [81]. Abundant availability, low cost, non-toxicity,
excellent stability in aqueous environment, and environmentally friendly properties make
a-Fe>03 naturally preferred semiconductor in many applications, such as photo-
electrochemical water splitting [82], gas sensing [83], [84, p. 3], as pigments [85] and in

catalysis [86].
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However, due to its poor charge carrier mobility [87] and ultrafast recombination rate of

photo-generated carriers [88], its use for photodetection is limited.

To address the issue of ultrafast recombination of photo-generated carriers, herein we
propose reducing the bulk of the a-Fe;O3 layer by reducing the thickness of the a-Fe,O3
thin film and create a built-in electric field with a p—n junction at the interface that
spontaneously separates photo-generated carriers. Our junction uses p-type silicon
substrate as the dominant transport layer due to its large hole mobility [89] and n-type a-
Fe>Os layer as a photo-carrier generator. A simple and cheap fabrication process, along

with a non-biased operating condition, makes our device an attractive photodetector.

2. Results and Discussion

2.1. Materials’ Characterizations

Multiple sets of two types of samples prepared by using different concentration of
solutions of organic iron precursor were subjected to characterization. Scanning electron
microscope (SEM) micrographs of the typical morphology of the two types of samples
prepared using 28 mM and 141 mM solutions are displayed in Figs. 4.1 (a) and (b),
respectively. The thin film sample prepared with the 28 mM solution is semi-continuous
with voids with an average size of <15nm, whereas the sample prepared with 141 mM
solution is highly discontinuous, consisting of bulk crystals with an average size of 175
nm. Figs. 4.2 (a) and (b) show SEM elemental mapping and energy dispersive X-ray
(EDX) spectra of the sample prepared with the 28 mM solution. Similarly, Figs. 4.2(c)
and (d) show SEM elemental mapping and EDX spectra of the sample prepared with the

141 mM solution. In Figs. 4.2 (a) and (c), the gold electrical contacts are represented by
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green, the Si substrate by black, and Fe of a-Fe>O3 by red colors. As we can see from the
SEM analysis of the samples prepared with the 28 mM solution, the a-Fe>O3 film more
uniform than the sample prepared with the 141 mM solution, as well as thinner, although
not apparent from the SEM micrographs, can be observed in the form of Si peak
attenuation in Raman spectra later. It is shown in the later section that the thickness and
distribution of a-Fe2O3 of the films directly affects the photo-response, as well as the

zero-bias photocurrent.

Fig. 4.1: SEM micrographs of sample prepared using (a) 28 mM and (b) 141 mM
solutions.
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Fig. 4.2: (a) EDX mapping of elements and (b) EDX spectra for sample prepared using 28
mM. (c) EDX mapping of elements and (d) EDX spectra for samples prepared using 141
mM solutions. Higher intensity of Fe peak in (d) shows the increased size of the a-Fe;03
particles in the samples.

Raman spectroscopy of the samples in Fig. 4.3 confirms the presence of Raman modes of
o-Fe,03. The peak at 224 cm™ is assigned to the A1y mode of a-Fe;Os. Similarly, the
peaks at 293 cm™, 412 cm™?, 613 cm are assigned to the Eq modes of a-Fe203 [90], [91].
However, the peak at 659 cm™ does not correspond to a-Fe2O3z and may possibly be due
to the disorder [92]. The prominent peak at 1318 cm™ corresponds to an o-Fe;Os3
(Hematite) two magnon scattering, which is not observed for other forms of iron oxide
(Magnetite, Maghemite, etc.) [93]. The peaks at 520 cm™ and 975 cm™ correspond to the
scattering of first-order optical phonon and two transverse optical phonons in c-Si [94],

where their intensities are significantly less for the sample prepared with the 141 mM
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solution and attributed to attenuation associated with the greater thickness of the of a-

Fe20s layer.
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Fig. 4.3: Raman spectra of the samples prepared using the 28 mM and 141 mM solutions.

2.2.Electrical and photoresponse characteristics

The photocurrent response of the device was measured using a lock in detection,
schematic of which is displayed in Fig. 2.7 of chapter Il. Fig. 4.4 shows the photocurrent
response of the device made from two different concentrations of the organic solutions.
The devices exhibit excellent photo-responsiveness. The rise and decay periods are

defined as the time it takes the signal to increase from 10% to 90% or decrease from 90%
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to 10% of the peak photocurrent, respectively [95]. The rise and decay times of the two
devices are 8.6 ps and 3.7 ps, respectively, which is faster than many visible light
photodetectors [96]. This ultra-fast response is attributed to the fast carrier dynamics and
high carrier mobility in p-Si [97], [98]. When a white LED of intensity 268 uW/cm?
illuminates the surface of the device, the measured zero-bias photocurrent reaches 16.3
nA and 8.0 nA for the samples prepared with the 28 mM and 141 mM solutions,
respectively. The decrease in peak photocurrent for the sample prepared with 141 mM is
attributed to enhanced carrier recombination in the large crystals of the a-Fe>O3 relative

to the 28 mM sample.
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Fig. 4.4: Zero-bias photocurrent of a single pulse of illumination with white

light at an intensity of 268 uW/cm2 of the a-Fe203/Si(100) devices fabricated
with 28 mM and 141 mM solutions.
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Sensitivity(S) and Responsivity(R) of a photodetector are defined by the following equations
(4.1) and (4.2) [99].

S — Ih _ lini—Ip
Ip Ip

(4.1)

Ihn Iin-1I
PxA PxA

, Where photocurrent (I,;,) = Ij; — Ip is the difference between photocurrent (Iy;) and the

dark current (Ip), P and A are the intensity of the light source and effective area of

illumination, respectively.
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Fig. 4.5: (a) Semi-logarithmic plot of I-V characteristics of sample prepared

using 28 mM solution in dark and at 268 uW/cm2 of white light illumination.
(b) Sensitivity of the photodetector as a function of applied bias. (c¢) The
responsivity of the device as a function of wavelength of light.
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Fig. 4.5 (a) is the 1-V characteristics of the a-Fe>O3/Si(100) device fabricated with the 28
mM solution in the dark and illuminated with 268 pW/cm? of white light. The sensitivity
calculated using equation (4.1) as a function of voltage is plotted in Fig. 4.5 (b). Itis
apparent that the device is highly sensitive at -1V bias. In order to measure the
responsivity of the device, a monochromator sourced with white light was used to
produce different wavelengths of light where the power output of the monochromator
was in the order of 100 nW. Fig. 4.5 (c) shows the responsivity calculated using equation
(4.2) as a function of the wavelength of light. The responsivity was measured by applying
-1V bias. The device has the highest responsivity of ~ 120 mA/W at a wavelength of

approximately 700 nm, which is the expected absorption peak for a-Fe;O3 [100].
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Fig. 4.6: (a) An energy band diagram of the photodetector device showing the effective
separation of photogenerated carriers. (b) Schematic diagram of a single a-FexO3
microcrystalline particle on a p-Si(100) substrate and the built-in electric field formed at the
interface that facilitates photogenerated carrier separation.

Fig 4.6 (a) shows the energy band diagram of the interface between a-Fe.Osz and p-
Si(100), where a-Fe2O3 is an n-type semiconductor and results in band bending at the

interface with the Si substrate. The conduction band level for p-Si is 4.05 eV [101] and
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for a-Fe2Oz it is 4.71 eV [50] with respect to the vacuum level. The conduction band
minimum and valence band maximum bend upwards to align with those of Si, which
creates a built-in electric field that facilitates the movement of electrons towards the a-
Fe>O3 layer and holes towards the p-Si layer. Also, the gold contact forms a small
Schottky Barrier (not shown in the figure) that also inhibits the recombination of the
carriers. Fig. 4.6 (b) shows a schematic diagram of a single a-Fe>O3 microcrystalline

particle on top of p-Si and the mechanism of separation of photo-generated carriers.

3. Conclusion

A simple and easy visible light photodetector was constructed with n-type a-Fe2O3 thin
films grown on p-Si(100) substrates. Using the fast carrier dynamics (excellent hole
mobility) of p-Si and the effective built-in electric field at the interface of n-type a-Fe.O3
and p-Si, the photo-generated carrier separation and photoresponse speed are enhanced.
We found a fast rise and fall of the photoresponse of 8.6 us and 3.7 s, respectively, as
well as a large zero-bias photocurrent of 16.3 nA. Future works will further investigate

the effect of a-Fe20s bulk size in the photoresponse.
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CHAPTER V

SYNAPTIC POTENTIATION IN a-Fe2O3 ON P-SILICON

1. Introduction

With the proposal of the memristor as the fourth fundamental electrical element [102],
[103], resistive switching materials, one possible material with which to construct
memristors, have been utilized in the construction of artificial electrical synapses that
emulate those of the human brain [104]-[107]. An adult human brain contains an
estimated 10! neurons and make nearly 10*° connections through synapses [108], [109],
where a synapse connects two neurons, and depending on the characteristics of the
electrical stimulus, the weight of the synapse (conductance) either strengthens
(potentiation) or weakens (depression) the connectivity between neurons. The
conductance of synaptic switches is an analog process that depends on the strength and
polarity of the applied stimulus. Generally, repetitive and identical pulses of stimuli
(current or voltage) are applied to the synaptic device in order to modulate its weight
[110], [111]. This is similar to the theoretically predicted behavior of memristors and
why they are believed to be a fundamental component of artificial synapses. Ultimately,
the suitability of the memristor depends upon the properties of the materials used in their

construction.
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One of the primary requirements of the material used to construct a memristor for use as
an artificial synapse switch is that it exhibits at least two resistance states. The
mechanism whereby it changes its resistive state varies from material to material, where
some examples are valence change [112], electrochemical metallization [113],
ferroelectric switching [8], phase change [114], etc. The types of materials used in
constructing synaptic devices ranges from 2D materials [115] to conventional metal/
metal oxide systems such as Al:HfO. based memristor that has been shown to have good
synaptic potentiation and depression behavior [116] or TiO based synaptic devices that
have excellent analog memory switching with spike time dependent synaptic plasticity
[117]. Other notable material systems are, GdOx/Cu:MoOx [118], WOx [119], HfOx/AlOx
[120], AlOx [121], where all of them have been reported to have synaptic potentiation and
depression characteristics. The message being that there is almost an infinite combination
of materials that can be used in the construction of memristive devices suitable for use as

artificial synapses.

Many synaptic devices are comprised of either low abundance materials or require
complex fabrication and post processing methods. As an alternative material, Fe and
Fe>O3 are among the most abundant and non-toxic materials on earth [122]. In addition,
the band gap of Fe2Oz s centered in the visible range (~2.1 eV) of the light spectrum
[123], ergo, suitable for visible light-based applications. Furthermore, it is a low-cost
material with fast carrier transport and stability under ambient environment conditions
[124]. Consequently, Fe-O3 has been used in various applications including
photoelectrochemical water splitting [82], gas sensing [125], lithium-ion batteries [84, p.

3], etc.

52



Due to the aforementioned properties of Fe2Os, as well as the fact that oxygen vacancies
in metal oxide semiconductors play a vital role in the resistive switching behavior [5], we
have used it to construct a heterojunction memristor with p-type Si (100). We report on
its memristive properties under dark and illuminated conditions and its suitability for use
in a synaptic switch. We also examined oxygen vacancy migration under an applied bias,
which is vital to resistive switching behavior of Fe;O3[126]. Lastly, we demonstrate the
resistive switching behavior of Fe,O3/Si (100) in presence of white light widens the
switching window, thus producing a unipolar resistive switch that does not require a

pulse of opposite polarity to reset.

2. Results and Discussion

Displayed in Fig. 5.1(a) is a single 1-V cycle using a triangular waveform of 5V under
dark conditions and illuminated with white light. The I-V characteristics of the device are
symmetric in forward and reverse bias (only forward bias region is shown here). The
device exhibits a hysteresis loop with unipolar resistive switching, where the area of the
loop increases when illuminated with white light with a power density of 268 pW/cm?.
The ratio of high resistance state (HRS) to the low resistance state (LRS) at 2.5 V bias
increased from 1.37 under dark conditions to 1.58 with illumination. Figures 5.1(b) and
(c) are the cyclical forward bias voltage and current of the device under dark and
illuminated conditions, respectively, where the current progressively increases with each
cycle under dark conditions, which is indicative of charge retention [127]. Under
illumination, the current initially increases with repeated cycles and then begins to
decrease linearly thereafter, which suggests charge trapping that leads to recombination

of electron-hole pairs [128]. lllumination also broadens the current response relative to
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dark conditions, indicative of greater synaptic habituation [129]. Figure 5.1(d) is the

conductance as a function of the number of cycles at a bias of 5V under dark and

illuminated conditions. Under dark conditions, the conductance increases linearly until it

saturates at 0.11 uS. Under illumination conductance increases and then decreases
nonlinearly for approximately 25 cycles, at which point it decreases linearly. Again, an

indication of charge trapping leading to electron-hole recombination.
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Fig.5.1: (a) I-V graph in dark and under white light illumination of a single cycle
(HRS/LRS = 1.37 for dark and 1.58 for illumination at 2.5V bias). Selected cycles
of 50 applied voltage and measured current cycles as a function of time in (b) dark
and (c) with white light illumination. (d) Conductance as a function of number of
cycles at 5 V bias in dark and white light illumination.
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Fig.5.2: Schematic diagram showing the mechanisms of charge transport in a
metal-insulator-metal (MIM) structure via Poole-Frenkel emission, trap assisted
tunneling and direct tunneling.

The switching behavior in Fig. 5.1 can be understood in the context of valence change
resistive switching (VCRS) devices [130]. Conduction in a metal-insulator-metal (MI1M)
VCRS device is a function of the bulk properties of the dielectric (bulk limited) and the
electrode—dielectric interfaces (electrode limited). In the dielectric, Poole-Frenkel
emission (PFE), hopping conduction, ohmic conduction, space charge limited
conduction, ionic conduction and trap assisted tunneling (TAT) are conduction limiting
mechanisms [131], while Schottky emission, direct tunneling (DT), Fowler-Nordheim
tunneling, and thermionic-field emission are conduction limiting mechanisms of the

electrode-dielectric interfaces. TAT, PFE, and DT conduction mechanisms are
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schematically represented in Fig. 5.2. We will show that the predominant transport

mechanisms in the a-Fe,Oz/p-Si device are TAT and PFE.

The trap assisted tunneling mechanism, unlike DT, is a two-step process in which the
carriers are initially trapped by defects or oxygen vacancies and then tunnel through the
barrier to another trap and tunnel, etc., where multiple TAT events enable the carrier to
cross the insulator, i.e., the carriers tunnel from one trap to another, where each tunneling
event is over a fraction of the width of the metal oxide [132]. The generalized equation
for TAT current density (Jrat) is a function of the applied electric field(E) and given by
Eq. (5.1),

-8m,/2qm* 3/2] (5.1)

JraT = Aexp [ 3hE T

, Where A is a constant and ¢+ is the energy of the trap with respect to the conduction
band edge of the metal oxide, q is the charge of an electron, m* the electron effective mass
in the oxide, h is Planck’s constant and E is the electric field in the metal [133]. For TAT

conduction at a constant temperature, the 1-V curve can be fit with Eq. (5.2),

-

y(x) =yoex (5.2)
, a more generalized form of equation (5.1), where y and x are current and voltage,

respectively.

For conduction by Poole-Frenkel emission, trapped carriers are excited into the
conduction band of the metal oxide due to the lowering of the Coulomb barrier by the
application of a sufficiently strong electric field. The current density by PFE (Jpg) is

given by Eq (5.3),

- - qE/mt
Jor = QuNE exp [T LA/ 53)
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, Where N, is the density of states in conduction band, E is the applied electric field, p is
electronic drift mobility, &t is the depth of the potential of the traps and T is the absolute
temperature, k is Boltzmann’s constant and q is the charge of an electron [131]. For PFE

at a constant temperature, the 1-V curve can be fit with Eq. (5.4),
y(x) = yoxe™® (5.4)

, a more general form of Eq. (5.3), where once again y and x are current and voltage,

respectively.

Figure 5.3(a) is the I-V curve of the a-Fe2Os/p-Si device for a single cycle with
illumination, which can be divided into two regions where either TAT or PFE dominates
the conduction. The fit of Eq. (5.2) (TAT) of I-V curve in the voltage range of 0-0.7V for
both ascending and descending bias is displayed in Fig. 5.3(b). The fits with Eq. (5.2) up
to 0.6V are excellent for the ascending and descending bias but diverge slightly
thereafter, which is attributed to the transition to or from PFE transport, respectively, i.e.,
0.6-0.7V is a region of mixed TAT and PFE carrier conduction. The fit of Eq. (5.4) (PFE)
of I-V curve in the voltage range of 0.7-5.0V for ascending and descending bias is
displayed in Fig. 5.3(c) and is an excellent fit with the experimental data. Based on the
qualities of the fits, the conclusion is that trap assisted tunneling is the primary
conduction mechanism below 0.7V and Poole-Frenkel conduction above 0.7V, regardless
of whether in ascent or descent. The same fits and arguments are true for the 1-V curve

under no illumination, which is not shown here for the sake of brevity.
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Fig.5.3: (a) One I-V cycle of the a-Fe,0,/p-Si device with white light illumination. (b)

The fitting of the curve in (a) in the range of 0-0.7V with trap assisted tunneling
conduction and (c) in the range of 0.7- 5V with Poole-Frenkel emission conduction.

The goodness of the fits (Rz) 1S 99%.

Now that the transport properties of a single cycle of the a-Fe2Os/p-Si device is
satisfactorily explained, we turn our attention to the cycle dependence of the device. The
hysteresis of the 1-V curves of the device under dark conditions or illuminated suggests
that the device has memristive characteristics [134], [135] and, therefore, useful in the
construction of artificial synaptic circuits [136]-[139]. As a consequence, we use the Hill

equation (Eqg. (5.5)) [140],
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n

Y = Ymax g (5.5)
, Which is a three-parameter nonlinear equation, where K indicates the threshold of the
independent variable(x) at which the dependent variable(y) reaches half of its
maximum(ynax) and n is called the Hill coefficient or cooperativity that indicates the
steepness of the curve. This equation is commonly used to describe the drug dose, drug
concentration and effect over time in pharmacology [141] [142], [143]. It is also used in
modeling the binding of ligands to a protein molecule, where the Hill coefficient(n)
becomes significant. If n > 1, binding of one ligand increases the affinity of binding for
further ligands and it is called positive cooperation or cooperative binding, and if n < 1,
binding of one ligand decreases the affinity of binding for further ligands, which is called
negative cooperation or non-cooperative binding [144]. In the present case, we
hypothesize that each pulse excites trapped carriers to the conduction band of the Fe2Os,
which inhibits further excitation of the carriers due to the fermionic nature of the carriers

and provided they are not excitons [145]. The inhibition of further excitation is modelled
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as a negative cooperative excitation and fitted to the data by fixing the Hill coefficient to

n=0.4 (negative cooperation) for the best fits.
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Fig.5.4: The conductance as a function of number of pulses for a — Fe,05/p-Si device
when measured (a) under dark conditions, (b) white light illumination with an intensity

of 1.27 mW/cmz, (c) maximum conductance based on the fit with the Hill equation as a
function of light intensity, and (d) the number of activation pulses for the conductance to
plateau as a function of light intensity, also based on the fit with the Hill equation fit. The
Hill coefficient was held at 0.4 for the fits used to obtain the data in (c¢) and (d). The
triangular electrical pulses with an amplitude of 5V, a width of 10 ms, and a period of

100 ms were used for all the measurements.
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Table 5.1: The fitting parameters of the Hill equation used to fit the conductance as a function
of the number of pulses under dark conditions and with white light illumination of 1.27
mW/cm?. as well as the corresnonding statistics of the fits.

Parameters Dark Illumination
Reduced y2 573 %107 8.25x 1071°
Adjusted R? 0.97 0.99
Vimax(S) 7.82x1077 +8,01 x 1071 1.75% 1074+ 2.90 x 107®
K 2.88£0.05 165.56 + 1.70
n 0.40 £ 0.00 0.40 £ 0.00

The cooperativity constant (n) was held at 0.4 for the analysis. The fit of the Hill
equation of the conductance as a function of number of pulses for the dark and
illuminated conditions is plotted in Figs. 5.4(a) and (b), respectively, with statistics and
extracted parameters listed in Table 5.1. The threshold (K) is found to be ~3 pulses in
dark and ~166 pulses when illuminated with white light with an intensity 1.27 mW/cm?.
The threshold can be thought of as the synaptic activation of the device, i.e., the device
activates after 3 and 166 pulses of voltage under dark and illuminated conditions,
respectively. The maximum conductance, where the conductance begins to plateau, is
determined by fitting with the Hill equation. Fig. 4(c) is the maximum of the conductance
extracted from the Hill equation fit as a function of incident light intensity, which
demonstrates that the maximum conductance increases with increasing intensity of light,
reaching a maximum at approximately 1.3 mW/cm?, followed by a decrease to a constant
value of approximately 15 uS. Charge trapping and de-trapping is believed to be the
mechanism responsible for conductance switching, where light enhances the phenomena

[146]. The presence of different types of trap states (deep and shallow) can have
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competitive effects on the rate of the number of carries trapping/de-trapping and, hence,
conductance saturation since shallow and deep traps are faster and slower to trap and de-
trap the carries, respectively [147], [148]. Light intensity not only dictates the number of
photo-generated carries but also helps in de-trapping the carries along with phonon and
tunneling assisted de-trapping mechanisms [149]. A 5V pulse, which is in PFE region,
excites the carriers from the trap to the conduction band of the oxide, thereby increasing
the conductance with each pulse, but is limited by the finite density of trap states and
trapped carriers. The hypothesis is that the maximum conductance increases with
increasing intensity of light as long as the available and accessible trap states are
available to be filled, where after that the conductance is no longer intensity dependent
and increasing the intensity further only increases the probability of carrier
recombination, thereby decreasing the conductance from the maximum and eventually
plateaus. The rational for using the Hill equation to derive the data in Fig. 5.4(c) is that it
better incorporates the competing mechanisms that affect trapping/de-trapping and
excitation/recombination of carriers. The number of voltage pulses as a function of
illumination intensity is plotted in Fig. 5.4(d), which shows that the activation of the
device is programmable and controlled by the intensity of illumination. As the intensity
of light incident on the device increases, the number of pulses of synaptic activation
increases, reaches a maximum at 1.3 mW/m?, the corresponding maximum of the
maximum conductance in Fig. 5.4(c), and subsequently declines with increasing light
intensity. The rise and fall of the number of pulses as a function of light intensity is
nonlinear, which is expected because the conductance window is widest at the maximum

of the maximum conductance.
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The programmability of the synaptic activation of this device using light intensity, along
with the synaptic potentiation with number of electrical pulses through the device,
suggests that this device can be used in artificial synaptic electronics. Although, various
attributes (pulse period, width, and amplitude dependence) of the synaptic potentiation
shown by the device have yet to be investigated, this work serves as a starting point using

the synaptic behavior of a-Fe>,Oz/p-Si device in future synaptic electronics.

3. Conclusion

We successfully fabricated a device with promising synaptic electrical character using a-
Fe>O3 microcrystalline films on p-type Si(100). Using trap assisted tunneling and Poole-
Frenkel emission models fit to the experimental data, we have demonstrated that the
device has two different conduction mechanisms when operated in low (0 V - 0.7 V) and
high (0.7 V — 5 V) voltage ranges. Specifically, between 0 — 0.7 V range, the dominant
conduction mechanism is trap assisted tunneling, and as the voltage surpasses 0.7 V,
carriers trapped in defect sites are excited into the conduction band of a-Fe203, at which
point Poole-Frenkel emission conduction mechanism dominates the carrier transport.
Based on an analogy to protein-ligand binding, the Hill function has been used to
demonstrate the voltage pulse induced activation of the device under dark conditions is
three, while with illumination with a white light of intensity 1.27 mW/cm?it is 166
pulses. The synaptic potentiation of the device is very interesting and worthy of further
investigation. Future studies will examine the temporal variations of the activation with

ultra-fast electrical pulses.
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CHAPTER VI

RESISTIVE SWITCHING AND NEGATIVE DIFFERENTIAL RESISTANCE IN a-

Fe203 NANO POROUS THIN FILMS

1. Introduction

A nonlinear transport effect, where the current decreases with increasing voltage in a
current voltage curve, is called negative differential resistance (NDR) phenomena [150].
Although, there is a debate on a statement “when a current voltage characteristic is
measured and the curve is a pinched hysteresis loop then it is a memristor” [2], [151], a
hysteresis in the I-V curve does indicate resistive switching (RS) behavior. NDR
phenomena has attracted attention due to its applicability in memory applications [152],
resonant tunneling and fast switching [153], [154] frequency multiplier [155], high

frequency oscillator [156] and other types of electrical circuits [157].

Transition metal oxides (TMOs) have shown many interesting electrical properties,
including resistive switching with a homojuction diode in double layered ZnO [158],
coexistence of unipolar and bipolar resistive switching in ZnO thin films [159], memory
and threshold in NiO [160] etc. One of the interesting properties shown by TMOs is
coexistence of RS and NDR. Many material systems, for example, CuS [161], ZnO
[162], Fe203 [163], TiO2 [164], h-LuFeO3/CoFe204 [165], Cu2ZnSnSes [166] and several

other metal oxides [167], [168] have shown RS with NDR phenomena.
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Most of the RS behavior and NDR phenomena reported in the literature have shown poor
reproducibility because of their accidental occurrence or poor stability at room

temperature.

RS and NDR phenomena arise due to charge storage [164], polarization relaxation [169],
SCLC [170], [171], magnetoresistive dielectric breakdown [172] and combination of
thermal, chemical, or electronic effects [112]. Moisture also plays an important role while
taking electrical measurement in ambient environments. Carbon nanotube field effect
transistors have shown a hysteresis due to charge trapping by water molecules [173].
Similarly, ionization and deionization of water was found to be responsible for the
current collapse at the device surface of AIGaN/GaN transistors [174]. The effects could

be non-intrinsic rather than a combined effect of environmental and material.

In this chapter, we have shown a highly reproducible co-occurrence of symmetrical RS
and NDR phenomena in a nanoporous and discontinuous a-Fe2Oz thin films in a humid
environment. Since the electrical measurements were performed in a controlled
environment, we propose the decomposition of water molecules and formation of space
charge region at the electrodes, which increases the barrier heights, thereby giving rise to
the NDR effect. In a single 1-V cycle, the adsorption and desorption of water molecules

causes the symmetric I-V with RS and NDR.

2. Results and discussion

The SEM micrograph in Fig. 6.1(a) reveals a discontinuous and porous iron oxide film on
a glass substrate. See Ch. 2 for details on the growth of the iron oxide film. The voids are
as large as 200 nm. The highly resistive nature of the film in vacuum arises from the
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discontinuous morphology of the film. Raman spectra peaks in Fig. 6.1(b) shows the
presence of Eq phonon modes of a-Fe2O3 at 220 cm™, 408 cm’!, 613 cm™ [91], [175] and
A1 phonon mode at 498 cm™ [90]. The peaks at 659 cm™ and 817 cm™ may be due to the
disorder and a single magnon process [92]. The prominent peak at 1318 cm™ is indicative
of two magnon scattering process, which is a typical characteristic of a-Fe>Os that
distinguishes from other phases of iron oxides (B-Fe20s, y-Fe 03, etc.) [93]. Fig. 6.2(a)
shows the EDX elemental map of the sample on the glass substrate. The map shows
sparse distribution of Fe. Similarly, The EDX Spectra in Fig. 6.2(b) shows the relative
amount of Fe along with other elements present on the glass substrate. We hypothesize
that the voids are sites for the water adsorption that bridge the gap between regions of the

film and make the film less resistive in the presence of humid air.

(b)
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Fig. 6.1: (a) SEM micrograph of an a-Fe>,O3 sample showing the porous and discontinuous thin
film. (b) Raman spectra of a-Fe2O3 porous thin film on glass substrate showing the signature
modes of a-Fe20s.
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Fig. 6.2: (a) EDX micrograph of an a-Fe,O3 sample showing the distribution of a-

Fe20z3 in porous thin film. (b) The spectra of the sample shows the presence of Fe

and O along with elements in the glass substrate.
The I-V characteristics of the samples taken by sweeping the voltage from 0 V to 10 V,
10 Vto-10 V and -10 V to 0 V cycle, at the rate of 0.2 V/s for 100 cycles in a humid
environment of relative humidity (RH) of 98% are displayed in Fig. 6.3(a). The current
first increases with increasing voltage up to a peak current at 4.5 V and then starts to
decrease sharply, which is the signature of NDR. The I-Vs are symmetric and highly
repeatable. The small discrepancy with successive 1-V cycles is attributed to the current
resolution of Keithley SMU, small fluctuations in the humidity level and possibly
condensation of water droplets on the sample. From the I-V graphs, the values of the high
resistant state (HRS) and low resistance state (LRS) at 2 V bias were extracted and
plotted in Fig. 6.3(b). The HRS consistently decreases with increasing number of 1-V
cycles, which could be due to the hydroxylation of a-Fe2O3 [176] inside the film, thereby
decreasing its resistance at each cycle. The sample shows an average ratio HRS/LRS of

~12 over the 100 cycles of a triangular voltage sweep at RH 98%.
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Fig. 6.4 shows the conductance change as a function of applied voltage pulse in an
environment of 90% relative humidity. The 5 V pulse of width 200ms applied at 1s
interval shows an exponential decrease in conductance of the sample from ~1.39 nS to
~0.22 nS. When the polarity is flipped from positive to negative after 500 pulses, the
conductance goes back to its original state at ~1.39 nS, and the trend repeated. The
identical trend of decrease in conductance for both polarities' pulses and the symmetrical
I-V curves suggests that a resistive switching mechanism of charge trapping and de-

trapping at the interface is at play [164].
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Fig. 6.3: (a) Selected cycles from 100 triangular I-V cycles in a-Fe203 porous thin
film in an environment of relative humidity 98%. (b) High and low resistance
states in a-Fe20z3 porous thin film at 2 V bias in the humid environment for 100
cycles of triangular I-V. Inset shows the ratio HRS/LRS for all 100 cycles.
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Fig. 6.4: Conductance as a function of number of pulses applied through the a-Fe2O3
porous thin film for 1000 pulses at relative humidity of 90%. The polarity of the pulse

is flipped at 500 pulses.
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Fig. 6.5: (a) One I-V in forward bias of a-Fe203 porous thin film in the humid environment. These
regions are fitted with different conduction mechanisms. (b) Region 1 is fitted with ohmic and trap
assisted tunneling, a positive contribution of current comes from both mechanisms. (¢) Region 2 is
fitted with a positive contribution of Poole-Frenkel emission (PFE) and a negative contribution of
space charge limited current (SCLC). (d) Region 3 also fits well with a positive contribution from
PFE and a negative contribution from SCLC. Corresponding equations for fitting the data, values
of the fitting parameters and the statistics of the fits are summarized in Table 6.1.

To understand the mechanism of charge transport in the porous film in the presence of
water molecules, attempts have been made to model the forward bias portion of a I-V

curve since the 1-V curve is symmetric and the transport phenomena is equivalent to that
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of the forward bias region of the I-V curve. A well-known ohmic equation (V =IRory =
YoX) is used to fit the region of the I-V where ohmic conduction is expected. The trap
assisted tunneling (TAT) and Poole-Frenkel emission (PFE), with their general equations,
are described in chapter V. For space charge limited conduction (SCLC), if electron
injecting from the contact to the Fe,Oz insulator, electrons travel from the metal to the
conduction band of the insulator and form a space charge region analogous to a
thermionic cathode in vacuum [177]. For a single discrete trapping level, the current

density for SCLC is given by the following equation [178],[179],

9
JscLe = gsiued—g (6.1)

, Where g; is the permittivity of the oxide, p is the mobility, 6 is the ratio of free and
shallow trapped charge, d is the thickness of the oxide and V being the applied voltage.

During the fitting, a more general equation of the form, y = y,x? is used.

Fig. 6.5(a) shows the division of a single cycle of I-V in a forward bias into three
different regions where multiple conduction phenomena are present. Fitting is performed
by combining the two different transport mechanisms in a single function. Fig. 6.5(b)
shows the fit of the data for region 1 with an equation formed by combining ohmic and
TAT mechanisms. The fits of regions 2 and 3 are fit with a combination of PFE and
SCLC are shown in Fig. 6.5(c) and 6.5(d), respectively. When voltage across the sample
is gradually increased, the current is due to the positive contributions of ohmic and TAT
conduction. As for the role of humidity, the expectation is that water molecules are
adsorbed at oxygen vacancies [180]. The adsorbed water molecules subsequently

decompose once the voltage reaches its threshold or breakdown voltage of water [181], at
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which point the ions (HzO" and OH") begin to migrate towards the electrode (metal
contact) and forms a space charge region that increases the barrier height to conduction.
This hinders the diffusion of electrons and decreases the current showing NDR
phenomena in region 2. Coefficients y1and y. in Table 6.1 for regions 2 and 3 indicate
the strengths of PFE and SCLC contribution in the conduction mechanisms, respectively.
The large negative coefficient (y2) in Table 1 for region 2 indicates the formation of a
space charge region that hinders the diffusion of electrons, which greatly reduces the

current in region 3 when the voltage is swept from 10 V to 0 V.

Table 6.1: The fitting equations, fitted parameters and statistics of all three regions
shown in the I-V curve in Fig. 6.5.

Regions 1 2 3
Fitting y = yox + yle_Tc Y = Yo + y1xe®F + y,x? y = y1xe®* + y,x?
equation
Reduced yx? 7.02 x 10720 1.26 x 10719 5.31x 10721
Adjusted R? 0.99 0.98 0.99
Yo 2.22x107° 1.26 x 1078 NA
+8.06 x 10711 +1.55x107°
Y1 2.33x10°8 3.88x107° 4.63 x 10710
+5.43 x 10710 +4.42 x 10710 +3.38 x 10712
c 3.07 £ 0.04 0.67 +0.01 0.64 +0.01
V2 NA -3.29x10°8 -2.69 x 10710
+2.77 x 10710 +3.87 x 10712
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3. Conclusion

We prepared and studied the resistive switching phenomena of discontinuous a-Fe;O3
thin films in the humid environment. The device exhibits negative differential resistance
(NDR) in its I-V curve. With increasing voltage across the sample, the current increases
and at ~4 V, starts to decline, i.e., NDR, which is not seen with a low humidity
environment. The NDR phenomena is attributed to accumulation of water molecules and
their subsequent breakdown, which produces a space charge limited region of the
electrode (metal contact). Over the course of 100 cycles of a triangular voltage sweep, the
HRS/LRS decreased with the number of cycles, which is attributed to the continuous
formation of hydrated a-Fe>Os, thereby reducing the HRS over each cycle. Further
studies will examine the lifetime of resistive switching and possible causes of the
decreasing HRS/LRS over multiple cycles. Furthermore, the sample preparation
temperature and the thickness of the film can provide further insights to explain whether

the RS and NDR properties are due to bulk or surface in future studies.
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CHAPTER VII

QUANTIFICATION OF RELATIVE HUMIDITY BY a-Fe203 SENSOR

1. Introduction

A humidity sensor is a device that detects and measures the moisture in the environment,
which is a complex and difficult problem due to its poor recovery, limited selectivity,
limited accuracy, and difficulty in calibration in air [182], [183]. Electrical devices are
sensitive to environmental humidity and the device performance would be unintended in
the presence of humid air [184], [185] which requires the detection of humidity in air, an
application of humidity sensor. The measurement and control of humidity is important to
both human comfort and industrial applications [186]-[189]. Humidity sensors are
designed to monitor the humidity level by observing the changes in its electrical, optical,
or mechanical properties [190]. Examples include changes in resistance [191], [192],
capacitance [193]-[195], impedance [186], [196], refractive index [197], [198], phase of

surface acoustic wave [199], [200], etc.

A good humidity sensor is characterized by its sensitivity, reversibility, fast response

time, long lifetime, high humidity selectivity, chemical and thermal stability [201].

74



Many material systems have been utilized to construct humidity sensors including
ceramics [202], metal oxide/nanocomposites [203]-[205], polyelectrolyte cell [206], and
organic polymers [207]-[209]. Due to the easy fabrication, ample abundance, stability in
aqueous environment and low cost, spin coated Fe>Oz thin films are widely used to
construct gas sensors, photoelectrochemical (PEC) cells, and photodetectors [100], [125],
[210]-[212].

Examples of humidity sensor using Fe2O3 have been reported in the literature [190],
[213]-[215]. Chani et al. proposed a simulation that can be used to quantify the relative
humidity by using an exponential form of equation [216, p. 3]. In this work, we prepared
a- Fe203 nano porous thin film by using spin coating and introduced a novel way of
quantifying humidity in air by the sweeping I-V method by applying a triangular voltage
sweep and simultaneously measuring the current. The ratio of high to low resistance state
is a change produced by the change in relative humidity of the environment and by using

an exponential equation, the relative humidity can be calculated.

2. Results and discussion

The sensor consists of a discontinuous and porous thin film of a-Fe,O3. The SEM
micrograph in Fig.6.1 (a) and Raman spectra in Fig. 6.1(b) of Chapter VI shows the
presence of voids up to ~200 nm size and the presence of a-Fe>O3z but not the other forms
of iron oxides, respectively. Furthermore, EDX mapping in Fig. 6.2 in chapter VI shows
the sparsely distributed a-Fe>Os3 on glass substrate. Figure 2.8 in Chapter 11 is a schematic

of the sensor experimental setup.
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When humid N2 with relative humidity of 80% is flown on the sensor, it responds with a
reduction in resistance. Fig. 7.1 shows the resistance response of the sensor in real time
and when the humid N2 is flown on the sensor. Initially, in the absence of moisture, the
resistance of the sensor is in the order of 55 GQ, but in the presence of H2O molecules
the resistance plummets down to ~5 GQ. Fig. 7.1 (a) shows the absolute variation of the

resistance when exposed to humid N2 and Fig. 7.1(b) is the relative change in resistance

from the baseline, which is over -90%.
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Fig. 7.1: (a) Resistance response of humidity sensor. (b) Relative change in the

resistance of the sensor when humid air is introduced.

The sensor response in different humidity environment shows interesting features. 1-V
characteristics taken in RH 10% to 100% environments by sweeping a triangular voltage
at 0.2 V/s shows a hysteresis loop. After RH ~70%, the hysteresis loop is prominently
visible which indicates the charge accumulation at the material electrode interface [217],
[218]. During the sweep when voltage is increased linearly from 0 V to higher voltages,

the sensor takes a LRS initially and at ~4.5 V, for this particular sample, where the

76



current drops sharply. And while descending from the higher voltage, the sensor takes
HRS as shown in fig. 7.2(a). The ratio HRS/LRS for different humidity levels are plotted

against relative humidity in fig. 7.2(b).
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Fig. 7.2: (a) Sweeping |-V curves at different humidity levels of the sensor. (b) Exponential
fit of HRS/LRS data from the sweeping I-V for quantification of relative humidity.

In order to quantify the relative humidity, the ratio of HRS/LRS was fitted with an

exponential function of the form given by equation (7.1).

y =y, +Aetu (7.1)

In equation (7.1) the independent variable(x) is the relative humidity of the environment
and dependent variable(y) is the ratio HRS/LRS. Also, yo and A1 are constants and ty is a
rate determining parameter. The curve fits well with goodness of fit being > 96%.

Solving equation (7.1) for x, we can get equation (7.2) from which the relative humidity

of the environment can be quantified.

x = t,In (L) (72)

1
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Displayed in fig. 7.3 is the capacitance of the sensor as a function of relative humidity.
The capacitance of the sensor in dry environment is ~65 pF and increases exponentially
with increasing humidity to a high of 77 pF at relative humidity of 100% following an
exponential function. The capacitance as a function of relative humidity is also fit with
Eq. (7.1), keeping the exponential rate defining parameter constant at t;= 12.6, as
obtained from the fit of the data in Fig. 7.2(b). The data fits with high confidence,
implying that the mechanism of sensing is because of charge accumulation at the

electrode/metal oxide interface.
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Fig. 7.3: The measured capacitance of the sensor as a function of humidity at 1 kHz
and 1 V rms signal.
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Once again, the proposed response mechanism is that during the voltage sweep, the H.O
molecules adsorbed onto the sensor and decompose with the application of a sufficiently
larger voltages (> 1.23 V). The ions, H3O" and OH", formed by the decomposition of the
H>0 molecules travel towards the respective electrodes and form a space charge region or

the charges are trapped at the electrode/metal oxide interface.

3. Conclusion

A porous thin film of a-Fe»O3 deposited on glass substrate exhibits excellent humidity
sensing capabilities. A novel technique of quantifying the relative humidity of the
environment has been applied and successfully validated. With the application of
sweeping I-V method, we are able to show that charge trapping at the electrode/metal
oxide interface, which corresponds to the area inside the hysteresis formed in the I-V
curve, increases exponentially with increasing relative humidity. Capacitance as a
function of relative humidity data supports the claim of charge trapping mechanism of
sensing in this study. One can fit the data to create a calibration function for the sensor,

which can then be used to measure the relative humidity of an unknown environment.
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CHAPTER VI

CONCLUSION

In this dissertation, we studied the electrical and optical properties of ZnO and Fe>O3
resistive switching devices on silicon and glass substrates. ZnO double layer device was
fabricated using atomic layer deposition and Fe>Oz thin film by spin coating. The overall
aim of this work is to study the resistive switching behavior of the device, along with its
applications in synaptic conductance, photo-detection, and gas sensing. ZnO double layer
devices show good diode behavior and are a potential solution for the crosstalk problem
in crossbar memory arrays. Fe-Oz on p-Si device has excellent visible light photo-
detection properties and synaptic potentiation of conductance, whereas Fe>Oz on glass
substrate has resistive switching behavior with negative differential resistance and is a

good humidity sensor.

The ZnO homojunction diode was designed using two electrically dissimilar ZnO thin
films, which results in an nn-homojunction with a gradient of vacancies at the interface.
The I-V curves of the diode were acquired at different AC frequencies, which exhibited
hysteresis in forward bias, a threshold voltage, and rectification in reverse bias - a desired
characteristics of a cell in cross bar memory array. The area of the hysteresis loop as a
function of bias frequency initially increases, reaches a maximum, and subsequently

decreases.
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The frequency at which the area of the hysteresis is maximized occurs when a balance of

diffusion at lower frequencies is transitioning charge freezing at higher frequencies.

Fe>O3 samples grown on p-Si(100) substrates form a p-n junction with excellent, broad
photoresponse in the visible range of the light spectrum and with a large zero bias
photocurrent and an ultra-fast response time. The p-Si(100) substrate is the dominant
carrier transport path because the large resistance of Fe>Os thin film in the order of 50
GQ, as compared to 500 kQ of the Si substrate. Increasing the thickness of the Fe;Os
layer results in a reduction of the zero-bias photocurrent. This reduction is attributed to
the bulk-like nature of the film and favors recombination of carriers before they can
diffuse out of the depletion layer of the p-n junction. The ultra-fast response time is due
to the fast carrier dynamics in the p-Si(100) substrate. When a periodic voltage (pulse) is
applied, the conductance of the sample increases with increasing number of pulses and
eventually saturates. This characteristic is analogous to the synaptic potentiation of
neurons. A theoretical transport model based on trap assisted tunneling (TAT) and Poole
Frenkel emission (PFE) was used to the I-V curve of the junction. We found that at lower
voltages (<0.7 V), TAT mechanism dominates, whereas at higher voltages PFE
dominates the carrier transport. In addition, we fit the conductance as a function of
number of voltage pulses applied in dark and illuminated conditions using the Hill
equation in order to extract the number of pulses for synaptic activation. Ultimately, we
determined that the device is programmable using the intensity of light illumination.
Specifically, the number of voltage pulses first to activate the devices increase with
increasing light intensity reaches a maximum and then decreases. The device not only has

synaptic potentiation which is the programmability of conductance state with applied
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number of electric pulses, but it has programmability of synaptic activation by controlling
the intensity of light illumination. The two degrees of programmability show its potential

applications in artificial synaptic electronics.

The final study was on Fe2Os thin films grown on glass substrates. Scanning electron
microscopy revealed that the films are porous and discontinuous. The I-V characteristics
of the device acquired in vacuum and with a triangular voltage waveform is linear
(Ohmic) with a resistance in the GQ range. When the same measurements are acquired in
a humid environment, the 1-V curve exhibits hysteresis with negative differential
resistance (NDR) phenomenon. Based on the theoretical modeling, we have concluded
that the hysteresis and NDR behavior is a consequence of space charge limited current
arising from the accumulation of charge at the interface between the Fe>Os film and the
electrode (electrical contact) due to the electrical breakdown of water molecules. This
was verified by the exponential increase in the capacitance of the device as a function of
device, i.e., the capacitance as a function of RH can be fit with the same exponential
function following the same rate determining parameter or the coefficient in exponent
which implies the sensing mechanism to be the accumulation of charge at the sample

electrode interface.

We proposed a novel method to quantify relative humidity using the sweeping I-V
method. The Fe>Os/glass samples show an exponential increase in the ratio of the high
resistive state (HRS) to the low resistive state (LRS) with increasing relative humidity
(RH). By fitting an exponential growth function to the HRS/LRS ratio as a function of
RH, we can extract calibration parameters, thereby quantifying the RH in terms of the

HRS/LRS ratio of an unknown environment.
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Fig. 1: Block diagram of Labview program used to get I-V characteristics of ZnO
double layer device at different AC frequencies using a voltage divider circuit and PXle
data acquisition device.
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