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Abstract

Emerging memory technologies are being intensively investigated for extending
Moore’s law in the next decade. The conductive bridge random access memory
(CBRAM) is one of the most promising candidates. CBRAM shows unique
nanoionics-based filamentary switching mechanism. Compared to flash memory, the
advantages of CBRAM include excellent scalability, low power consumption, high
OFF-/ON-state resistance ratio, good endurance, and long retention. Besides the
nonvolatile memory applications, resistive switching devices implement the function
of memristor which is the fourth basic electrical component. This research presents
the characterization and modeling of Cu/TaO,/Pt resistive switching devices. Both Cu
and oxygen vacancy nanofilaments can conduct current according to the polarity of
bias voltage. The volatile resistive switching phenomenon has been observed on
Cu/TaO/5-Cu/Pt devices and explained by a flux balancing model. The resistive
devices are also connected in series and in anti-parallel manner. These circuit
elements are tested for chaotic neural circuit. The quantum conduction has been
observed in the 1-V characteristics of devices, evidencing the metallic contact
between the nanofilament and electrodes. The model of filament radial growth has

been developed to explain the transient 1-V relation and multilevel switching in the



metallic contact regime. The electroforming/SET and RESET processes have been
simulated according to the mechanism of conductive filament formation and rupture
and validated by experimental results. The Joule and Thomson heating effects have

also been investigated for the RESET processes.
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Chapter 1 Introduction

This chapter starts with an introduction to the challenges and opportunities for the
scaling of memory devices. The conductive bridge resistive switching devices are
highlighted for their memory and non-memory applications. After examining the
surveyed results from literature, the fundamentals of resistive switching are reviewed.
The materials and switching mechanisms are addressed for solid electrolytes based

resistive devices. Finally, the organization of the dissertation is presented.

1.1 Scaling Challenges in Flash Memory

In the past 25 years, the semiconductor device scaling has been very successful
according to Moore’s law, leading to the shrinkage of integrated circuit feature size
(channel length/half-pitch) from 1 um to 20 nm. The one-dimensional scaling factor is
about 0.7 for the feature size in every two years which yield a factor of 0.5 for the
device footprint [1]. The smaller feature size allows more transistors on a single chip,
more functions of the circuits, and lower cost for each function. The scaling of
memory devices is even more aggressive than logic devices due to the simple
architecture of random access memory and fierce competition in the market.

Nowadays, zetta bytes of information are stored in hard disk drives, DRAM, flash
memory (NAND/NOR), and solid state drives. More and more storage spaces are
demanded for smart phones, tablet computers, web search, cloud computing, etc.
Among various storage devices, non-volatile memory (NVM) has recently attracted a

lot of attention from both industry and academia [2]. NVM can store information after
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Fig. 1-1. Device structure and operating mechanism of flash memory (floating gate device). In the
flash memory device, a floating gate is inserted in the oxide of MOSCAP. A high write/erase voltage is
needed to charge/discharge the floating gate. Under the high electric field, electrons can tunnel through
the gate oxide between the Si substrate and floating gate.

removal of power supply, which is very important for energy-efficient electronics and
computing. It can also reduce the weight and increase the speed of portable personal
devices. As a result, NVM devices are being developed more rapidly than any other
data storage technologies.

The state-of-the-art NVM is flash memory, including NAND and NOR [3]. Flash
memory was invented by Toshiba in 1980s. The basic device structure and operating
mechanism are shown in Fig. 1-1. The flash memory device is a MOSFET with an
additional metal gate which is known as floating gate. When a high voltage (~20 V) is
applied to the control gate (non-floating), the electrons can rearrange their migrating
direction and arrive at the floating gate by Fowler-Nordheim tunneling. The electrons
stay on the floating gate after the gate voltage is removed, since the floating gate is

surrounded by insulator (SiO,) and there is no way to leak out. Because of the charges



stored on the floating gate, the threshold voltage of the device is significantly changed
and the two states of the device (with and without charges on the floating gate) can be
identified as “0” and “1” for data storage.

Although flash memory is extremely successful nowadays, it is still not the ideal
solution for NVM applications. This is because (1) Flash memory is slow. The write
time is in us range, which does not satisfy the increasing high-speed requirement. (2)
Flash memory requires a high write voltage. The electron tunneling needs a high
operation voltage which is not energy-efficient for low power applications. (3) Flash
memory is essentially a MOS-based device. This means the scaling encounters
tremendous technical barriers beyond 20 nm. (4) Endurance is limited. Flash memory
is good for personal devices, but industrial equipment requires more reliable storage
hardware. Therefore it is desirable to develop a high speed, low power, high
endurance, sub-20 nm nonvolatile memory [4]. So far, no NVM device can fulfill all

those requirements for a “universal” memory scaled below the size of 20 nm.

1.2 Opportunities for Resistive Memory

In order to extend Moore’s law in the next few decades, different classes of new
NVM technologies have been proposed and demonstrated. Different from the
conventional metal-oxide-semiconductor architecture, these technologies take
advantage of novel functional materials and 3D device structures. The phenomena in
nanostructures and quantum physics are extensively utilized for the emerging memory
devices. Besides NVM applications, the computing logics are also being developed

based on the unique memory device characteristics.
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1.2.1 Emerging Memory Technologies

In recent years, many emerging nonvolatile memory technologies are invented
challenging the dominant position of flash memory. Ferroelectric memory (FERAM),
oxide resistive memory (RRAM), conductive bridge resistive memory (CBRAM),
phase change memory (PCM), NEMS memory, and spin-transfer torque magnetic
memory (STTRAM) are all intensively being investigated and developed. Phase
change memory utilizes the local heating effect to induce the material phase transition
between the amorphous and crystalline states [5]. Thus the device resistance changes
according to the material phase transition. The ferroelectric memory takes advantage
of the ferroelectric phenomenon [6]. The NEMS memory is implemented by the
movement of nano-sized mechanical switches [7]. Among the emerging technologies,
the resistive memory and spin-transfer torque memory (shown in Fig. 1-2) are two
most promising candidates as the successor of flash memory [8], [9]. CBRAM
employs nanoionic redox reaction to change the resistance state, whereas STTRAM

uses electron spins in the current to revolutionize the traditional magnetic memory.

High Resistance Low Resistance High Resistance Low Resistance
State State State State

(a)

Fig. 1-2. (a) Redox memory, also known as CBRAM. It is based on the redox reaction in a thin solid

-~ Free Layer S

—_— Fixed Layer —_—

(b)

electrolyte film sandwiched between two metal electrodes. (b) Spin-transfer torque memory which is
based on magnetic tunneling junction CoFeB/MgO/CoFeB.



CBRAM and STTRAM are both based on multi-layer thin film stack structure and
can be integrated in the back end of line of CMOS process. The compact cell size of
both devices can be decreased to 4F% in the crossbar array. Here F is the feature length
defined by the lithography process. The state-of-the-art and emerging technologies are

summarized in Table 1-1 according to ITRS roadmap [1].

Table 1-1 Summary of the flash memory and emerging memory technologies according to the ITRS
roadmap [1]. Red, orange, and green colors mean poor, moderate, and good.

Flash Resistive NEMS
Parameter PCM STTRAM FeRAM
Memory Memory Memory

Scalability @ @ ®
MLC o o o
Endurance ‘ ‘ .

3D integration

Fabrication cost ‘

Write Energy

Write Voltage ‘

1.2.2 Memristor

In 1971, based on symmetry arguments Leon Chua proposed a fourth fundamental

electrical element besides resistor, capacitor, and inductor [10]. The new element is
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Fig. 1-3. The four fundamental two-terminal circuit elements: resistor, capacitor, inductor, and
memristor [11].

named memristor (short for memory resistor) which links magnetic flux ¢ and charge
q via a single-valued function M(qg). M(q) is called memristance. In 2008, Strukov et
al. pointed out that the Pt/TiO,/Pt device is a memristor [11]. Later Chua confirmed
that all resistive switching devices are memristors no matter what mechanism they are
built upon [12]. Fig. 1-3 shows the relations connecting pairs of the electric current i,
voltage v, charge g, and magnetic flux ¢ [11].

The basic mathematical equations of the i—v characteristic for a current-controlled
memristor are

v =R(w)i (1-1)

dw .
— = 1'2
m (1-2)
where w is the state variable of the device and R is the generalized resistance. It can
be claimed that the state of the memristor is not only determined by the device itself,

but also the external bias conditions. The history of the bias conditions and previous
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device state will determine the following state. Therefore the input and output are
coupled in a way different from all the other circuit elements. In general, a memristive

system is described by equations

v=R(w,i)i (1-3)
dw ,
P f(w,i) (1-4)

where w is a set of state variables and R and f are explicit functions of time.

A resistive switching memory device can be viewed as a serial connection of a
high resistance part and a low resistance part as shown in Fig. 1-4 [11]. The boundary
of the two resistive parts moves as the external voltage bias varies. The physical
mechanism of the moving boundary is the ion migration in high electric field in the
electron insulating and ion conductive solid electrolyte. The mathematical models of

the resistive switching phenomenon are

v(t)= [RON @ + ROFF(l— MDi(t) (1-5)

D
dw(t)  Roy - ]
A i) (1-6)
RON
w(t) = 4, —2*a(t) (1-7)



AV
WL —
. I

0 0 —_—

el

E

> | 52 ‘ /
4+
/
-5 I L L I L 1
1.0 0.5 0.0 0.5 1.0 15
(a) Voltage (V) (b)

Fig. 1-5. Pinched hysteresis loop as a signature of memristors. (a) Schematic diagram. (b)
Experimental 1-V of a Cu/TaO,/Pt device.

M (CI) = Roer (1_ ﬂVDRzON q(t)] (1-8)

where Ron and Roge are the low and high resistances of the memristor, D is the
thickness of solid electrolyte, w is the thickness of doped or low resistive region of
solid electrolyte, s is the average ion mobility, g is the electronic charge, and M the
memristance. A typical signature of memristors is the pinched hysteresis loop (figure
“8” alike) as shown in Fig. 1-5. The resistive switching memories, including ReRAM
and CBRAM, all show such kind of |-V characteristics. Therefore they are
considered as memristors.

An immediate application of memristor is the nonvolatile memory because it can
retain the memory states and data in power-off mode. The memristors can even
replace transistor in the future CPU and reduce the chip footprint. The binary logic
can be implemented with the material implication (IMP) operation [13]. It also
attracts great interest in the chaotic circuit [14], neuromorphic computation [15], and

neural networks.



1.2.3 Synapse for Neuromorphic Computation

A fascinating application of resistive memory device is the neuromorphic
computation. The vision is to develop electronic machine technology that scales to
biological level. IBM has reported the simulation of a cat brain based on software
technology. A more efficient way of mimicking a brain is to implement it with special
hardware. The sudden change of resistance state of resistive memory can be used to
emulate the synapse in neural systems [16]. Therefore resistive switches can be used
for connecting CMQOS neuron circuits, like the synapses and neurons in a brain. This
unique behavior enables the implementation of computing hardware that is physically
similar to a mammalian brain. The prototyping devices and circuits have been
demonstrated on both CBRAM and RRAM [16], [17]. The controllable gradual
resistance change is correlated to the learning ability of neural systems [18]. Electrical
pulse has also been generated by connecting two resistive devices antiserially [19]. In
general, the research and development of neuromorphic computation is still in the
starting phase and a lot of problems have not been solved. However, if the
development succeeds someday, this innovative computing machine will

revolutionize the computer industry and the artifical intelligence research.

1.3 Fundamentals of Resistive Memory

The early research of resistive switching phenomenon in metal/insulator/metal
(MIM) structures started in the 1960°’s and proceeded in the following two decades

[20]. The renaissance of resistive switching is from the late 1990’s to nowadays,



accompanying the ever increasing demand for data storage capacity and the invention
of resistive memory [21], [22]. The device structure of resistive memory is thin film
stacks consist of a metal anode, an insulator, and a metal cathode which form an
electrochemical cell. For CBRAM, the two metal electrodes are made of different
materials. The anode material is Cu or Ag which are active metals dissolvable in the
insulator [23]. The cathode material is usually Pt or W, which are the stopping
barriers of Cu and Ag cations. The solid electrolytes of Cu or Ag are selected as the
insulator layer. In fact, the electrolyte layer is insulating for electrons but conductive
for ions. For RRAM, the two metal electrodes could be symmetric, such as Pt/TiO,/Pt
[24]. An inert material Pt is used and therefore no metal ion enters the insulator. In
this type of resistive memory, oxygen vacancies are responsible for the conduction.
The insulator materials are usually oxide electrolytes. Because the operation of
resistive memory relies on ions, this type of device is also called nanoionic device

[25]. The development and application of CBRAM is the goal of this dissertation.

1.3.1 Resistive Switching and Electrochemistry

The resistance of a CBRAM device can be measured between the two electrodes.
When the resistance of the two-terminal device is high, the memory state is “0” which
is called high resistance state (HRS), or OFF-state. The corresponding device
resistance is Rorr. The HRS remains if there is an insulating material between the
anode and cathode. On the contrary, when the device resistance is low, the memory
state is “1”, which is called low resistance state (LRS), or ON-state. The

corresponding device resistance is Ron. Ron can be controlled by an external selection
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device through the compliance current Icc. This Ron—Icc relation is the foundation of
multilevel cell of resistive memory. The LRS remains until an erase operation is
applied to the device. The device state transitions from HRS to LRS in the so-called
SET or write process, whereas it transitions from LRS to HRS in the so-called RESET
or erase process. In both SET and RESET processes, there are threshold voltages to
toggle the resistance state, which are called SET voltage (Vset) and RESET voltage
(VReseT)-

Resistive memory devices show a low resistance state independent of device cell
sizes. Therefore a filamentary switching mechanism is proposed for the
electroforming and SET processes in the resistive materials. The conductive filament
(CF) is a local phenomenon in the solid electrolyte that has been confirmed with the
conductive atomic force microscope [26]. Fig. 1-6 shows a switching cycle of a
CBRAM device. In CBRAM, the metal ions can dissolve into the solid electrolyte
from the active anode, and accumulate at the inert cathode. The accumulated ions

nucleate and grow to form a nanosacle metallic conductive filament (CF) connecting

+

cathode

Fig. 1-6. Schematic illustration of switching processes of conductive bridge resistive devices. Red
circles represents Cu atoms and cations. The yellow rectangle represents the solid electrolyte. The “+”
and “—" signs represent the voltage polarity relative to 0 V.
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both electrodes. When the nanofilament forms, the resistance between two electrodes
is low, and this state is named low resistance state (LRS). The metallic nanofilament
will not disconnect until there is enough energy to remove metal atoms from it. In fact,
CBRAM has shown excellent retention at elevated temperature up to 85 °C, implying
a stable metallic filament forms in SET process [27].

For a newly built fresh device cell, an electroforming process is needed to prepare
the device. A forming voltage Vim is used to switch the device from its high
resistance state to its low resistance state. The forming voltage is usually higher than
the regular SET voltage of the device, possibly because the partial filament exists in
the following SET process. Special treatments during the device fabrication have also
been demonstrated in order for eliminating the forming process [28], [29].

There are two switching methods for resistive memory: static switching (1-V) and
dynamic switching (I-t). In static switching, the bias voltage is ramped continuously
from 0 to a high value and the current rises abruptly at the threshold. The SET voltage
(Vser) is the characteristic parameter for the static switching. In dynamic switching,
voltage pulses are applied on the device and the current rises under the constant
voltage bias during the pulsing interval. The SET time (tset) is the characteristic
parameter for the dynamic switching. tsgr includes circuit delay time, cation
nucleation time, and filament growth time [30]. The exponential dependence of tset
on Vser is usually observed because of the redox process.

The resistive switching is categorized to bipolar and unipolar schemes, as shown

in Fig. 1-7. In case of bipolar switching, write and erase operations occur under
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Fig. 1-7. lllustration of 1-V characteristics of (a) bipolar switching and (b) unipolar switching.

opposite voltage polarities. If Vsgr is positive, Vreser iS negative and vice versa.
Typical examples are Cu- and Ag-migration based memory cells. Very low switching
current has been achieved on Cu and Ag devices with this switching scheme [31],
[32]. In case of unipolar switching, write and erase operations occur under the same
voltage polarity. Typical examples are Pt/NiO/Pt and Pt/TiO,/Pt [33], [34]. Mostly,
the absolute value of RESET current (Ireset) is higher than that of SET current (Isg,
namely lcc), but Vgeser is lower than Vsgr. Due to the high current, the RESET
process is probably thermally assisted. Bipolar and unipolar switching can occur in
the same system, for example Pt/Ta,Os/Pt [35]. In fact, the thermal and ionic effects
take place at the same time during SET and RESET processes. Ireset IS much higher
than Isgr for Cu/TaO,/Pt devices implying the dominant thermal effect in RESET
process. A high current flow through the nanofilament will generate significant Joule
heating. The local temperature is so high that the Cu atoms quickly diffuse from the

filament to the surrounding oxide and thus the nanofilament ruptures.
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Fig. 1-8. Graphic view of the electron transfer in redox reactions at the electrode/electrolyte interface.

The switching mechanism of resistive memory is essentially based on
electrochemical reactions in solid-state nanostructures. Electrochemistry studies the
chemical reactions at the interface of electrode and electrolyte. The electrode is an
electron conductor whereas the electrolyte is an ion conductor. The electrochemical
process is well known as oxidation-reduction (redox) reactions. The theory developed
from liquid phase electrochemistry can be applied to analyze the solid phase cases,
such as resistive memory.

The electrons transfer between the electrode and electrolyte in redox reactions.
The root cause of redox is the difference of electrode and electrolyte Fermi levels.
The situation of electron transfer is schematically shown in Fig. 1-8. The Fermi level
separates the occupied and vacant states for electrons. When a potential difference
appears between the electrode and electrolyte, the electronic states shift between both
sides of the interface. Therefore electrons transfer from occupied states in one phase

to vacant states at the same energy level in the other phase. In fact, the electron

14



transfer only occurs in a narrow energy range around the Fermi level of metal
electrode because of the sharp transition between occupied and vacant states [36].

The reaction Kinetics is described by the Butler-Volmer equation. According to
the Butler-Volmer equation, the oxidation and reduction current (two half reactions)
exist at each electrode/electrolyte interface at the same time. The two currents balance
each other and the overall current is zero if there is no external voltage (so-called
overpotential). In the meanwhile, an equal number of metal ions cross in both
directions across the electrode/electrolyte interface. With an external voltage bias, one
of the currents will overwhelm the other, and therefore either oxidation or reduction

reaction is observed at the interface.

1.3.2 Materials of Solid State Electrolytes

Many materials have shown resistive switching properties. Extensive research has
been done to search the best material system for CBRAM [23]. Typical electrolyte
materials are oxide (SiO,, WOs3, and Ta,0s) and chalcogenide (Cu,S. Ag.S, and
GeSe). In general, they are mainly divided into two categories: oxide electrolyte and
Ag/Cu electrolyte. Oxide, chalcogenide, and halide are the most important material
systems for resistive switching.

Anion redox reaction and migration often induce resistive switching in transition
metal oxides. The typical materials are NiO, TiO,, SrTiOs, Nb,Os, Pry7Cag3sMnOs,
Lay 7Cap3Mn0Og3, HfO,, CeO,, and Al,O3 [33], [34], [37]-[43]. The oxygen anions can
migrate in these so-called oxide electrolytes. The oxygen vacancies left form the

conductive filament showing the resistive switching. These oxides can be mixed to
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increase the ionic conductivity, such as Pr;.xCaxMnQOs, La;xCayMnQg3, Zr;4CaxO,.y,
and Ce;xGdxO,.x2. Because of the valence mismatch, oxygen vacancies have to be
generated for electrical neutrality, and therefore the ion conductivity is higher.

Metal cation redox reaction and migration occurs in solid electrolytes of that
particular metal. The solid electrolytes, or ion conductor of Ag and Cu are extensively
studied. A broad range of inorganic compound materials show resistive switching
property. Halide is one of them, such as RbAg4ls and Agl [30], [44]. Chalcogenide is
another class of solid electrolyte. GeSe, AQ.S, Cu,S, GeS, are investigated for
resistive switching [32], [45]—-[47]. The cation-based resistive switching is also often
observed in good electron insulators, such as SiO,, Ta,0Os, HfO,, Cu,0O, and WO3
[48]-[52]. To improve the concentration of cations in the oxide, doping of Cu or Ag
and annealing can be applied in the film deposition process [53]-[55]. In some
experiments, nanoparticles are embedded in the electrolytes to confine the local
filament growth [56]. Compared to oxygen vacancy based resistive memory, the
switching mechanism for CBRAM is more straightforward and tangible. Besides
inorganic materials, polymers can also be electrolytes for Cu or Ag and thus used for
resistive switching [57]. This kind of ion conductor opens a door for resistive memory

to the future flexible electronics.

1.4 Dissertation Objective and Organization

The objective of this work is to understand the physics of Cu/TaO,/Pt conductive

bridge resistive device based on electrical characterizations and computational models,
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and evaluate its applications to nonvolatile memory and memristor-based chaotic
circuits.

This dissertation is organized in 7 chapters. Chapter 2 presents the fabrication and
characterization of Cu/TaO,/Pt resistive memory devices. The devices are designed in
the crossbar layout and processed by electron beam evaporation and lift-off
technology. The quasi-static I-V sweeping is used to characterize the electrical
performance of the devices. Cu and oxygen vacancy (Vo) filaments are investigated
under bias voltages with opposite polarities. Bipolar and unipolar switching modes are
both demonstrated for Cu and Vo filaments.

Chapter 3 presents the volatile switching phenomenon of Cu/TaO,/5-Cu/Pt
devices. By inserting a 6.5 nm Cu layer between the Pt electrode and TaOy electrolyte,
the devices show volatile switching at the compliance current of less than 100 pA.
Switching time measurement shows the volatile switching is still due to the redox
reaction and the formation of Cu nanobridge. A flux balance model is proposed to
explain the phenomenon. This model is verified by the observation that the current
diminishes when the bias voltage is suspended at a value close to zero volt. An
application of volatile switching is the selection devices in the nanocrossbar
architecture.

Chapter 4 presents the circuit elements based on Cu/TaO,/Pt devices. Antiparallel
and cascaded resistive switches were proposed and demonstrated. Antiparallel
resistive switches show symmetric g-¢ characteristic which can be used for

memristive circuits.. The cascaded resistive switches change the resistance according
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to the variation of external bias voltage. Three cascaded resistive switches show 4
resistance levels expanding over 6 orders of magnitude. This circuit element might be
applied to simulate the highly nonlinear learning ability in neuromorphic computation
and neural network.

Chapter 5 presents the physics of multilevel cell of CBRAM device. The voltage
constant is identified as the minimum SET voltage, which is closely related to the
materials, device structures, and process technologies. A computational model based
on hopping mechanism is used to fit and explain the switching transition of metallic
contact. The multilevel switching is attributed to the radial growth after a single atom
metallic contact is formed during SET process. The validity of Ron-lcc relation is
investigated and clarified according to the SET processes with various voltage
sweeping rates. This relation is generally valid for the low current compliance regime.

Chapter 6 presents the phenomenological simulation model for the switching of
cation-migration type resistive memory devices. The electroforming/SET process is
simulated by solving ion transport equation, Farady equation, and Poisson equation
simultaneously. A yield of 100% is assumed for the ion neutralization on the cathode.
In the electroforming process, the ion transport is the rate-limiting process; in the SET
process, the redox reaction is the rate-limiting process. The RESET process is
simulated by solving diffusion equation and electroheating equation simultaneously.
This is because the local heating induced by the high RESET current is an important
contributing factor for the filament rupture. The Thomson heating effect has also been

investigated as a heating source for RESET in the computational model.
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Finally, Chapter 7 summarizes the conclusions of this work and recommends

possible future areas of investigation.
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Chapter 2 Characterization of Cu/TaO,/Pt
Resistive Switching Devices

The Cu/TaO./Pt switch is one of conductive bridge random access memory
(CBRAM) devices. It also belongs to the generic concept of resistive memory.
CBRAM is based on redox reactions of metal cations. Therefore it is also known as
electrochemical metallization memory (ECM), atomic switch, or programmable
metallization cell (PMC) [1]-[6]. Under high electric field, Cu ions dissolve and
migrate in the TaOy layer. These cations are stopped by the inert Pt electrode and
accumulate to form a Cu nanofilament, or nanobridge. When the filament connects Cu
and Pt electrodes, the memory state of the device switches from high resistance to low
resistance. Another type of resistive memory is based on redox reactions of oxygen

anions, which is known as RRAM, or valence change memory (VCM) [7]-[10].

2.1 Introduction

After years of development, the Cu interconnection is finally compatible with the
Back-End-Of-Line (BEOL) of Si CMOS process. Therefore Cu is an ideal low cost
material for the anode of resistive memory embedded in Si integrated circuit. Various
oxides and chalcogenides are intensively being explored for the solid electrolyte of Cu
ions. One of the important criteria is the electrolyte material must be also compatible
to Si CMOS technology. Since resistive memory is embedded in BEOL, the oxide is
the better material solution for the insulating purpose. Exotics generally do not diffuse

out from oxide materials and there is less opportunity to contaminate the CMOS
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process. Ta,Os is selected in this research since it can improve the reproducibility of
Cu-based CBRAM devices [11], [12]. It is also the oxide material used for the
capacitor of DRAM and suitable for process integration. In this research, the Ta,Os
film is considered to be oxygen deficient (TaOy) due to its e-beam deposition process.
A parallel plate capacitor forms when the high-k dielectric TaOx is sandwiched
between micron-sized metal electrodes. Therefore the equivalent circuit of the
Cu/TaO,/Pt stack is one resistor in parallel with one parasitic capacitor. The parasitic
capacitance may generate transient charging current if the voltage slew rate is very
high. However, in the DC characterization scheme, the bias voltage is slowly ramped
up from 0 V to Vser. The voltage sweep rate (dV/dt) is less than 2 V/s. The complete
characterization process is guasi-static so that the transient current is minimized for
our large area devices. The transient current flowing through the parasitic capacitance

during the SET operation is estimated to be

i_cdV _s&sAdvV
dt d dt

12 -6 )2 2-1
_ 25x8.854x10 F/Tx(loxlO ) oy /s (2-1)
30x107m
=1.5x10"?A

where g, is the dielectric constant of Ta,0Os, g the vacuum permittivity, A the cell area
(100 um?), and d the thickness of TaOy layer. It is negligible compared to the current

flowing through the resistance in the equivalent circuit.

2.2 Fabrication Processes

The cross-section view of Cu/TaO,/Pt device structure is shown in Fig. 2-1. A thin

Ti layer is deposited before Pt on the thermally oxidized SiO; in order to improve the
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Fig. 2-1. Schematic layer structure of the cross section of Cu/TaO,/Pt resistive memory device.

adhesion of Pt. The Cu anode is the finish layer exposed to the air and moisture. The
fabrication process flow is shown in Fig. 2-2. The device cells are organized in a
crossbar architecture which can achieve the minimum footprint. The Cu anodes and Pt
cathodes are perpendicular to each other and each cross point is a device cell.

The Si substrate is thermally oxidized to provide an insulating SiO, layer as the
foundation of resistive devices. The standard dry O,/wet O,/dry O, oxidation process
is used. The electron beam (e-beam) evaporation is selected as the deposition method
for Cu, TaOy, Pt, and Ti layers. The melting points of those four materials are not high
so that e-beam deposition is an effective way for manufacturing prototypes in a
university lab. To avoid sophisticated dry etching steps, the lift-off technology is used
for removing excessive materials and patterning the active region. Considering the
requirement of lift-off, negative lithography is employed for defining the device
active region. The MA-6 Karl Suss optical lithography in our lab can achieve the best
resolution of 1 um. Therefore the dimensions of resistive device cells are in pum range

which is still suitable for demonstrating the generic device characteristics.
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Fig. 2-2. Process flow of Cu/TaO,/Pt conductive bridge resistive devices. (1) Thermal oxidation of
Si substrate. (2) Lithography and Pt/Ti e-beam evaporation. (3) Pt/Ti lift-off. (4) Lithography, TaOy
e-beam deposition, and TaO, lift-off. (5) Lithography, Cu e-beam deposition, and Cu lift-off.



The electron beam evaporation (PVD250) is illustrated in Fig. 2-3. The deposited
material is melted in the crucible at the bottom of the chamber. The electron beam is
generated from a tungsten filament (Telemark) and deflected to the graphite crucible.
The vacuum pump maintains the low pressure in the PVD chamber. The substrate
chuck rotates constantly at 5 rounds/min during deposition to improve the thickness
uniformity of the deposited thin film. The evaporation is started when the chamber
pressure reaches ~10°° torr. The substrate temperature is monitored to be around
25 °C without heating the substrate chuck. The deposition rates and parameters of Pt,
Cu, and TaOy are listed in Table 2-1. The deposition rates are measured by quartz
crystal microbalance in PVD, the Filmetrics F20 optical system, and the Dektak
profiler. The purities of Cu, Ta;Os, and Pt evaporation pellets from Kurt J. Lesker
Company are 99.99%, 99.95%, and 99.99%.

Table 2-1 Summary of Electron Beam Deposition for Cu/TaO,/Pt Devices.

Material Pt TaO, Cu
Layer Thickness (nm) 50 32 150
E-Beam Deposition Rate (A/s) 1 1 5

Melting Temperature (°C) 1768 1872 1085

E-Beam Current (mA) 180 150 120
E-Beam Base Pressure (Torr) 2x10® 2x10° 2x10®
Density (g/cm®) 21.45 8.2 8.93
Z-ratio 0.245 0.3 0.437

Tooling Factor 140 140 140
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Fig. 2-3. Schematic illustration of the electron beam deposition.

2.3 Resistive Switching Based on Cu and Oxygen

Vacancy Conductive Nanofilaments

The switching properties of Cu and Vo CF are characterized by quasi-static DC
measurement with opposite polarities. The electroforming process is necessary for
fresh devices. The forming voltage is generally 1~2 V higher than Vgser. The bias
voltage sweeping mode is illustrated in Fig. 2-4. The Pt cathode of the device is
grounded in the experiment and the positive or negative bias voltage is applied to the
Cu anode. -V characteristics of bipolar and unipolar switching in the Cu/TaO,/Pt
device are shown in Fig. 2-5. When the bias voltage sweeps from 0 V to negative

values, the device transitions from HRS to LRS at about —2 V. A very high current
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Fig. 2-4. Schematic illustration of voltage sweeping mode in DC characterization.

flowing through the insulating layer will result in permanent dielectric breakdown.
Therefore the high SET/RESET current will decrease the endurance of memory
devices. The compliance current is applied to the device in order to avoid destructive
breakdown. Under negative bias voltages, the migration of Cu® ions in electrolyte is
suppressed. The Cu nanobridge cannot form a conductive path between electrodes.
The electro-reduction reaction occurs in the TaOy layer. The O* ions migrate from
the Cu electrode to the Pt electrode in the electric field pointing from Pt to Cu. The
vacancies Vo left behind by migrating O* ions form a conductive filament and the
resistive state changes. An evidence for Vo formation is the observation of gas (O,)
bubble formation under the negative bias. Gas bubble formation is never observed
under positive bias with compliance current below 1 mA.

In Fig. 2-5(a), the RESET current for Vo CF in the bipolar switching mode is 2 to
3 mA, and the RESET voltage is 1.2 V. The Ron and Rogr are 187 QQ and 663 MQ,
respectively. In the case of unipolar switching the RESET voltage is negative at —1.2

V as shown in Fig. 2-5(b), i.e. the same magnitude as the reset voltage for the bipolar
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Fig. 2-5. 1=V characteristics of bipolar and unipolar switching. (a) Bipolar switching of Vo CF. (b)
Unipolar switching of Vo CF. (c) Bipolar switching of Cu CF. (d) Unipolar switching of Cu CF.

switching. The equality of the voltage magnitude entails equality of the current levels
validating the assumption that the rupture of the CF is triggered by Joule heating. Figs.
2-5(c) and (d) show the bipolar and unipolar switching of Cu CF, respectively. Under
positive bias voltages, Cu conductive filament is formed by Cu™ ion migration in the
high electric field and electrodeposition on the Pt electrode. In both cases, the Cu CF
forms above 2 V and the compliance current is 0.1 mA. The Ron and Rogr are 288 Q
and 566 MQ, respectively. The RESET current and voltage of Cu CF is 2 mA and
—0.5 V for bipolar switching, and 6 mA and 1 V for unipolar switching. Joules heating
is significant at such high current levels and can rupture both the Cu and V¢ filaments.
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Since Joules heating is polarity independent, both Vo and Cu CFs can be ruptured at
positive and negative RESET voltages. The ON-state resistance Ron does not depend
on the device area, indicating the SET process is based on a local conductive path.
The OFF-state resistance Rorr decreases with the device area, indicating within
statistical variations the leakage current is homogeneous across the cell. It was also
observed that the Vo CF has less noisy HRS than the Cu CF.

Another mechanism responsible for rupturing the Cu CF is the anodic oxidation
Cu > Cu*" + ze during RESET process. When the applied voltage reaches a
threshold (between —1 to —2 V at a sweep rate of —0.2 V/s), the Cu atoms in the CF
dissolve into TaOy electrochemically. This RESET mechanism is suitable for
explaining the bipolar switching of CBRAM because the Cu atoms in the anode do
not dissolve with a negative bias voltage. However, the unipolar switching of
Cu-based CBRAM has been demonstrated in Fig. 2-5(d). In the unipolar RESET
process, the anodic reactions take place on both Cu anode and CF [13]. The
constructive cation flux from the anode can be possibly higher than the destructive
flux from the CF connective neck. This means the magnitude of RESET voltage may
depend on the voltage polarity. On the contrary, the cumulative probability has shown
that the positive and negative Vser have symmetric distributions [14]. The RESET
process is actually voltage polarity independent. In addition, RESET currents of mA
range are usually measured at above 1 V for Cu/TaO,/Pt devices. The temperature
elevation cannot be neglected for such high RESET power consumption. Therefore

two mechanisms are considered to explain the CF rupture: the electrochemical
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Cu CF was formed with compliance current of 1 mA.

dissolution and Joule heating. Due to the ohmic behavior of a metallic CF, these two
effects cannot be separately investigated in the RESET process.

Once the metallic nanofilament connects the two electrodes, it will grow laterally
to increase the diameter and reduce the resistance. The subsequent growth process is
controlled by the bias compliance current (CC). The dependence of Ron on the
compliance current is shown in Fig. 2-6(a). Since Ron depends on lIcc, multi-bit
storage in a single device can be implemented by controlling the cell LRS by different
programming current. The multilevel switching based on Ron change has been
demonstrated on various types of resistive memory devices [15], [16]. The property is
even promising for the synapse in neuromorphic computation. The retention of Cu CF
at room temperature is shown in Fig. 2-6(b). The resistance fluctuation is very small.

The switching based on Cu and Vo CFs can be kept apart by the polarity and
magnitude of bias voltages. In our Cu/TaO,/Pt devices, the magnitude of RESET
voltage of Cu CF is significantly lower than the SET voltage of Vo CF. Fig. 2-7
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CF. Section 3 and 4 are the set and reset operations of Cu CF.

shows the 1-V characteristics of consecutive switching of Cu CF and Vo CF in the
same Cu/TaOy/Pt device. In Fig. 2-7(a), the Cu CF is formed (section 1) and ruptured
(section 2) by ramping voltage along the positive and negative axes, respectively. The
Ron and Rope for Cu CF are 1305 Q and 300 MQ, respectively. After setting the
compliance current to 100 uA, the voltage sweep continues from -1 V to -3 V and
the Vo CF forms at —2.2 V (section 3). A current of 2.5 mA ruptures the Vo CF at
—0.6 V (section 4). The Ron and Rogr for Vo CF are 170 QQ and 4 MQ, respectively.
In Fig 2-7(b), the voltage ramps first along the negative axis and then the positive axis.
The Vo CF is formed at —3 V (section 1, see inset) and ruptured at 1.1 V (section 2).
At 1.3 V the device transitions from HRS to LRS for the second time (section 3),
indicating the formation of Cu CF. Thus for positive voltages the conduction is
provided by both filaments but in separate voltage intervals: from 0 V to 1.1 V the

conductive nanofilament is the Vo bridge whereas from 1.3 V to above 2 V the
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conductive nanofilament is the Cu bridge. The gap in the ohmic behavior between
1.1V and 1.4 V results it a “truncated” Ohm’s relation. Because both bridges have
different Ron resistances the slope of the curve in respective intervals is slightly
different, as can be seen in Fig. 2-7(b). The created Cu CF can be very thick (i.e. low
Ron) since there is no compliance current limitation. Between 1.1 V and 1.3 V neither
of the conductive bridges exists and the device is in an OFF state. A reset current of 8
mA is required at —2.2 V to rupture the Cu filament (section 4).

The repeated unipolar switching characteristics of the Vo nanofilament are shown
in Fig. 2-8(a) for Vo CF in a single Cu/TaO,/Pt device. The bias voltage ramps along
the negative axis for set and reset operations. The range of the set voltage is -3 V to
—7 V, as shown in the inset of Fig. 2-8(a), whereas the reset voltages are less than -3
V (i.e. at the same polarity). The transition between HRS and LRS is more or less

abrupt. Significantly higher forming voltages, Vrorm, between —7 V and -8 V, are
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Fig. 2-8. (a) Repeated unipolar switching characteristics for Vo CF in a Cu/TaO,/Pt device. (b)
Retension property of the Vo CF at 25 °C. The ON/OFF resistance ratio is 10*. The LRS and HRS
stays nearly constant up to 10° seconds.
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necessary for the Vo CF formation in fresh devices. The retention property of the two
states has been characterized at room temperature. The read voltage of 0.01 V is used
to measure Ron and Rogr. Fig. 2-8(b) shows very uniform LRS and HRS distribution
of a single Cu/TaO,/Pt device for Vo CF with the retention time up to 10° s. The LRS
is about 190 Q and HRS is about 2.5 MQ respectively, i.e. an OFF/ON ratio above
10*. Roer is measured right after the rupture of the respective CF.

The resistances are measured from 0 °C to 20 °C for low Roy values of two kinds
of filaments, as shown in Fig. 2-9. The temperature coefficient o is 0.0033 K™ for Cu
CF, where as 0.0013 K for Vo CF. The measurement results are quite close to the
reported data from NiO-based ReRAM devices and Cu CF based CBRAM [17], [18].
As the coefficient measured for the Cu nanofilament is very close to the bulk value of
Cu, it serves as an identifier of Cu as the basic building block of the nanofilament.
The positive temperature coefficient of Vo CF implies that the filament is metallic

instead of semiconducting for the low Ron value. The difference between the two
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Fig. 2-9. Royn temperature coefficient o of (a) Cu CF and (b) Vo CF.
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coefficients underscores that two different conduction mechanisms are at work.

The bipolar switching cycles have been repeated on Cu/TaO,/Pt devices. Figs
2-10(a) and 2-10 (b) show the statistical Vsgr and Vgreser distributions of a single
Cu/TaO,/Pt device with Cu and Vo CFs. In Fig. 2-10(b), the range of Vsgr is from -1
V to =7 V, which is much wider than Vgeset. This wide range could be attributed to
the non-uniform oxygen vacancy structures in the TaOy layer of different devices. The

positive and negative Vgeser ranges are mainly £(0.6 V, 1.5 V). Figs. 2-10(c) and
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2-10(d) show the statistical Ron and Rogr distributions of Cu/TaO,/Pt devices with Cu
and Vo CFs. The Rore/Ron ratios are above 10*,

The ranges of RESET voltages for Cu CFs and Vo CFs are comparable (0 V to
+1.5 V). However, the ranges for the SET voltages can be very different. For Cu CF,
Vset ranges from 0 V to 3 V. The major proportion is between 1 V and 2 V. For Vo
CF, most Vser are above —2 V and some are as high as —6 V. This may indicate that
O% has a higher potential barrier than Cu® for the redox reaction on the electrodes.
The work function difference of anode and cathode contributes to the asymmetric
distribution of SET voltages [19]. Pt has a higher work function (5.35 eV) than Cu
(4.35 eV), resulting in a built-in voltage of about 1 V across the dielectric. When the
negative voltage is applied to Cu electrode, this voltage difference has to be overcome
before an effective voltage drops on the oxide layer. Thus the built-in voltage shifts
the effective voltages asymmetrically for Cu and Vo CFs formation. The main
difference in the SET voltages is, however, due to the difference of mobilities of Cu®
and O%", requiring higher fields for O* than for Cu* migration. Therefore, the SET
voltage for Cu CF is significant lower than that of Vo CF.

Fig. 2-11(a) shows the statistical Vser and Vgeser distributions for the Vo CF
conduction. The Vgeser distributions show narrow and symmetrical shape, indicating
the RESET mechanism is voltage polarity independent requiring the same magnitude
of reset current. This shows that the rupturing of the Vo filament is mainly thermally
driven by the local Joule heating. Fig. 2-11(b) shows the SET voltages of Cu and Vo

CFs. The ranges of reset voltages are quite close (0 to +2 V) for the Cu CFs and Vo
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CFs of Cu/TaO/Pt devices. In general, Rorr Of resistive switches displays a wide
range up to three orders of magnitude. The large variation of Vsgt and Ropr poses a
serious challenge for this kind of memory device. The wide distribution of Vset and
Rorr may be narrowed down by engineering the electrode/electrolyte interface with
appropriate intermediate layers, improved layer uniformity, and purity of the

deposited materials.

2.4 Bubble Formation

During the forming and switching operations at positive voltages, no visible
mechanical degradation is observed on the 10 um cells, as shown in Fig. 2-12(a).
Interestingly, when the negative voltage sweep is applied to 35 um cells, dome-like
protrusions are observed in the device area, as shown in Fig. 2-12(b). Under this bias

polarity, Cu* ions are repelled by the electric field in TaOx and O% ions are moved to
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the Pt electrode [20]. The following electro-oxidation has been postulated at the Pt
electrode,

20° > O+ 4e (2-2)
Since the TaOy layer was deposited in a blanket fashion, it is hypothesized that O, gas
is being generated under the TaOy film and eventually lifts portions of the top layers.
The protrusions are observed in 35 um to 15 um cells but not in 10 um and smaller
cells. This may be explained by the fact that in smaller cell sizes the O, gas may
escape through some leak at the boundary of the device area or that the gas pressure is
not high enough to produce protrusions.

The experiment indicates that the formation of oxygen vacancy, which is the low
resistivity building material of CF, must be necessarily accompanied by O,(gas)
generation according to the reaction [21]

TaOx + 26" > TaOy + 0% (2-3)

or
20(Ta0,) > 2Vo?*(TaOy) + Oz(gas) + 4e” (2-4)
The (TaOy) in Eq. (2-4) indicates that the species is part of the TaOx material matrix.
Because the above reaction requires participation of an electron, the reaction must
take place at the Pt/TaO, interface. The gas bubble is thus formed between the bottom
Pt electrode and the solid electrolyte. An opposite polarity bias as high as 4 V has
been applied to cells displaying the protrusions without causing any disappearance of
the protrusions. Thus the forming process of the protrusions appears to be electrically

irreversible. This is in contrast with findings in Ref. [20] where opposite voltage
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Fig. 2-12. (a) Image of 10 um x 10 um cells after multiple switching (0 to —7 V). No protrusions are

observed. The inset shows the enlarged view of one device. (b) Image of 35 um x 35 um cells after
forming voltage sweep from 0 to —7 V. The inset shows the enlarged view of protrusions.

polarity caused the protrusions to shrink and disappear. In Ref. [20] it was also
postulated that the protrusions are due to oxygen gas bubble formation at the
Pt-electrolyte interface. However, the electrolyte in devices of Ref. [20] is TiO,
whereas in our case it is oxygen deficient TaOy. In Ref. [20] it was also reported that
some of the bubbles keep growing with applied voltage stress and that larger bubbles
engulf their neighbors. Such behavior has not been observed in our samples as we see
only one protrusion per cell.

The bubble formation and resistive switching can be unified in a stochastic
percolation model. The percolation process is conceptually illustrated in Fig. 2-13.
The oxygen vacancies are generated by the electric field randomly in the TaOy layer.
Oxygen anions are attracted to Pt electrode and oxidized to form O, which causes the
bulge in the device cell. The left vacancies accumulate and form a conductive path.

In the experiment, the gas bubble of large size is likely to damage the Pt-TaOy

interface irreversibly and even the oxide thin film itself, rendering the reincorporation
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c. Conductive path formation d. Gas accumulation (TaO, blanket)

Fig. 2-13. Percolation model for the bubble formation and resistive switching based on oxygen
vacancy filament. (a) Oxygen vacancy generation. (b) Oxygen vacancy distribution. (c) Conductive
path formation. (d) Gas accumulation (TaOy blanket).

of O, gas into the oxide very difficult. In case of our samples protrusions of some
cells disappeared without any voltage stress after a few hours. The most likely
explanation of this disappearance is that over time the pressure in the gas bubble must
have created a leakage path for the gas to escape, for example, when the bubble
reached the perimeter of the cell.

At positive bias, the O°" and Cu" ions are believed to migrate at the same time.
However, Cu filaments have lower potential barriers and can form before a substantial
volume of oxygen gas manages to accumulate at the Pt electrode, if it is formed at all.
Subsequently, when the Cu filament has formed, it acts like a short circuit for ion drift

current. Very low voltage between two electrodes stops the O? migration. Therefore,
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Fig. 2-14. (a) Image of 35 um x 35 um cells after electroforming (0 to =7 V). The protrusions appear
in one of the nine devices under test (upper left). (b) Attendant I-V characteristic of the electroforming
operation for the Cu/TaO,/Cu device with protrusions in (a).

the gas bubbles do not appear when forming or setting the Cu nanofilaments with
positive bias voltages. In the absence of external electric field, charge neutrality must
be maintained in the oxide. Therefore negatively charged oxygen vacancies must be
created to preserve the electroneutrality the dissolved Cu™ cations.

To further explore the contributions of O?" and Cu* migration during switching,
we have fabricated Cu/TaO,/Cu devices in crossbar arrays and tested the
electroforming process. Nine fresh device cells are switched on with bias voltage of
both polarities (0 V to =7 V). In these Cu/TaO,/Cu devices, both Cu* and O% ions can
migrate in opposite directions under either voltage polarity. Visible protrusions only
appear in one of the nine Cu/TaO,/Cu devices under test as shown in Fig. 2-14(a).
These protrusions are formed with the attendant 1-V characteristic shown in Fig.
2-14(b), in which the forming voltage is about 4.4 V. However, this resistive
switching in Cu/TaO,/Cu devices does not show high endurance and reliability. Since

positive voltage is applied to the top electrode (TE) and the bottom electrode (BE) is
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grounded, O% ions should be attracted to the TE-oxide interface and O, bubbles form
there.

No bubble formation has been observed at the negative bias. At the negative bias
the bubble would have been formed at the bottom electrode. From pure mechanical
point of view it suggests itself that it is easier to form protrusions visible at the top of
the cell when the O, generation takes place at the top electrode rather than at the
bottom electrode. Thus it can be assumed, since the Cu/TaO,/Cu is a symmetric
device, that O, is produced at the bottom electrode as well, however, without being
able to lift the superjacent electrolyte and top electrode layer to produce the optical
manifestation of a protrusion. In contrast to the 35 um Cu/TaO,/Pt devices, multiple
small protrusions (see Fig. 2-4(a)) are formed instead of a single large one and
therefore presumably less O, gas is generated in the redox reaction in the Cu/TaO,/Cu
samples. The protrusions remain after the removal of bias voltage.

Since there are no visible bubbles in most of Cu/TaO./Cu devices, we conclude
the Cu nanofilament is more likely to form before the oxygen vacancy nanofilament
and will therefore suppress O?" migration thereafter. Even if O, can be generated in
the Cu/TaO,/Cu devices, its volume is smaller than in the case of Cu/TaO./Pt devices

under negative bias voltage.

2.5 RESET-SET Instability

Fig. 2-15 shows a switching cycle of Cu/TaO,/Pt device with reset voltage sweep
from 0 V to —4 V. Section (1) shows the formation of Cu CF and the device resistance

transitions from HRS to LRS. With -0.6 V reset voltage the Cu CF ruptures and HRS
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Fig. 2-15. RESET-SET instability of Cu/TaO,/Pt resistive memory devices. The 1-V characteristics are
divided into three sections: (1) Cu CF formation (2) Cu CF rupture (3) Vo CF formation.

restores in section (2). The reset voltage sweep extends to —4 V and at —2.5 V the
device resistance state changes for the second time. The desired HRS switches to the
undesired LRS. This phenomenon is named RESET-SET instability of bipolar
resistive switching memory.

When a negative voltage bias is applied to the resistive device, Cu ion migration is
suppressed. According to aforementioned switching mechanism, the second resistance
state transition is caused by the Vo CF when the SET voltage of Vo CF is very close
to the RESET voltage of Cu CF. Due to the fluctuation of SET and RESET voltages,
the operating window between sections (2) and (3) is difficult to accurately predict.
However, for memory applications, this instability must be overcome to protect the

data stored in each cell.

41



One of the solutions to the reset-set instability can be the incremental reset voltage
which is similar to the programming strategy for NAND flash memory [22]. In this
method, the RESET voltage increases by small steps. Multiple reset voltage pulses or
sweeps (Vo, V1, V2, V3,...) will be used to reset the memory device, as shown in Fig.
2-16. The initial reset voltage will be lower than the target reset voltage and the lower
limit of the SET voltage fluctuation of Vo CF. Enough voltage margin can assure that
the instability will not be triggered by any mistake. Vo, V1, Va2, V3,... will be used to
reset the device one after another until the resistance state changes. The difference

between adjacent RESET voltages (Vo and V31, V1 and V,, V; and V3,...) is the

\Y
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______ T —-—-- Target Vreset
Slow Reset
Duration of reset pulse @
IVresetI
--—- Target V, .
Fast Reset
Slow Reset
Duration of reset sweep (b)

Fig. 2-16. Schematic illustration of the incremental RESET strategies in (a) voltage pulse mode and (b)
voltage sweep mode.
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voltage step AV. The RESET process can be fast or slow depending on the voltage
step AV. If AV is large, the RESET voltage will quickly approach the target voltage.
However, as shown in Fig. 2-16(a) the final reset voltage will be much larger than the
target Vgeser In the fast reset operation. Small AV can effectively control the
difference between the target voltage and the RESET voltage. However, it will require
more trial time to ramp up the reset voltage. The selection of proper AV depends on
the stochastic property of Vser of Vo CF and Vgeser of Cu CF. The wider the gap
between distributions of Vser(Vo) and Vgeser(Cu), the larger the AV, and thus the
faster the programming. In the quasi-static DC measurement, the voltage sweeps in

Fig. 2-16(b) are used as the reset strategy.

2.6 Multilevel SET Process

In the voltage sweeping mode with current compliance, the number of metallic
conductive filament is assumed to be only one. This is because the voltage drop
across the electrolyte layer is small after the first filament connects the two electrodes.
The cation migration, nucleation, and redox reaction are all suppressed by this small
voltage bias. Simulations have been carried out to explain this phenomenon [23].
Based on this hypothesis, more than one filament should be able to form by
continuously applying high enough voltage on the device cell. The case of two
filament conduction has been demonstrated for Cu based resistive switches [24]. The
characteristic 1-V behavior is the two level current jumps in the voltage sweeping
mode. Multiple filaments formation has also been reported for other high-k dielectric

materials such as ZrO, and HfO, [25], [26].
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Three levels of current jump have been observed by using high current and
voltage ranges in the |-V characteristic measurement as shown in Fig. 2-17. The
current compliance is removed and the voltage sweep range is 0 to 10 V. The sweep
rate is 0.2 V/s and the area of device under test is 10 um by 10 um. The SET voltages
for each level are Vsgri = 3.64 V, Vserz = 6.78 V, and Vsers = 8 V. The total
resistances for each level are read from the slopes of 1-V curves. They are R; =401
Q for level 1, R, =256 Q for level 2, and R3=191 Q for level 3. Assuming the three
parallel filaments are formed sequentially in Fig. 2-17, the resistance of each filament
is extracted as Rcpr =401 Q, Rep =708 Q, and Repz =752 Q, where R1=Rcr1, Rz =
Rcr1 // Rere, and Rz =Rcr1 / Rege 1/ Repa. The device cannot be reset after the SET
process because a very high current flows through the device and causes permanent
damage to the structure.

Although the multilevel resistance change is experimentally demonstrated, the
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Fig. 2-17. Multilevel current jump in voltage sweeping mode.
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proper explanation of the switching time and SET voltage for each current jump is
still missing. Without current compliance, all the nucleation sites have more or less
the equal probability to form a filament. However, the second and third current jumps

require much higher Vser and tsgr, which is open to future study.

2.7 Summary

The Cu/TaO,/Pt devices have been fabricated by electron beam evaporation and
lift-off technologies. The devices are characterized in quasi-static DC bias mode. Two
switching mechanisms are observed and separated by temperature coefficient of
resistance, SET voltages, and bubble formation. The ON-state resistance does not
depend on the device area, indicating the filamentary type conducting path built in the
dielectric. One switching mechanism is the formation and rupture of Cu nanofilament
whereas the other oxygen vacancy nanofilament. Both unipolar and bipolar switching
modes are observed for each type of nanofilament. Bulges have been observed on large
area device cells during the formation of Vo nanofilament. This phenomenon is
attributed to the reaction at the Pt-TaOy interface generating O, gas. The damage of
bulges is irreversible. The gas may leak out from the perimeter of small cells. No visible
bulges appear during the formation of Cu nanofilament indicating higher reliability of

Cu CF based resistive switching.
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Chapter 3 Volatile Switching of
Cu/TaO,/8-Cu/Pt Devices

This chapter describes volatile/threshold switching devices fabricated with the
same process as resistive memory devices. A thin Cu layer is inserted between the
inert Pt electrode and the TaOy electrolyte as a sinking layer. The Cu atoms from
nanobridge diffuses into the &-Cu sinking layer and therefore the resistance state
switches from low to high. The characterization with constant voltage bias show that
the switching mechanism is due to the electrochemical reaction. The volatile
switching devices can be applied to the nanocrossbar memory architecture to isolate

the sneak path and diode logic circuits.

3.1 Introduction

The crossbar architecture as shown in Fig. 3-1 is the major interconnection
structure for emerging nonvolatile memory devices. One memory cell locates at each
cross point of interconnects. The cells can be accessed by selecting the “word line”
and “bit line” in the same manner as NOR flash memory. This type of interconnection
can increase the device endurance, decrease the read time, and increase the reliability
of memory. Therefore NOR is used for code storage and critical data. The target area
of the two-terminal memory cells is 4F% (F is the minimal length defined by

lithography) [1].
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Fig. 3-1. (a) Crossbar architecture for emerging nonvolatile memory devices. (b) NOR type flash
memory.

Unlike NOR flash memory, the “word line” and “bit line” of two-terminal
CBRAM are not isolated. Once the resistive switch is in LRS (data written into the
cell), the two interconnection lines are connected. If more than one memory cells are
in LRS as shown in Fig. 3-2, there is a sneak path which will bypass the reading or

programming of some memory cells [2]. The red cell in Fig. 3-2 is the target device

Vread

H
NI

I read

|elemenl

Fig. 3-2. Sneak current in nanocrossbar architecture [2].
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and a sense voltage is applied to both terminals of the red cell to read its memory state.
However, the surrounding green cells are all in LRS, a sneak current lg,ea Can pass
through several green cells and finally merge with the target sense current lejement tO
form read current lyeaq. lreag iS NOt at the standard current level and thus will disturb the
data reading. Simple cross-point architecture without selection devices cannot be
applied directly for memory manufacturing.

One intuitive solution to the sneak path issue is to serially connect two devices as
shown in Fig. 3-3. One of them is the memory device which stores the data, whereas
the other is the selection device which isolates the sneak current. The selection device
must be able to regulate the current flow in one direction. A diode or a transistor can
be connected in series with the CBRAM device [3], [4]. If a diode is used as the
selection device, there will be two diodes back to back in the sneak path and snheak
current will be suppressed. If a transistor is used as the selection device, not only the
sneak path is isolated, the current flowing through memory device can also be

controlled individually. Therefore the multi-bit storage in different cells is possible.

Vread
|
] [ ] i
LRS LRS !
|
|
|
|
|
|
;
|____ |
LRS HRS |
I
i
I
L

Fig. 3-3. Switching element structure proposed by Samsung [5].
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Fig. 3-4. (@) 1D1R and (b) 1T1R device cells in nanocrosshar architecture.

Advanced selection devices are also being exploited to solve the sneak path
problem. Samsung has demonstrated the serial connection of memory and threshold
switching resistive devices in the crossbar memory architecture [5]. The device cell
consists of one Pt/NiO/Pt memory element for storing the data, and one Pt/VVO,/Pt
switch element for isolating the memory element from others, as shown in Fig.3-4.
Pt/NiO/Pt device is one of the resistive memory switches (RRAM), which exhibit
nonvolatile switching behavior. A phenomenon of threshold/volatile switching has
been observed for Pt/VVO,/Pt resistive switches. In the threshold/volatile switching, the
current exists together with the bias voltage. Once the write signal is removed, the
resistance state of the memory element is changed, whereas the resistance switch
element is high.

In this chapter, we present the threshold/volatile switching phenomenon observed
in the Cu/TaO,/5-Cu/Pt devices. A thin Cu layer is inserted between TaO4 and Pt as a
sink layer to rupture the Cu bridge at small current level. The volatile switching can
be utilized for the selection device in nanocrossbar memories as well as diode logic

circuits.
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3.2 Threshold Switching of Resistive Memory

Samsung invented the Pt/VO,/Pt device as the switch element in the
nanocrossbar architecture. The oxygen deficient VO, results in threshold switching.
When the voltage sweeps from 0 V to Vi, the resistance of device changes abruptly at
Vi from high to low. After turning on the device, the voltage sweeps back from Vy, to
0 V and the current is holded. Before the voltage reaches 0 V, the device resistance
returns from low to high. In this case, the resistive switching only appears between
two threshold voltages as shown in Fig. 3-5. The threshold switching does not reserve
the low resistance state after the bias voltage returns to zero, i.e. the device is in high
resistance state without bias.

The threshold switching phenomenon has also been observed on Pt/NiO/Pt,
Cu/ZnO:Mn/Pt, and polyimide-based resistive switches [6]-[10]. Besides selection
devices, transistors are under development based on the nonvolatile/volatile resistive
(a) (b)

Y | &

Il:.ump II:DI'np-

Fig. 3-5. Schematic diagram of |-V characteristics of (a) memory switching and (b) threshold
switching devices [7].
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switching [11]. A thermal model has been developed to explain the -V
characteristics of oxide-based devices [6], [7]. The Pt/NiO/Pt devices show memory
switching at low temperature, whereas they show threshold switching at room
temperature. Therefore the threshold switching is caused by the temperature driven
filament rupture. At room temperature, significant Joule heating increases the local
temperature of the oxygen vacancy conductive filament rendering it unstable and

dissolved.

3.3 Characterization of Cu/TaO,/6-Cu/Pt Devices

With the insertion of a Cu &-layer between the solid electrolyte and the inert Pt
electrode, a volatile switching of conductive bridge resistive devices has been
observed, for the first time, in Cu/TaO/3-Cu/Pt devices. The conductive Cu filament
(CF) is formed the same way as in the conventional nonvolatile devices. However,
when applied voltage becomes zero, CF ruptures spontaneously. The new effect of CF
volatility is explained by the dynamic balance between Cu® field-supported hopping
and the Cu self-diffusion. Hence, the low resistance state, characterized by existence
of the conductive filament, is only dynamically stable as long as high enough voltage
is applied to the device.

The schematic of device cross-section is shown in Fig. 3-6(a). The difference to the
conventional resistive switch is the insertion of a thin Cu layer (&-layer) interposed
between the solid electrolyte and the inert Pt electrode. We have fabricated
Cu/TaO,/5-Cu/Pt switches at room temperature with 32 nm thick oxygen-deficient

TaOy formed by e-beam evaporation. The bottom Pt electrode has been deposited by
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Fig. 3-6. (a) Cross-sectional view of Cu/TaO,/3-Cu/Pt volatile resistive switching cells. (b) Fifteen
consecutive volatile switching curves of a Cu/TaO,/5-Cu/Pt device in log scale.

evaporation and patterned by lift-off on a thermally oxidized Si wafer. The top Cu
electrode lines were processed in the same way but patterned perpendicularly to the
bottom Pt lines. The width of the metal lines varies between 1 um and 35 um. With
the exception of the Cu &-layer, the manufacturing process is the same as Cu/TaO,/Pt
devices. The thickness of the Cu &-layer between TaOx and Pt bulk electrode is 6.5 nm.

The schematic of device cross-section and process flow are shown in Fig. 3-6(a).
The difference to the conventional resistive switch is the insertion of a Cu &-layer
interposed between the solid electrolyte and the inert Pt electrode. The process flow is
the same as the Cu/TaO,/Pt nonvolatile switching devices except the insertion of the
d-layer. The parameters of electron beam deposition are listed in Table 3-1. Fig. 3-6(b)
shows 15 consecutive volatile switching cycles of a Cu/TaO./3-Cu/Pt cell. As soon as
the voltage is swept to zero, the nanofilament dissolves spontaneously, rendering a
reset operation for the transition from low resistive state (LRS) to high resistive state

(HRS) redundant. The measured HRS to LRS ratio is 10 to 10°.
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Table 3-1 Summary of Electron Beam Deposition for Cu/TaO,/3-Cu/Pt Devices.

Material Pt TaOy 3-Cu Cu
Layer Thickness (nm) 50 32 6.5 150
E-Beam Deposition Rate (A/s) 1 1 0.7 5

Melting Temperature (°C) 1768 1872 1085 1085

E-Beam Current (mA) 180 150 80 120
E-Beam Base Pressure (Torr) 2x10° 2x10°® 2x10°® 2x10°®
Density (g/cm®) 21.45 8.2 8.93 8.93
Z-ratio 0.245 0.3 0.437 0.437

Tooling Factor 140 140 140 140

We postulate that the reason for the spontaneous dissolution of the CF is an upset
balance between the field-supported Cu” flux (Fc,") and the self diffusion flux of Cu
(Fcu) in the CF and through the interface between the Cu bridge and the Cu &-layer on
the Pt electrode as shown conceptually in Fig. 3-7(a). In the absence of Cu d-layer (i.e.
the case of conventional devices), the Cu diffusion flux at the interface of CF with Pt
electrode is null because of the inert electrode’s ion stopping power. When the device
is in the SET condition, only the flux Fc," is significant. The Fc, flux which may
deplete Cu atoms from the bridge exists only at the tip of the bridge touching the Cu
electrode. Since the radius of the contact cross-section between the filament and Cu
electrode is less than 10 nm, Fc, must be perforce small. Hence, while operated in the

positive voltage regime the bridge tends to strengthen decreasing its resistance in the
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process. The self-diffusivity of Cu is almost two orders of magnitude higher than its
intrinsic diffusivity in Pt [12]—-[14]. The activation energies of Cu self-diffusion are
extracted as 2.48 eV (57.2 kcal/mol) in Ref. [12] and 2.04 eV (47.14 kcal/mol) in Ref.
[13], respectively. The surface diffusivity of Cu on Cu is even higher than in the bulk
Cu. The activation energy of surface diffusion is 0.9 eV [15]. The insertion of Cu
d-layer enables a Cu diffusion flux from the established Cu bridge at its broad base
(opposite end to the tip of the bridge) into the d-layer and the flux is additionally
enhanced by the elevated local temperature resulting from Joule heating. Thus the
bridge at the interface with Cu o-layer is enhanced both by geometry of the bridge and
by the thermal effect. This Cu self-diffusion flux (Fc,) tends to remove Cu from the CF.
If the removal of Cu is larger than the incoming Cu® flux (Fcy"), the CF is bound to
dissolve. For 5 nm to 8 nm Cu &-layers, a thicker Cu &-layer may lead to larger Fc,.
The dependence on &-layer thickness will be noticeable only for 5 nm to 8 nm Cu

d-layers. Beyond a critical thickness, the F¢, flux will cease to depend on the

(a) T Vbias (b)
10] —
Cu P
+Fous T .
26 N
c 4 P
—Fcu —Feu g 0 j :
T Nt S : :
5-Cu o ! J
Pt 0 —
l 0.0 01 0.2 0.3 04 0.5 0.6
L Voltage (V)

Fig. 3-7. (a) Conceptual view of the Cu™ and Cu fluxes in volatile switching devices. (b) Resistive state
transition during the volatile switching operations. For curves 1, 2, and 3, the sweep is halted at a small
but non-zero voltage.
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thickness of the 5-layer and would start to behave like a bulk Cu electrode.

To verify this hypothesis, we have manufactured Cu/TaO./Cu devices and
confirmed that Cu bridge formation is not the same memory switching as Cu/TaO,/Pt
devices. The Cu atoms of CF formation can dissolve quickly in the Cu counter
electrode due to elevated local temperature. To test this hypothesis of Cu self-diffusion
flux further, voltage for the SET operation for the 6-Cu devices has been swept in
positive direction and then back toward zero. However, before reaching 0 V, the
voltage sweep has been suspended at a finite voltage and let sit for some time. The
results of the interrupted sweep are shown in Fig. 3-7(b). For curves 1 and 2, the
negative sweep has been halted at 0.2 V and 0.15 V, respectively. An abrupt current
drop can be observed (equivalent to Cu bridge resistance increase) but stabilizes at a
lower value indicating an unruptured Cu bridge with higher Roy resistance. CF appears
to stabilize itself by increasing Ron, thus reducing the current, Joule heating, and, by
extension, Fc,. For curve 3, however, the negative voltage sweep has been halted at 0.1
V, and the resistance increased to the Roge state, indicating that CF has ruptured. In
case of curves 1 and 2 the voltage across the electrolyte is still large enough to support
Fc,” that is larger than the Fc,. However, for curve 3, Fc,* sufficiently decreased
allowing F¢, to rupture the bridge. Curve labeled 0 shows uninterrupted sweep back to

oV.
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Fig. 3-8. (a) I-t characteristics of the volatile device. The device is biased at constant voltages with the
step of 0.025 V. (b) Dependence of switching time on bias voltages of the volatile Cu bridge.

In Fig. 3-8(a), the switching time t of the device is shown for a constant applied
voltage at various values between 0.35 V and 0.5 V. It can be seen that as the voltage
increases, the transition from HRS to LRS becomes less abrupt. The switching time t
can be fitted by an exponential function t =19 exp(—V/Vy) as shown in Fig. 3-8(b).

The exponential relation has been explained by the hopping of Cu” ions, the redox
reaction on the electrode, and the nucleation of Cu atoms [16]-[18]. The ion hopping

velocity v in high electric field is described by:

E ) zeakE E zeV a
v = 2af exp| — —2 |sinh ~ 2af exp| ——2 |exp| ——— .
p( ij ( 2kT j p( kT] p(ZkT Lj (3-1)

where a is the ion hopping distance, f the Debye frequency, E, the diffusion activation
energy, z the charge states of ion, e the elementary charge, L the thickness of
electrolyte layer, V the applied voltage, T the temperature in units of K, and k the
Boltzmann constant. The current density i in redox reactions can be modeled by the

Butler-Volmer equation:
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where o is the electrode charge transfer coefficient (between 0 and 1) and iy the
exchange current density. In this experiment, the applied voltage V (0.5 V) is much
larger than thermal energy kKT (26 mV). Therefore the current density equation can be
simplified to an exponential relation. Assuming the total charge to build a Cu

nanobridge is Qrit, the following integration results in the exponential =V relation:

T, e
chit = J-O I0 exp(i_.l_v jdt (3'3)
chit ( aze ] V
=—Lexp| ———V |=7,exp| —— -
T 7 Xp T T, EXp v, (3-4)

In our volatile switching devices, Vo = 24 mV and 1o = 3.75X 10’ s. The nucleation
rate J is given in accordance to the atomistic model for electrocrystallization by:
(NC + a)eV

KT

J=1J, exp[ (3-5)

where Jo (nuclei/s) is the pre-exponential term which is constant at given constant
thermodynamic conditions, and N¢ the number of atoms constituting the critical
nucleus [19]. Assuming that the switching time is only determined by the nucleation
time which is inversely proportional to nucleation rate J (t~1/J), Vo = KT/[(N¢ + a))e]
can be derived from Egs. (3-4) and (3-5). The value of o in experiment is usually
0~0.5, then we can extract N¢ = 1 according to the t—V relation [19], [20].

The SET voltages at different voltage ramp ratels are shown in Fig. 3-9(a). In
contrast to conventional nonvolatile devices [21], Vser Is largely independent of the

voltage ramp rate. Compared to conventional Cu/TaO,/Pt devices the Vst is
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Fig. 3-9. (a) Ve of volatile switching devices at different ramp rates. (b) Dependence of Roy 0N
compliance current of the volatile Cu bridge.

significantly lower for Cu/TaO,/56-Cu/Pt devices. Similarly to the nonvolatile resistive
switches, the ON-state resistance Ron depends on the compliance current Icc during
the set operation. The relation can also be fitted by a reciprocal function, Ron =K/ Icc,
as shown in Fig. 3-9(b).

Figs. 3-10 show Ron and Roge for different device area. The device cells are
squares with length of 15, 20, 25, 30, and 35 um. As the off-state current increases
with the bias voltage nonlinearly as shown in Fig. 3-6(b), the resistance is not constant
for the high resistance state. The off-state resistance Rogr is read at 0.1 V in Fig. 3-10.
Rorr decreases with the area, inferring that the leakage current in HRS is
homogeneous in the cell. Since the current flows through an insulator layer instead of
a metal layer, Rorr does not follow the reciprocal relation R~1/A in the resistance
equation. The homogeneous conduction across the insulating layer does not

necessarily mean the whole area conducts current at the same level.
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Fig. 3-10. Ror at different device area. Rorr decreases with the area, which indicates the switching in
OFF-state is homogeneous across the device cell. Very high HRS/LRS ratio is also achieved in the
device.

Ron is constant at different read voltages and does not show strong correlation
with the cell area, as shown in Fig. 3-11. The independence of Ron on cell area
indicates the filamentary conduction mechanism. The conduction path in the dielectric

only occupies a small area instead of the whole electrode area. The compliance
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Fig. 3-11. Roy at different device area. Roy does not depend on device area, which indicates the
filamentary type switching in the devices.
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current is 10 pA for the measurements. The fluctuation appears between 10 kQ to 45
kQ, which can be attributed to the shape, structure, and defects of the conductive
nanofilaments.

When the same device is operated at high current of about 1 mA, a transition from
volatile to nonvolatile switching is observed. In Fig. 3-12 the same device has been
tested under a high compliance current of 1 mA. The Cu bridge becomes now
nonvolatile and a RESET operation is needed to rupture the bridge. The Vgeser Voltage
is about —0.6V. After the RESET, the device can be again reliably operated in the
volatile mode if the compliance current is 10 and 100 pA and characteristics as shown
in Fig. 3-6(b) are fully recovered. Thus the 5-Cu device can be switched reliably from
volatile to nonvolatile I-V behavior.

The transition from nonvolatile to volatile behavior is governed by the balance
between transport of Cu atoms and ions. When the Cu® flux overwhelms the Cu

sinking flux, the Cu atoms start to accumulate and the CF grows. When the Cu™ flux

Current (mA)

—4— Nonvolatile Cycle 1
—O— Nonvolatile Cycle 2

1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. 3-12. Nonvolatile switching of Cu/TaO,/5-Cu/Pt devices at high compliance current of 1 mA.
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Fig. 3-13. Application of volatile switching Cu/Ta0,/3-Cu/Pt as selection devices.

is very low, the ions can easily dissolve in the 5-Cu layer or diffuse laterally on the
inert electrode. Therefore the nonvolatile resistive switching appears at high
compliance current whereas volatile resistive switching appears at low compliance
current.

The volatility of Cu/TaO./3-Cu/Pt device does not allow it to work as the
nonvolatile memory. However, it can work for the purpose of selection switch as
shown in Figs. 3-3 and 3-4. The volatile device can be serially connected to a
nonvolatile resistive switching device such as Cu/TaO,/Pt. When a voltage pulse is
applied to the two devices series, the volatile switching device can conduct current
only in the time interval that a pulse is non-zero. Once pulse voltage diminishes, the
volatile device restores the high resistance state and isolates the nonvolatile switch
from the sneak current path. For this configuration, the nonvolatile and volatile
switching devices can be fabricated in the same process based on Cu, TaOy, and Pt

deposition. The switching and selection process is shown in Fig. 3-13.
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3.4 Effect of Interfacial Layers on Device Fluctuations

The distributions of Ron, Rorr, and Vser are shown in Fig. 3-14. With the Cu
d-layer, tighter distribution of Vser, Rorr, and Ron have been obtained in
Cu/TaO,/6-Cu/Pt devices than in nonvolatile Cu/TaO./Pt devices. Insertion of a Cu
d-layer with thickness below 6.5 nm offers a new control parameter to optimize
nonvolatile switching performance of Cu CF based resistive switching devices.

The Cu o-layer provides homogeneous nucleation sites for Cu ions which is
important for the initial phase of Cu nanofilament growth. Cu nanocrystals have also
been embedded at the electrolyte-electrode interface for narrowing the fluctuation of
SET voltages as well as ON-resistances [22]. The non-uniformity of embedded Cu
nucleation sites also disturb the electric field distribution in the solid-electrolyte and
thus accelerate the Cu™ migration locally. Accelerating Cu® is equivalent to thinning
the electrolyte and will result in lower forming voltage. The nucleation sites also

controls the location of conductive filament which could enhance the device
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Fig. 3-14. (a) Ron and Rogr distributions of volatile (V) and nonvolatile (NV) devices. (b) Vser
distribution of volatile and nonvolatile devices.
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scalability and guide the memory cell design.

A thinner Cu layer is embedded between the solid electrolyte and the inert Pt
electrode. The thickness of 5-Cu layer is 3.5 nm according to the quartz crystal
microbalance in PVD 250. The layer is so thin that the Cu dissolving effect is not as
good as the thick &-Cu layer. The devices exhibit nonvolatile memory switching
behavior as expected. The statistical distributions of resistances and voltages are

shown in Fig. 3-15. Compared to the Cu/TaO,/Pt nonvolatile memory devices, the
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Fig. 3-15. Comparison between Cu/TaO,/Pt devices and Cu/TaO,/5-Cu/Pt nonvolatile devices. The
thickness of d-Cu layer is 3.5 nm. With thin 5-Cu layer, the devices are nonvolatile memory and the

8-Cu layer provides nucleation sites for Cu ions. (a) Ron and Rogr distribution of Cu/TaO,/3-Cu/Pt
devices. (b) Vsgr and Vgeser of Cu/TaO,/5-Cu/Pt devices. (€) Ron and Roge distribution of Cu/TaO,/Pt
devices. (d) Vser and Vgeser of Cu/TaO,/Pt devices.
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fluctuations of Cu/TaO./6-Cu/Pt devices are decreased. Therefore the Cu o&-layer
offers another technology parameter for improving the performance of resistive

memory devices.

3.5 Summary

A thin layer of Cu on the inert Pt electrode can help the nucleation of Cu ions and
improve the switching voltage uniformity of resistive memory devices. As the
thickness of this 5-Cu layer increases, the resistive nonvolatile switching is possible to
transistion to volatile switching. The volatile switching does not need a reset
operation and shows SET voltage that is independent of the ramp rate. In a volatile CF
switch the low resistance on-state can be maintained only for an applied voltage larger
than a minimum voltage. The flux of Cu" is driven by the applied voltage. The flux of
Cu atoms is controlled by the thickness of Cu &-layer. The volatile resistive switching
does not rely on the device area, meaning a filamentary type conducting path appears
in the insulating film. Based on the I-t characteristics at constant bias voltages, we
conclude that the formation of temporary Cu conductive filament is because of the
electrochemical reaction at the inert electrode. The volatile switching is explained by
the upset of Cu-Cu® flux balance. The local Joule heating will enhance the
self-diffusion of Cu and destroy the tiny contact between Cu nanofilament and the
8-Cu layer. This model has been justified by the -V characteristics at constant bias
voltages. The volatile resistive switches can be used as the selection device in the

nanocrossbar memory architecture.
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Chapter 4 Circuit Elements Based on
Cu/TaO,/Pt Devices

In this chapter, circuit elements based on Cu/TaO,/Pt devices are designed and
discussed. The circuit elements consist of two or three identical resistive switches in
parallel or serial connections. By utilizing the memristive properties of the single
devices, nonlinear 1-V characteristics have been achieved in the composite circuit

elements. These elements can be used for chaotic circuits and neural networks.

4.1 Introduction

The importance of resistive switches is not only the non-volatile memory
applications, but also the potential of working as logic devices. Their memristive
properties have been attracting interest from many areas, particularly neuromorphic
computation and neural networks. Hardware learning and electronic synapse have
been implemented based on the bridge resistive devices [1], [2]. The aim is to build a
new kind of “intelligent” computing machine which has similar form, function and
architecture to the mammalian brain [3]. This neuromorphic computer, or “artificial
brain”, can scale to the biological neural system in terms of total number of electronic
neurons and synapses and their connectivity. The resistive switching devices have
demonstrated similar electrical behaviour to the synapse in the biological neural
system. Therefore it is being developed as the nanoscale electronic synaptic
component for the connection between electronic neurons [1], [4]. On the other hand,

the resistive switching devices are called “the fourth element” in addition to resistor,
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capacitor, and inductor [5], [6]. Their unique memristive characteristics enable the
chaotic circuits. In this chapter, we investigated the performances of circuit elements
in circuit applications. The circuit elements consist of several resistive devices in
particular connections to realize interesting functions. The experimental device
characteristics should provide references to the circuit model and hardware

development.

4.2 Complementary Resistive Switches (CRS)

The complementary resistive switches (CRS) are the first circuit element fully
built upon conductive bridge resistive memory devices. It is proposed as one of the
solutions for sneak path problem in the crossbar memory architecture. Different from
1T1R or 1D1R selection device (transistor, threshold switching devices or diodes as
the switching element serially connected to the memory switching device), two

memory switching devices are anti-serially connected sharing the same central

CRS

Solid electrolyte
Viha  Vina

<
A J

Vi Va2 V
Solid electrolyte ®

Fig. 4-1. Device structure and 1-V characteristics of complementary resistive switches [7].
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electrode [7]. If both devices are identical, this composite device shows symmetric
behavior. The two resistive memory devices alternatively set and reset, i.e. when the
top device is ON, the bottom device is OFF. Only during a short switching period the
two connected devices are in ON state and the current flowing through CRS is high.
This high current causes significant amount of heat melting one of the conductive
filaments and the CRS transitions from low resistance state to high resistance state.
The device structure and 1-V characteristics of CRS are shown in Fig. 4-1. Recently,
the CRS has been demonstrated not only in CBRAM devices, but also in oxide-based
RRAM devices [8]-[11]. The CRS is also one of the memristor combinations

realizing symmetrical memristive properties [12].

4.3 Antiparallel Resistive Switches (APS)

Antiparallel resistive switches have been conceived recently for chaotic circuit

(a) L G

GN1§ T C CiT ﬁm §GN2

(b) L G

GN1§ TC2 CiT @m1 @mz ;GNZ

Fig. 4-2. (a) The chaotic circuit based on one memristor (canonical Chua’s oscillator). (b) The chaotic

circuit based on two memristors in antiparallel. The elements m, m;, and m, represent memristors [13].
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applications [12]-[14]. Fig. 4-2 shows the typical chaotic circuit under investigation
where the antiparallel resistive switches may be used. It has been found that a neural
circuit using a memristive synapse with symmetric charge-flux nonlinearity can
behave chaotically. Though theoretical modeling has been done, the experimental
verifications are still insufficient for the aforementioned chaotic circuits. Our work
demonstrated the first APS with CBRAM type memristors.

The circuit and single device of APS are shown in Figs. 4-3(a) and 4-3(b), where
two Cu/TaO,/Pt cells are connected in an antiparallel configuration by two pairs of
external probes, one of which connects the Pt electrode of one switch with the Cu
electrode of the second switch. The triangle inside the switch indicates CF formation
within the solid electrolyte of the switch. The base of the triangle is anchored in the
platinum inert electrode and the tip of the triangle points toward the Cu electrode. As

soon the tip makes a contact with the Cu electrode, the device is in a conductive ON

Cu I 150 nm o ,/ “2)
F'y oF —
(1
=4l
32nm TaOy £
/
g 7z
A 4 s
3L
Pt l[100nm ©
4l 4
1.0 0.5 0.0 05 10 15
(b) Voltage (V)

(©)

Fig. 4-3. (a) The device structure of anti-parallel resistive switches (APS). (b) Layer structure of a
single switch. The shown layer thicknesses are not drawn to scale. (c¢) The bipolar switching
characteristics of a single Cu/TaO,/Pt cell. The set voltage is 1.05 V and the reset voltage is —1.11 V.
The set and reset voltages of Cu/TaO,/Pt cell are typically + (1 to 2) V and the reset current is 1 to 5
mA.
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state.

In order to explain the switching behavior of a circuit of two anti-parallel resistive
switches, the single devices have been thoroughly characterized. Fig. 4-3(c) shows a
typical behavior of one switching cycle of an individual switch. Initially the switch is
disconnected. The voltage is ramped (1) from OV on the positive voltage axis. As long
as the switch is in the OFF state the current is very small. When the voltage reaches
Vset, the CF is established (2) and the current jumps abruptly being only limited by
compliance current lest the device be damaged. Then the voltage is swept back and,
for voltages close to zero, an ohmic behavior is observed (3) until a negative voltage
Vreset is reached when the CF is ruptured, and the current collapses to a small value.
For our devices, Vser = 0.9 to 1.5 V, Vgeser = (-1.0) to (-2.0) V, and reset currents
IreseT are in the range of 1 to 5 mA.

A typical behavior of I1-V characteristics of APS is shown in Fig. 4-4, after one
switch has been pre-programmed into an ON state. The switches have been
characterized individually with following results: the set and reset voltages are -2 V
and 1.34 V for switch 1, and 1.72 V and —1.12 V for switch 2, respectively. The initial
programming of one of the switches switch can be done individually or in the context
of APS device. The latter programming is always possible, since under either voltage
polarity one of the switches will be amenable to CF formation while the other will be
precluded from forming CF by the virtue of CF formation and rupture dynamics. In
Fig. 4-4 we apply first a voltage on the positive axis creating a condition either to

rupture the CF in the switch 1 or to form CF in the switch 2. It can be seen from the
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Fig. 4-4. 1=V characteristics of two anti-paralleled resistive switches. The set and reset voltages are
—2.0V and 1.34 V for switch 1, and 1.72 V and —1.12 V for switch 2. On the positive switching side,
cell 1 switched off before cell 2 switched on. With negative voltage bias, cell 2 switched off before cell
1 switched on. The compliance current is 2 mA for the positive switching and 5 mA for the negative
switching.

Fig. 4-4 that the CF formed in switch 1 ruptures at 1.34 V and the current drops to
very small values and remains at zero until the CF in the switch 2 is formed at 1.72 V.
At this point, the initial state ON/OFF in (switch 1)/(switch 2) configuration has been
flipped to OFF/ON state. The flipped device is now subjected to a negative voltage
sweep and exhibits an ohmic behavior. One notices that the slope on the negative
voltage axis is different from the slope on the positive axis. The slope on the positive
axis is determined by the Ron(1) = 430 Q resistance of the switch 1, while the slope
on the negative voltage axis is determined by the Ron(2) = 305Q resistance of the
switch 2. When the voltage reaches —1.12 V, CF in switch 2 ruptures and the APS
device as a whole is again in a non-conductive (OFF) state. As the negative voltage

sweep continues it reaches subsequently the Vser = —2.0 V at which the CF in switch

1 is formed again. Such I-V characteristics could be cycled a couple of times with
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slight shift of the Vsgr and Vgeset Voltages for both switches.

It is of interest to compare the I-V characteristics of APS device with those of the
CRS device [7] and RFED device [15]. APS device exhibits a high current in voltage
interval containing the origin, whereas CRS and RFED display zero current. Then on
both negative and positive voltage axis there is a finite voltage interval where for APS
device has zero current whereas CRS and RFED display a high current. Moreover,
beyond these finite voltage intervals APS yields a high current whereas CRS and
RFED zero current. When looking at the 1-V characteristic with no compliant
currents applied the APS |-V characteristic looks like a ruptured or truncated Ohm’s
relation, i.e., the current is linear with the voltage except in two finite voltage intervals
on the positive and negative voltage axis where the current drops virtually to zero. A
related manifestation of the switching behavior is the temporal evolution of the
current as function of a constant voltage stress. Again, the initial state of APS is one
where switch 1 is in ON state while switch 2 is in OFF state.

The applied constant voltage polarity is applied such that it tends to rupture CF in
switch 1 and to form CF in switch 2. A result of such voltage stress for a bias of V,, =
2.5 V is shown in Fig. 4-5. For a long time from 0 s about 16.6 s APS is conductive
owing to the ON state of switch 1. At t; = 16.6 s the CF in switch 1 ruptures and the
current drops to zero. After an additional time interval of about 1.5 s at t, = 18.1 s the
CF is being formed in switch 2 and the APS is again in a conductive state. The times
t;, t, and At = t,—t;, can be controlled by the level of voltage stress. For voltages

below ~2 V no switching transitions in single device could be observed. In both cases
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Fig. 4-5. 1-t characteristic of APS device. The bias voltage is 2.5 V. The duration of high resistance
state is 1.5 s.

shown in Figs. 4-4 and 4-5 the CF of the switch 1 ruptures first before the CF of the
second switch can be formed.

This is so since the voltage drop across the APS device is determined by the Roy
of the switch 1. As Rqn is small the voltage drop determined by Roy of switch 1 is too
small to attain Vset(2) of the switch 2. As the current is increased further to produce
larger voltage drop, it will reach at some point Igeset for switch 1 at which point the
CF in switch 1 ruptures before CF in switch 2 can be formed. From this analysis one
can derive a condition for both bridges being in an ON state. For this situation, the
voltage across APS has to be equal or larger than Vser(2) but smaller than
IreseTRon(1). In Fig. 4-6 an interesting border case of both switches coexisting in
conductive states is shown. Initially only switch 1 is in ON state. With increasing
voltage current increases linearly, its slope being determined by Ron(1). At Vg = 1.5
V there is an indication that the CF in switch 1 is about to rupture as the current is
very close to Igeser(1), but at the same voltage the CF in switch 2 is already being
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Fig. 4-6. 1-V characteristics of anti-paralleled resistive switches different from those in Fig. 4-4.
Ron(1) = 64 Q when CC =15 mA, and Ron(2) = 162 ©Q when CC =50 mA.

formed. Hence, the resistance of switch 2 decreases dramatically and the current
through switch 1 drops due to the parallel arrangement of both switches significantly
below the Ireset(1) level. Due to the reduced current level through switch 1 both
switches can now coexist in ON states. The formation of CF in switch 2 leads to a
current jump by at least a factor of 2 under a compliance current of 50 mA. When the
voltage is swept back the slope of the current is now determined by Ron(1) x Ron(2) /
[ Ron(1) + Ron(2) ] = 34 2, confirming a parallel arrangement of both CFs.

The single switches, when stressed at high negative voltage V,,, displayed in
some cases switching behavior that cannot be attributed to Cu™ ion migration but to
oxygen vacancies V. However, the forming voltages for switching behavior of Vg
bridges were all found to be between |4.5 V| and |7 V| and of opposite polarity as for
Cu bridges. Other samples at such high voltages resulted in permanently damaged

devices. This observation has been addressed in Chapter 2. Hence it is unlikely that
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oxygen vacancies play a role in the switching behavior of the anti-parallel switches
shown in Figs. 4-4, 4-5, and 4-6 where the voltage has been kept under |3 V| and Vser
and Vgeser never exceed |2 V|. The switching of APS is fully consistent with the
values for forming (Vser) and rupture (Vreser) voltages Cu bridges in single resistive

switches.

4.4 APS in Single Cells

The 1-V characteristics of anti-parallel resistive switches can be demonstrated in a
single Cu/TaO,/Pt device cell. By virtue of Cu and oxygen vacancy Vo nanofilaments,
the APS can be realized as shown in Fig. 4-7(a). The Vo and Cu filaments can form
and rupture alternatively under the bias voltage of opposite polarities, constituting an
anti-parallel connection of two, electrically, nearly identical memristors.

In Fig. 4-7(b) a typical stable switching cycle of an integrated APS switch is

Vap b
2+
CU 150 nm E- 1k
£
= oF
= 1
Cu Vo 32nm g 4l !
Tao, S,
Pt 50 nm |
3t . ‘ ! . ‘ g
i -3 -2 -1 0 1 2 3
— Voltage (V)

(@) (b)

Fig. 4-7. (3) Cu and V, bridges in the same device cell. (b) One switching cycle of anti-parallel
switching Cu and Vo CFs in a single 10 um Cu/TaO,/Pt cell. Multiple switching cycles have been
measured in the voltage sweeping mode.
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shown in a compact form. The bias voltage sweeps between -3 V and 3 V. The
compliance current is 1 mA for SET operation whereas 10 mA for RESET operation.
When the positive voltage sweep begins at 0 V, a Vo CF has been already formed.
The current increases linearly according to Vpias/Ron[Vo], where Ron[Vo] = 237 Q.
At Vgeser[Vo] = 0.8 V the oxygen vacancy filament ruptures and the device
transitions into the OFF state (segment 1). As the voltage increases the forming of the
Cu bridge is observed at Vser[Cu] = 2.1 V (segment 2). In order not to obscure the
plot the voltage is not swept back but a new negative voltage sweep begins at 0 V.
The current increases on the negative x-axis according to Vyias/Ron[Cu], where
Ron[Cu] = 206 Q. The Cu bridge ruptures at Vgeser[Cu] = —0.8 V (segment 3). As the
negative voltage sweep continues the oxygen vacancy filament is formed at Vsegr[Vo]
=-2.5V (segment 4). At this point, a new identical cycle can begin. The unique I-V
characteristic is caused by the forming and rupture of Cu and Vo conductive filaments
within a single cell. The cell switches alternatively on and off in one cycle displaying
the same characteristic as two anti-parallel connected individual cells. To avoid
irreversible damage, compliance current is applied to the device for the SET
operations.

Multiple switching cycles are shown in Fig. 4-8. The magnitude of negative SET
voltage is generally higher than the positive SET voltage. This Vsgr variation implies
the different conduction mechanisms for the positive and negative SET processes.
With a current compliance, the LRS resistance is regulated and therefore the

endurance of APS switching is improved.
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Fig. 4-8. Multiple switching cycles of APS in single devices. Steps 1 to 4 are the same as Fig. 4-7.

4.5 Cascaded Resistive Switches

At a given applied constant voltage V4, across the switch, a finite time t is required
to establish a conductive filament. For large enough Vg, an exponential relation
between Vg, and t is observed, t = 1o exp(—Vap/Vo), Where 1o and Vq are material

constants [16]—[18]. This equation is derived from Egs. (3-2) to (3-4) by considering

CuTE

TaO

X

Pt BE

Fig. 4-9. Conceptual illustration of three cascaded resistive switches. TE and BE mean the top
electrode and bottom electrode. Orange, blue and green materials represent Cu, TaO,, and Pt.
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redox reaction and atomistic nucleation. The cascaded resistive switches are conceived
based on the exponential =V relation. The conceptual illustration of cascaded resistive
switches is shown in Fig. 4-9. Three Cu/TaO,/Pt devices are connected in a serial way,
i.e. a Cu electrode is connected to a Pt electrode and only two outer electrodes (top Cu
and bottom Pt) are available for electrical connection. The purpose of this cascade
connection is to investigate the nonlinear switching characteristics of the cascaded SET
processes. This SET process is schematically illustrated in Fig. 4-10. In the figure,
resistors represent the LRS resistance Ron. The switches represent the HRS resistance
Rorr When it is open, and Ron << Rorr. If the switch is closed, its resistance is zero. A
resistive device consists of one resistor and one switch in series. When the switch is in
its OFF state, the resistance of the device is roughly Rore. When the device is set, the

switch is in its ON state and the resistance of the device is Ron. If the three switches in
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Fig. 4-10. Schematic illustration of the SET process of cascaded resistive switches.
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Fig. 4-10 are turned off one by one, the staircase-like current characteristics can be
observed in the semilog scale.

Two and three single resistive switches have been selected, characterized
individually, and then serially connected externally with 4 and 6 probes. When Rogr
and Ron of the resistive switches are selected judiciously, then, based on Eg. (3-4) and
on the voltage division principle, one can estimate which switch at what time will
transition from the OFF-state to the ON-state. As a result, the transitions from OFF to
ON states for individual switches will proceed in a cascaded manner at predetermined
times and at predetermined current levels. The concept is demonstrated on two and
three serially connected switches.

Fig. 4-11 shows the measured output current I, of two serially connected switches
as function of time for V4 = 0.5 V. It can be seen that the I, displays 3 distinct current

levels over a time range of 30 s. The first current level corresponds to the OFF state of

Current (A)

0 5 10 15 20 25 30
Time (s)

Fig. 4-11. Current characteristics as a function of time of two serially connected resistive switches
under a collective voltage stress of 0.5 V.
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two bridges, the second level to ON state in one switch while the other is still in OFF
state, and the third level corresponds to both bridges in ON state. The stochastic
current variations, typical for charge transfer phenomena and random telegraph noise
in such systems, have been observed and explained elsewhere [19], [20].

The same arrangement of switches has been measured for V4, = 1.5 V and similar
I(t) characteristics is shown in Fig. 4-12. Because of Eq. (3-4) the time scale for the
switching transitions shrinks from 30 s to 1.2 s. It is observed that the time between the
creation of the two conductive filaments is about 0.1 s for Va4, = 1.5 V whereas it was 5
s for Vg = 0.5 V. Increasing Vg, beyond 1.5 V decreases further the time scale of
current level transitions. At a high enough voltage transitions of the two switches will
merge into one, as the creation of conductive filament in the first switch is immediately

followed by the creation of conductive filament in the second device. No switching
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Fig. 4-12. Current characteristics as a function of time of two serially connected resistive switches
under a collective voltage stress of 1.5 V. The inset shows switching behavior of the 2nd individual
cell.
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transitions could be observed for Vg, substantially smaller than 0.5 V (in general, a
cell-specific minimum voltage V) even for long time of several minutes.

Fig. 4-13 shows |-V characteristics of three serially connected switches. The
single cells have been characterized individually before being subjected to a collective
voltage stress resulting in: Ron(1) = 1700 Q, Rore(1) = 9 GQ, Ron(2) = 1400 Q,
Rorr(2) = 12 MQ, Ron(3) = 219 Q, Rorr(3) = 145 MQ. The I(t) curve in Fig. 4-8
exhibits three sharp transitions at 5.5 s, 7.5 s, and 8.1 s. From the resistance values
given above the four current levels can be estimated as follows: the first level 2x107%°
A, the second level 1078 A, the third level 107" A, and the fourth 1 mA. The fourth
current level is the current when all three cells are in ON states. This current level has
been indeed observed. However, in Fig. 4-13 the maximum current level has been
limited by a compliance current of 0.2 mA lest the switches are damaged irreparably.

The estimated current levels correspond to the measured ones except for the third

Current (A)

Time (s)

Fig. 4-13. Current characteristics as a function of time of three serially connected resistive switches
under a collective voltage stress of 1.4 V.
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level which is measured as close to 5x10> A. This may be attributed to a degradation
of Rorr(3) during the initial stages of the stress. As can be seen in the I(t) curve, the
lout between the transitions displays a positive slope. This slope can be explained by
Ron decrease of the connected cells due to experienced current levels flowing through
the cells. After all three bridges have been subjected to the collective voltage stress,
the cells have been re-characterized individually: Ron(1) = 500 Q, Ron(2) = 400 Q,
Ron(3) = 200 Q. Comparing the values before and after the collective voltage stress,
the Ron of the first two cells has decreased by more than a factor of three. This
dependence is relevant for the two and three switches in series as the current loy
passing through all the switches is kept at a range of values (corresponding effectively
to a compliance current constraint). These currents are limited to few pA as long as

one of the cells is still in an OFF state.

The switching times observed in Figs. 4-11, 4-12, and 4-13 can be estimated from
voltage drops Vce(j) across the cells from Eq. (4-1) based on the single switch

characteristics, where

- Vap RceII ( J )
ceII z Rceu i (4' 1)

The equations for the current levels are given by

— Vap
" Z Rcell(i) (4-2)

with Ree(i) (i = 1, 2, 3) being the resistance of cell (i) during the voltage stress.
Plugging Vcen(j) into (3-4) determines the switching time tci: assuming that the cells

have not subjected to a voltage stress before. This is an approximation, at least for all
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cells but the first one, since all cells are stressed during the time period when the first
cell undergoes a transition from OFF to ON state. It is noted that in Eq. (4-2) resistive
voltage division principle has been invoked. However, capacitive voltage division
between the switches in OFF states could be applicable as well. In either case, as a
first approximation, Rce(i) is assumed to be equal either to Rorr(i) or Ron(i). One
observes that Ron(i) can decrease gradually, particularly when other cells are still in
the OFF state and elevated voltage bias is kept in place for an extended period of time.
This effect of decreasing Ron in a single cell is known in literature [16], [21], [22] and
plays a role in a series arrangement of switches as explained further below. The
current levels in Figs. 4-11 and 4-12 are different due to wide range of Rogr for TaOy
varying 10° ~ 10° Q. Fig. 4-14 shows the times for each SET process and ON-state
resistances for each current level in Fig. 4-13. They can be roughly fitted by an

exponential equation which justifies the switching mechanisms.

A single solid atomic switch with learning and unlearning abilities has been

104 m  experimental ] \“*\ ® experimental
~a_ fitted 10 fitted
—a Cllh 1 08 4 \\\\
o o N
L . S 10 o
E B 6 ] .
$ 5 ™
< 10’4 N
0.14 N
| ‘ . 10°__ ‘ -
1 2 3 1 2 3
number of step @ number of step ®)

Fig. 4-14. (a) Time for each SET process and (b) ON-state resistances for each current level of three
serially connected resistive switches under a collective voltage stress of 1.4 V.
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proposed in the past by Hasegawa et al [22] and S.-J. Choi et al [23]. Hasegawa et al
observed that the conductive filament can be strengthened by widening the diameter
of CF after the bridge has been fully established across a 1 nm gap. This phenomenon
has been identified as the key feature of the learning/unlearning capability of switches
consisting of Ag,S electrode separated by a vacuum gap of about 1 nm from a Pt
electrode [22]. The widening of the bridge diameter caused the R, to decrease
gradually with time. However, sensing such slow and gradual decrease of Roy is
difficult. In our serial arrangement of switches, the key feature to decrease the
resistance of the device is the cascade of individual switches in distinct quantized
current levels spanning six orders of magnitude and at predetermined times from
nanosecond to second range. Both times and current levels can be tightly controlled
by the choice of material properties and the geometry of the constituent switches. Two
and three serially connected switches have been selected for demonstration purposes
only. More than three switches can be serially connected generating more current
levels. For a serial connection of switches in order to keep the current low, one switch
staying all the time in an OFF state would be desirable. It would effectively limit the

circuit power consumption while still allowing voltages to be around 1 V.

The programming operation of the cascade can be partially reversed. Partial
erasure of the cascade occurs when a voltage of opposite polarity is applied. Stressing
the device of three switches all in ON states at V4= —2 V results in only two current
levels. The reason for this is that the rupture of a conductive filament is determined by

the reset current Ireset. The cell with the lowest Igeset ruptures first bringing about
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transition from ON- to OFF-state. Consequently, current collapses and is too low to
bring about a rupture of conductive filaments in the remaining switches. Thus case of
reversing the state in one switch can be termed as partial unlearning. Complete
unlearning as well as accelerated learning can be achieved by supplying the simple
serial circuit with two additional branches of antiserially connected switches allowing
dedicated access to an individual switch. Using control pulses one could then reverse
the state in all the individual switches. Control pulses could also accelerate the
learning by forcing a certain individual switch in ON state before this may occur due

to the regular input wave form.

The entire circuit with the additional branches can be integrated in the crossbar
array occupying only 3 crossbar intersections. The metal electrodes between switch 1
and switch 2 as well as between switch 2 and switch 3 may share floating metal plates
encapsulated between the top and bottom electrodes. The schematic cross section is

shown in Fig. 4-15.
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Fig. 4-15. Schematic cross section of integrated cascaded resistive switches in the crossbar array.
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4.6 Summary

Antiparallel resistive switches and cascaded resistive switches have been proposed
and analyzed. The principle of antiparallel resistive switches has been demonstrated
for the case where the voltage sweeps from -3 V to 3 V. The measured symmetric
-V characteristics show truncated Ohm’s law. The border case has also been
observed for APS during switching. The principle of cascaded switches has been
demonstrated for the case where a constant voltage stress in time has been applied
collectively to three devices in series. In a general case, the voltage stress may be a
function of time, i.e. Vap= Vqg(t). The state variable of total injected charge will then
be a time integral of the applied voltage stress Vq(t). The desired behaviors have been
achieved. Both kinds of circuit elements can be easily implemented in nanocrossbar

architecture and be applied to nonlinear neural chaotic circuits.
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Chapter 5 Multilevel Cell of CBRAM

Multilevel cell (MLC) is an efficient way to increase the storage capability of the
existing device technology. The method is to store more than one bit of data in a
single memory cell. This result can be achieved by controlling the physical
parameters such as write/erase current or voltage. Without significant modifications
of memory architecture or device structure, the volume of data storage is dramatically
increased. The multilevel cell technology has been applied to the advanced flash
memory and solid-state drive. By carefully control the tunneling current in the
floating gate FET device, MLC has been realized. In the CBRAM, the controllable
LRS is also observed by controlling the compliance current. This effect enables the

MLC based on CBRAM devices.

5.1 Introduction

The Ron and Roge statistics of Cu/TaO,/Pt devices have been shown in Chapter 2.
The ON/OFF resistance ratio of CBRAM is usually higher than 10° allowing
multilevel switching in a single memory cell to store more than one bit of data.
Compared to CBRAM, the present STTRAM technology can only achieve the
ON/OFF resistance ratio less than 10, which is too small to insert multiple distinct
resistance levels. Therefore the multilevel cell capability is one of the advantages of
CBRAM.

The multilevel cell of CBRAM is realized by the proper current control during

SET process. When different levels of compliance current (Icc) are applied to a
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CBRAM device, a characteristic dependence of LRS resistance (Ron) on lcc is

observed:

A

RON =

n (5-1)

ICC
where K is a constant in units of volt, and n is a fitting parameter close to 1. This
phenomenon is the foundation of MLC in CBRAM devices. The Ron—Icc relation in
Eq. (5-1) is universally valid for numerous anode/electrolyte/cathode material systems

[1]-[6]. Experimental results have shown that K depends on the materials, process, and

structure of the device. The area of device under test is square and the size is 10 pum.

5.2 Physics of Multilevel Cell

The wide range of multilevel switching in CBRAM cell involves different physical
mechanisms in the SET process. When the resistive device is in its HRS state, the gap

between filament tip and the anode is large. Only small cation flux contributes to the

Py

catﬁode cathode

Fig. 5-1. Schematic illustration of physical mechanisms of SET process in a CBRAM cell. Red circles
represents Cu atoms and cations. Blue circles represent electrons. The yellow rectangle represents the
solid electrolyte. The “+” and “-” signs represent the voltage polarity relative to 0 V.
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current as shown in Fig. 5-1(a). The transport of ions under the high electric field is
described quantitatively by the hopping mechanism [7]. As the gap decreases, the
electrons can tunnel through the oxide barrier. Thus the tunneling electron flux
contributes to the current as well as cation flux, as shown in Fig. 5-1(b). When the gap
is closed and the filament touches anode, metallic contact starts from just one single
atom as shown in Fig. 5-1(c). The conductance of a single atom contact can be
estimated from the one-dimensional charge transport [8]. After single atom contact,
more and more atoms of the filament contact the anode and form new conduction
channels. Finally the filament enters the radial growth regime and the resistance
decreases [9]. All those processes can be regulated by the current compliance.
Menzel’s tunneling model matches an impressive Ron—lcc range from 10 Q to
10* Q2 [10]. The simulation strongly justifies the existence of electron tunneling current.

Fig. 5-2 shows the transition details in terms of quantized conductance steps extracted

0
~

Conductance G/G
-y

o T S

0 1 1 1 1 1 1
0.151 0.152 0.153 0.154 0.155 0.156
Voltage (V)

Fig. 5-2. Quantum conduction observed in [-V characteristic of Cu/TaO,/Pt devices. The sweep rate v is

0.002 V/s. Gy = 2¢*/h, where ¢ is the elementary charge and h is the Planck constant.
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from |-V characteristics near Vsgr =0.16 V at the sweep rate of 2 mV/s. It can be seen
that the conductance changes in quantum units of Gy (2e*h =775 uS, h being the
Planck constant and e the elementary charge) from 1Gy to 2Gy and 4Gy reflecting the
conductivity change due to electron tunneling from single atom to multiple single
atoms during I-V sweeping [11]-[17]. After the voltage reaches 0.156 V (close to
Vser), the current increase is already too fast to show more distinct quantized
conductance levels. The experiment is done at room temperature with the standard
setup of I-V measurement. A very low voltage sweep rate is important for measuring
the gquantum conductance because the SET process can be monitored with high time

resolution and the details of filament growth are revealed.

5.3 Voltage Constant in Multilevel Switching

The Ron—Icc relation reflects the final outcome of the abrupt current jump in the
SET process. Remarkably, the Roy dependence on Icc in Eq. (5-1) spans two physical
regimes based on different conduction mechanisms. When LRS is higher than 12.9 kQ,
the 1-V dependence has been attributed to the non-ohmic conduction of direct
tunneling of electrons through the gap between the growing filament and the electrode
[10]. When the filament resistance is 12.9 kQ (=h/2e?), a single atom contact forms
between the anode and the filament, and the metallic contact occurs for lower Royn
[11]-[17]. Below 12.9 kQ, models have been proposed for Ron—Icc based on the
ohmic conduction invoking radial growth of the nanofilament [9], [10]. Interestingly,
experiments have shown the two mechanisms yield the same voltage constant K in the

Ron—lcc relation, which means that K is independent of the fundamental mechanisms
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of resistive switching and must have a more universal significance. In the previous
research, the voltage constant K is usually treated as a fitting parameter without a clear
physical meaning. In this section, the relation between K and the SET voltage is
analyzed and verified with data obtained on Cu/TaO,/Pt devices.

Fig. 5-3 shows the |-V characteristics of a Cu/TaO,/Pt CBRAM device cell in
quasi-static switching at three different voltage sweep rates v spanning almost two
orders of magnitude where the bias voltage is increased at a constant sweep rate. It can
be seen that not only does the SET voltage decrease with decreasing ramp rate, but
also the transition slope increases with decreasing ramp rate. When the applied voltage
is less than VseT, the current level remains low. At the time Vet is reached, the current
starts to increase abruptly to the current compliance level. In the transition region

between low and high current, the voltage on the filament stays more or less constant

1.0+ A QD 0-0-0-0-0-0-0 4
0.8 -
2 L
£ 0.6 A O i
E I
S o4t 1
P
= I
5 0.2 | —{F—v= 2 V/S
_ o —0—v=04Vis |
’ —A— v =0.04Vis
0.0 #—ﬁ:.m.m-u 1

0.0 0.5 110 1:5 2.0 2.5
Voltage (V)

Fig. 5-3. I-V characteristics of a 10 um x10 um Cu/TaO,/Pt resistive switching device. The voltage
sweep rates v are 0.04 V/s, 0.1 V/s and 2 V/s. The dimension of the measured device cell is 10 um by

10 um and the compliance current is 1 mA.
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Fig. 5-4. LRS Ry for different sweep rates. The current compliance is 1 mA.

at the relatively high SET voltage. It should be noted that because of the same Icc level,

Ron is approximately constant independent of the sweep rate as shown in Fig. 5-4.

After the compliance current is reached, the voltage across the filament V¢g drops

abruptly to a value significantly lower than Vsgr and is determined by the final

resistance of the cell Ron as shown schematically in Fig. 5-5(a). This experimental

observation implies that there is a minimum voltage V = IccRon below which the

Ve (V)

A

lccRon

(@)

tser

tseT(n

tset(a)

Fig. 5-5. Conceptual -V and V-t characteristics. (a) Voltage drop on the device cell with time. (b) Cell

voltages with different voltage sweep rates. V¢ is the bias voltage on the device cell and Roy is the final

LRS resistance. v is the voltage sweep rate and Vser = viger. Different SET times are labeled as tser).
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Fig. 5-6. Dependence of ON-state resistance on compliance current for Cu/TaO,/Pt devices. The dash

line is the fitting curve for Ron=0.17/Ic™*".

filament growth comes to a halt. This constant value of voltage may be extracted from
the experimental Ron—lcc plot as shown in Fig. 5-6 for our Cu/TaO,/Pt devices.

The experimental data are fitted by Ron = 0.17/1cc”*®. The fitting parameter n =
0.998 is very close to 1 and the voltage constant K is 0.17 V. In the transition regime
from HRS to LRS, the Ohm’s law can be expressed as

e (1) =Ver /Rer () #Ver /Rer () (5-2)
where the time dependence of current Icg through the filament is mainly driven by the
time dependence of the momentary filament resistance Rcg. At the end of the SET
operation under the current compliance regime, the Ohm’s law can be expressed as

Ver =lecRon (5-3)
where Icc is the compliance current, and Ron the final ON-state resistance depending
on lec. In Fig. 5-5(b) it is schematically shown how the voltage across the device ends

in the universal IccRon Voltage independent of the sweep rate applied as long as Vser
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has been reached. If the sweep rate keeps decreasing, the voltage drop at tser
diminishes and eventually reaches the lower limit Vset = IccRon. Hence, this particular
Vser equals K in Eqg. (5-1) and can be identified with the minimum SET voltage
Vsermin). Vserminy 1S independent of the specific physical mechanisms. The physics of
the constant K is that below K =Vserminy the filament growth cannot be completed.
This circumstance is universal to all Ron = K/lcc relations in resistive switching cells
reported in literature [3], [18].

For example, from Ron—Icc relation of Ag/Gep3Seo7/Pt resistive memory devices,
the voltage constant is extracted as 0.08 V, which is very close to the SET voltage at
the sweep rate of 0.01 V/s [2], [3]. In Ag/GeS,/W devices, the voltage constant and
minimum SET voltage are both 0.2 V [1], [18]. Similar conclusions can be drawn from

characterization of Cu/SiO,-based resistive devices [19], [20].

1'4 T T T L T T

1.2+ P

1.0 4 -
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SET Voltage V.. (V)
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0.0

0.01 0.1 1
Sweep Rate v (V/s)

Fig. 5-7. Dependence of SET voltage on voltage sweep rate for the Cu/TaO,/Pt devices. The horizontal
dash line is the saturated SET voltage which is 0.17 V. The inclined dash line is the fitting curve for the
SET voltage at high sweep rates.
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The same experiment method as in Ref. [19] has been applied to our Cu/TaO./Pt
devices. Fig. 5-7 shows the SET voltage dependence on the voltage sweep rate v.
When v is from 0.01 V/s to 2 V/s, the SET voltage is almost proportional to the
logarithmic of v. When v is less than 0.01 V/s, the SET voltage stays more or less
constant. A minimum SET voltage is reached when the sweep rate is small enough.
Comparing this minimum Vser to the voltage constant in Fig. 5-6, we have K =
Vset(min)=0.17 V.

In the current compliance (CC) regime, a small portion of the applied voltage drops
across the filament. As Ron keeps decreasing due to the filament radial growth, the
voltage drop across the filament can be expressed as

Ver = lec R;N (5-4)
where R oy is the resistance caused by the assumed continuous Roy reduction due to
the radial growth, for example, or some other mechanism if present. Because of the
gradual resistance drop under constant compliance current, R on < Ron, then we obtain
the inequality

Ver = locRown < lecRon =Vsermny (5-5)
Because Vsermin) is the limiting SET voltage at small sweep rates, a voltage less than
VseT(min) CANNOt cause resistive switching (growth of filament or nucleation of cations)
even for reasonably long time intervals. Therefore, the Ron stays constant in CC
regime and R on = Ron, Ron = Vserminylce, and the resistance reduction comes to a

halt. Because Vser increases slowly with time even at small voltage sweep rate (Fig.

5-3), it will not stay constant for different Icc levels. Therefore the Ron—Icc relation

94



80+ m i
w 60| 1
-
B [
pr
o 4OF §
£
- - ] . i
- 20
(1] |
w u
0+ "o = =
0.01 0.1 1
Sweep Rate v (V/s)

Fig. 5-8. Dependence of SET time on voltage sweep rate. tsgr is proportional to In(v)/v and thus

increases as v decreases.

shows small nonlinearity (parameter n in Eg. (5-1)) in log scale as shown in Fig. 5-6.
Nevertheless, the value of n is close to 1 which means that the transition from HRS to
LRS is rather abrupt. For our Cu/TaO,/Pt devices n is 0.998.

Fig. 5-8 shows the SET time as a function of the voltage sweep rate. While the
SET voltage decreases with decreasing sweep rate, the SET time increases with
decreasing sweep rate. This is explained by the dependence of tset as a function of the
sweep rate v: tset = Vser/v ~In(v)/v [19]. The logarithmic increase of v is weaker than
the linear increase v. When the SET voltage is low, the switching time is long enough
to allow exploration of details of the SET transition near Vser. Fig. 5-9 shows the -V
characteristics of device at low sweep rates. The device undergoes SET process but the
current does not reach lcc that has been set to 1 mA at the SET voltage. This is a
common observation for the pinched hysteresis of a memristor. Once the lower

resistance limit Ry, is reached, the voltage drop on the filament cannot support further
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Fig. 5-9. I-V characteristics of Cu/TaO,/Pt devices at low sweep rates. The compliance current is 1 mA.

The device current does not reach the compliance current at the SET voltage.

decrease of Ron. Here Ryin includes the resistances of filament, electrodes, contacts,
and interconnects. Fig. 5-10 shows Rpi, for different sweep rates. The resistances are
measured in voltage sweeping mode without setting the current compliance. The data
points scatters in a reasonably small range less than one order of magnitude. R, with

an average value of 400 Q is independent of sweep rate v. The limitation implies that

© min,avg = 400 Q
10°¢ 1

—_ 0
<} © 8 0 6 °

£ 0
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10° F ]
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Fig. 5-10. LRS R, for different sweep rates. The current compliance is not applied.
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Fig. 5-11. Conceptual I-V characteristic of resistive devices. If there is no current compliance, the
device ends in a constant resistance. The Rox—Icc relation is invalid if the compliance current is set in
the region above the dashed line.

the Ron—lcc relation of Eq. (5-1) can be justified only for Icc < K/Rmin and not for
arbitrarily high lcc. The measured lower bound of Ron on our Cu/TaO,/Pt devices is
several hundred ohms. Therefore the device resistance saturates for the compliance
current above 1 mA instead of following the K/Icc behavior (Fig. 5-6). Fig. 5-11 shows
the domain of validity for Eq. (5-1) in a schematic illustration of 1-V characteristics
for two extreme voltage sweep rates. The device resistance ends in a constant value
beyond Vser and -V exhibits linear dependence. Vser at a very low sweep rate is
equal to the voltage constant K. A critical current lgit = K/Rmin is the boundary between
the validity and invalidity of Eq. (5-1). If the compliance current is set higher than I
(in the upper shaded region of Fig. 5-11), the Ron = K/Icc relation no longer holds. The

practical impact for the switching behavior is that Ron = const = Ryin for all Icc > it In

our devices lgit =300 pA.
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5.4 Radial Growth Model for Conical Filament

According to the SET process described in Fig. 5-1, Menzel et al. have proposed a
simulation model for the multilevel switching of CBRAM in the low compliance
current regime [10]. The |-V dependence has been attributed to the non-ohmic
conduction of direct tunneling of electrons through the gap between the growing
filament and the electrode. On the other hand, there are Ron(lcc) models proposed
based on ohmic conduction invoking radial growth of the nanofilament assumed to be
of cylindrical geometry [21]-[23]. For high compliance current, a metallic contact is
formed and therefore the Ron is determined by the radial growth of the filament.
Truncated cone has also been considered as an alternative shape of the conductive
filament in the resistive switching devices [24]-[28]. In Ref. [29] a transmission
electron microscopy image shows a conductive filament in Al/Cu/GeSe,/TaO/W
devices to be of a truncated cone shape with top and bottom diameters of 17 nm and 24
nm, respectively. In this section, we present a model for the radial growth of a
truncated cone-shaped Cu conductive filament and verify it on data obtained for
Cu/TaOx/Pt devices of 32 nm TaOy thickness. Process and electrical characterization
of these devices have been reported in detail in Chapter 2.

Usually, the forming or SET operation of a resistive device is shown as a
structureless vertical jump of current at a sharp voltage value Vsgr during a voltage
sweep [30]—[33]. However, the seemingly quantum-like transition follows an evolution
characteristic shown in Fig. 5-12 on a finer time scale. Here, current is plotted on a

logarithmic scale with high time resolution of a voltage step of 1 mV and time interval
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Fig. 5-12. (a) I-V characteristic of a 10 pm %10 pum Cu/TaO,/Pt resistive switching device. The voltage
sweep rate is 0.02 V/s. (b) Experimental and simulated -V characteristics of the resistance state
transition. The quasi-static voltage sweep is applied on the Cu/TaO,/Pt device. The time interval

between two experimental data points is 50 ms and the voltage step is | mV.

between two data points of 50 ms. As the bias voltage sweeps from 0 to 0.2 V, the
device current increases slowly from 0 to about 10 pA. At 0.328 V, the current
increases from 15 pA to 1 mA within a voltage interval of 0.03 V, as shown in Fig.
5-12(a). This transition is further enlarged in Fig. 5-12(b) and compared to our model
predictions. One can see from both figures that there is a characteristic inflection point
at about 15 pA and V = 0.328 V (R = 21.9 kQ) indicated by the lower arrow shown in
Fig. 5-12(b). This inflection point separates two physical regimes of non-ohmic and
ohmic behavior. As it will be shown in the following, the ohmic behavior can be
described by dynamics of radial growth model, whereas the non-ohmic part may be
explained by models such as proposed by Menzel et al [10]. Here we concentrate on
the physics of the ohmic transition between the two arrows in Fig. 5-12(b). It should be
stressed that Fig. 5-12 is a typical result of time resolved characteristics of a

HRS-to-LRS transition. In this particular case, the compliance current lcc= 1 mA and
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the time between the two arrows in Fig. 5-12(b) is about 1 s. Similar results have been
observed for lower Icc values at a reduced transition time. For example, for Icc= 50
pA one obtains a corresponding ohmic transition time within 100 ms. The ohmic
regime begins when a metallic contact is established between the growing
nanofilament and the Cu electrode. It is assumed that the metallic contact is established
when one Cu atom connects the filament to the Cu electrode. The minimum diameter
of the contact area is thus dictated to be about 3 A, the size of a Cu atom, whereas the
remainder of the existing portion of the filament has larger cross-sections. A simple
model to describe such situation is truncated cone geometry of the Cu filament (Fig.
5-13(a)). At a specific time t, counted from the moment the current exceeded the
inflection point of 15 pA, the ON-state resistance Roy of the filament is calculated

according to

__ P
Ron (1) = 2 (DR() (5-6)

where p is the electrical resistivity, L is the length of the filament, r(t) and R(t) are the
radii of filament top and bottom of the truncated cone. At the inflection point Ron(I=
15 pA)= 21.9 kQ. Since the quantum resistance of a single Cu atom at the contact is
Rk = h/2e?=12.9 kQ, the residual resistance of 9 kQ is consistent with Eq. (5-1) for
the remaining partial ohmic filament. To set up a dynamical growth equation for r(t)
and R(t) we need to calculate the local transport of Cu ions as a function of position of
the surface of the nanofilament. The transport of Cu cations in CBRAM devices can

be described by the hopping mechanism modeling the enhanced ion diffusion in oxide
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under the high electric field [1], [7], [9]. The Cu" ion flux F in the solid electrolyte is

driven by the local electric field and can be expressed as

E, ). qE
F =2N.af exp| ——2 |sinh| a— -
' xp[ ij ( 2ij (5-7)

where E, is the activation energy, k the Boltzmann constant, T the temperature in the
unit of K, E the electric field, a the distance of a single hopping step, N; is the cation
concentration in the solid electrolyte, f is the attempt frequency, and g is the charge of
a cation. In order to use this transport mechanism for the growth of the truncated cone
the local electric field on the CF surface has to be determined. As the filament grows,
the local electric field will change substantially due to the change in resistance and
hence in the resulting local voltage drop.

Fig. 5-13(a) shows the geometry and voltage distribution of the conical filament. In

the figure, the length of the filament is L, the top radius is r, the bottom radius is R, the

(a) i (b)

V(h)=V,, V(h)=IR(h)

T vih) /: | h} 1

V(L) L
V(L-h)

Pt Pt

—
R

Fig. 5-13. (a) Geometry of the truncated conical filament. The electric field depends on the position h
away from the filament tip. L is the length of the filament, h is the height of the top part, r and R are
the radii of filament top and bottom respectively. V(L) is the voltage drop on the filament. V(L) and
V(L-h) are voltages drop on the top and bottom parts (V(L)=V(h)+V(L-h)). (b) Conceptual view of
the metallic contact, radial growth of filament, and the local electric field in the Cu/TaO,/Pt CBRAM
device. V(h) and R(h) are voltage drop and resistance of the top part filament, respectively. V4, is the
voltage between Cu and Pt electrode and 1 is the current. The arrow lines represent the electric field.
The denser the arrow lines, the higher the local electric field.
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height of the top part is h, the voltage on the filament is V(L), and the voltages on the
top and bottom parts are V(h) and VV(L-h). h denotes the variable of the local electric
field of interest. For a truncated conical metallic filament, the resistance of the filament
tip is larger than the resistance of the broad base. When the top radius is very small,
almost all of the total filament resistance is concentrated in the tip. This means the
voltage drop V(h) on top part of the filament is higher than the voltage drop V(L-h) on
the bottom part of the filament. As a result, the electric field around the top of filament
is much higher than that at the bottom when the filament is initially established (see
Fig. 5-13(b)). The local electric field depends not only on the bias voltage but also on
the radii of filament and the position along the filament. The resistance of the top and

bottom part of the filament is calculated with Eq. (5-6):

Rip () _ R(t)h
Re)  rt)L+(R(E)-r()h (5-8)
R _ r(t)(L=h) 59

R, () r®L+(R{)-r(t)h
where Riop, Rbot, @nd Ryor are the resistance of top part, bottom part, and the complete
filament, respectively. Before the compliance current is reached during the SET
process, the voltage drop on the filament is the relatively high SET voltage. When the
compliance is reached, the voltage on the filament is small and the effective electric
field is small. Therefore the ion flux is suppressed and the radial growth comes to a
halt. According to Eg. (5-8), the voltage distribution along the axial direction of
filament can be calculated. Assuming V =0 V at CF bottom (h = L) and V = V() at

CF top (h =0), V(h, t) is a function of position h from the top:
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Rop() _ V(©Or(t)(L-h)

Vh=V(O-V(H) R, () rt)L+(R(t)-r(t)h

(5-10)

For example, let V(t) = 0.3 V, R(t) = 6 nm, r(t) = 1.2 nm, L = 32 nm, then the voltage
distribution V(h, t) is plotted in Fig. 5-14. The slopes of the red and blue lines
represent the average electric field across the corresponding distance. It is easy to see
that the real electric field (dV/dh) is close to the average electric field V,p/h at the top
of the filament (red line for 0 < h < 5 nm), whereas dV/dh is close to Vp./h at the
bottom of the filament (blue line for 20 nm < h < 32 nm). Therefore the electric field
can be approximately expressed by the ratio of voltage drop and distance instead of
the derivative in order to simplify the simulation model. Based on Egs. (5-8) and (5-9),

we can derive the average electric field for the top part and the bottom part:

E (h)= V(1) Rtop (t) _ VOR®
top - h Rtot(t) B r()L+(R(t)—r(t))h

(5-11)
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Fig. 5-14. Voltage distribution along the axial direction of filament. The slopes of red and blue lines
represent the approximate electric field at the top and bottom of the filament.
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V() Ry(t) V(D)r(t)
L—h R (t) r(t)L+(R(t)—r(t)h

Epoc () = (5-12)

where V(t) is the total external bias voltage across the filament. Due to the nonlinear
distribution of the local resistance and voltage, the average electric field in the top
part of filament is higher than the bottom part of filament. Thus depending on the
position of interest, either Eq. (5-11) or Eq. (5-12) should be used to compute the
approximate electric field.

According to Egs. (5-11) and (5-12), the electric field at the position h on the top
part of the filament is proportional to the filament bottom radius, whereas the electric
field at the position H at the bottom part of the filament is proportional to the filament
top radius. The geometrical form factors are defined as the ratio of local electric field E
and average electric field V(t)/L, which represent the electric field non-uniformity

caused by the filament geometry. The equations are derived for the filament top and

bottom as:
~ R(t)L
9D = LT RO —r)h (5-13)
E(h,t) = \% g(ht) (5-14)
B r(t)L
G(H.H)= r(t)L+ (R(t)—r(t)H (5-15)
E(H 1) :\@G(H,t) (5-16)

where g and G are the geometrical form factors for filament top and bottom, and E is
the approximate local electric field. In an extreme case, we consider the two terminals
of the conductive filament, i.e. h = 0 and H = L. The Cu nanobridge is a cone in the
simulation so that only the radius evolution on the top and bottom is important.
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The electrochemical deposition of cations increases the filament radius. According
to Faraday’s law, the radial growth rate of filament is proportional to the cation flux.
Since a conical filament is being considered, the electric field distributes differently at
the top and bottom of the cone, which is accounted for by the geometrical form factors

g and G. By combining Eq. (5-6) and Egs. (5-13) to (5-16), we have

% —v, exp(— %jsinh (ﬂg %%“)) &-17)
dR(t) B\ aqgv(t) ]
. =V, eXp( ijsmh( L KT j (5-18)

where v, is the prefactor of the Arrhenius equation of growth rate,  is a fitting
parameter for the temperature increase due to Joule heating and the nonlinearity of
local electric field caused by the curvature of the filament.

Fig. 5-13(b) shows the schematic view of the radial growth process in a
Cu/TaO./Pt CBRAM device. When the filament forms a point contact with the Cu
electrode, the filament resistance is infinite neglecting the quantum effect. The
voltage drops completely on the filament tip and creates extremely high electric field.
In the following very short time interval, the radius of the filament tip quickly
increases. An extremely high rate is expected for the beginning of filament growth,
and it decreases as the top radius increases. The geometrical change results in voltage
redistribution and thus the electric field at the tip decreases. Once the filament
resistance is low enough, the current reaches the compliance and the radial filament

growth is completed.
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Table 5-1 shows the values of parameters used in the numerical computation to fit
the experimental data. As mentioned before ry was assumed to be one atom size, i.e. 2
A. p is extracted from experimental data to be 3300 Q-nm which is within the range
but at lower bound of data reported in the literature [1], [29]. From these data and the
resistance measured at the inflection point in Fig. 1(a), the initial bottom radius is
determined to be 6 nm. The bias voltage is expressed as

V(t) =V, +kt (5-19)
where V, is the voltage at the inflection point (t = 0) and kg (= 0.02V/s) is the
experimental voltage sweep rate. Eqs. (5-17) and (5-18) are solved then
simultaneously with t=0 marking the inflection point. Roy is calculated according to
Eq. (5-6) and the 1-V characteristic is derived from Ohm’s law (Eq. (5-20)) shown as
the filled squares in Fig. 5-12(b).

1(t) =V (t)/Roy (V) (5-20)
The growth end time is determined when the current through the cell would exceed
Icc, when the actual voltage drop over the device decreases stopping the lateral
growth of the filament rendering ultimate filament resistance is more or less fixed. In
Egs. (5-17) and (5-18) it is important that the sinh term be not replaced by an exp term
as often done in applications of the Butler-Volmer equation [9], [34]. Our simulations
show that sinh term provides more physical description of the radial growth. The
reason is that for small fields the sinh term stops the radial growth whereas exp term

keeps the growth rate finite. The sinh term explains in a natural way why the radial
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growth comes essentially to zero and the Ron remains more or less constant after the
current has reached the set Icc value.

Table 5-1 Values of parameters in the radial filament growth model.

Parameter Numerical Value Parameter Numerical Value
Vy 8 cm/s a 1nm
Ea 0.4eV p 3300 Q-nm
KT 0.026 eV B 0.8
lo 0.2 nm L 32 nm
Ro 6 nm Ks 0.02 VIs

The results of model calculations are summarized as follows: Fig. 5-15(a) shows
the simulated top and bottom radii and growth rate of the Cu filament according to Egs.
(5-17) and (5-18). At the beginning the growth rate is much higher at the tip of the
filament than at its bottom and decreases then quickly to a constant value which is the
upper asymptote for the growth of the bottom radius. As a result, the difference
between the radii of top and bottom reduces as the filament grows. By the end of
growth, the top and bottom radii increase at almost the same rate. Fig. 5-15(b) shows
that over time the top and bottom radii converge to a similar value driving the shape of
nanofilament from truncated cone geometry to that of a cylinder. Our model suggests
that the shape of the nanofilament will resemble truncated cone for low Icc and a
cylinder at high Icc. Direct observations by TEM have confirmed the cylindrical metal

filament for compliance currents in excess of 1 mA [35], [36].
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filament. The final radii of filament tip and base are close rendering a more cylindrical geometry.

In Fig. 5-12(b), the simulated |-V characteristic in the transition region between
HRS and LRS shows a surprisingly good agreement with the experimental data within
10% error. The corresponding resistance as a function of time is shown in Fig. 5-16(a)

with an excellent agreement between simulation and experiment. The resulting

dependence of resistance on the current is shown in Fig. 5-16(b).
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Fig. 5-16. (a) Dependency of device resistance and current on radial growth time. The time of O s is

recorded when the HRS to LRS transition starts (current higher than 15 pA in Fig. 1). (b) Experimental
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Fig. 5-17. Experimental and simulated multilevel switching property of Cu/TaO,/Pt devices. The
ON-state resistance Roy is inversely proportional to the compliance current Icc.

Fig. 5-17 shows the multilevel switching property measured on multiple
Cu/TaO,/Pt CBRAM devices. The simulated ON-state resistance is compared with the
experimental data. The experimental data are fitted by Ron = 0.17/1cc”*®. The
simulated results match accurately the resistance data with Icc from 10 pA to 1 mA.
The corresponding resistance range is 20 kQ to 200 Q. For higher Roy, the metallic
contact is not yet formed and the electron tunneling may be the major contribution to
the current [10]. The consistence of the experimental and simulated multilevel
switching implies that the radial filament growth causes the resistance reduction in the
high current regime, and the driving force of growth is the hopping and
electrochemical deposition of Cu ions at high electric fields.

At the boundary between transition regime and current compliance regime, the
SET current Iset increases to Icc, and 1-V complies with Ohm’s law. For example,

lcc =1 mA and Vger = 1V, then the resistance at the boundary is 1 kQ. Note that the
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Fig. 5-18. Simulation of CF voltage decrease with time due to the continuous radial growth in the
current compliance regime. The voltage decreases until the voltage constant K is reached.

voltage drop on the CF at the boundary is 1 V which still induces high electric field
and the Cu” cation flux. At the time reaching the boundary, the voltage is the highest
in the transition region and the electric field is the strongest. As a result, the CF keeps
growing, but the current is fixed, so the voltage drop on the CF decreases and the
voltage drop on the external circuit increases. As the resistance decreases to a certain
value, the voltage drop on CF is small compared to an overpotential value, or the
shape of the filament is more cylinder-like and the radial electric field is too small to
provide sufficient Cu flux. Consequently, the CF stops radial growing and the final
resistance stabilizes. Experiments in Section 5.3 have shown the threshold is the
voltage constant K. Based on Egs. (5-17) and (5-18) and Table 5-1, the decay time
can be estimated for the current compliance regime. The instant voltage drop on the
filament is the product of CF resistance and compliance current:

\Y (t) = Icc RON (t) (5'21)

110



1.2+ : | I I I _
06! P __

041 -

Growth Time (s)

0. L | L | L | L | s 1
0 200 400 600 800 1000
Compliance Current (uA)

Fig. 5-19. Continuous radial growth time for different compliance current level.

Fig. 5-18 shows the voltage decrease with time in the current compliance regime (lcc
=1 mA). The starting top and bottom radii, current, and voltage are derived from the
end of radial growth in the transition regime. The end of transition regime, i.e. the
beginning of current compliance regime, is labeled as O s in the continuous growth
simulation. When different compliance current is selected, the decay time varies. Fig.
5-19 shows the dependence of decay time on compliance current. A higher
compliance current requires longer time for the device voltage to decay to the final

constant value K.

5.5 Temperature Effect

In Section 5.4, the temperature effect is included in the fitting parameter . In a
more realistic model, a lumped thermal resistance can be used to account for the heat

dissipation in CBRAM cells:
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VZ
T:TO+P-Rth:T0+R—Rth:TO+I2RONRth (5-22)

ON

In this temperature model, the equilibrium state is assumed so that there is enough
time for the temperature to stabilize for a given instant power consumption P. A
constant Ry, is estimated to be 6x10* ~ 10°> K/W for CBRAM devices [2], [37]. For a
cylindrical conductive filament, the ratio between Ry, and Ron IS a constant

determined by the electrical resistivity p and thermal conductivity ki, [38], [39]:

Ry 1
Ron 80Ky,

(5-23)

For bulk metals, the heat spread is based on the charge carrier, i.e. electrons.

Therefore Wiedemann-Franz law validates at room temperature and we have

R, 1 1
Rov 80Ky, 8BLT

(5-24)

where L is Lorenz number and T the temperature. Combining Eqgs. (5-22) and (5-24),
an equation about temperature T is derived:

2 2
T=T0+—V Ry=T,+ v
Ron 8LT

(5-25)

Thus the temperature T can be obtained from Eq. (5-25), which is irrelevant to the

thermal conductivity and resistivity:

1 / V2
T= E(TO + T02 +ZJ (5-26)

However, the properties of bulk materials may not hold for our resistive devices
where a Cu nanofilament is embedded in an oxide matrix. The experimentally
extracted pkgy, product has implied that the phonons could play an important role in
the heat transfer in resistive devices [38], [39]. In this research, the minimum effective
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thermal conductivity is kg, of the TaOx matrix, and the experimentally extracted Cu
CF resistivity is much higher than that of bulk Cu. Therefore, the Wiedemann-Franz
law may not be valid for the Cu filament in CBRAM devices. The effective kg, can be
estimated by the summation of kg, of the phonons in the oxide matrix and k¢, of the

electrons based on Wiedemann-Franz law:

LT
Ky = klh,ph +Kiper = kth,ph +7 (5-27)

where Kipn is the Ta,Os thermal conductivity (33 W/(€-m) [40]), and p the fitted
electrical conductivity of Cu filament (200~330 puQ-cm [1], [29]). Based on the
temperature model (Egs. (5-22)~(5-27)), Egs. (5-17)~(5-18) are solved again and
compared to the experimental data. Since the thermal model is added in the radial
growth model, the value of fitting parameter 3 is set to 1. Fig. 5-20 shows the

simulated 1-V characteristics based on the thermal model. The temperature increase
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Fig. 5-20. Simulated |-V characteristics with different thermal models.
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results in more realistic fitting parameters, i.e. smaller hopping distance a and growth
rate prefactor v,. The fitting parameters are summarized in Table 5-2 and other
parameters are the same as those in Table 5-1. By comparing the physics of four
thermal models, it is concluded that the pkg, model with ki, = 35 W/(Q-m) is more
reasonable for the simulation of CBRAM devices.

Table 5-2 Parameters in simulation models considering thermal effect.

Parameter R, model, pki model, Wiedemann-Franz  pkg, model,
Constant Ry, low ki Law high ki,

a (nm) 0.55 0.3 0.5 0.5

v, (cm/s) 8 0.38 0.00125 8

Rin (K/W) 6x10" - - -

kin (W/(QQ-m)) - 35 - 401

B 1 1 1 1

5.6 Summary

The universal physics behind the Ron = K/lcc relation has been identified for all
resistive switching devices based on filamentary conduction mechanism. The constant
K corresponds to the minimum value of the SET voltage. The limiting SET voltage
can be extracted by choosing a small sweep rate in the 1-V characteristic
measurement. Below the saturated Vser, the device cannot be switched ON in a
reasonably long time. Experimentally extracted voltage constant matches well with
the saturated SET voltage of Cu/TaO,/Pt devices. The transition between tunneling

and ohmic regime of conduction is characterized by quantized conductance transitions
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that can be readily observed at room temperature with sufficiently small voltage

sweep rates.

A phenomenological model has been developed for the radial growth of a truncated
conical shape metallic filament in CBRAM devices. The model describes only a part
of the Ron(lcc) curve attributed to ohmic resistance decrease for sufficiently high Icc.
For our devices the regime of validity is lcc > 15 pA. Below this value, the Ron
dynamics is ruled by non-ohmic conduction mechanisms such as electron tunneling
[10]. The model is able to describe with great accuracy the dynamic details of the
transition. In reality, the filament geometry is hardly a perfect cone. However, as long
as the cross-section areas are similar for real filament and conical filament, their
resistance can be calculated accurately with the radial growth model applied to the

cone-shape geometry.
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Chapter 6 Simulation of CBRAM Switching

This chapter describes the modeling of SET/RESET processes for CBRAM. The
electroforming and SET voltages depends on the gap between the cathode (Pt or
filament tip) and anode (Cu) [1], [2]. The continuum approach is used to model a
switching cycle, including ion migration, filament growth and rupture. The governing
partial differential equation system consists of drift-diffusion equation under high
electric field, Poisson’s equation, Faraday’s law of electrolysis, heat equation, and
moving boundary. The simulation provides an in-depth understanding of the resistive

switching mechanism and a method for device structure design.

6.1 Introduction

Various mechanisms have been proposed to explain the behaviors of resistive
switching (RS) [3]. The formation and rupture of a conductive filament has been
widely recognized as the core concept of resistive switching [4]. However, a
comprehensive model is still missing for the resistive memory. In this chapter, a
phenomenological model is proposed for the forming/SET process of CBRAM, which
captures three physical mechanisms: transport of Cu ions, potential redistribution in
the electrolyte, and growth of the conductive filament in presence of a moving
boundary. The predicted temperature, thickness, sweep rate, and trap density
dependence of the forming voltage are verified with the data obtained on Cu/TaO,/Cu

resistive switches.
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The electrochemical dissolution is usually used to explain the RESET process of
CBRAM. However, the high RESET current observed for Cu/TaO,/Pt CBRAM
devices implies non-negligible local heating effect. In this chapter, the thermal effect
is evaluated as the major contribution to the RESET process. Computational models
are established to evaluate the Joule heating and Thomson effect which could possibly

coexist during the rupture of a conical conductive filament.

6.2 Rate-Limiting Process in Resistive Switching

The CBRAM devices consist of two interfaces: anode/electrolyte interface
(Cu/TaOy4) and cathode/electrolyte interface (Pt/TaOy). The filament grows by
migration of cations (Cu®*, z is the charge state of cation) from the anode/electrolyte
interface to the cathode/electrolyte interface. In the resistive switching, the oxidation
reaction takes place at the anode/electrolyte interface such as

Cu-> Cu™ +ze” (6-1)
while the reduction reaction takes place at the cathode/electrolyte interface such as
Cu** +ze” > Cu (6-2)

An illustration of the one-dimensional CBRAM structure is shown in Fig. 6-1.
Three fluxes appear in the MIM stack: (1) the oxidation flux at the anode/electrolyte
interface (Cu/TaOy), (2) the cation transport flux in the electrolyte (TaOy), and (3) the
reduction flux at the cathode/electrolyte interface (Pt/TaOy). The filament growth rate
is proportional to the reduction flux according to Faraday’s law. The transport of
cations consists of a drift flux driven by the electric field and a diffusion flux driven

by the concentration gradient of ions. The equations of three fluxes are
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Fig. 6-1. Cation concentration in CBRAM devices in two extreme cases: (a) Uniform distribution when
reduction reaction is the rate-limiting process. (b) C, = 0 when transport is the rate-limiting process.

F.=h(c"-C,) (6-3)

F,=-D cosh(%J§ + 2 Dsinh ( 2qak jC (6-4)
2kT Jox a 2kT

F, =ksC, (6-5)

where F1, F, and F3 are fluxes of oxidation, transport, and reduction, D is the ion
diffusivity, a is the distance of each hopping step, E the electric field, kT the thermal
energy, g the elementary charge, h the transfer coefficient, and ks the reaction rate, C
is the ion concentration in the electrolyte, Co the ion concentration at the
anode/electrolyte interface, C, the ion concentration at the cathode/electrolyte
interface, C” the equilibrium ion concentration in the electrolyte. For oxidation
reaction, the transfer rate is usually high, resulting in Co = C™ which is constant for
particular anode and electrolyte materials. In the steady state, three fluxes are equal.
F=F=F (6-6)
According to the electrochemistry, the cation reduction flux is proportional to the

charge transfer flux at the electrode/electrolyte interface. For the high bias voltage, the
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Butler-Volmer equation becomes Tafel equation. Therefore we have the reduction

reaction ion flux for,

v o ((A-a)g
Fy =ksC, = = eXp( KT 77) (6-7)

where a is the charge transfer coefficient (o = 0.5) and n is the overpotential.

Since Co is constant in steady state, the concentration C, at the cathode/electrolyte
interface depends on the oxide thickness between the anode (Cu layer) and cathode
(CF tip), i.e. the gap distance Xo. When the gap distance is large, the cations cannot
immediately move from anode to cathode, and there is sufficient time for redox
reactions. The ion transport is the rate-limiting process. When the gap distance is
small, the ion migration is fast enough across the short distance. The redox reaction or
charge transfer is the rate-limiting process. The concentration C; at the
cathode/electrolyte interface depends on the reduction reaction rate ks and transport
rate.

Two extreme cases of cation concentration are illustrated in Fig. 6-1. In Fig.
6-1(a), the diffusivity D is high while the reduction rate ks is low. The filament
growth is controlled by the reduction at the interface. In steady state the ion
concentration is uniformly distributed in the electrolyte. In Fig. 6-1(b), the reduction
rate Ks is high while the diffusivity D is low. The filament growth is controlled by the
ion transport in the electrolyte. All the ions at the cathode are reduced to neutral atoms

and therefore the ion concentration C, at cathode/electrolyte interface is nearly zero.
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6.3 Forming Process Simulation

In the ultrathin dielectric of CBRAM, the magnitude of electric field is as high as
that of breakdown field. The ions can acquire enough energy to overcome the
potential barriers to migrate in the solid electrolyte. The ion migration is illustrated in
Fig. 6-2. Without electric field, the ions move between potential barriers of equal
height E, and jump back and forth with equal probability. The random walk process
causes the diffusion of ions under the thermal energy and concentration gradient.
When an external electric field is applied to the dielectric, the potential barriers are
skewed along the direction of electric field. The potential barrier shows lower height
on one side whereas higher barrier height on the other side. Therefore the hopping
probability of ions is higher on the lower barrier side causing the ion drift flux. When
the drift flux overwhelms the diffusion flux under the extremely high electric field,

the hopping mechanism becomes dominant [5], [6].

Fig. 6-2. Potential barriers seen by an ion in solid electrolyte under high electric field. The electric field
distorts the random ion jump between potential wells. The unbalanced ion hopping results in ion
current.
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The switching process of CBRAM includes the anodic dissolution, ion transport in
the solid electrolyte, nucleation and charge transfer on the electrode, and the filament
growth [7]. The SET process has been modeled by the drift flux and constant ion
concentration in the electrolyte [8]. With the continuum approach, the electroforming
process can be simulated by solving coupled Poisson’s equation, continuity equation,
and moving boundary simultaneously in one dimension (1-D). The ion transport in the
solid electrolyte is modeled by a high-field drift-diffusion flux (Egs. (6-8) and (6-9))
which is deduced based on 1-D random walk theory in the high electric field [9]. The
bias on activation energy results in the enhancement of ion hopping and diffusion.
The Poisson’s equation (EQ. (6-10)) accounts for the perturbation of the electric field
due to the mobile ion distribution and fixed charges in the electrolyte. The possibly
existing trapping effect is incorporated in the continuity equation (Eq. (6-11)) by the

recombination term.

E
D=a’fexp| -2 -
p( ij (6-8)
J=-D cosh(q—Ea)§ + 2 Dsinh (q_Ea}C (6-9)
2kT Jox a 2kT
oV
+ C+C,)=0 -
x> &g, ( f) (6-10)
ocC &J
2 —KCirapC (6-11)

where J is the flux, C is the ion concentration, D is the diffusion coefficient, a is the
hopping distance, f is the attempt frequency, E, is the activation energy, Cuqp IS the
trap density, Cs is the fixed charge density, q the electron charge, KT the thermal

energy, & the dielectric constant, and k; the trapping probability. The first term in Eq.
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(6-9) is the diffusion current and the second term in Eq. (6-9) is the drift current. The
Cu" ions are assumed to be the major charge carriers in the oxide due to the difficulty
of double ionization [10]. In the forming process, the ion transport could be slower
than the reduction on the electrode. Therefore, the ion transport is the rate-limiting
process. The cathode acts as an ion sink and the Cu®* concentration is nil at the moving
tip of Cu nanobridge. The bias voltage is applied on the anode and the cathode is

always grounded. Egs. (6-12) to (6-15) show the boundary and initial conditions.

_bl (6-12)

dt NCT“OI x=Toy—h(t)
X= O’ C(O’t) = CSS ' V(O't) = steept (6‘13)
x=T, —h(t), C(0,t)=0,vV(0,t)=0 (6-14)
t= O’ C(X’O) = 0’ V(X7O) = Vbias(l_ TLJ (6'15)

where h is the length of Cu filament, Rsweep IS the voltage sweeping rate, Tox is the
electrolyte thickness, h is the filament length, Css is the equilibrium Cu® concentration

in oxide, Vyias is the initial bias voltage, and Ng,™

is the atomic density of copper.
The moving boundary problem is solved by Arbitrary Lagrangian-Eulerian (ALE)

method [11]. The fixed charge distribution is modeled as a uniform function or

C, :Cfoexp[—(x_o_xoj } (6-16)

As the nanobridge grows, the 1-D solution applies only to a small cross-section of

localized Gaussian density

the bridge tip approaching the Pt electrode, whereas at the beginning of the bridge
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nucleation the cross-section is the entire active cross-section of the memory cell. This
funnel effect is captured in the model by a ratio of the relative cross-sections of the
bridge and cell area. In our samples the cell area ranges from 1 um? to 1000 um?, but
the cross section area of the Cu bridge is few nm?. Thus the effective high current
density at the Cu bridge has to be reduced significantly when applied to the total cell
cross-section. The model parameters used, respectively fitted to the experimental data
for Cu/TaO,/Pt are listed in Table 6-1. Solid solubility C in the electrolyte and the
hopping distance a are the fitting parameters in our model. The activation energy E, is

extracted from SIMS results [12].

Table 6-1 Parameters for the simulation model of forming process in Cu/TaO,/Pt CBRAM cells.

Parameter Description Value and Unit
a Hopping Distance 2.6 nm
f Attempt Frequency 10¥ Hz
ke Trapping Probability 10 ecm¥/s
E. Activation Energy 0.63 eV
Css Equilibrium Cu concentration 10* cm-3
Rsweep Voltage Sweeping Rate 1VI/s
Tox Oxide Thickness 32 nm
Ng,™ Cu Atomic Density 7.3x10% cm’®
T Device Temperature 298 K
& Dielectric Constant 25
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Fig. 6-3. Simulation of 16 nm TaO, devices at 298 K. The voltage ramp rate is 1 V/s. (a) Cu ion
distribution in TaO, at different times. The simulation shows most growth of the nanobridge happens
within a narrow voltage range. (b) Voltage distribution in TaO, for the Cu ion distributions given in
(@). The electric field enhancement at the bridge front is within 20%.

Fig. 6-3(a) shows the simulated ion concentration distributions as the nanobridge
grows. The simulated Cu® ions inside the solid electrolyte result in nonlinear
distribution of the voltage as shown in Fig. 6-3(b). As a result, the electrical field is

enhanced in the electrolyte, especially at the cathode side. Fig. 6-4(a) shows the

impact of ambient temperature on the bridge evolution. The simulated result is
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Fig. 6-4. (a) Simulated and measured J-V characteristics of Cu/TaO,/Pt CBRAM at different
temperatures. (b) Simulated dependence of SET voltage on operating temperature for Cu/TaO,/Pt cell.
The inset shows the experimental SET voltages as a function of temperature [13].
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compared with the experimental data obtained at room temperature. As the
temperature increases, the forming voltage decreases due to the increase of diffusion
coefficient and migration velocity. Table 6-2 lists the increasing growth rate h(t) at
different bias voltages Vyias. The simulation shows most growth of bridge happens
in a very narrow range of voltage. The resistance of nanobridge is neglected due to the
relatively high conductivity of Cu. In HRS, the current density is almost uniform
across the area of the memory cell. When the bridge front approaches the Cu
electrode, the current density rises dramatically and the device shows LRS. The

higher sweep rate causes the higher Vser, which has been observed in experiments.

Table 6-2 Simulated growth rate of Cu nanobridge in Cu/TaO,/Pt CBRAM cells.

Viias (V) 0 0.5 1.0 15 1.68

dh/dt (nm/s) 1.47x107 1.24x10" 7.04x10" 5.89 1.03x10%

Fig. 6-5(a) shows the J-V characteristics of bridge formation for Tox=8 nm, 16 nm,
32 nm, and 64 nm. When the oxide is thin, the transport time is short and forming
voltage is low as show in Fig. 6-4(b). The dependence of the extracted Vsgt on Ty iS
nearly linear as confirmed by experiment [1]. The electroforming process has been
eliminated for ultra-thin dielectric CBRAM devices [2].

Fig. 6-6(a) shows the same J-V characteristics as function of a uniform trapping
of the drifting Cu ions. Trapping densities Cirap below 10" ecm™ do not significantly
affect the Vser. However, at 10'” cm™ uniform density the Vser increases by more

than 1 V. This result is contrasted with non-uniform trapping density of 10" cm™
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Fig. 6-5. Simulated (a) J-V characteristics and (b) electroforming voltages of Cu/TaO,/Pt CBRAM for
different oxide thickness.

peak value, Gaussian width of & =1 nm, and centered in the middle of the electrolyte
thickness. The ion trapping may result in fixed charge in the solid electrolyte, which
can be modeled as a spatial function of charge density in Poisson’s equation. Fig.
6-5(b) shows the SET voltage increases when different Gaussian fixed charge
densities Cs appear in the center of the solid electrolyte for three distribution widths of
0.0, 0.2 and 2.0 nm. It can be seen that wider trap distributions impact significantly

Vset. The ion trapping could be an important factor in the reliability and endurance of

10 101 —=— Sim. No fixed ch
1 —=— Sim. No trap 1 S!m' 0; |><ef_c (?rghe |
1071 —e— Sim. 10™ ¢cm™ uniform trapping 10" 4 S!m- 5 nr? 'Xde hc argle ayer
10“; Sim. 10" cm® uniform trapping 1 M. 2N Tixed cnarge ayer
: — 10
< mg; —¥— Sim. 10" cm trap width of 2 nm E 10 :
< 1 < 10°4
> 10 2
Z ; g 061
G 10°9 5 101
a E a 1
e 103! g 1043
3] . 2
= 1 -n"" e~ v = 1 °
3 104 e v/,«" v 3 109 508" 4
1 _an" 2 E _g-p=9="%"
04 " o g 10°4 rl:.='=l=l—l
1 / ad
10° T < / T T T ¥ T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25
Bias Voltage (V) Bias Voltage (V)
(a) (b)

Fig. 6-6. (a) Simulated J-V characteristics of Cu/TaO,/Pt CBRAM at different trapping densities. (b)
Simulated J-V characteristics of Cu/TaO,/Pt CBRAM at different widths of fixed charge layer.
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the device and imposes a requirement on the dielectric deposition and purity.

It is of interest to note that the model parameters have been adjusted in such a way
that the entire J-V characteristics shown in Figs. 6-4, 6-4, and 5-5 can be described by
the Cu” ionic current only, in remarkable agreement with the experimental data. No
electronic contribution had to be invoked. Clearly, electronic contribution to the
overall current does exist. Any electronic contribution typical of dielectrics at low
voltages and any electron tunnel contribution at high voltages when the bridge is
almost completed would necessitate readjustment of the model parameters resulting in

lower contribution of Cu™ ionic current to the total measured current.

6.4 Modeling of Thermal Effect in RESET Process

The electrochemical dissolution of metallic nanofilament has been identified as
the mechanism for the low power RESET process of CBRAM [4], [14]. However,

high current and voltage are observed in the RESET process of Cu/TaO,/Pt devices.

(@) (b) ()

+ _—
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! .\;1°

i
.é. .
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Fig. 6-7. Electrochemical dissolution in bipolar and unipolar switching. (a) SET process (b) RESET
process in bipolar switching (¢) RESET in unipolar switching.
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Since the thermal power is dissipated in the nanoscale volume, a significant
temperature rise is expected. In this section, numerical method is applied to evaluate
the heating effect in the RESET process of Cu/TaO/Pt devices. Fig. 6-7 shows the
illustration of electrochemical dissolution processes in bipolar and unipolar switching.
For bipolar switching, there is no ion flux from the anode since the overpotential on
the anode surface impedes the oxidation reaction. The oxidation happens on the
surface of Cu filament and the cations dissolve in the oxide from the CF. The net ion
flux is destructive. In unipolar switching, the overpotential results in oxidation at the
anode-electrolyte interface. The dissolved cations migrate to the filament and form a
constructive flux. In the mean time, the destructive flux from the filament remains.
Based on the hypothesis of electrochemical dissolution, it will be more difficult to
rupture the filament in the unipolar mode than in the bipolar mode due to the
additional constructive Cu ion flux. In our experiment, the RESET voltage

distribution is symmetric for the bipolar and unipolar switching as shown in Fig. 6-8
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Fig. 6-8. Cumulative probability of RESET voltages of bipolar and unipolar switching for Cu filament.
The Vgeser in bipolar switching is mirrored to its positive magnitude. It shows the cumulative
probability is almost symmetrically distributed across the Vgeser range [15].
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[15]. Therefore the thermal effect may be an important RESET mechanism for our

CBRAM devices.

6.4.1 Joule Heating

When a current of mA flows through the nanobridge of hundreds of Ohms, the
Joule heating is generated in the nanoscale volume and causes dramatically increasing
local temperature [16]. At this temperature, Cu atoms from the CF gain enough
thermal energy to overcome the potential barriers and diffuse in the dielectric. The
physical processes can be modeled by the partial differential equation system. Egs.
(6-17) to (6-19) show the Poisson’s equation, heat equation, and diffusion equation
[17]. Eq. (6-20) considers the conductivity change with temperature. Eq. (6-21)
defines the voltage sweeping rate. The material transition between Cu CF and oxide is
modeled by a concentration dependent conductivity model in Eq. (6-22). A hyperbolic
tangent function is used to unify the physical parameters of the metal phase and oxide

phase. The initial Cu profile is described as Eqg. (6-23).

V(eVV)=0 (6-17)
%T =V(k, VT )+oE? (6-18)

Cp ]
p =v(DVC,) (6-19)
o=oc,[l+a-T,)" (6-20)

dv

=" (6-21)
O=0,+ (o ~0,) 2_ %o (1+ tanh {—f C DC_S Cor )D (6-22)
C, = C—ZS(l— tanh[ f (x—r.. )]) (6-23)
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where T is the temperature in units of Kelvin, o is the electrical conductivity (CF or
TaOy), kg is the thermal conductivity, E is the electric field, Cp is the Cu
concentration, D is the diffusion coefficient, o is the temperature coefficient of
resistivity (CF or TaOy), oo Is the resistivity at room temperature, To is the room
temperature, {3 is the voltage sweep rate, f is the fitting factor for the transition region
between Cu CF and oxide, rce is the CF radius, x is the coordinate along radial
direction, Cs is the atomic density in Cu CF, and Cq is the critical Cu concentration
below which the Cu CF dissolves.

The three-dimensional finite element simulations are implemented and solved
with COMSOL. A 3-D simulation domain is shown in Fig. 6-9. The nanofilament is
modeled as a cone in the dielectric film. The electrical and thermal conductance of the
metal filament and oxide electrolyte changes abruptly according to the Cu atom
concentration. With the method of Cu concentration dependent parameters in Eq.
(6-22), we avoid the complicated moving boundary between oxide and metal

nanofilament and simplify the numerical problem. The simulated filament dissolution
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Fig. 6-9. Three-dimensional model for resistive switching simulation.
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Fig. 6-10. Simulated Cu concentration at different time during CF dissolution. The color represents the
ion concentration and the scale is the same as that in Fig. 6-9.

is shown in Fig. 6-10. As the time evolves, the bridge starts to weaken. However, the
rupture happens from 1.8 s to 2 s, which is much shorter compared to the complete
bias time period (2 s). Between 2 s and 3 s, the gap does not recess much due to the
high resistance and low current state. During this time period, the residual heat is
dissipated throughout the material stack. The peak temperature is below 1000 K
according to the 3-D simulation.

The simulated I-t characteristic is shown in Fig. 6-11. The current characteristic
includes three sections. The first section shows linear |-V characteristic which
follows Ohm’s law from 0 s to 1 s. In this time span the nanofilament does not
dissolve much. At t = 1.2 s the nanofilament cannot sustain itself and starts weakening.
From 1.2 s to 1.8 s, the nanofilament dissolves significantly and the resistance
increases dramatically. At about t = 2 s, the nanofilament ruptures and the current

drops to a low level close to 0 A.
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Fig. 6-11. Simulated device current at different time in RESET process.

6.4.2 Thomson Effect

Thomson effect discovered in 1851 describes the heating or cooling of a
current-carrying conductor with a temperature gradient. If a current density J passes
through a homogeneous conductor, the heat generation per unit volume q is:

dT

q=p" - (6-24)
where p is the resistivity of the material, dT/dx is the temperature gradient along the
filament, J is the current density, and p is the Thomson coefficient. The Thomson
coefficient of bulk Cu is less than 10 uV/K for temperature below 1200 K [18]. The
first term is the Joule heating and the second term is the Thomson heating. The
Thomson heating depends on the direction of the current flowing through the filament.
If the Thomson effect is significant, different RESET voltages of CBRAM could be

observed for unipolar and bipolar switching since the current directions are opposite.
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The numerical analysis is applied for investigating the Thomson effect. In the
Fourier equation, we should consider the both the Joule heating and Thomson heating

as the internal heat source. The model is described as

oT k o°T 0*T o°7T 1 dT
—=—" 2t ot |t (,OJ ? - _J (6-25)
ot p,Colox? oy’ oz 2:Co dx

where T is the temperature, kg, is the thermal conductivity, Cp is the specific heat
capacity, pm is the mass density, p is the resistivity, p is the Thomson coefficient, and
J the current density. In order to simplify the model, we consider the heat diffusion in
one dimension which is along the filament. A heat transfer coefficient h is introduced
to model the heat transport from the Cu filament to the surrounding oxide [19]. Then
Eq. (6-25) is rewritten as

oT T  T-T dT
—h——2 4 6E? — ok — (6-26)

C, =k
Pri-p or = g2 t dx

0X

where Tox is the oxide temperature, tox is the oxide thickness, E is the electric field,
and o the CF conductivity. The Thomson coefficient of bulk Cu is 3 to 6 uV/K
between 600 and 1200 K and can be modeled as T/200 (uV/K) where T is the
temperature in units of K [18]. The temperature is fixed at room temperature for each

boundary of the 1-D simulation domain. The electric field E is computed by

E=1,R(x) (6-27)
1
R(X) = W (6-28)
-V
’ I; R(x)dx (6-29)
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where |y is the total current flowing through CF, R(x)dx is the local resistance from x
to x+dx, V is the bias voltage, and rce(x) is the local CF radius [19].

In the metal nanowires, the resistivity and heat capacity are above bulk values
[20]-[22], but the thermal conductivity and mass density are below the bulk values
[23], [24]. The electrical and thermal conductivity do not strictly follow
Wiedemann-Franz Law for CF because phonons may contribute significantly to the
heat transfer [25]. The break of Wiedemann-Franz Law is usually observed for low
dimensional metal materials [26]. Since Cu filament is embedded in the oxide matrix,
the magnitudes of CF mass density pm and specific heat capacity Cp are assumed
between the values of TaOy and bulk Cu. The heat transfer coefficient h is a fitting
parameter. Its value is varied from 107 to 10® to investigate its effect on the Thomson
effect. Simulations have shown that the magnitude of h only changes the temperature
profile and peak temperature, but its effect on the temperature difference, or Thomson
effect, is small for opposite current direction. This means it has limited impact on the
Thomson effect.

In a cylindrical Cu filament, the temperature profiles will be the same for
positively (unipolar) and negatively (bipolar) biased RESET voltages. The two
profiles will show mirror symmetry about the center of filament. Therefore there is no
difference in the RESET voltages because of the heating effect. Only asymmetric CF
geometry can generate different temperature profiles along the filament due to the

Thomson heating. In a conical filament, the bottom radius is rcrmax) and the top radius
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IS o-fcrmaxy (o0 < 1). For any position on the filament, if the distance between the

filament tip and this position is x, the radius at this position is

r(x)= rcpw{(l— o) >+ a} (6-30)

0ox

For Ta,0s, the mass density pp, is 6.85~8.2 g/cm®, the thermal conductivity kg, is
0.33 W/(K-cm), and the heat capacity Cp is 0.306 J/(g-K) [27]. For bulk Cu, the mass
density pm is 8.96 g/cm®, the resistivity is 1.68 uQ-cm, the thermal conductivity ki, is
4.01 W/(K-cm), and the heat capacity Cp is 0.385 J(g-K). Table 6-3 shows the
parameters in the simulation. As a result the direction of current flow in the conical
CF can generate slightly different temperature profiles. The unipolar and bipolar
RESETs are compared by reversing the bias voltage. In the model, a threshold
temperature (< 1000 K) is defined for the RESET process. Vgeser is the voltage at
which the peak of temperature profile reaches the threshold.

Table 6-3 Values of parameters in the Fourier equation.

Parameter Numerical Value Parameter Numerical Value
Tamb 300 K Cp 0.306 J/(g-K)
Pcro 330 uQ-cm Pm 8.2 g/cm®

Ken 0.35 W/(K-cm) m T/200 pV/K
h 10® W/(K-cm?) tox 32 nm
a 0.1 Tox 300 K
oT 0.003 IcF(max) 15 nm
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Fig. 6-12. Simulated temperature profiles of unipolar and bipolar switching in Cu/TaO,/Pt CBRAM
devices. (a) Thomson coefficient p = T/200 (uV/K). (b) Thomson coefficient p = T (uV/K). The length
of simulation domain is 32 nm.

Egs. (6-26) to (6-30) are solved simultaneously in 1-D simulation domain for 32
nm-long Cu CF. According to parameters in Table 6-3, the simulated temperature
profiles are shown in Fig. 6-12. In Fig. 6-12(a), the peak temperature difference is
fairly small for bipolar and unipolar switching of Cu/TaO./Pt CBRAM devices. The
corresponding Vet difference is much smaller than that shown in Fig. 6-8 at Vsgr = 3
V. In Fig. 6-12(b), the Thomson coefficient of Cu CF is increased to 200 times higher
than value of bulk Cu. A slightly different temperature profile is observed in the
simulation. This implies that the Thomson heating effect may not be a significant

contributing factor in the RESET process of CBRAM.

6.5 Summary

A model has been proposed for simulating the resistive switching of CBRAM.
The model captures main physical mechanisms in CBRAM, such as ion hopping,
nucleation, filament growth, Joule heating, and diffusion. Numerically the moving

boundary Stefan problem is solved by ALE method. The simulation results of
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temperature dependent SET voltages are justified by the experimental results. The
simulated electroforming voltage depends proportionally on the electrolyte thickness,
which is also observed in experiments. Three dimensional simulations have been used
to study the heating and rupture of conical shape conductive nanofilament. Due to the
high local resistance and heating, the conical filament ruptures at its small tip where
the filament touches the active electrode. The Thomson heating effect is also
evaluated in the 1-D simulation of unipolar and bipolar switching. The TCAD
simulation technology provides a better understanding of the metal-insulator-metal
stack. It may also lead to a design approach of CBRAM devices, which is the same as

its predecessor Si MOSFET.
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Chapter 7 Summary and Future Works

This chapter summarizes the results obtained on Cu/TaO,/Pt resistive switching
devices. The switching mechanism is proposed to be based on the formation and
rupture of a metallic conductive filament. Possible future areas of research are
recommended for the improvement of resistive switches and nonvolatile memory

based logic circuits.

7.1 Summary

The metal-oxide-semiconductor structure limits the future scaling of flash
memory. To overcome this fundamental scaling obstacle, emerging device
technologies have been proposed for the replacement of flash memory. These
emerging memories are based on thin film stack structures compatible with CMOS
back-end-of-line processes. Therefore the future scaling of nonvolatile memory is not
only in 2D but also in 3D. In this research, Cu/TaO,/Pt resistive switching devices are
fabricated and characterized for understanding the physics of conductive bridge
resistive memory. The works are summarized below:

(1) Conductive bridge Cu/TaO/Pt nonvolatile memory devices were fabricated
with electron beam evaporation (PVD) and lift-off technologies. The static electrical
characterization was performed extensively. Both unipolar and bipolar switching
behaviors were observed on the same Cu cation-based resistive device. Two switching
mechanisms appear in a single device. The formation and rupture of Cu and oxygen

vacancy filaments are responsible for the SET and RESET processes of the devices

138



depending on the polarity of the bias voltage. The temperature dependences of the two
filament resistances were measured to validate the two mechanisms. The bubble
formed in the forming process is another evidence for the oxygen vacancy mechanism.
When the compliance current was not applied, multilevel SET process was
demonstrated at high bias voltages, indicating the formation of multiple filaments.

(2) The volatile resistive switching characteristics were observed in the
Cu/TaO,/6-Cu/Pt devices below 100 pA. The LRS did not depend on the area of
device cells which implies the filamentary switching mechanism. The device
switching time depended exponentially on the bias voltages. This experiment showed
the volatile switching was also based on the electrochemical reactions. A flux balance
model was proposed to explain the volatile behavior and validated by the experiments.
The fluctuations of resistive devices are also reduced by inserting the 5-Cu layer. The
volatile resistive switches can be applied as the selection devices in series with the
memory elements in the nanocrossbar memory architecture.

(3) Antiparallel resistive switches (APS) and cascaded resistive switches were
proposed for neural chaotic circuits and neuromorphic computation. The two circuit
elements were based on the recent research of memristive property of resistive
switches. The I-V and |-t characteristics were demonstrated on the novel circuit
elements. The 1-V characteristics of APS showed “truncated Ohm’s law” behavior
which is the complementary of well known CRS [1]. The cascaded resistive switches

showed highly nonlinear I-t characteristics which were explained with the
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Butler-Volmer equation. The integration of these circuit elements in the nanocrossbar
architecture was discussed.

(4) The multilevel switching properties were demonstrated on the Cu/TaO,/Pt
devices and modeled. The quantum conduction was observed in the -V
characteristics at very low voltage sweeping rate. This was an evidence of the metallic
contact between the Cu filament and the electrodes. The voltage constant is identified
as the minimum SET voltage required for the resistive device based on the analysis of
the electrical characterization results. Accordingly the validation range of the
multilevel switching property was discussed. The transition from HRS to LRS in the
metallic contact regime is explained with a radial growth model. The geometrical
form factors were introduced in the radial growth model to explain the observed
conical and cylindrical shape of the metallic filaments in TEM images. This model
can fit very well the multilevel switching results obtained on the CBRAM devices.

(5) The electroforming/SET and RESET processes in the resistive switching were
simulated based on a phenomenological model. The ion transport was the
rate-limiting process in the electroforming, whereas the redox reactions were the
rate-limiting process in the SET. In the electroforming model, the ion hopping
equation, Poisson’s equation, and Faraday’s equation were coupled. The simulation
results were verified with the experimental results. The thinner electrolyte film
required less forming voltage. In the RESET model, the thermal effects were
evaluated for the CBRAM devices. According to the measured high RESET current,

the Joule heating dominated the RESET process in the simulation. The Thomson
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heating showed much less effect than the Joule heating on the temperature profiles in

the metallic nanofilaments.

7.2 Future Works

This research explores and evaluates the switching characteristics and mechanisms
of nonvolatile and volatile resistive switching devices. In order to fully exploit the
advantages of resistive switching devices, future investigation can be done in the
following areas:

(1) Advanced resistive switching materials and processing technologies. To
improve the electrical performance and reliability of resistive memory, the electrolyte
material has to be refined. Although a substantial amount of materials have been
demonstrated for the resistive switching, a comprehensive comparison is unavailable.
The rationale for the ideal resistive switching material system has not been well
developed. The material properties are closely related to the processing method
(various PVD and CVD) which finally determines the device performances. Therefore
further research is required to better understand the electrode-electrolyte interaction
and refine the processing technologies.

(2) Advanced TCAD models for material and device design. The accurate TCAD
models are required to reduce the cost of device design, shorten the technology
development time, and improve the experiment efficiency. More experiments are
needed to reveal the physics of resistive switching. Although a phenomenological

model has been developed for the simulation of switching processes in this work, a
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stochastic model is required in the future research to reproduce the fluctuations of
electrical properties (such as I-V and SET/RESET time) in the resistive switches.

(3) Memristor-based chaotic neural circuits. So far most of the memristor-based
chaotic circuits are limited to theoretical study. The circuit hardware has not been
really built on memristors. Since the memristive characteristics of CBRAM have been
demonstrated, these resistive switching devices can be applied to the chaotic circuits
for realizing their functions. For example, both single memristor and antiparallel
resistive switches (APS) can be applied in the hardware of Chua’s canonical circuits.
This research will be very useful for validating the chaotic circuit theory and possibly
enable its practical applications.

(4) Nonvolatile memory (NVM) based logic circuits. The goal is to implement
logic functions in NVM and integrate computing and memory units with same device
and process. This kind of nonvolatile memory is considered as the universal device for
future integrated circuits. The reconfigurable computing hardware is very suitable for
this research, such as FPGA and PLD. The logic operation “implication” (IMP) has
been identified as the bridge between memory and logic operations [2]. The IMP
function consists of a few sequential switching operations on the parallel resistive or
spin-transfer torque switches. It has been proved that IMP and FALSE operations can
form a computationally complete logic basis [2]. Recently resistive multiplier has been
demonstrated with memristive XOR gate [3]. In addition to digital gates, analog
circuits are also being developed with conventional CMOS and memristors [4].

Although the system level design of the IMP-based computation is still not clear, high

142



speed and low power NVM devices are required to compete with the CMOS
technology. In terms of the write/erase speed and power consumption, the emerging
memory technologies such as CBRAM and STTRAM are more promising for NVM

logic units than the conventional flash memory.
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