ZFCEAARTIENRE
2_ % iy & 3k P T2 A

The Physical Model of the Switching Dynamics in
HfO,-based Resistive Random Access Memory



g 1 7“%%%&?—’\‘) X!
AR TS i W

The Physical Model of the Switching Dynamics in
HfO,-based Resistive Random Access Memory

y I B Student : Yuan-Hong Tseng
hERE BEEE BL Advisor : Dr. Steve S. Chung
CERT RV
R IARE N R TH LT

L 2
A Thesis

Submitted to Department of Electronics Engineering & Institute
of Electronics College of Electrical Engineering and Computer
Science

National Chiao Tung University
In Partial Fulfillment of the Requirements
For the Degree of Master

In Electronics Engineering
July 2010

Hsinchu, Taiwan, Republic of China.

PERRE 4 L4 £ = ¥



e

B G2t s R4 FLASH fr SONOS % - st F3#F 7 L% oo
4’#5(%{?1“1# | > 4oiE 15 4% 2 48 § (Random Dopant Fluctuation )~ % #% & 3F 3231 (Random
Telegraph Noise) frde-| 7 i § {“ BB A o 0 -t i enf 38> - fadpd T2
EHOIATHMAITE RBAREFFAHE AL o 97 R REY?
EREERF R ELAT AR TN 5 P~ B (Resistive Random
Access Memory ) 45 & 54 > F15 v Wir B SR E o Ry R & PREIET

T RE I e S ARG T A e

SEFAG OGN BT RRM A TR PR OR T e

Mooofe F AT H T Rk it L R e R o

TH

IPAREEG RS kT
FE e R TN T REMSEE DA bldes BT 4R 08 (Space Charge

Limited Current) ~ ;2 7 5. — ¥ @;ﬁ%l ( Frenkel-Poole Transport) ~ # A& &t 413



%+ (Shottcky Barrier Thermal Emission ) frit+ crfa# #Ficicd] o o #3144
PR AP enT I g o & B g L 2xche REHR? Y P Ok
W2 - BRPEPRA AR EERIE R LA AT EEER R O T

FEME T TN R EADBFT LT RS &

§ TS e R A TRl (8 0.0V)s AR K SERT I E S

S

FoatH AR -SgW - AR E AL - BT ARLR BL T
FERBLIRTELR/OFEE - RBERR TR APFRTELRF AL
EIIF 2 PRI E R A A R T MAEL AT E A BT R o A WKB
WA TR R AT FE R RPE 7 RN EET T ENRT AR
B cnE R TR A LR A ji‘k{;ﬁ,it?j@_f?i 7 4 (Oxygen Vacancy ) 1
FOET SR FZ BT KA FRF DA TR o PR/ M B R R
WETEANRBAE LT ERTEOIGEE SRR AP PREET T ERTA
FEFFET A PF R A EEEDF TR RT AR BT S R

M m BT £ Rl BT R AR S et ] o

FERBNP BRI AFHETEN RN ARHe Y APREN- 2 AR
L R AR E R SRy MR T IS R R e A s i kT

Mgt e SPICE % B fgsi 2 @ o

il



The Physical Model of the Switching Dynamics in
HfO,-based Resistive Random Access Memory

Student : Yuan-Hong Tseng Advisor : Dr. Steve S. Chung

Department of Electrical Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

Carrier-trapping memory devices (€.g., FLASH, SONOS etc.) have several
inherent scaling limits, such as random dopant fluctuation, random telegraph noise,
and minimum tunnel oxide thickness. In orderto solve the problems as above, a new
type of resistive-changing memory has been widely studied in recent years. Among all
of the resistive-changing memories, the transition metal oxide based resistive random
access memory (RRAM) is most promising owing to its simple structure
(Metal-Insulator-Metal, MIM) and fabrication, excellent potential of scaling, small

voltage operation, and possibility for multi-level storage.

Many papers with focus on RRAM dielectric and electrode materials have been
published, but the switching mechanism of RRAM has not been well understood. So
far, several models based on RRAM current-voltage characteristic have been
published, for example, space-charge-limited current (SCLC), Frenkle-Poole transport,
Schottky barrier thermionic emission, and Ionic drift-diffusion, etc. Each of them

explains on some perspectives, but with loss of generality. The main purpose of my
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research is to construct a simple and well-explained model for RRAM switching
mechanism and investigate the secret of RRAM specific hysteresis current-voltage

characteristic.

Since RRAM reading voltage is small (about 0.1V), the dielectric layer could be
ultrathin (about few nanometers), and its MIM structure surely exhibits a barrier for
transport electrons, which satisfies the constraints for direct tunneling. Based on
temperature experiments, I found the tunnel barrier height is not changing for
different resistance states, so the key must lie on the tunnel barrier width. The
simulation based on WKB approximation successfully fits the real measurement data.
The simulation shows that the tunnel barrier width is proportional to the reset voltage,
which means there is a charge free dielectric layer formed between metal electrode
and the tip of the conduction filament composed of oxygen vacancies. The resistance
on/off ratio is controlled by the: barrier height, electron effective mass, and the
maximum defect distance. The tunnel barrier width time varying property is also
studied. During the transition, tunnel barrier width changes with logarithmic time. The
switching time is controlled mainly by the current amplitude, conduction filament

charge density, and the cross section.

The possibility of RRAM as a long-missing forth passive element, memristor,
has been widely discussed in more recent years. The memristor theoretical hysteresis
current-voltage characteristic happens to be similar to the behavior of RRAM. We
proposed a mathematical method to simulate RRAM memristive behavior in SPICE

based on real transient measurement data.
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Chapter 1

Introduction

1.1 Background

Today, Silicon-based Flash represents the most promising nonvolatile memory
because their high density and low fabrication loss. However, Flash now faces an
inevitable scaling problem limited by the tunnel oxide thickness [1.1]. To solve this issue,
nitride storage Flash, usually called SONOS, has been developed [1.2]. Although SONOS
can continue the scaling of tunnel oxide thickness, several inherent problems of these
charge-trapping type nonvolatile memoties emerges, such as random dopant fluctuation
[1.3], random telegraph noise [1.4], stress induced leakage current [1.5], and trap-assist
tunneling [1.6], etc. The next generation nonvolatile memories are focused on resistance
type structures. There are four main streams: Ferroelectric RAM (FeRAM),
Magnetoresistive RAM (MRAM), Phase Change Memory (PCM), and Resistive RAM
(RRAM). FeRAM exhibits lowest power, while MRAM shows fastest switching. PCM
and RRAM have moderate power consumption and switching rate but promising scaling
potential, which makes them more attractive [1.7, 1.8]. Nevertheless, the self heating of
PCM exhibits great challenges due to frequent high temperature re-crystallization.
RRAM becomes the most popular new nonvolatile memory owing to its simple structure

(MIM), easy fabrication, and good compatibility with conventional CMOS technology.



1.2 The Motivation of This Work

About forty years ago, scattered reports discover chalcogenide material sandwiched
by two metal electrodes may change its conductivity under applied electric field
[1.9-1.10]. This property did not attract much attention at that time because nonvolatile
memory was not popular at that time and the device scaling was not a critical issue. Not
until the publication of electric-pulse-induced reversible resistance change made by S. Q.
Liu in 2000 [1.11], this kind of resistive random access memory draws many interests as

a potential candidate which will dominate the next generation nonvolatile memory.

Many materials have been investigated as RRAM dielectric. In general, we may
classify these materials into three categories: (1) Perovskite, (2) Transition Metal Oxide,
and (3) Organic and Macromolecule materials. The perovskite material, such as PCMO
and LCMO, was first developed due to'its close connection with FeRAM [1.12-1.14].
The organic materials attract lots of interests in recent years because of their various
application possibilities [1.15]. However, the transition metal oxide based RRAM shows
best performance, reliability, and conventional fabrication compatibility. There have been
numerous reports on transition metal oxide materials, such as SrTiOs, TiO,, ZrO,, NiO,
Ta0O,, HfO,, WO,, etc. [1.16-1.22]. Some reports also mentioned the importance of
electrode material, which may decide whether RRAM behavior exists using the same

insulator [1.23].

Besides the variety of dielectric materials, the switching mechanism of RRAM also

aroused controversies, such as Mott transition, Jahn-Teller Effect, and ionic dopant drift,



etc [1.12, 1.13, 1.24]. A more widely accepted model for transition metal oxide based
RRAM manifested that there is one or several conduction filaments connecting between
two electrodes, and the formation and rupture of the filaments control the measured

resistance [1.25].

The current-voltage characteristic of RRAM is the simplest way to verify switching
mechanism. Different switching mechanisms are usually accompanied by different
current models, for example, Space-Charge-Limited Current with Mott transition,
Shottcky barrier thermionic emission, and Coupled ionic and electronic transport with
ionic dopant drift, Frenkle-Poole transport and tunneling with conduction filament theory

[1.18,1.20, 1.26,1.27].

Besides nonvolatile memory application, - RRAM is also a possible candidate to
realize the long-missing two-terminal “circuit element: memrsitor. The theory of
memristor was proposed in 1971 by Leon Chua [1.28], which states that there should be a
fourth passive element to complete the relation between voltage, current, charge, and
magnetic flux, except the existing resistor, capacitor, and inductor. If we apply a
sinusoidal voltage input to a memristor, we can expect a hysteresis loop in
current-voltage plot, which is very similar to RRAM behavior [1.29]. Benefitting from its
nonlinear characteristic, memristor has broad applications from analog/digital circuits to

neuromorphic computing [1.30-1.32].

In this thesis, we use hafnium oxide as RRAM dielectric to investigate transition

metal oxide based RRAM switching mechanism. We perform temperature experiments,



constant voltage stress experiments, transient analysis, and pulse experiments to verify
each of known current models and find out that direct tunneling model is the only
solution to connect every phenomenon in real measurement data. We established the
direct tunneling model to explain other RRAM behaviors like multi-level storage,
exponential dependent switching time, and asymmetric SET/RESET behavior. Finally,
based on the proposed switching mechanism model, we link the relation between RRAM
and memristor using a mathematical method. This method provides a systematic way to

characterize any type of RRAM memristor based on real measurement data.

1.3 Organization of the Thesis

There are six parts in this thesis. Chapter 1 is the introduction. We describe the
motivation and organization of this thesis. In Chapter 2, we show the fabrication and
equipment setup used in experiments. In'Chapter 3, we will discuss the current models
and switching mechanism on the basis of experimental data. In Chapter 4, the transient
behavior of RRAM is discussed and for the first time, we propose two models to
quantitatively describe RRAM switching time. In Chapter 5, RRAM memristive
characteristic is fully examined. Compared with original theory, we will discuss the
limitations and possibilities of RRAM as a memristor. Finally, the summary and

conclusions are given in Chapter 6.



Chapter 2
Device Fabrication, Equipment Setup and

Measurement Methods

2.1 Device Fabrication

The structure of RRAM was the TiN / TiOx / HfOx / TiN stack, which was
deposited on the Ti / SiO2 / Si substrate. The HfO, thin film was deposited by atomic
layer deposition (ALD), while all the other thin films were deposited by sputtering
methods. Owing to the well known ability of Ti to absorb oxygen atom [2.1], oxygen
atoms diffuse from the HfO, layer to the Ti, which resulting in the formation of HfOx
(x~1.4) with a large amount of -oxygen deficiency and the oxidation of Ti. The

corresponding XTEM image made by the XPS examination is presented in Fig. 2.1 [2.2].

2.2 Equipment Setup

The whole experimental setup for the I-V and pulse characteristics measurement of
RRAM is illustrated in Fig. 2.2. Based on the PC controlled instrument environment by
HP-IB (GP-IB, IEEE-488 Standard) interface, the complicated and long-term
characterization procedures to analyze the behaviors in RRAM cells can be easily
achieved. As shown in Fig. 2.2, the equipments, including the semiconductor parameter
analyzer (Agilent 4156C), low leakage switch mainframe (HP 5250A Switching Matrix),

pulse generator (Agilent 81110A), and probe station, were used for our measurements on



RRAM. Programs written by HT-Basic were used to execute the measurement via HP-IB

interface.

The Agilent 4156C provides a high current resolution up to pico-ampere range, and
is equipped with four programmable source/monitor units. Two source units, and two
monitor units for supplying or monitoring the voltage and the current. The pulse
generator Agilent 81110A with high timing resolution provides for P/E cycling endurance
and transient characterization. The HP 5250A switching matrix equipped with an 8-input
x 12-output switching matrix switches the signals from the Agilent 4156C and Agilent

81110A to device under test in probe station automatically.

In order to control the pulse timing of Agilent 81110A during transient and P/E
cycling endurance characteristics precisely, we select the triggered pattern mode to
achieve this goal. Fig. 2.3 (a) and Fig. 2.3'(b) show the program and erase schemes on the
RRAM respectively. For example, by taking the programming timing pattern as shown in
Fig. 2.3, the triggered pattern mode can be explained as follows. In Fig. 2.3 (a), the VSUI
of Agilent 4156C generated a voltage signal which is equal to the low voltage level of
Agilent 81110A. This triggered pattern mode method can provide a substrate bias during
programming, and prevent additional stress to device during P/E cycling endurance
operation. The pattern mode defined as 01000 in Fig. 2.3 (a) from Agilent 81110A is then

sent and the program or erase operation is performed.



2.3 Measurement Methods

2.3.1 Introduction

There are four measurement techniques used in this thesis. First, a forming process
is required for every fresh device before normal operation. Second, normal operation
using bipolar voltage/current sweep is necessary for basic device characterization. The
last two methods are designed to examine RRAM transient behavior: series resistor

sensing and continuous pulse measurement for different applications.

2.3.2 Forming

Before we start to operate the resistive switching random access memory correctly,
we need to perform the so-called “forming™ procedure first, as shown in Fig. 2.4. We add
a ramped voltage on the top TiN electrode which is near the Ti buffer layer, and measure
the corresponding current by Agilent 4156C semiconductor parameter analyzer. When
the accumulated energy exceeds a certain limit determined by device material and
thickness [2.3], the current rushes to the value of compliance current, and the forming
step is accomplished, as shown in Fig. 2.5. The compliance current is usually set to be a

little less than the compliance used in normal SET process.

2.3.3 Sweep

After the “forming” process, this device switches to LRS (Low Resistance State).



The following step is to turn it off, i.e., to switch the RRAM from LRS to HRS (High
Resistance State). There are two operation mode to identify the switching type of RRAM
[2.4]. As shown in Fig. 2.6, one is uni-polar, and the other one is bi-polar. Uni-polar
means that the turn on voltage and turn off voltage are at the same polarity, where the turn
on voltage is usually larger than turn off voltage. On the other hand, the bi-polar means
that the turn on voltage and turn off voltage are in opposite polarities. Usually the
bi-polar switching device is more suitable for future CMOS technology due to less
operation voltage and power consumption. Our device basic characteristic is shown in Fig.
2.7, which is obviously a bi-polar device. The illustrations of voltage sweep operations in

this thesis are shown in Fig. 2.8 and Fig. 2.9.

For SET process, besides voltage sweep method, we can also use current sweep to
eliminate current compliance, which'is illustrated in Fig. 2.10. In this method, we simply
exchange the current compliance to the target current amplitude. This method avoids
large current flow through RRAM during SET process and thus improves device
consistency and reliability. There are also some reports indicating the benefit of current

sweep method [2.5, 2.6].

2.3.4 Series Resistor Sensing

To measure RRAM transient behavior, we use an oscilloscope to directly monitor
RRAM real-time current. The equipment setup is illustrated in Fig. 2.11. The sensing

resistor is chosen to be 100() to avoid significant voltage dividing while giving enough

signal amplification, because normally lowest resistance state is about 1k (). This



technique allows us to investigate RRAM transient behavior in linear time scale, which is

very useful in analyzing RRAM memiristive characteristics.

2.3.5 Continuous Pulse Measurement

The linear time scale measurement can not see the whole story about RRAM
switching behavior, as we will discuss later in Chapter 4, so we need another technique to
measure logarithmic time scale behavior. Fig. 2.12 illustrates the concept of this
measurement technique. We use Agilent 81110A to generate a series of pulses with the
same top and bottom levels. After ten same pulses, the eleventh pulse width increase one
order so that the overall stress time continues: in logarithmic time scale. After each pulse,
HP 5250A switches the input to Agilent 4156C to start small voltage sampling. This
sampling procedure “reads” RRAM temporary state by applying 0.1V to evaluate current
and resistance. The 0.1V is chosen to be'lessithan RRAM switching threshold to avoid
disturbance. This method is helpful in giving an overview on RRAM transient switching

behavior.
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Fig. 2.2 The experimental setup of the current-voltage and the P/E cycling endurance
characteristics measurement in RRAM. Automatic controlled characteri-
zations system is setup based on the PC controlled instrument environment.
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Fig. 2.3 The timing diagram of the triggered pattern mode method during (a) program
and (b) erase operation.
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Fig. 2.4 The cross section of transition metal oxide based resistive switching memory
during forming process.
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Fig. 2.7 Basic characteristics of the test RRAM cells in this thesis.
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Fig. 2.8 Illustration for positive sweep operation.
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Fig. 2.11 Measurement setup for series resistor sensing method.
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Fig. 2.12 Continuous pulses measurement: The red pulse is used for RESET, and the blue
lines indicate a small read voltage after each time-varying RESET pulses.
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Chapter 3
Physical Model of Transition Metal Oxide Based RRAM

3.1 Introduction

There are three parts in this chapter. First in Chapter 3.2, we discuss all reported
RRAM models about their validity. Then, we propose a possible universal model to
include all RRAM phenomena. We utilized WKB approximation to quantitatively
describe the tunneling model that we proposed, and finally, we will show the simulation

result with real experimental data to verify our model.

3.2 Discussion on Known RRAM Models

3.2.1 Space Charge Limited Current

A number of literatures refer RRAM current to be the so-called “space-charge-
limited current”, abbreviated as SCLC, due to the special nonlinear current characteristic
of RRAM [3.1, 3.2]. According to Fig. 3.1 [3.2], we can clearly tell that when applied
voltage is small, RRAM current is proportional to the applied voltage, just like an ohmic
resistor. As the applied voltage increases, the current-voltage relation then follows a
square law. This behavior is similar to the theory of SCLC, which contains both linear

and square law of applied voltages [3.3]. There are three equations used in SCLC theory :
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1 ~ In the mobility region (Mott-Gurney law)

9 ul?
J — S 3 .1
8L3 ( )
2 ~ In the velocity saturation region
2e vV
J= —225 (3.2)
3 ~ In the velocity saturation region
1
A %
=32 (29 33)
9oL \m

The space charge is determined by both the doping concentrations and the free-carrier
concentrations. When the injected carrier is larger than its equilibrium value as well as
the doping concentration, the space-charge effect is said to occur [3.3]. In semiconductor,
the carrier velocity is proportional to the electric field under low electric field, and
saturated under high field. According to this,» we should expect a square law at low
applied voltage and a linear law at high applied voltage, which contradicts the RRAM
measurement result. Beyond this, we can see the current increase more rapidly beyond
the square law region, where SCLC theory: fails obviously. Based on these contradictions,

we can say that SCLC is not a good model for RRAM current behavior.

3.2.2 Schottky Barrier Thermionic Emission

Another reported RRAM current characteristic is Schottky barrier thermionic
emission, which is also based on measured current-voltage characteristic. As shown in
Fig. 3.2, the RRAM current is actually proportional to the exponential of the square root
of applied voltage [3.4]. To understand the origin of this relation, we have to first realize
the fundamental of the theory. The current characteristic of Schottky barrier thermionic

emission is shown below [3.5]:
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The square-root law comes from the E; term in equation (3.4), which means the
electric field inside the insulator. First of all, the thermionic emission is a diode-like
behavior. That is to say, when the applied voltage is forward biased, the current will
exponentially increase with applied voltage. This opposes to the RRAM current
characteristic, which shows reverse bias characteristic for both positive and negative

applied voltage.

The supporters of Schottky bartier thermionic emission refer the RRAM switching
to the change of Schottky barrier height. In their works, the barrier height is extracted by
fitting current characteristic with the formula above. However, a more accurate method is
done by temperature experiments. Our result, as shown in Fig. 3.3, and another paper [3.6]
show that the Schottky barrier height does not change in different high resistance states.
Also, the RRAM current seems to be rather insensitive to temperature [3.7, 3.8]. As a
result, we can certainly say RRAM current cannot be explained by Schottky barrier

thermionic emission.
3.2.3 Frenkle-Poole Transport

One of the conduction mechanisms through an insulator is controlled by inter-trap
tunneling, which can be described by Frenkle-Poole transport. In Frenkle-Poole transport,
the electron enters the trap site first by tunneling, and then leaves by thermionic emission.
The current characteristic of Frenkle-Poole transport is described by the following

equation [3.5]:
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Nevertheless, this equation fits only the pre-forming current of RRAM [3.9]. A possible
explanation is that this theory is adaptable when the trap density is low. But the
conduction filament is actually a bundle of dislocations composed of extremely localized
traps [3.10]. These dislocations form a high conductance passage for electron transport

instead of using thermionic emission.

3.2.4 Coupled Ionic Drift and Electronics

The first adapted RRAM switching mechanism is described by the ion motion under
applied electric field [3.11], but the device size then is of the order of millimeter. Recently,
the HP research group proposed a modified coupled ionic drift and electronics model in
Nature to explain RRAM memristive characteristic [3.12]. The main idea is illustrated in

Fig. 3.4 and the current model is described by:

o 1
0= Royw(t) + R (l - W(t)) Y0 G7)
and

W0 = ) (3.8)

There are some assumptions made in this model. One of them is the ion mobility
which is independent of applied electric field. This assumption is unrealistic for modern
nano-scale device. Another one is assuming that there is not any threshold to initiating
ionic motion. According to this assumption, the RRAM will eventually change state as
long as the bias is applied for enough time. This is contradicted to every known RRAM
measurement result, which always exhibits a certain threshold voltage both in SET and

RESET operation. The threshold is important for a memory device since it can avoid
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disturbance during read or programming of the other cells. Third, the ion motion is
assumed to be controlled only by electric field intensity without considering the polarity.
The result will make the switching behavior similar in both SET and RESET processes.
However, the basic characteristic shown in Fig. 2.7 indicated that SET and RESET
process obviously show asymmetric behaviors. In summary, for large scale device,
RRAM behavior can be well explained by ionic motion, but for nano-scale device, we
must develop some new models since quantum mechanics may play a significant role in

electron transport.

3.3 Theory of Tunneling Model

3.3.1 Introduction

In order to effectively improve RRAM: performance, it is crucial to find out an exact
model for RRAM switching mechanism:In previous section, we already deliberated that
none of the existing model can fully explain all experimental phenomena of RRAM. Still
some of the concepts in those models are worthy of reference. First, the exponential
relationship between the current and the square root of applied voltage in both Schottky
barrier thermionic emission and Frenkle-Poole transport models is a key. We also found
this characteristic under small applied voltage, as shown in Fig. 3.5. The origin of this
relation comes from image force induced barrier lowering [3.13]. This characteristic
suggests there is indeed a barrier hindering electron transport. We have already shown
that barrier height doesn’t change for different states, so we may assume that it is the
barrier “width” which is changing. This hypothesis seems reasonable because the
conduction filament length will extend or shrink as ionized oxygen vacancies moves
under applied electric field and thus the distance between the filament and the electrode
will change. The depletion region near the interface forms a nano-scale tunneling barrier

which is the origin of RRAM current and resistance switching.

In order to verify our tunneling barrier width model, we adopted a simple

semi-quantum simulation method called WKB approximation [3.14] to describe RRAM
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current behavior. We found it successfully fits experimental data and is very useful to

further describe all problems which cannot be explained by other models.

3.3.2 Formulae and Parameters for Simulation

Since the cross section of a single conduction filament is normally few nm? which is
relatively small compared to total electrode area (up to pm?), so we consider only one
dimension potential barrier and assume the conduction filament is a cylinder with 4 nm?
cross section, as shown in Fig. 3.6. The tunnel barrier width “d” is the only variable in the

following equations.

According to WKB approximation, the tunneling probability is defined as :

P:eq{—%ﬂJmﬁqE—qu (3.9)

where m* is the effective of the dielectric,

E —V| is the absolute difference between

electron kinetic energy, and potential barrier.” The potential barrier is defined by the
conduction band energy difference between the electrode or trap level of conduction
filament and the depleted dielectric, which is initially constant. However, in the last
section, we already mentioned we have to include image force induced barrier lowering
to satisfy RRAM current characteristic. So, the energy difference now becomes a

distance- and voltage-dependent equation as below:

2
q V.
—-q—x 3.10
l67e x qd (3.10)

E-V|=¢ -

where ¢,,& ,andV, are the initial barrier height, dielectric constant, and voltage drop of

the dielectric layer. The integration now can be done as long as the constants are known.

At first, we took the parameters of hafnium oxide for simulation but the result was
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inconsistent with real measurement data. However, it has been published that the
formation energy of titanium oxide is lower than hafnium oxide [3.15]. Therefore, we
assumed the tunneling dielectric layer is actually titanium oxide and took the parameters
of titanium oxide to perform the simulation again. The result was surprisingly good. This
result is a great revolution. It means the dielectric material is not the only factor that
affects RRAM performance, the choice of electrode material is also a great issue. Fig. 3.7
(a) illustrates possible schemes in LRS and HRS. According to the motion of oxygen ion,
a new titanium oxide layer should be formed near the bottom interface. There is also a
titanium oxide layer initially formed right after titanium sputtering, but the area of the top
layer is much larger than the bottom layer. In order to satisfy the charge conservation, the
total charge used in redox reaction is the same for both SET and RESET process.
Therefore, if the charge densities of both layers are equal, the width variation of the
bottom layer must be greater than the top layer. That is to say, it is the bottom titanium
oxide that controls the RRAM resistance switching. Fig. 3.7 (b) shows the band diagram
along the conduction path. Assuming.the top layerdoes not share the applied voltage, we

can thus drive the equation as given:below based on Gauss’s law:

V: =Vio. S/ — (3.11)

1+ Eriox dHfoz

E o2 dT[Ox

where V, is the applied voltage. Table 3.1 includes all the parameters we used in the
simulation [3.16-3.19]. One thing is noticeable that the barrier height and effective mass
used for positive and negative bias conditions are different, indicating different

conduction band characteristics between electrode and the conduction filament.
3.3.3 Analytical RRAM Low-Field Current Model
Although the integration mentioned above can be numerically done to fit any

measured RRAM current characteristic, it is hard to describe RRAM behaviors in this

form. We need an analytical formula for further discussion. If the barrier width is large
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enough so that the barrier distortion can be seen as effective barrier height lowering, we

can simplify the integration and multiply it by a pre-factor [3.20]:

N A 3

;oo ATV ex W2 (4) dro. 1- 1——|V”0x ; 3.12

RRAM = 2 ~ p v (3.12)
16” hgTiOx¢i dTiOx 3h|VTiOx

i

where A is the conduction filament cross section and ¢ is the effective barrier height

defined as:

' 9V ri0x
=@ — |—E 3.13
% =9 47 10, 10 ( )

Equation (3.11) can be further reduced if the voltage drop on titanium oxide is much
smaller than the initial barrier height;..the exponential term will become

voltage-independent, i.e.,

2 2. 2qm’ o,
49 Vs exp[- X dTiOx:|

Lewsss = -
e 167[2hgTi0x¢i dTiOx

242gm" ¢,
! exp[—ﬂdm} (3.14)

oC

h

Equation (3.13) is exactly the formula of direct tunneling through a constant barrier
height. Based on equation (3.12), we can transform the RRAM current state which is
measured by specific read voltage (usually 0.1V) into the effective barrier width.

3.4 Simulation Result and Discussion

Figure 3.8 shows the simulation result with real experimental data and the effective

tunneling barrier width are shown in the legend. The maximum sweep voltage is £0.3V
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to avoid resistance switching, and this condition also meets the requirement of low field
assumption in our model. Fig. 3.9 shows the relation between read resistance and RESET
voltage. The resistance first grows proportional to the RESET voltage, and then
exponentially. This behavior can be fully understood by equation (3.13). If we set the

applied voltage as a constant, the resistance will be:

Rypars € drpio €XP

[—2 297, } (3.15)
h TiOx N

As the tunneling barrier width is small, the resistance is proportional to it. When the
width further increases, then the exponential term dominates. However, combining

equation (3.14) with Fig. 3.9 gives the following interesting relation:

rioe °© Vgser (3.16)

This relation implies there is a critical electric field to initialize ionic drift and RESET
process. As long as the width grows enough-to-make the electric filed less than the critical
value, the RESET process will eventually stop. The extracted critical electric field is

about 1.2MV/cm.

The tunneling model also helps us to understand why temperature makes little effect
on RRAM current. Since the temperature only affects the average kinetic energy of
electrons by 3kT/2, it makes finite effect on the effective barrier height, which is inside a
square root. The temperature-insensitive characteristic makes RRAM a good memory

even under extreme environment.
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Fig. 3.1 SCLC model: The red line indicates the Linear relation. The blue line indicates
the Square law region.
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Fig. 3.2 Schottky barrier thermionic emission: This figure indicates the current seems to
be proportional to the exponential of the square root of voltage.
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Fig. 3.3 Temperature experiments. In (a), the slopes of each curve don’t vary with
temperature. In (b), it shows the barrier height is very small and doesn’t change
for different resistance state.
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Fig. 3.6 Simulation Conditions: (a) The proposed tunnel width varying model. (b) The
barrier profile used for simulation. The barrier distortion is due to image force

induced barrier lowering.
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Fig. 3.7 (a) Possible schemes in RRAM for LRS and HRS. (b) The band diagram of

RRAM in HRS.

37



Parameters Values

HfO, dielectric constant 25
TiO, dielectric constant 46

Initial barrier height

(positive bias) 0.074eV
Effective mass in L3
TiO,(positive bias) 0
Initial bar.rler he|ght 0 05V

(negative bias)
Effective mass in
9.6m,

TiO,(negative bias)

Table. 3.1 Device parameters used in simulation.
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Fig. 3.8 Simulation results. The dots are measurement data, and the lines are
simulations. Simulation shows the LRS cross section increases 1.6 times.
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Chapter 4
Switching Time Behavior of RRAM

4.1 Introduction

In this chapter, we discuss the transient switching mechanism of RRAM on the basis
of single conduction filament and tunneling model. First, we demonstrate the
measurement result using the continuous pulse method mentioned in Chapter 2. We
found interesting behaviors during RRAM switching and thus we propose a series of

models. These models provide a good reference for improving RRAM switching time.

4.2 Transient Measurement

Figure 4.1 shows the transient measurement result by continuous pulse method. We
show only RESET process since SET process finishes in 100ns, which is beyond our test
station resolution limit. The physical origin causing the difference between SET and

RESET switching mechanism will be discussed in the next chapter.

We can clearly see there are three phases during RESET switching process, which is
demonstrated in Fig. 4.2. First, it remains in LRS for a certain time. Second, the width
increases linearly with logarithmic time, and finally it saturates to a certain level. The
switching time is therefore defined by the total time of the first and second phases. To

improve the speed of RRAM switching, it is important to find out the origin of these two

41



phases. The third phase has reached dynamic equilibrium, so it shall be connective with

DC measurement.

4.3 Discussion

4.3.1 Phase I — Ionic Transport Region

In Fig. 4.1, we found the duration of “Phase I” decreases exponentially as the
RESET voltage increases linearly. The duration of “Phase I” is determined by how fast
the oxygen ion confined in the electrode reaches the conduction filament. Obviously, the
ion drift velocity is no longer linear with electric field as in bulk material. Some
literatures also reported under a strong electric field, the ion migration activation energy
can be greatly lowered [4.1-4.3]. A simple rigid point-ion model has been proposed to
explain this nonlinear ionic motion; illustrated in Fig. 4.3 [4.3-4.5]. Here we assume the
positive ions are fixed and periodically. distributed. The period is “a” and activation
energy is “Ua”. The mobile negative ions have to conquer the potential barrier to migrate
into the nearest site. The applied electric field deform the potential well and change the
potential barriers by +qEa/2, positive for the barrier opposite to migration direction and

vice versa. The average velocity thus can be described by:

L qEa
v~ fae *" sinh
S T (4.1)

B

where fis the frequency ion attempts to escape from the well. The velocity can be rewrite

into a classical form:
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where Eq = 2kgT/qa is the characteristic critical field, which is typically about IMV/cm.

The low field mobility is redefined by:

? U
e 9/a GXP[ - j (4.3)

According to equation (4.2), the ion migration time can be derived:

dO dO

Ry
MLy €XP /JoEo

where dy is the LRS tunnel barrier ‘width. In-accordance with equation (4.4), as the

migration ~

(4.4)

applied RESET voltage increases, the ion migration will decrease exponentially, which is
consistent with measurement result. To improve ion migration, one should increase the

ion mobility by choosing a lower potential material.

4.3.2 Phase II — Redox Reaction Region

“Phase II” shows a linear increment of tunnel barrier width with logarithmic time.
Since during “Phase 17, plenty of ions migrate through the tunnel barrier and reach the tip
of conduction filament, we can then assume the ion concentration no more dominates the

reaction. Alternatively, the redox reaction speed becomes the main issue in this phase.
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The redox reaction contributes to a partial amount of the measured currents. However, the
portion is very small and hard for extraction. In order to qualitatively describe the
behavior in “Phase I1”, we assume a perfect condition that all tunnel current contribute to
reaction. The concept is schematically illustrated in Fig. 4.4. The total charge need for

shrinking the conduction filament a distance of dx is:

NAdx = I(t)dt = I(x)dt = I,x™" exp(—yx)dt (4.5)

where [ exp(—yx) is the a simplified form of our analytical model mentioned in

Chapter 3.3.3. Integration both side and we get:

i = 2 d exp(yd) (4.6)
Ly

According to equation (4.6), we find ‘it happens to match with the experimental

measurement. Although the full contribution assumption is not rational, we can absorb

the ratio into the constants on the RHS of equation (4.6). In order to improve reaction

speed, one can choose a small y material, which can be achieved by lower effective mass.

A smaller barrier height material also helps due to Iyy together gives an reciprocal of

square root of barrier height.
Another thing worth mentioning is the slope of each “Phase II” curve, which is

increasing along with RESET voltage. This behavior can be explained by the magnitude

of Iy in equation (4.6), which is proportional to applied voltage.
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4.3.3 Phase I1I — Saturation Region

After the fast transition in “Phase I1”, each curve enters the third region with a rather
slower incremental rate. We found that each curve finally separated by a constant value,
which is consistent with our DC measurement result: d oc V... In this region, the
incremental speed is insensitive to applied voltage. We speculate this is due to the
residual ions surrounding the conduction filament. These ions reach the conduction

filament by diffusion which is irrelevant to applied voltage.
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Fig. 4.3 Schematically illustration exponential ionic drift. (a) The mobile negative ions
move under electric field. The positive fixed ions create periodic potential
barriers. The barrier profiles (b) without and (c) with electric field are also
shown.
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Fig. 4.4 Redox reaction control model. The charge density is N, which is assumed to
be uniform throughout the conduction filament. The yellow region
represents a small portion of oxygen vacancies to be annihilated by
incoming oxygen ions.
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Chapter 5

Applications as a Memristor

5.1 Introduction

The functional form of memristor is the relation between charge and magnetic flux,
do= Mdq. But if this relation is linear; That is to say, M is a constant; it is just identical to
a traditional linear resistor. What we are interested is the nonlinear relation, in which M is
also a function of q. The RRAM device is smaller than traditional transistor, and because
it is a back-end process, it can be easily integrated into existing CMOS fabrication
without consuming additional area, which is a great lure for circuit designers. Therefore,
it is extremely important to construct a systematic model for RRAM memristive
characteristic. The research group of HP in 2008 proposed a diode/resistor model to
explain the origin of RRAM hysteresis loop [5.1]. Further in 2009, they proposed a
physical model coupling ionic motion and electron transport for simulation [5.2] and a
mathematical approach to meet real RRAM transient behavior [5.3]. However, the
simulation results are just formally similar to real current-voltage characteristic, but
cannot physically explain well some of the phenomena in RRAM switching, such as
asymmetric SET/RESET switching rate [5.3], exponential dependence between switching

time and reset voltage [5.4], and the temperature effect [5.5].

In previous chapters, we have solved all problems above by using our new tunneling
barrier width model. In this chapter, we will also try to discuss RRAM memristive

characteristics by this model and evaluate the feasibility of RRAM memristor.

50



5.2 Experimental RRAM Memristive Characteristic

In the following experiments, we use the series sensing resistor method to measure
RRAM transient current. Fig. 5.1 shows the typical current-voltage hysteresis loop for
RRAM. The current is measured when we input sinusoidal voltage signal. One can see
that changing input signal frequency has significant impact on HRS, which shows great
switching time asymmetry between SET and RESET process. In fact, the SET switching
time is just few hundred nano-second, while RESET switching time ranges from ps to ms,
depending on applied voltage and required HRS level, as shown in Fig. 5.2. Based on

memristor theory, the current-voltage relation has to satisfy the equations as below:

vy, (8) =M (q)i,, (1) 5.1)
where
M(q)=dep(q)/dq . (52)

The memristance M, which has the same unit as resistance, must be nonlinear for
different time interval, so that one can regard such device as a memristor. Otherwise, it
returns to linear resistor as mentioned above. The SET process is too fast to measure the
resistance transition accurately, and the transition is unstoppable until it reaches final state.
Because the switching time is beyond measurement limit, the measured memristance will
be a constant and it cannot be recognized as a memristor. However, the RESET process
shows rather good memristive characteristic. Fig. 5.3 reveals transient changing of
RRAM current under different RESET voltage. The current decreased several order

during switching, but it is rather slow compared to SET process.
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5.3 Discussion on Asymmetric Behavior

Figure 5.4 (a) illustrates the band diagram near the bottom interface during SET
process. After applying a positive voltage, the distance between electrode and conduction
filament shrink and thus the electric field increases. The increasing electric field
accelerates ion migration speed, and so does the filament lengthening speed. It turns out
that SET process is a positive feedback loop once activated, and the final state is
controlled by how much your compliance current is [5.6]. On the other hand, shown in
Fig. 5.4 (b), the RESET process is a negative feedback, since the final states will saturate

to certain levels given sufficient time for switching.

5.4 Mathematical Approach to SPICE model

Based on Fig. 5.3, we can use a systematic method to generate charge-flux relation,
as shown in Fig. 5.5. The result is shown in Fig. 5.6. The “charge” here equals to the total
charge supplied by electrodes. It contains both charges directly tunnel through the barrier
and the charges used for redox reaction. As time goes by, the tunnel current may decrease
and therefore decrease the charge accumulation rate, as well as the slope of charge-flux
plot. Simultaneously, the chemical reaction reaches equilibrium and eventually the charge
accumulation will completely come from constant tunnel current, the slope of charge-flux
relation also enter constant region. The flux here does not relate to magnetism, it is an
alternative representation to show how voltage and time both affect RRAM memristive

characteristic.
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Fig. 5.1 The current output with a sinusoidal voltage input at different frequencies. The
higher frequency input makes RRAM harder to switch and thus less hysteresis.
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Fig. 5.2 The oscilloscope output. The unipolar sine wave forces RRAM to switch (a)
simultaneously in SET process and (b) progressively in RESET process.
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Fig. 5.3 Transient current changing with time during RESET process.
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status, and the red solid one is the equilibrated status.
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Chapter 6

Conclusion

In this thesis, we have investigated RRAM switching behaviors and proposed a new
tunneling barrier width model to fully explain all RRAM switching properties, including
current characteristic before switching, temperature effect, origin of multi-level storage,
and on/off ratio. By applying WKB approximation, we can perfectly fit the experimental
current data with simulation results. We also derive a simple and analytical formula,
which is similar to traditional direct tunneling model. The formula parameters provide a

performance improvement standard for future RRAM researches.

The transient switching behavior is also important for RRAM high speed
applications. We have examined RRAM transient switching behavior by sensing its
barrier width variation and found their three-phase rule. Two new models are proposed to
individually explain the first two phases: ion transport phase and redox reaction phase.
The third saturation phase verifies our DC measurement result. These models could

greatly help in improving switching speed with lower RESET voltage and power.

Finally, the RRAM memristive characteristics have been examined. We found that
only RESET region is suitable for memristor application, since the SET process is an
unstoppable positive feedback, and the RESET process is a self-equilibrated negative
feedback. Based on experimental data, we can characterize the charge-flux relation of

RRAM memristor by a simple approach, which can be applied to SPICE simulator.
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