S F CEERTIENEB e RE Rz
VRRET

The Understanding of the Switching Mechanism and
Related Reliability Issues in HfO,-Based Resistive Random
Access Memory



S FCEEETENER e RN g
#2 ¥ RARHF
The Understanding of the Switching Mechanism and

Related Reliability Issues in HfO,-Based Resistive
Random Access Memory

p N S L Student : Jen-Peng Wang
hERE  BEER BL Advisor : Dr. Steve S. Chung
Rzl F
TF1RF L TFFALTRLASL
Rl im =
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 of Science

in Electronics Engineering
August 2009

Hsinchu, Taiwan, Republic of China.

ﬂ@":s\ﬁ] ,L_L,\ £ N 7



2 R I B IR 4 4
v R

&

R SR F A E R S R ERF R L AT
PR e MG F D 5 A kR PR e R g 8 2 - o e £
PEARLF TSR BCERAE G 4 AR LT R
WE FRAN SR BREERTES Y SR R @ T
PN e R e B A L R o i PR e GRS W P e s
FIH B R oA R A BN RS e R i g 4 ] i

)4

Aawm T AFEAMB ALV ERME: R e R LA LRI
PR AT ARARMME BB IR 2P 2
HEAEGfF s B REPTREF S F LR N/
BB m At s EFEEW R T ORI HERDE e &V
PR EENTIEN R AP E I TR
ik g B /MR LET Y7 E 2 BERE B o
Foobo B R R E A G S ﬁﬂ cm R ,E’t“ﬁ_%f#m
TR e R A J9 AL - e R i VA g 3 D] endr LA

e
o
J
=1
rn&

il



BIATED SR R DL TN EREE S g
SPELM o R T A BB T IR T P

BB B4 E e AF AP RIeERsdlEd 3 73 dr
JH oo AR TIEERBSIR AL 7 B 4T 0t (Space

Charge Limited Current ) #7: 3 o

¥y ok %ﬁf\z’ £Hy P2 EMIT T EHE (Metal Oxide

Semiconductor Capacitor) & T LN AT 5 Boc il » W an /i & & i%

1 8% (Soft Breakdown) _t L% » 12 % 7 o3k (53 % b gnl i

DRSS s e RE T RS EL A

4 v g s ng g2 b B e 50§ 3 4 (Oxygen
Vacancy ) #7235 = e T B 4% o

AR R T

il



The Understanding of the Switching Mechanism and
Related Reliability Issues in HfO,-Based Resistive
Random Access Memory

Student : Jen-Peng Wang Advisors : Dr. Steve S. Chung

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

Owing to the simple Metal-Insulator-Metal capacitance structure, the binary
metal oxide based resistive memory 1s one of the potential candidates in nonvolatile
memory. However, several serious issues, including poor yield, unsatisfactory
switching endurance instability caused by-the-operation parameters, and the necessity
of special process integration for noble metal electrode, limit the RRAM memory in
this category from realization. These problems come from a lack of the understanding
of its switching mechanism. The conclusions from different reported RRAM appear to
provide good realization to each of their own observed switching phenomena but still

unable to provide a general explanation to all experimental data.

In this thesis, we will focus on the reliability issue and the resistive switching
mechanism of the high-k material based thin film resistive random access memory.
The reliability issues include area dependence - data retention time - program/erase
cycling endurance, stress and the temperature effects. In terms of the reliability, we
confirmed that the multi-level operation is reliable, and the high/low resistance ratio

may reach three orders in magnitude. Besides, the resistive switching property of
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RRAM will not be influenced by the device scaling, this makes the possibility to

avoid the physical limit with device scaling.

From the study of the resistive switching mechanism, we find a Multi-Read
method without destroying the data state of this device, confirming that the RRAM
possess the possibility for non-linear resistance operation, and may provide a good
solution for memristor. We also observed the Random Telegraph Noise phenomenon
under different resistance states, and the corresponding relationship between the
Multi-Read and Random Telegraph Noise (RTN). Based on these experiments, it was
found that the resistive switching mechanisms are different between high resistance
state and low resistance state. In high resistance state, the resistive switching
mechanism is controlled by the oxygen vacancy trap. In low resistance state, the
resistive switching mechanism is controlled by the space charge limited conduction

current.

Based the observation of the soft break-down phenomena in metal oxide
semiconductor capacitor and Resistive Random Access Memory, and reverse
operation methods, we proposed a possible mechanism for this resistive random
access memory. Besides soft break-down, the switching mechanism includes the

forming of pathway which was controlled by the oxygen vacancy.



Acknowledgments

B ERFE- ERED T o RN ie- A
&Ry \&%%I$“”@ﬁ5°iﬁﬁi
FORAEY Y s/§(z; S ?I#tﬁg« IFBfé;L/};—_r)L "
WHE R k2 vt B F A B
BHLR -

[ny

=)

(SN
E R F+ <

oAk
=t
3

AL fm £ FEFRIR R Ry Y o gt R
WAL R3] e GRENE TUBEPELEP ¢4
7%4%%’4?&;’%%& sﬁzmQ¢ TS I
S0 FRiE > M E T qﬁ.ﬂzgmfﬁ—rmw B e e B

P

PoedEimEEE L BRE B RE R F e
RO R AL KR T e E%ﬁé *
4B i 4 A ’ng—m%l,?bt’ gEoudog 3R 'ampﬁ 2¥ oy
s BRMTRIEANIES R e #mJ%’%£
ﬁﬁ%’mﬂw’%iﬁuﬂiﬁi EA kA ELALS
FrE A E-o ALY AEORE R s R o e o
ﬁméukﬁiﬁ’wﬂﬂﬁ’ﬁﬁ“iﬂ?*ﬁﬁ°%w
ERHMFE it czeky s P S ~FE o B &RME LT
B oendp 2 fles o B & R HF 4 bolifayfay M 2 &
i b rdabidne s S maflt o - o
59)!@1‘?1]0

»\ﬂ«; %

kfo 0 BB R ’31—\&/{4&{15«%%0&?%%4)332
: ~£c%£?33§4mxabw——*r;rsﬁzﬂ AR BRI 5 e
%%atWWﬁ%Wm%~p%@’ﬁﬂ R

HRip - R A DR

vi



Contents

Chinese Abstract i

English Abstract \Y;
Acknowledgments vi
Contents vii
Figure Captions IX

Chapter 1  Introduction 1
1.1 The Motivation of This Work 1
1.2 Organization of this Thesis 3

Chapter 2 Device Fabrication and Theory of Space Charge Limited Current 4
2.1 Introduction 4
2.2 Device Fabrication and Equipment Setup 4

2.2.1 Device Fabrication 4

2.2.2 Equipment Setup 5
2.3 The Theory of Space Charge Limited Current 6
2.4 Oxygen Vacancy 7

Chapter 3 Reliability Issue on Resistive Random Access Memory 11
3.1 Introduction 11
3.2 Measurement Procedure of RRAM 11

3.2.1 Compliance Current 11
3.2.2 The Predominant Step Before Resistive Switching —Forming 12
3.2.3 The Resistive Switching Characteristics — Uni-Polar and Bi-Polar 12

3.2.4 The Pulse Operation of RRAM 13

vii



3.2.5 The Switching Parameter Definitions of RRAM
3.3 Reliability Issues of RRAM
3.3.1 Effect of Electrode Area on Resistive Switching Properties
3.3.2 Multi-Level Operation of RRAM
3.3.3 Data Retention Characteristics of RRAM
3.3.4 Program/Erase Cycling Endurance
3.3.5 Read Disturb Immunity and Temperature Effect on RRAM.
Chapter 4 Switching Mechanism of 1R and 1T1R Resistive Memory
4.1 Introduction
4.2 The Predominant Step Before Resistive Switching — Forming
4.2.1 The Resistive Switching Characteristics after Dielectric Soft Breakdown
4.2.2 The Effect of Resistive Switching Properties by Reverse Operation
4.3 Resistance Switching Mechanism of RRAM
4.3.1 Multi Read Operation of RRAM
4.3.2 Study of the Random Telegraph Noise in RRAM
4.3.3 Summary

Chapter 5  Conclusion

Reference

viii

13
14
14
14
14
15
15

36

36
36

38
38
38
39
40
60

61



Figure Captions

Chapter 2

Fig. 2.1

The XPS depth profile of TiN/Ti/HfO,/TiN stack layers after alloying.

Fig. 2.2 The experimental setup of the current-voltage and the P/E cycling endurance

characteristics measurement in RRAM. Automatic controlled characterizations system
was setup based on the PC controlled instrument environment.

Fig. 2.3 The timing diagram of the triggered pattern mode method during (a) program (b) erase

operation.

Chapter 3

Fig. 3.1 The cross section of transition metal oxide based resistive switching memory during forming
process.

Fig. 3.2 Forming process: The predominant step before resistive switching operation.

Fig. 3.3 Unipolar switching- Sketch of the resistive switching characteristics in a voltage sweep
experiment. C.C denotes the current compliance. The set voltage is always higher than the
voltage at which reset takes place, and the reset is always higher than the C.C during set
operation.

Fig. 3.4 Bipolar switching- Sketch of the resistive switching characteristics in a voltage sweep
experiment. C.C denotes the current compliamce. The set operation takes place on one
polarity of the voltage or current, the reset operation requires the opposite polarity.

Fig. 3.5 Scheme of the negative sweep (Reset) operation in transition metal oxide based resistive
memory.

Fig. 3.6 Scheme of the positive sweep (Set) operation in transition metal oxide based resistive
memory.

Fig. 3.7 Scheme of the positive pulse (Erase) operation in transition metal oxide based resistive

memory.
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3.8 Scheme of the negative pulse (Program) operation in transition metal oxide based resistive
memory.

3.9 Typical current-voltage characteristics of TiN/Ti/HfO2/TiN thin film based resistive
switching memory. C.C denotes the current compliance. Vo, denotes the maximum negative
sweep voltage. Vieset OF Lreser.max are the voltage or current at which reset takes place. Vi or I
are the voltage or current at which set takes place.

3.10 HfO; thickness dependence of the forming voltage on TiN/TiOy/HfO,/TiN thin film based

resistive switching memory device.

3.11 Cell size dependence of various resistance switching parameters in 1R configuration.

(a) Forming voltage (Viorming), (b) Set voltage (V) and Reset voltage (Vieset ).

3.12 The multi level charactertics of Ryjen in TIN/TiOx/HfOx/TiN device by controlling Vop.

3.13 The multi level characteristics of Rigy 1n TIN/TiOx/HfOx/TiN device by controlling
Iser. A, B, C, and D denote various Irgsgrmax-

3.14 Retention properties of various states in multi level operation. The result predicts 10 years
lifetime of each state.

3.15 Superior pulse dependent switching property in 1T1R configuration by 10 ns pulse. There is
no window degradation after 10" cycles. The set pulse height is 2V and the reset pulse
is -3 'V, respectively.

3.16 Switching property in 1R configuration. Obvious window degradation after 10* cycles can
be observed. The set pulse is 2.5V, while the reset pulse is -3.6V, respectively. And, the
pulse width is longer than that in 1T1R configuration.

3.17 Read disturb immunity of Ry;en by constant voltage stress of 1V for 1,000 seconds.

3.18 Read disturb immunity of Ry;en by constant voltage stress of 0.7V at 85°C for 1,000 seconds

3.19 Typical I-V characteristics of the transition metal oxide thin film based resistive switching

memory under different temperature. (a) Reset, (b) Set.
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4.13

Schematic illustrating the three different occurrences of the breakdown (HBD, SBD,PBD).
Current-Voltage characteristic under constant voltage source stress of the high-k MOSC. The
physical thickness of the dielectric layer is 2 nm. And, we can see a clear soft breakdown
phenomenon.
The current-voltage characteristic of high-k MOSC after the predominant step-forming. The
forming voltage is about 9.2V.
The current-voltage curve of high-k MOSC under resistive switching test. There is no
hysteresis phenomenon when we sweep the voltage from OV to 2V, and then back to OV.
After constant voltage stress 2.4V for 500 seconds, the soft breakdown phenomenon of
resistive switching memory device is observed. The physical thickness of the HfO, is 5 nm. (a)
Linear scale (b) Log scale.
Current-voltage characteristics of RRAM by constant voltage stress 2.4V for 1500 seconds.
The physical thickness of the dielectric layer is'S nm. And the forming-like phenomenon is
found.
The current-voltage curve of RRAM under resistive switching test. There is no hysteresis
phenomenon when we sweep the voltage from 0V to -1.6V, and then back to OV.
The effect of resistive switching characteristic by reverse operation. The forming is about
3.2V, when we exchange the electrodes.
The scheme of multi-read operation. (a) resistance-voltage (b) current-voltage.
Read disturb immunity of Ry;gn by constant voltage stress of 1 V for 1,000 seconds.
The multi-read characteristics when the resistance is 800KQ at +0.1V and -0.1V. (a)
resistance-voltage curve. (b) current-voltage curve
The multi-read characteristics when the resistance is S00KQ at +0.1V and -0.1V. (a)
resistance-voltage curve. (b) current-voltage curve.

The multi-read characteristics when the resistance is 300KQ at +0.1V and -0.1V. (a)
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resistance-voltage curve. (b) current-voltage curve

Fig. 4.14 The multi-read characteristics when the resistance is 6 KQ at +0.1V and -0.1V. (a)
resistive-voltage curve. (b) current-voltage curve.

Fig. 415 RTN current waveform of high resistance state transition metal oxide thin film based
resistive switching memory. The fluctuation amplitude increases slightly as the voltage
increase from 0.5V to 0.8V. If the voltage is high than 0.8V or lower than 0.5V, there is no
RTN signal.

Fig. 4.16 The percentage of RTN signal fluctuation amplitude. As the voltage increase from 0.5V to
0.8V, the fluctuation amplitude increases too.

Fig. 4.17 The band diagram of an electrode and transition metal oxide in LRS. The metallic state is
located above the Fermi level.

Fig. 4.18 The band diagram of an electrode and transition metal oxide in HRS. The metallic state is

located below the Fermi level.
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Chapter 1
Introduction

1.1 Motivation

About forty years ago, the binary oxide MIM ( Metal-Insulator-Metal ) memory device was
invented[1.1]. From the beginning, this structure did not attract too much attention for large scale
memory application. Not until the publication of electric-pulse-induced reversible EPIR ) resistance
non-volatile memory made by S. Q. Liu et al at 2000[1.2],[1.3], this kind of structure (so-called RRAM)
attract considerable interest as a high potential next generation driver for the realization of universal
memory[1.4-1.10]. A relative low voltage nanosecond pulse can dramatically change the memory
resistance [1.11], and the ratio of high/low resistance caused by pulse operation can be larger than four

orders of magnitude.

In the beginning, perovskite oxide thin film materials attracted much attention for its pulse
induced resistance change effect [1.12—1.15]. After that, many kinds of materials had been proved to
have EPIR property. In general, we may classify these materials to three categories : (1) Perovskite, (2)
Transition Metal Oxide( TMO ), and (3).. Organic and Macromolecule materials. For example, Liu used
Pry7Cap3MnO3, other material such as HfO;, ~ ZrO, ~ TiO, and Cr doped SrTiO; had also been used
[1.16-1.19]. In one proposed resistive change mechanism, the pulse is thought to create multiple

filamentary conduction paths through the thin film [1.20].

The technologies of modern standard complementary metal oxide semiconductor (CMOS) make
the use of binary metal oxides instead of perovskite materials. But resistive random access memory
cells using binary transition metal oxide thin film require a predominant step (forming) similar to the

soft breakdown in dielectrics for creating a pathway before the resistance switching. Some basic



researches indicate the filament paths are strongly related in the high/low resistance switching

phenomena.[1.21],1.22]

For different materials used for RRAM, there were different conclusions for the switching
mechanisms. For example, D. S. Lee et al.,[1.23] provided that the switching mechanism of the copper
doped molybdenum oxide can be explained by the rupture and concerted generation of multi filaments
by the applying voltage. A. Sawa et al., [1.24] presented that a charging effect at the interface
composed of a metal and an insulating perovskite oxide would be the possible model for the resistance
switching phenomena. D. S. Jeong et al., [1.25] assume a electrochemical redox reactions model for the
binary metal oxide resistance switching phenomena. These conclusions provide good explanations to
the phenomena they had observed, but are unable to explain other phenomena well. The resistive
switching mechanism should be elucidated before RRAM can be used in next generation nonvolatile

memory.

In this thesis, we will to distinguish the nanosecond order resistance switching characteristics step
by step . We start from the “forming”, followed by “sweep” operation, and then “pulse” operation.
After that, we perform the reverse operation to observe what happened in these operations. And then,
we observe the “non-linear” resistance phenomena by the “Multi-Read” operation. At last, we use the
Random Telegraph Noise measurement which was used popularly in the small area SONOS and MOS
device to observe the signal in different resistance states. Based on these experiments, we concluded
that the switching mechanisms between high resistance state and low resistance state are dominant by

different mechanisms.



1.2 Organization of this Thesis

There are five parts in this thesis. Chapter 1 is the introduction, and we describe the motivation
and organization of this thesis. In Chapter 2, we show the device fabrication and equipment setup used
in this experiment. The mechanisms for low resistance state and high resistance state will be illustrated.
In Chapter 3, we discuss the reliability issues of this device, and then in Chapter 4, we discuss the
switching mechanism from the point view of operation procedures. Finally, the summary and

conclusions are given in Chapter 5.



Chapter 2
Device Fabrication and Theory of Space Charge Limited
Current

2.1 Introduction

There are three parts in this chapter. First, we describe the device fabrication, and the equipment
set up in this thesis. And then, we will discuss the switching mechanism Space-Charge-Limited-Current
(SCLC ), which is fitted in the low resistance state (LRS ) . Finally, we discuss the concept of oxygen

vacancy, which is the previously reported possible mechanism for the high resistance state.
2.2 Device Fabrication & Equipment. Setup
2.2.1 Device Fabrication

There are two kinds of RRAM used in this thesis. The first one consists of only one RRAM cell
(1IR) . The other one consists of one RRAM cell and one Transistor ( IT1R ) as the current limiter .
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. The transistor in 1TIR structure was fabricated by
0.18 um CMOS technology on 8-inch wafer with post metal alloying (PMA ) . Due to the well known
ability of Ti to absorb oxygen atom[2.1], oxygen atoms diffuse from the HfO2 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].



2.2.2 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-1B, IEEE-488
Standard) interface, the complicated and long-term characterization procedures during analyzing the
behaviors in RRAM cells can be easily achieved. As shown in Fig. 2.2, the equipments, including the
semiconductor parameter analyzer (HP 4156C), low leakage switch mainframe (HP 5250A Switching
Matrix), pulse generator (HP 81110A), and probe station, were used for our measurements on RRAM.

Programs written by HT-Basic were used to execute the measurement via HP-1B interface.

The HP 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 HP 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-input switching matrix switches the signals from the HP 4156C and HP

81110A to device under test in probe station automatically.

In order to control the pulse timing of HP 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
program timing program as shown in Fig. 2.3, the triggered pattern mode can be explained as follows.
In Fig. 2.3 (a), the VSMUI1 of HP 4156C generated a voltage signal which is equal to the low voltage
level of HP 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 HP 81110A is then sent and the program or erase

operation are performed.



2.3 The Theory of Space-Charge-Limited-Current

Space charge means that the electric charge is distributed as continuum in a region, rather than
distinct point-like charge and usually observed in dielectrics, like oxides. When the dielectric is
stressed with a high electrical field, the electric charges are injected into the region near the electrode,
forming the space charge regions. The space charge in the dielectric is often said to be the main source
of contribution to the dielectric breakdown. The sign of space charge can be either positive or negative

depending on the dielectric materials [2.2].

If a solid material with unfilled deep-level traps, then the so called space charge limited current
(SCLC) [2.3] will be significantly lowered from the trap-free case by a ratio 0. The ratio 0 is
determined by the trap density (N;) and trap-depth (‘AE,) as the relationship 0 a. exp ( AE/KT ) /N,
where T is the absolute temperature in K-and k is the Boltzmann constant. From this theory, if the
current increase dramatically , it means that the deep level traps are filled under this operation voltage,
called traps-filled-limited voltage (VrgL) whichis determined by the unfilled deep trap density. In
semiconductor, the space-charge effect is said to occur, when the injected n or p carrier concentration is
larger than the equilibrium values and the doping concentration [2.4]. There are three equations used to

identify the SCLC effect[2.5] :

1 ~ In the mobility region ( Mott-Gurney law )

2
- 9&#}/ 2.1
8L
2 ~ In the velocity saturation region
5 _2Vesvs (2.2)
L2

3 ~ In the ballistic region ( Child-Langmuir law )



IL'\ m"

Y
] :45{2(1) v (2.3)
m

And, from our experimental data, we could identify whether the switching mechanism in high

resistance state or low resistance state which are related to the SCLC or not.

2.4 Oxygen Vacancy

Depending on the ability of Ti to absorb the oxygen atoms as mentioned in section 2.2.1, the
oxygen vacancies is believed to play an important role of the transition metal oxide based resistive
switching mechanism. In oxide materials, oxide vacancy is a special kind of point like defect. And, for
a long time, it has been the invisible agent of oxide surface [2.6]. The nature of oxygen vacancy in
different oxides is quite different as a result of different electronic structure and bonding state in these
materials. For example, the oxygen vacancy is highly ionic in MgO, but covalent polar in SiO; [2.6]. In
the metal/oxide/metal capacitor like structure, the oxygen vacancy is believed to be positively charged

[2.7].
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Fig. 2.1 XPS depth profile of TiN/Ti/HfO2/TiN stack layers after alloying
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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 characterizations system was 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 (b) erase operation.
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Chapter 3
Reliability Issues on Resistive Random Access Memory

3-1 Introduction

In this chapter, we will show the standard measurement procedure of resistive random access
memory and introduce some related definitions. Also, we will investigate the reliability of it. Regarding
the reliability, we measure the area dependence of several operation parameters, and then we use the
sweep mode to show the possibility of multi-level operation. Then, we measure the resistance loss at
85°C, to observe its data retention characteristic. After that, we compare the Program/Erase cycling
endurance between 1R and 1T1R device structures, where the HP4156C and transistor are used as the

current limiter respectively. Finally the stress and temperature effects are investigated.
3.2 Measurement Procedure of RRAM
3.2.1 Compliance Current

The purpose for setting the compliance current is to prevent the RRAM from dielectric hard
breakdown. There are two steps needed to be set for the compliance current. One is the step for
“forming”; the other is the “set”. Generally speaking, the value of compliance current of “forming” is a
few higher than that of “set”. This is because in the forming step, the conductive paths have to be
formed. In this thesis, we set the compliance current through two different methods. In the 1R device,
the compliance current is achieved by HP 4156C via the HT-BASIC language. And in the 1T1R device,
the compliance current is achieved by the transistor through different gate voltage. In 1R device, the
effect of limiting the current flow through the resistive random access memory is not ideal; because the

overshooting current induced from the instrument HP 4156C can not limit the current effectively [3.1].

11



In contrast, the 1T1R structure is more reliable for conventional use as a result of excellent ability to

limit the current flow through the resistive random access memory precisely.

3.2.2 The Predominant Step Before Resistive Switching - Forming

Before we start to operate the resistive switching random access memory correctly, we need to
execute the so-called “forming” procedure first, as shown in Fig. 3.1. We add a ramped voltage on the
top TiN electrode which is near the Ti buffer layer, and measure the corresponding current by HP
4156C semiconductor parameter analyzer. When the voltage is larger than the value which was
determined by the thickness of HfO,, the current rushs to the value of compliance current, and the

forming step is accomplished, as shown in Fig. 3.2.

3.2.3 The Resistive Switching Characteristics - Uni-Polar and Bi-Polar

After the “forming” process, this device switches to LRS ( Low Resistance State ) . The following
step is to turn off it, which means to switch the RRAM from LRS to HRS (High Resistance State ) .
There are two terminologies to identify the switching type of RRAM [3.1]. As shown in Fig. 3.3 and
Fig. 3.4, one is uni-polar, and the other one is bi-polar. Uni-polar means that the turn on voltage and
turn off voltage are in the same polarity, where the turn on voltage is usually larger than turn off voltage.
The cell remains “ON” state until the sweep voltage exceeds the turn off voltage. The cell remains
“OFF” state until the sweep voltage exceeds the turn on voltage. The uni-polar switching characteristic
had been observed from many different switching materials. For example, D. Choi et al.[3.2] presented
the uni-polar characteristic for the SrTiOx thin film. C. Rohde et al. [3.3] demonstrated the uni-polar
characteristic for the TiO; thin film. On the other hand, the bi-polar means that the turn on voltage and
turn off voltage are in opposite polarities. The bi-polar switching characteristic had been observed from

many different switching materials, too. For example, K. Szot, W. Speier, et al. [3.4] demonstrated the

12



bi-polar characteristic for the SrTiOs thin film. L. E. Yu et al. [3.5] presented the bi-polar characteristic
for the TiOy thin film. The illustrations of sweep operation in this thesis are shown in Fig. 3.5.and Fig.

3.6 and obviously our device is switched through bi-polar type.

3.2.4 The Pulse Operation of RRAM

Besides the sweep operation, there is still another operate method for RRAM- pulse operation, and
this kind of operation method is more practical for conventional use, as shown in Fig. 3.7 and Fig. 3.8.

The pulse width we used in this thesis is about 10 ns.

3.2.5 The Switching Parameter Definitions of RRAM

The main parameters used in our thesis are shown in Fig. 3.9. When the device is switched to LRS,
we define V as the turn on voltage, and I as the corresponding current. When the device is switched
to HRS, we define Ve as the turn off voltage and T,cq; as the corresponding current. We also define the

maximum negative sweep voltage as Vp.

There is still one question which has not been mentioned yet. How do we define the resistance of
this device? In general, we read the current at 0.1V, and use the Ohm Law V = IR to obtain the
resistance of this device. The “Forward Read” and “Reverse Read” technique are applied to RRAM, as
we used popularly for the conventional memory device. Reading at voltage 0.1V stands for “Forward

Read”, while reading at -0.1V means “Reverse Read”.
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3.3 Reliability Issue

3.3.1 Effect of Electrode Area on Resistive Switching Properties

As shown in Fig. 3.10, the “Forming” voltage is dependent on the thickness of HfO>. Viyming 1S
about 2.5V for HfO, thickness 5 nm while Viyming 1s about 3V if the thickness is 10 nm. Once the
thickness is down to 3 nm, the “Forming” procedure is ignored. Fig. 3.11 indicates that the Vforming, Vet
and Ve are all independent of the cell size. This characteristic of independency of the cell area is one

of the advantages of RRAM.

3.3.2 Multi-Level Operation of RRAM

The multi-level operation is one of the other advantages of RRAM. Fig. 3.12 and Fig. 3.13 show
the possibility of multi-level operation. If we change the V., the corresponding V. will be different.
If we change the Iy, the corresponding It Will be different too. Obviously, the corresponding
resistance will be different .Multi-level operation will be helpful for cell size scaling, and this

characteristic will help us design a cell with more selectivity.

3.3.3 Data Retention Characteristics of RRAM

The other important reliability issue of memory cells is its data retention ability. We can achieve
the multi-level states by two operation methods. One is the sweep mode, just as we mentioned in
section 3.3.2, and the other one is the pulse operation. For data retention characteristic, we achieved the
different resistance levels by pulse operation, and the data writing for six level resistance states has
been demonstrated by varying the amplitude of 10 ns voltage pulse. In Fig. 3.14, the multi-level is

achieved by pulse operation at 85°C, and we check the retention time for the 10 years line. As it shows,
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we can obtain six different levels on one cell, and it is still maintains distinct levels after 1,000 seconds.

3.3.4 Program/Erase Cycling Endurance

In this section, we compare the cycling endurance of 1R and 1T1R device structures, where the
HP 4156C and transistor are used for the current limiter respectively. As shown in Fig. 3.15 and Fig.
3.16, we can see the program/erase cycling endurance for the 1TIR and IR devices respectively. The
operational condition of 1R device structure is positive pulse 2.5V, negative pulse -3.6V, and the pulse
width being 20ns for positive pulse and 80 ns for negative pulse respectively. For 1TIR device
structure, positive pulse is 2.V, negative pulse is -3V and the pulse width are both 10 ns for positive and
negative pulse. The RRAM still behaves well and the window reaches three orders after at least 10*

cycle times. We also observe program/erase cycling endurance degradation for the 1R device.

It could be the dielectric breakdown induced by the overshooting current which is not limited well
with Agilent 4156C. From this experiment, we can understand the importance of the transistor in
RRAM. With different gate voltages, we can control the compliance current precisely through the

transistor, which was fabricated with advanced 0.18 um CMOS technology.

3.3.5 Read Disturb Immunity and temperature effect on RRAM

Fig. 3.17 shows the read disturb immunity of the stored bit by constant voltage stress at 1V. As we
can see, the resistance is still a constant after stress voltage 1V with 1,000 seconds. In this experiment,

we did not set any compliance current.

For the last part in this chapter, we review the temperature effect on this device. Fig. 3.18 shows

read disturb immunity of Ryign by constant voltage stress of 0.7 V with 1,000 seconds at 85C. As we
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can see, at higher temperature, the maximum stress voltage is degraded to 0.7V. In Fig. 3.19, we show
the temperature effect for sweep mode. The parameters Ve Vieset are almost the same. From these data,

it is suggested that this device has only weak dependence on the temperature.
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Fig. 3.3 Unipolar switching- Sketch of the resistive switching characteristics in a
voltage sweep experiment. C.C denotes the current compliance. The set
voltage is always higher than the voltage at which reset takes place, and
the reset is always higher than the C.C during set operation.
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Fig. 3.4 Bipolar switching- Sketch of the resistive switching characteristics in a voltage
sweep experiment. C.C denotes the current compliamce. The set operation takes
place on one polarity of the voltage or current, the reset operation requires the
opposite polarity.

20



ov

N_sweep
'/ 1.5V

TiN

TiOx

HfOx

TiN

\\}7

Fig. 3.5 Scheme of the negative sweep (Reset) operation in transition metal oxide

based resistive memory.
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Fig. 3.6 Scheme of the positive sweep (Set) operation in transition metal oxide
based resistive memory
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Fig. 3.7 Scheme of the positive pulse (Erase) operation in transition metal oxide
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Chapter 4
Switching Mechanism of 1R and 1T1R Resistive Memory

4.1 Introduction

In this chapter, we investigate the basic switching properties of RRAM from the point of the
“forming” process, which is like the phenomenon of the dielectric soft breakdown. With the known
mechanism of SBD on High-k MOSC (MOS Capacitor) , we will compare the difference between
RRAM and MOSCs on resistive switching. It could be realized that the unique “forming” process of
RRAM’s comes from its different electrodes between MOSC’s. Furthermore, with its resistance
switching phenomenon, we could be able to explain and extinguish the “Multi-read” operation in
RRAM. Besides, having the established RTN: measurement procedure, the possible mechanism of its

resistance switching could be more clear.
4.2 The Predominant Step Before Resistive Switching - Forming
4.2.1 The Resistive Switching Characteristics after Dielectric Soft Breakdown

Even the “forming” phenomenon is said like “Soft Breakdown” ( SBD ) which we are familiar
under MOS device [4.1], there would be more complete explanation for its phenomenon on RRAM’s

resistive switching. Fig. 4.1 is the definition of soft breakdown [4.2].

With the opaque relation between “forming” and SBD, we take exercise on a High—kx MOSC
about its SBD. The physical thickness of its dielectric is 2 nm, and the stress condition is 2.4 V, 400
seconds. The SBD phenomenon is observed in Fig. 4.2. The resistance comes to 10'* Q, which is more

like the “un-forming” sample of RRAM. If the “forming” procedure is performed on MOSC, the
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resistance still reaches 10° Q (Fig. 4.3). The forming voltage is about 9.2 V which is larger than the
RRAM we used in this thesis. From this exercise, the MOSC is still in HRS (Fig. 4.4) instead of

switching to LRS under the hypothesis on the connection between SBD and “forming”.

The difference may come from the different top electrodes of RRAM and MOSC. It is TiN with a
Ti buffer layer for RRAM and poly-silicon for MOSC. Ti is well known for its ability to absorb the
oxygen atoms from HfO, [4.3] when growing TiOy/HfOy thin film which has advanced performance
than ZrO, thin film [4.4] for resistive switching RRAM applications [4.5]. The abundant oxygen

vacancies in TiOy leads to excellent resistive switching characteristic.

If the conductive path (filament) is formed in oxygen deficient TiOx and HfOy layers, as the
thickness of HfO, drops to 3nm, the predominant soft breakdown procedure (forming) is not necessary
[4.6]. The negative charged oxygen ions meve toward the anode side (TiN with Ti buffer layer), and
the oxygen deficient conductive path goes-deep into the HfO, layer which is thicker than Snm when
operation forming action on the RRAM. The phenomenon is more like SBD in the high-« dielectric. It
could be imagined that the oxygen deficient path is formed by the so called oxygen vacancy, and the

movement of the oxygen vacancies toward the anode side or cathode side leads to resistive switching.

Otherwise, SBD is exercised on RRAM with stress time 500 seconds (Fig. 4.5). However, the
resistance is unchanged (~10'°Q). The stress continuous and strengthen until the lower resistance for
“forming “operation is accomplished (Fig. 4.6). After that, the resistance lowers to about 0.6KQ liking
the LRS of forming. Moreover, this device stays in LRS without resistive switching even the operation

bias is off (Fig. 4.7). We could realize that the device is over forming.

From the result of this experiment, we believe that the "forming process" of RRAM is similar to

SBD. But the oxygen vacancy formed by the Ti buffer layer makes the extent in the former is even
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more than the latter.

4.2.2 The Effect of Resistive Switching Properties by Reverse Operation

If we reverse the electrode (the TiN electrode without Ti buffer layer is connect to the apply
voltage and the TiN electrode with Ti buffer layer is ground) , as we can see in Fig. 4.8, the forming
voltage is larger than 3V. But the thickness of this device is only 5 nm, and the reasonable forming

voltage is 2.5 V.

After the “forming” procedure on RRAM, the ideal bi-polar switching characteristic is expected.
However, it is not easy to be realized. The oxygen vacancy plays an important role of the “forming”
operation. Since the oxygen vacancies were repelled deeper near the bottom electrode when we
operating “forming” under the normal direction, the resistive switching could be enhanced from their
migration. On the other hand, when we operate ““forming” under the reverse direction, the oxygen
vacancies were repelled to the top electrode far away from the HfO, bulk layer. The resistive switching

is opaque with oxygen vacancies absence for carrier transportation main path.

4.3 Resistance Switching

4.3.1 Multi - Read Operation

The “Multi-Read” operation for this device is observed and other interesting phenomena are
discussed in this section. As we mentioned in Ch. 3, we define the HRS and LRS with the Ohm Law
V= 1R by read the current at 0.1V and -0.1V. If the resistance is from low (high) to high (low ) , the
operation is defined program (erase ) . Now, if RRAM is programmed to HRS, then we read it under

different voltages, the “Multi-Read” (Fig. 4.9). As we can see, the read current increases with
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corresponding voltage without resistance differing.

To make sure that we did not change the state or destroy the device by read it with a larger voltage,
we recheck the resistance at 0.1V and -0.1V and read disturb immunity by constant voltage stress of 1V

for 1,000 seconds (Fig. 4.10). It is reconfirmed at the static state after the “multi-read” operation.

This is interesting because we can get different resistance through different read voltage without
change its resistance state or destroy the device. No matter what initial resistance state it is, the
“non-linear” phenomena can still be found with the “multi-read” operation, as shown in Fig. 4.11, Fig.
4.12, Fig. 4.13 and Fig. 4.14, respectively. But the maximum read voltage is decreasing as the initial

resistance is getting lower and lower.

4.3.2 Measurement of Random Telegraph Noise on RRAM

From the structure of this device, the trapping and de-trapping of carrier charge in defect states
near the TiO/HfOy dielectric interface and related modulation in carrier mobility and density may be
the reason of resistive switching. The RTN measurement is shown in Fig. 4.15. The fluctuation
amplitude is related to the voltage as shown in Fig. 4.16. The most interesting phenomenon is that the
RTN can only be observed under HRS (Mega Ohm ) state. We can not have any RTN in LRS and

un-forming state.

I. G Baek et al. [4.7] demonstrated that the metal or oxygen vacancies could create density of
states near the valance or conduction band respectively while the metallic defects create density of
states just above the Fermi level of the electrode as shown in Fig. 4.17 and Fig. 4.18.

The metallic state filling with oxygen vacancies which were distributed as continuum locates
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above Fermi level when RRAM is in low resistance state. There is any density of state exist within the
downward bending band when adding positive bias to anode. This is the reason for absence of RTN
signal when RRAM in low resistance state. On the contrary, there are lots of densities of states within
the downward bending band when RRAM in high resistance state having distinct empty metallic states

below the Fermi level. This is the reason of RTN signal when RRAM in high resistance state.

4.3.3 Summary

The “forming” is to produce a channel through the switching layer by oxygen vacancy movement
and companion with the SBD in the dielectric. We believe that the conducting path which consists of
oxygen deficient TiOy is nucleated through the resistance switching layer, and it explains when the
thickness of HfO, is decreased to 3nm, the predominant soft breakdown procedure (forming) is not

necessary.

When the percolation of oxygen vacancies goes deeply into the HfO2 layer, it goes to a low
resistance state of RRAM, and then the metallic density of states are empty, companion with the
increasing current. This phenomenon could be confirmed with SCLC theory by fitting the I-V data
measured at the low resistance state. On the other hand, when we add a negative polarity voltage on the
top electrode, the oxygen vacancies leave from the deep of HfOy, then the metallic density of states are
filled with these oxygen states, followed by the decreasing current, and the channel between the bottom
electrode and the switching layer become incomplete. Therefore, the resistance state of RRAM goes to

high resistance state.

The multi-levels which were achieved by pulse operation may be the result of the many
intermediate resistance states caused by the tiny multi filament between the resistive switching layer.

Depending on the movement of oxygen vacancies, the conductive path is either formed or disappeared.
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This is the suggested resistive switching mechanism for the binary metal oxide based resistive random

accCess memory.

In high resistance state, lots of oxygen vacancies concentrate between the interface of Ti buffer
layer and HfO2 switching layer. It is well known that defects of transition metal oxide thin films
generate impurity states in the band gap. Therefore, ample trap sites within the interface result to RTN

in high instead of low resistance state.

When reversing the operation mode, oxygen vacancy instead of digging into HfO, switching layer
would move into TiOx high-k layer. It results to conductive path from soft breakdown. It could explain
the larger forming voltage and a worse resistance switching performance when reversing the operation

mode.
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Fig. 4.4 The current-voltage curve of high-k MOSC under resistive switching test. There is no
hysteresis phenomenon when we sweep the voltage from OV to 2V, and then back to OV.
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and -0.1V. (a) resistance- voltage curve. (b) current-voltage curve
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Fig. 4.16 The percentage of RTN signal fluctuation amplitude. As the voltage
increase from 0.5V to 0.8V, the fluctuation amplitude increase too.
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Fig. 4.17 The band diagram of an electrode and transition metal oxide in LRS. The
metallic state is located above the Fermi level.
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Fig. 4.18 The band diagram of an electrode and transition metal oxide in HRS. The

metallic state is located below the Fermi level.
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Chapter 5
Conclusion

In this thesis, we investigate the basic operation of RRAM and some important reliability issues.
At first, we study the effect of electrode area on resistive switching properties, multi-level operation,
data retention time, program/erase cycling endurance, read disturb immunity and temperature effect on

RRAM. Then we discuss the resistive switching mechanism through the operation procedure.

In the “forming” step, it not only causes soft breakdown of the dielectric but also oxygen vacancy
in the dielectric. From RTN operation, we suggest that the percolation of oxygen vacancy is the main
mechanism for resistive switching. By the reverse operation (changing the top electrode with the
bottom electrode), we confirm our proposed mechanism for RRAM. The resistive switching
mechanism can be described in terms of SCLC in LRS, and percolation of oxygen vacancy in HRS.
The resistive switching behavior takes place neat the interface between TiOy and HfOy rather than the

entire bulk region of HfOy .

In the “Multi read” step, we find that the transition metal oxide thin film based resistive switching
memory device possesses the potential of being a non-linear resistance and the relationship with RTN
measurement. The non-linear characteristic is the fundamental principle for the memristor-the

suggested fourth fundamental circuit element.

Although it seems reasonable from our suggestion, but there are still some questions needed to be
solved. Further studies are necessary to reveal the bipolar high speed switching mechanism. The
transistor in 1TIR architecture is used as the ideal current limiter; however, this transistor limits the

scaling potential of RRAM, and this is another problem needed to be solved.
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