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ABSTRACT

In the current pyramid-like structure’s memory hierarchy, it consists of, from
top to bottom, a processing core, cache memory by static random access memory
(SRAM), main memory by dynamic random access memory (DRAM), and storage
memory by solid-state disk (SSD), or hard disk drive (HDD). In general, the closer
to the processing core, the more high-speed operation is required, whereas the
farther away from the core, the higher storage capacity is demanded. Consequently,
the performance gap between DRAM and NAND Flash memory, which are
currently major memory technologies, is continuously increasing. However, the
need for new memory technology is increasing in order to solve the problem of data
processing speed due to the explosive increase in the amount of data and the
physical limitation of the existing memory technologies that has been raised for a
long time. In addition, research and development on the storage class memory
(SCM) technology is in progress as method of implementing In-Memory Process,
a concept to solve the problem of Von Neumann architecture in various research
groups.

Among the candidates on the SCM, which satisfies both the high speed of
DRAM and the density of NAND Flash, the resistive switching random access

memory (RRAM) has been widely investigated as a leading candidate for next



generation nonvolatile memory applications due to RRAM’s advantageous features
such as simple structure, low cost, high density, fast operation, and CMOS
compatibility. However, the reliability issues which PCM suffered from is also
being reproduced in RRAM. RRAM’s various issues such as endurance, retention,
and uniformity stem from intrinsic variability because resistive switching
mechanism of RRAM itself is fundamentally stochastic.

The main content of this dissertation is to develop a new electrical analysis
technique to improve the reliability of RRAM.

First, the elementary low frequency noise (LFN) characteristics of various
RRAM devices were analyzed, and the correlation between LFN characteristics and
the conduction/resistive switching mechanisms was experimentally verified.

Also, it was suggested that the LFN measurement can be an additional analysis
technique for device’s degradation mechanism and multi-level cell (MLC)
operation.

Finally, from the random telegraph noise (RTN) measurement, we conducted
a study to extract the position and energy of traps that can cause cell’s failure. The
experiment on the extraction of trap’s physical information using the RTN
measurement was conducted for the first in this study, and then research findings

provided researchers with guidelines for the RTN analysis of RRAM.



Keywords: Resistive switching memory, conduction mechanism, reliability, low

frequency noise, RTN

Student number: 2010-23283

iii



CONTENTS

D0 T3 1 T RN i
L @11] 11 1<) 11 £ iv
LiSt Of FigUIeS....ccrcrveerennennnenneenieeeieiiesssssssssssssssssssssssssssnne ix
Chapter 1
INErOdUCHION. . .uueeeeeeeernnrriiicciisssssssnnnsnnsansneencssssssssssnsssssssnssessens 1
1.1 Memory trends.......cccuiiieeiiee e ettt e e eeeeae e e eae e 1
1.1.1 Memory wall........ccoooiiiiiiiiieecieeceee e 1
1.1.2 In-memOTry ProCeSSING. .. ..c.vevereuvrreeeireeeerrreeeerivreeeseraeens 3
1.2 SCM teChNOlOZIES....cccuvviieeiiiie ettt e 4
1.2.1 Phase change memory..........cccceeeeevieeeeciiieeeceee e 4
1.2.2 Magnetic MEMOTY.......ccccuvireeurieeeerieeeeiiieeeenrreeeseeseeeeseseeesenens 6
1.2.3 Ferroelectric MEmMOTY.........ccccuveeeeiiieeeeieeeeeiie e cieee e e 7



1.2.4 RESIStIVE MEIMOTY....cuvveevieeiieeiieerireesreeeveeeireeeseeesnessnnneeenns 8

1.3 THESIS CONLENT OVEIVIEW. .. .eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeenaeeseennaaaaees 12
1.3.1 ThesiS ODJECHIVES. ..cccuviiriieriieeeiiieeiiee et eeeeee e e 12
1.3.2 THESIS OULIINEG. ... et e e e e e e e e e 13

Chapter 2

Overview on conduction mechaniSmsS....ccceeeeeecececceecsecneceec 14

2.1 Electrode-limited conduction mechanisms...........ccccceeevveervreennnen. 14
2.1.1 Schottky emiSSION........cccvurrrrierrieeriieeriieeniieerveeeieens 15
2.1.2 Fowler-Nordheim (F-N) and direct tunneling............... 17
2.2 Bulk-limited conduction mechanisms.............ccccceeevvvreciieeninieennnnn, 18
2.2.1 Poole-Frenkel (P-F) emission..........cccceeeeeuvieeeenreeennnne. 18
2.2.2 Ohmic conduction...........ooeviuiviiiiiniinie e, 19
2.2.3 Space charge limited conduction (SCLC)..................... 20
v



Chapter 3

LFN applications for RRAM analysis........cccceevcunereccncnnnees 23
3.1 Introduction to 1/f . .cuuieiieeiiieiee ettt 23
3.2 LFN application (1): Resistive switching analysis......................... 26
3.3 LFN application (2): MLC analysis.........ccccceeerieeriieiiieeeieeenieenns 30
3.4 LFN application (3): Degradation analysis............cccceeevvrerveernnnnns 35
Chapter 4
Analysis of conduction mechanism using LFN................. 39
4.1 Thermochemical mechanism RRAM............coceeviiiiiiiiiniine 39
4.1.1 Fabrication..........cccoecvevrieenieniienieeeceeeee e 39
4.1.2 Experimental results: RS and /-V characteristics.......... 40
4.1.3 Experimental results: LFN characteristics.................... 46
4.2 Valence change mechanism RRAM............cccoovvviieiiiicieiecieneen. 50
4.2.1 Fabrication..........cccoecuevvieenieeiienieeeeeeeeee e 50
4.2.2 Experimental results: RS and /-V characteristics.......... 52
vi



4.2.3 Experimental results: LFN characteristics.................... 55

4.3 Comparative analysis of conduction mechanism........................... 58
4.3.1 Fabrication..........cccoecuevrieenieniienieeeeeeeeee e 58
4.3.2 Experimental results: RS and /-V characteristics.......... 61
4.3.3 Experimental results: LFN characteristics.................... 63

Chapter 5

Random telegraph noise (RTN) in RRAM.......ccccoeeeunvnnenee 67

5.1 Introduction to RTN......cccoviiiiiiiiiiiiiiee e 67

S2RTNIN RRAM.....oiiiiieiieeeeee ettt e 69
5.2.1 Methodology for extracting trap information............... 69
5.2.2 Experimental results.........cccceeeviiieiiieeniieniiieieee, 73

Chapter 6

LOI1) 116 116 1) 1 LS 78

vii



Bibliography

ADStract in KOT@aAN....cuceeeeecereceeccsecssccseccsesssesssssssssssssssssssssss

LiSt Of PUDLICATIONS.c..ceuueeuuireeeenecereereeerseeccseecesesssecssseessasasses

viii



List of Figures

Figure. 1.1. Example of memory hierarchy in an ICT system [11]. .....ccccccerieninnene 3
Figure 1.2. Schematic view of PCM cell and programing schemes of the cell [23]. .5

Figure 1.3. Schematic drawing of a typical magnetic tunnel junction memory

element and corresponding memory states [26]. .....cceeevveeriieiiienieeiieie e 7

Figure 1.4. Schematic structure of the MFIS FeFET and the P-E hysteresis curve

[30T. weoreeeeeee e eeeeeeeeeeeeeeeee e e e e e e e s e e e e seee e s 8

Figure 1.5. (a) Simple MIM structure and (b) basic operation of RRAM devices

L33 ettt bttt ettt 11
Figure 2.1. Classification of conduction mechanisms in dielectric films. ............... 15

Figure 2.2. Schematic energy band diagrams of (a) Schottky emission, (b) F-N

tunneling, and (c) Direct tunneling [38]. .....cooviiiiiiiieiieeeeee e 10



Figure 2.3. Schematic energy band diagrams of (a) P-F emission and (b) Ohmic

CONAUCHION [38]. 1ot e eear e e aneeeaes 19

Figure 2.4. A typical current density-voltage (I-V) characteristic of the SCLC
mechanism. /4 is the transition voltage. /trL is the trap-filled limit voltage

[39T. oo eeeeeeeeeee e e e e e s s e s e e s s eeee 22

Figure 3.1. (a) Conduction mechanism and its corresponding 1/f noise model. (b)
Bias dependence of the current noise spectral density according to 1/f noise

INIOAEL. oottt ettt e e e e e nnnnnnnnnnnnnnn 26

Figure 3.2. (a) I-V characteristic and (b) Si/? of the CF-type RRAM. (c) Schematic
illustration explaining the difference in noise level between the two resistance states.

(d) I-V characteristic and (e) Si/I of the interface-type RRAM.............cccocveveunncn 29

Figure 3.3. Predominant noise origin depending on device conditions in MOSFET,

TFT, and RRAM......cciiiiiiiie e 30

Figure 3.4. (a) Schematic illustration and (b) /-V characteristics of MLC operation



in the /.c mode. (¢) Dependence of resistance and reset current in LRS according to

TE Jecn weeeeeeeeeeeeeeeeeeee ettt ettt ettt ———————— 32

Figure 3.5. (a) Schematic illustration and (b) /I-Viaa characteristics of MLC

operation in the Vieset MOAE. ......ooueiiiiiiriiiiiiieeieeee e e 34

Figure 3.6. Si/* according to the MLC operation in (a) Icc and (b) Vieset mode. ...... 35

Figure 3.7. (a) I-V curves (HRS to LRS) and (b) Cycle to cycle variation of the

current in LRS and HRS at Vieag 0f 0.1 V for 500 DC cycles. ....ccovevveeierirenieanne. 37

Figure 3.8. (a) Si/* according to the switching cycle. (b) Cycle to cycle variation of
the Si/F% in HRS (left) and LRS (right) at frequencies 20, 40, and 100 Hz for 500

DIC CYCLES. ettt ettt ettt e et e bt e s ebe et eeeabeenbeeenaeenneens 38

Figure 4.1. (a) Process flow, (b) schematic structure, and (c) cross-sectional TEM

image of the device used in eXPEriMENtS. .......ccceevverierierienierienie et 40

Figure 4.2. (a) I-V curves of the fabricated Pt/TiO2/Pt device, (b) linear fitting of /-

V' characteristics for LRS on a logarithmic scale, (c¢) I-V-T measurement, and (d) the

X1



temperature coefficient of resistance obtained from /-V-T'data. ..........cocevverenneene 42

Figure 4.3. Fitting results for (a) Schottky emission, (b) PF emission, and (c) F-N

tunneling. (d) the schematic energy band diagram of the Pt/TiO»/Pt structure. ......45

Figure 4.4. (a) Fitting results for (a) Schottky emission at different temperatures. (b)
In(J/T?) vs. 1000/T curves for extraction of SBH. (c) The variation in SBH as a

TUNCHION OF E. oo nennnmnennnns 46

Figure 4.5. (a) Si/F? according to the voltage in LRS. (b) The logarithmic plot of the

voltage dependence of the Si//* at frequencies 20, 40, and 100 Hzin LRS. ............. 49

Figure 4.6. S; according to the voltage in HRS. (b) The logarithmic plot of the

current dependence of the S; at frequencies 20, 40, and 100 Hz in HRS. ................ 49

Figure 4.7. (a) Process flow, (b) schematic structure, and (c) cross-sectional TEM

image of the device used in eXPEriMENtS. .......ccceevverierierienierienie et 51

Figure 4.8. (a) I-V curves of the fabricated Al/aTiO>/Al device. The arrows indicate

the direction of the voltage sweep. (b) /-V characteristics for both LRS and HRS on

xil



a 10garithmic SCAlE. ......coouiiiiieiiiie e 54

Figure 4.9. Fitting results for (a) Schottky emission, (b) PF emission, and (c) F-N

tunneling ((¢) LRS and (d) HRS). ....oooiiiiiiieeeeeee e 55

Figure 4.10. Si/* as the voltage increases in (a) LRS and (b) HRS. Logarithmic plots
of the voltage dependence of the Si//? at frequencies of 20, 40 and 80 Hz for (c) LRS

and (d) HRS. ..ot e 57

Figure 4.11. Process flows of (a) SL- and (b) DLRRAM. Cross-sectional TEM

images of (¢) SL-and (d) DLRRAM. .......oooiiiiiiiiiiiieieee ettt 60

Figure 4.12. Fitting results for (a) SCLC and (b) Schottky emission in SLRRAM.

Fitting results for (c) SCLC and (d) Schottky emission in DLRRAM. ................. 62

Figure 4.13. S/ according to the voltage in (a) LRS and (b) HRS. (c) The
logarithmic plot of the voltage dependence of the Si/* at 20 Hz in LRS (circle) and

HRS (SQUATE). ..eeeeiieiiiee ettt ettt ettt ettt et e e e e 65

Figure 5.1. Schematic tow-level RTN signal showing its parameters (Al,t., and

xiii



T2 ) erveeeareeeeaueeeaaseeeaseeeaseeeassaeaanseeaassee e ntae e saee e taaeentaee e taeeantaeeanaeeeanaeeeasreeennaeeeanreennns 68

Figure 5.2. (a) Illustration of two-level RTN mechanism in RRAM device. (b)
Energy band diagram of the MIM structure considering the trap energy level (ET)

ANA AEPLN (XT). 1evrieiiieiee ettt ettt et e et e st e et e e sateenbeesseeenseenneeens 72

Figure 5.3. Energy band diagram illustrating various capture/emission processes

and their corresponding bias dependences of 7, and 7, [84]....cccoeviviriiiininnnnns 72

Figure 5.4. Read current fluctuations (Al) for SLRRAMSs with a cell size of < 100

X 100 M2 T HRS. oottt e e e e s e e e e es e s e e es e s e s e e eseseeeeseesens 75

Figure 5.5. (a) Al,.qq according to the voltage in the time domain. (b) Enlarged

graph of Al,..,4 at-0.14V showing the clear two-level RTN. ...........c.cccvvrennennne 76

Figure 5.6. (a) 7. and 7, on the voltage. (b) Dependence of In(t./7.) on the

VOIEAZE. 1etieiie ettt ettt et ettt e e et et e e bt e etee e b e e taeenbe e neeenne 76

Figure 5.7. Dependence of In(t./t,) about the trap corresponding the process (a)

@, (b) @, and (c) @ on the voltage. (d) Energy band diagram showing the

X1V



location and energy level fOr 4 traps. .......coocveeeiierieerieeieeie e 77

XV



Chapter 1

Introduction

1.1 Memory trends
1.1.1 Memory wall

In order to apply information and communication technology (ICT) such as
artificial intelligence (Al), augmented reality (AR), virtual reality (VR), self-
driving to our daily life, it is expected that data will be generated three times more
than the current level [1-3]. Also, as services including telecommuting, web
conference, and streaming have proliferated around the globe due to COVID-19,
data usage would be further increase. According to the statistics from international
data corporation (IDC), the total amount of global data is expected to reach to 175
ZB by 2025 [4]. So, if the demand for memory performance and capacity surges
due to the explosive increase in data, the “memory wall” between DRAM and

NAND flash memory, which are the current major memory technologies, will also



reach an extreme [5-7]. In addition, current Al technology is hampered by the

hardware bottleneck rather than software problems. To make full use of deep

learning Al technologies, it is ideal for the CPU to communicate directly with the

main memory, which can store the learning model and learning data departing from

the traditional computer structure [8-10]. Fig 1.1 shows the pyramid-like structure’s

memory hierarchy [11]. From top to bottom, it is composed of the processing core,

cache memory (SRAM), main memory (DRAM), and storage memory (NAND

flash or HDD). In general, the closer to the processing core, the more high-speed

operation is required, whereas the farther away from the core, the higher storage

capacity is demanded. In the era of big date, the main issues of the current memory

hierarchy in the big data era can be summarized in the following two categories

[12-14].

® Growing gap in capacity and speed of main memory and storage memory.

® High power consumption of core, cache and main memory because they

are based on volatile memory technologies.

Therefore, in order to solve the “memory wall” caused by the performance gap



between DRAM and NAND flash memory, there is an increasing need for the

universal memory that can implement the functions of storage memory (high

density and non-volatile) and working memory (high speed) at the same time

[1,15,16].

Cache
Memory
(SRAM)

voume /  Be \

Density Main Memory
(DRAM)

Storage (HDD, NAND)

Fig. 1.1. Example of memory hierarchy in an ICT system [11].

1.1.2 In-memory processing
In-memory processing, namely, computing at the site where data is stored is
considered as one of the ultimate solutions. This new computing architecture does

not require data movement costs, and is expected to completely break the
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limitations of the memory wall by high-throughput in situ data processing [17-19].
To meet aforementioned memory market’s demands and in-memory processing, the
concept of storage class memory (SCM) was introduced [20-22]. By definition,
SCMs should be typically non-volatile memories (NVM), and should provide
performance comparable to or better than that of the main memory. The promising
candidates of SCM technologies are phase change memory (PCM), magnetic

memory (MRAM), ferroelectric memory (FeFET), and resistive memory (RRAM).

1.2 SCM technologies
1.2.1 Phase change memory

After the concept of SCM was introduced, phase change memory (PCM) is a
representative example of the realizing the potential of SCM for the first time. Fig
1.2 shows the schematic view of PCM cell and programing schemes of the device
[23]. PCM is based on the reversible transition between crystalline phase and
amorphous phase of the chalcogenide alloy. The most representative material is an

alloy of Ge-Sb-Te (GST). The resistance of GST can be changed by the current



flow through the material between the amorphous state (high resistance) and the
crystalline state (low resistance). PCM is among the most developed novel NVMs
and has demonstrated remarkable performances such as the switching speed and the
cycle endurance. Also, PCM has generally good CMOS-compatibility [16,23]. The
key challenges of PCM are the relative poor access latency and the high

programming current [24,25].

Top electrode

Phase change

Temperature
Tm}--
1 Insulator
Tc =
Bottom electrode
>
Programmable Time

region

Fig. 1.2. Schematic view of PCM cell and programing schemes of the cell [23].

et e



1.2.2 Magnetic memory

A magnetic memory is based on the magneto-resistive effect in thin films. The
film called a magnetic tunnel junction (MTJ) is the memory element, which
consisting of thin tunnel barrier sandwiched between two magnetic layers in series
with an access transistor as shown in Fig. 1.3 [26]. The resistance difference
between the parallel configuration and the anti-parallel configuration of the two
ferromagnetic layers in the MTJ determines the resistance state. The advantages of
magnetic random access memory (MRAM) are fast switching speed compared to
other nonvolatile memories, with 1~10 ns read and write erase times and very good
endurance (up to 10 cycles) [11,16,26]. Nevertheless, MRAM still have some
critical challenges. Small on/off current ratio compared to the other emerging
memories is one major concern. Also, precise deposition and etching of the MTJ
are required because MRAM'’s characteristics are highly sensitive to the fabrication

process. fabrication process is complicated [27-29].



Free Layer

——

Dielectric

Free Layer

=

Dielectric

* Resistance

S (1)

) (ecasmsasne ("07)
Magnetic Field

Fig. 1.3. Schematic drawing of a typical magnetic tunnel junction memory element

and corresponding memory states [26].

1.2.3 Ferroelectric memory

A ferroelectric field-effect transistor (FeFET) is a type of field-effect transistor

that includes a ferroelectric material sandwiched between the gate electrode and

source-drain conduction region of the device (the channel) as shown in Fig.1.4 [30].

Permanent electrical field polarization in the ferroelectric causes this type of device

to retain the transistor's state (on or off) in the absence of any electrical bias. The

merits of FeFET (especially FeFET based on HfO2) are fully CMOS-compatible

processes, simple 1-transistor (1T) structure, and the performance close to that of



DRAM [16,30,31]. However, the degradation of the interface layer between the
ferroelectric and the semiconductor channel causes the reliability issues, in
particular, due to trapped charge that affects the conduction of the FET below the

ferroelectric [1,32].

> -PR'

Fig. 1.4. Schematic structure of the MFIS FeFET and the P-E hysteresis curve [30].

1.2.4 Resistive memory
RRAMs are based on a simple metal-insulator-metal (MIM) structure as shown
in Fig.1.5 (a). Reversible chemical and structural changes induced by reaction in

response to electrical stimuli leads to resistive switching (RS) effects in MIM



structures. Fig. 1.5 (b) shows the basic operation of RRAM [33]. By applying an

appropriate voltage across the electrodes, the resistive switching layer (insulator)

can be switched between a high-resistance state (HRS) and a low-resistance state

(LRS). These two states represent the digit ‘0’ and the ‘1°, respectively. The RS

properties of materials originate from a large variety of physical and chemical

phenomena. However, the mechanisms underpinning resistive switching are still

not fully understood. To understand RS mechanisms of RRAM devices, many

research groups have investigated RRAM over the past decade, and now they are

classified according to the working principle as follows [33-36]. Commonly used

terminologies are thermochemical mechanism (TCM), valence change mechanism

(VCM), and electronic/electrostatic mechanism (EEM). The switching mechanisms

for each of RRAMs are as follows.

® TCM: TCM RRAM is based on thermally induced stoichiometry variations

and redox reactions. The formation of conductive filaments (CF) in the

switching layer corresponds to thermal decomposition by Joule heating,

and the rupture of CFs is a thermal melting phenomenon by Joule heating.



® VCM: VCM RRAM is based on the formation and rupture of the CF, which

consists of oxygen vacancies. The principle of RS is basically the redox-

reaction between oxygen ions and oxygen vacancies in the metal oxide

under an electric field.

® EEM: EEM RRAM, also called interfacial RRAM or non-filamentary

RRAM, is based on the tunnel barrier modulation effect at the interface of

the metal/switching layer through the migration of oxygen ions. Unlike CF

RRAM, an additional oxide layer is present to act as a load resistor, which

eliminate the need for the current compliance.

RRAMs have the simple 2-terminal MIM structure, which allows excellent

scalability and easy 3D integration. Also, RRAM devices use fully CMOS

compatible materials and can be fabricated using fab-friendly processes [16].

10



Fig. 1.5. (a) Simple MIM structure and (b) basic operation of RRAM devices [33].
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1.3 Thesis content overview
1.3.1 Thesis objectives

Since the mid-2000s, many research groups have fabricated and studied
RRAMs with various materials and structures, but the problems caused by the
intrinsic variability of RRAM remains unresolved. In this work, we aim to develop
a new electrical analysis technique to improve the reliability of RRAM. First, we
investigate the basic noise characteristics through LFN measurement of RRAM,
and then prove that LFN can be utilized in RRAM operation analysis. In addition,
the correlation between the conduction mechanism and LFN characteristics in
RRAMs is verified through experimental study. Based on the results proven through
various devices, we propose that the LFN measurement can be a valuable analytical
technique to clarify the physical mechanism associated with the RS phenomenon
of RRAM. Additionally, by analyzing RTN characteristics, which is one of the LFN

of semiconductor devices, we propose a methodology for RTN analysis in RRAMs.

12



1.3.2 Thesis outline

The structure of this dissertation is as follows: Chapter 1 provides an

introduction of various types of RRAM, its RS mechanisms, and the prospect of

RRAM as the SCM. Chapter 2 provides an overview on conduction mechanisms in

dielectric films. Chapter 3 cover how LFN measurements are used for RRAM

analysis such as indirect confirmation of filament, MLC operation, and failure

mechanism. Chapter 4 offers the result of analyzing the conduction mechanism of

RRAMs using the LFN measurement. thermochemical mechanism (TCM), valence

change mechanism (VCM), and electrostatic mechanism (EEM) type of RRAMs

are used for verification. Chapter 5 discusses the methodology to extract the

position and energy of traps that can cause cell’s failure. Finally, in Chapter 6, the

conclusion of this thesis is summarized.

13



Chapter 2

Overview on conduction mechanisms

2.1 Electrode-limited conduction mechanisms

The electrode-limited conduction mechanisms depend on the electrical
properties at the electrode/dielectric contact. The representative mechanisms are
Schottky or thermionic emission, Fowler-Nordheim (F-N) tunneling, and direct
tunneling (Fig. 2.1). In these conduction mechanisms, the energy barrier height at
the electrode/dielectric interface is the most important parameter, which determines

the current flow [37].

14



Conduction mechanism

Electrode limited Bulk limited
Schottky emission Ohmic conduction
Direct tunneling Poole-Frenkel emission

Fowler-Nordheim tunneling Hopping conduction

Thermionic-field emission Space charge limited conduction

Fig. 2.1. Classification of conduction mechanisms in dielectric films.

2.1.1 Schottky emission

The Schottky or thermionic emission occurs when thermally-activated carriers
injected over the energy barrier into the conduction band of the dielectric as shown
in Fig. 2.2 (a) [38]. This mechanism is one of the most often observed conduction
mechanism in dielectric films, especially at relatively high temperature. The current

density is given by equation (1) [33]:

15



- —+/qE /Ame, €
] — A*Tzexp q(q)B q / T O) ) (1)
kT
where J is the current density, 4" is the effective Richardson constant, T is the
absolute temperature, g is the magnitude of the electronic charge, q¢p is the
Schottky barrier height without image-force lowering effect, E is the electric field

across the dielectric, £ is Boltzmann’s constant, &, is the dynamic dielectric

constant, and ¢, is the permittivity of free space.

q¢ q¢ / q¢
Er Er " Er
Electrode Electrode Electrode
Si Si / Si /
Dielectric Dielectric Dielectric
Schottky emission ] F-N tunneling :l Direct tunneling 1
(a) (b) (c)

Fig. 2.2. Schematic energy band diagrams of (a) Schottky emission, (b) F-N

tunneling, and (c¢) Direct tunneling [38].
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2.1.2 Fowler-Nordheim (F-N) and direct tunneling

Fig. 2.2 (b) shows the schematic energy band diagram of F-N tunneling. F-N
tunneling happens when the applied bias is sufficiently large so that the band
bending of the dielectric film becomes very large, and electrons may penetrate
through the triangular band edge into the dialectic. F-N tunneling current density

can be expressed as equation (2) [33]:

SEE), o

2
E exp< 3hE

where m” is the tunneling effective mass in dielectric and 4 is Planck’s constant.
The other notations are the same as defined before. Direct tunneling occurs when
the dielectric film is thin enough so that electrons can tunnel across directly at low
bias as shown in Fig. 2.2 (¢). Generally, direct tunneling is more dominant in oxide
thinner than 3 nm, and F-N tunneling dominates at thicker oxide. Direct tunneling

can be approximated to equation (3) [33]:

877\/_

] = exp( (m ¢ )1 /2 ox,eq)x (3)

where Kk is the relative dielectric constant of the oxide layer and f,xeq is the

equivalent oxide thickness (EOT).
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2.2 Bulk-limited conduction mechanisms

The bulk-limited conduction mechanisms depend on the electrical properties at
the dielectric itself, which include Poole-Frenkel (P—F) emission, hopping
conduction, Ohmic conduction, and space charge limited conduction (SCLC) (Fig.
2.1). In these conduction mechanisms, several important physical parameters are
the trap energy level, the trap spacing, the trap density, the dielectric relaxation time,

the carrier drift mobility, and the density of states in the conduction band [37].

2.2.1 Poole-Frenkel (P-F) emission

P-F emission happens when electrons trapped in localized states of the
dielectric is excited into the conduction band of the dielectric. The applied electric
field decreases the Coulomb potential energy in a trap center, hence the probability
of an electron being thermally excited out of the trap increases. Fig. 2.3 (a) shows
the schematic energy band diagram of P-F emission. The current density can be

expressed as equation (4) [33]:
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] = quN Eexp (4)

<—q(¢r _W))

where p is the electronic drift mobility, . is the density of states in the conduction

band, and ¢ is the trap energy level.

-------

k\ I 99 }
— & ¥ Er
Electrode Electrode
Si Si
Dielectric Dielectric
P-F emission J Ohmic conduction ]

(a) (b)

Fig. 2.3. Schematic energy band diagrams of (a) P-F emission and (b) Ohmic

conduction [38].

2.2.2 Ohmic conduction
Ohmic conduction is caused by the movement of mobile carriers in the band

due to thermal excitation. Fig. 2.3 (b) shows the schematic energy band diagram of
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Ohmic conduction. Although the energy band gap of dielectric is large by definition,
there are a small number of mobile electrons which is excited to the conduction
band, either from the valence band or from the impurity level. These electrons
attribute to Ohmic conduction. This current is generally observed at very low field
in the dielectric and the current density of Ohmic conduction can be expressed as
equation (5) [33]:

—(Ec - EF)>, )

J =0E = quNCEexp( T

where o is electrical conductivity, u is the electronic mobility, N. is effective
density of states in the conduction band, Ec is the conduction band, and EF is the

Fermi energy level.

2.2.3 Space charge limited conduction (SCLC)

In RRAM devices, it is often the case that the current exhibits a non-exponential
bias dependence. Such a characteristic is found in the SCLC model, which is
frequently used to explain the conduction mechanism in RRAM cells [33,39-41].

The SCLC mechanism occurs when current through the insulator becomes limited
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by the build-up of charge (Space charge) injected from the source electrode.
Especially, trap-controlled SCLC is divided into three regions (Fig. 2.4) [42]. In
linear region (V < V,,) corresponding to Ohm’s law (I « V'), the conduction
mechanism is dominated by the thermally generated free electrons in the dielectric
film. In square region (V > V,,.) corresponding to Child’s square law (I o< V?), the
density of free electrons injected from the electrode gradually exceeds the
equilibrium concentration and excess electrons accumulate in the space between
two electrodes. As a consequence, the space charge starts to limit the total current
flow. According to the SCLC model [43], the current density can be expressed as
equation (6) [33]:
9 v?
] =gend . (6)

where p is the electronic mobility, 6 is the ratio of free charge carriers to total

charge carriers, V is the applied voltage, and d is the film thickness.
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Fig. 2.4. A typical current density-voltage (I-V) characteristic of the SCLC

mechanism. /4 is the transition voltage. /1rL is the trap-filled limit voltage [39].
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Chapter 3

LFN applications for RRAM analysis

3.1 Introduction to 1/f

The four most common types of the electronic noise are thermal or Johnson
noise, shot noise, generation-recombination (G-R) noise, and flicker or 1/f noise
[44]. Thermal noise stems from the random thermal motion of charge carriers. Shot
noise is caused by fluctuations of current across the potential barrier or hetero-
interface due to the discrete nature of carriers. Thermal and shot noise types are
called white noise because their spectral density does not depend on the frequency.
Generation-recombination (G-R) noise in semiconductors originates from traps that
randomly capture and emit carriers, thereby causing fluctuations in the number of
carriers available for current transport. Another important noise component is
flicker noise, also called 1/f noise. This type of noise is observed in most

semiconductor systems, such as MOSFET, BJT, TFT, LED, MRAM, and RRAM
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[45-50]. For this reason, no well-defined process or mechanism exists to account

for all 1/fnoise in various systems. The origin of 1/fnoise is still a point of debate

and often explained by two schools of thought: noise related to mobility fluctuations

(Aw), and noise related to carrier density fluctuations (An). In the 1950s, McWhorter

suggested that 1/f noise is caused by charge carrier number fluctuations at the

interface between the semiconductor and oxide [51]. The number fluctuation model

considers the 1/f noise origin to be the trapping/de-trapping-induced number

fluctuation of channel carriers, primarily at the Si-SiO2 interface. Especially, this

model has been successful in explaining the 1/f noise in MOS-transistors. In the

1960s, Hooge proposed a universal empirical relation from a number of noise

measurements in metals and bulk semiconductors [51]. The basic concept behind

the Hooge’s empirical model is that carrier scattering by lattice vibrations cause

fluctuations in mobility of the charge carriers.

The absence of a single mechanism to account for 1/f noise complicates the

introduction of a figure of merit for 1/f noise. However, Hooge’s empirical model

has been used extensively to explain 1/f noise in MOSFET, diode, MRAM,
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graphene FEF, etc. [45,49,52,53]. In addition, it has been used as a basic model
when deriving 1/f noise model formulas for various conduction mechanisms such
as Ohmic, Schottky emission, P-F emission and SCLC [52,54-56]. The most
commonly used noise model equations for each mechanism are summarized in Fig.
3.1(a). From equations (7), (8), (9), and (10) in Fig. 3.1(a), we can predict the bias
dependence of 1/fnoise depending on the conduction mechanism. Fig. 3.1(b) shows
the expected results of the noise power spectral density (S;) corresponding to each
conduction mechanism based on the noise model equation. For example, in case of
Schottky emission, the S; is proportional to /. In chapter 4, we use the 1/f noise
characteristics when analyzing the conduction mechanism in RRAM devices.
Based on the measurement results of various experimental devices, it will be proved
that LFN characteristics are an effective technique for more accurately analyzing

the conduction mechanism of RRAM devices.
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Conduction mechanism Expression

S; ay
(a) Ohmic oI ()
S, _ dawal ®

ScLC 2 5A:0fV
.. — %n Vr 2
Schottky emission S fNaexp(—qVy;/kgT)ALp (2D, /Lp) o
0.1N4B% q*

P-F emission 1= WT’Z (10)

ay: Hooge parameter, f: frequency, N: total number of free charge carriers, q:
elementary charge, W width, L: length, A: area, <: permittivity, 6: effective
mobility parameter, v,.: recombination velocity, D,: electron diffusion constant,
Vy;: built-in voltage, kz: Boltzmann constant, L,: Debye length, N,;: donor/trap
density, g: P-F fitting parameter

(b)

S,/I?
S, XE

4
Ohmic conduction SCLC Schottky emission PF emission

Fig. 3.1. (a) Conduction mechanism and its corresponding 1/fnoise model. (b) Bias

dependence of the current noise spectral density according to 1/fnoise model.

3.2 LFN application (1): Resistive switching analysis
In order to analyze the resistive switching (RS) mechanism of the RRAM
device from the LFN measurement, we first compare the normalized noise power

spectral density (Si/%) in two resistance states of the RRAM, the HRS and the LRS.
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Fig. 3.2(a) shows the [-V characteristic of our experimental device
(TiN/Ti/TiO2/TiN VCM RRAM). Our VCM RRAM is based on the formation and
rupture of the CF as shown in right inset of Fig. 3.2(a). Fig. 3.2(b) shows the S/
for several devices in both resistance states (HRS and LRS). The normalized noise
power measured in the HRS is about 10 times higher than that in the LRS. The
difference in noise levels according to resistance states can be analyzed by referring
to the schematic diagram in Fig. 3.2(c). Electrons are disturbed by various noise
sources, such as lattice, impurity and columbic scattering, on the movement path,
and it appears as a weighted sum as current variation and noise component [45]. In
the LRS, only the noise component due to the localized path formed in the metal
oxide exists, but in the HRS, it can be seen that the noise components due to the
various current paths within the broken gap are added, as shown in Fig. 3.2(c).
Therefore, the noise level in the HRS becomes larger. Additionally, in the LRS, the
noise level does not change even if the device size is reduced, but in the HRS, that
increases as the size decreases, which is a typical bulk effect characteristic. Fig.

3.2(d) shows the [-V characteristic of the interface-type RRAM
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(TiN/TV/TiO2/HfOo/TiN EEM RRAM). Unlike the CF-type RRAM, there is no

change in the noise level depending on the resistance state in the interface-type

RRAM, as shown in Fig. 3.2(e). Also, like the HRS of the CF-type, it has a bulk

effect characteristic in which the noise level increases as the size decreases. From

the LFN measurement, it is possible to indirectly confirm the configuration of the

oxygen vacancy inside the RRAM according to the resistance states, and distinguish

between the CF- and the interface-type. In addition, we present guidelines for noise

sources according to resistance state or resistive switching mechanism of RRAMs,

as shown in Fig. 3.3. For example, in MOSFETs, S/D contact noise can become

dominant at high drain current level, and in TFTs, the noise source may be varied

from the bulk to the interface with decreasing channel length [45,47]. Similarly, in

the CF-type RRAM, localized oxygen vacancy is a dominant noise source in the

LRS, and the noise characteristic of the HRS state is the bulk effect. Also, in the

interface-type RRAM, the noise characteristics of both resistance states are the bulk

effect.
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Fig. 3.2. (a) I-V characteristic and (b) S/ of the CF-type RRAM. (c) Schematic
illustration explaining the difference in noise level between the two resistance states.

(d) I-V characteristic and (e) Si/I? of the interface-type RRAM.

29



Fig. 3.3. Predominant noise origin depending on device conditions in MOSFET,

TFT, and RRAM.

3.3 LFN application (2): Analysis of mechanisms in MLC operation
One of the important traits of RRAMs, which makes it useful for high density
application, is its MLC behavior. There are mainly two ways to obtain MLC
characteristic: (i) changing compliance current (Icc) [57,58], (ii) controlling reset
voltage (Vreset) [59,60].
The mechanism of MLC in the /.. control mode is understood to be due to the

formation and subsequent lateral expansion of CFs with increasing the I, as
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schematically shown in Fig. 3.4(a). As the CF size (or diameter) increases, the

resistance becomes smaller, results in multilevel LRS. This claim is supported by

the fact that the [eset also increases with the /.. because higher power is required to

break larger CFs. Fig. 3.4(b) shows the MLC operation in our experimental device

(TiN/TV/TiO2/TiN VCM RRAM). When the /. is increased, the respective current

of LRS also increases, which resulting in three different levels of LRS (LRSI, 2, 3).

Whereas, the current of HRS remains the same because the Vieset is constant. These

four distinct levels can be used in 2-bit per cell storage and can enhance the storage

density as compared to a single level cell with the same area. Also, from Fig. 3.4(c),

it can be seen that /eset also increases with the Zcc.
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Fig. 3.4. (a) Schematic illustration and (b) /-V characteristics of MLC operation in
the I.c mode. (c) Dependence of resistance and reset current in LRS according to

the Zcc.

The MLC characteristics can also be obtained by controlling the Vieset [59,60].
The MLC operation in the Vreset mode can also be explained by the structural change

of the CF, similar to the /.. mode. Fig. 3.5(a) shows the schematic illustration
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showing the mechanism of MLC in the Vieset mode. As the Vieser increases, the gap
between the electrode and the residual CF increases. This is because the redox
reaction, which is the RS mechanism of our experimental RRAM device, is
increased by a larger the Vieset. In the I-Viead characteristic of Fig. 3.5(b), four distinct
resistance states (LRS, HRS1, 2, and 3) can be identified. It is possible to confirm
from the LFN measurement that the mechanism of the MLC operation inferred by
the /-V characteristics in the /.c and Vieset mode, that is, the structural change of the
CF inside the switching layer. Fig. 3.6(a) and (b) show the S/ according to the
MLC operation in (a) Icc and (b) Vieset mode, respectively. In Iec mode, the Si/F for
Ohmic conduction is equal to eq. (7), where N is the total carrier number of free
charge carriers. So, the S/ in the HRS is constant, while the S/ in the LRS
decreases as the .. increases as shown in Fig. 3.6(a). In the Vieset mode, the Si//* for
SCLC (verified on Chapter 4) is equal to eq. (8), where L is the device thickness.
Therefore, the S/ in the LRS is constant, while the Si/ in the HRS increases as
the Vieset increases as shown in Fig. 3.6(b). These results show that the LFN

measurement is a good electrical characterization technique to indirectly confirm
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the CF’s configuration and to analyze the mechanism of the MLC operation.
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Fig. 3.5. (a) Schematic illustration and (b) I-Vread characteristics of MLC operation

in the I/reset mOde.

34



—— 1. =600 pA HRS noise ——V,.,= 0.6V
[ V=09V

HRS noise

reset

constant

decrease 1 0-10 1

1010 r
102 10° 10' 102
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 3.6. Si/* according to the MLC operation in (a) /ec and (b) Vreset mode.

3.4 LFN application (3): Degradation analysis

Switching endurance, which tells how many times a memory device can switch
between cell states without the degradation, is one of the most important figures of
merit for a memory device [61]. From this point of view, developing a technique to
analyze the degradation mechanism of RRAM devices is a very good direction for
RRAM optimization. Fig. 3.7(a) shows the I-V curves (HRS to LRS) of our
experimental device (Al/aTiO2/Al VCM RRAM) for 500 DC cycles. While the
current variation in the LRS is insignificant, degradation in the HRS is noticeably

clear, as shown in Fig. 3.7(b). As will be discussed in chapter 4, the conduction
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mechanism of our experimental RRAM device is SCLC [62]. According to trap-
controlled SCLC model [56,63], the SCLC arises when current through the bulk
solid becomes limited by the build-up of charge injected from the electrode (V, <
V < Vypp inFig. 2.4). When the applied voltage is raised to a threshold value (V5;),
the injected carriers are just sufficient to fully fill the trap states, result in the rapid
increment of the current. The degradation of our experimental RRAM device is
closely related to this SCLC mechanism. We can infer that certain traps whose
energy levels are far below the conduction band (deep traps) are likely to fail to
release the trapped charge carriers during the reset process. So, repetitive RS
process could induce more effective filling-up of the deep traps and prevent their
effective de-trapping during the subsequent reset process. Our understanding of the
endurance degradation mechanism is supported by LFN measurements below. Fig.
3.8(a) shows the Si/I? according to the switching cycle. It can be seen that as the
number of cycles increases, the Si//? in the LRS does not change significantly, while
the S/F in the HRS gradually decreases. The Si//* rapidly decreases for

approximately 100 cycles and then saturates, as shown in Fig. 3.8(b). Our deduction
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based on the I-V characteristic above is consistent with the LFN measurement
results. Namely, the reduction of the trap, which is the scattering center of the charge
carrier [64], causes the decrease of the Si/I>. These results show that LFN

measurement can be a valuable analytical tool to clarify the physical mechanism

associated with the degradation of RRAM.
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Fig. 3.7. (a) I-V curves (HRS to LRS) and (b) Cycle to cycle variation of the current

in LRS and HRS at Vieaqd 0f 0.1 V for 500 DC cycles.
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Fig. 3.8. (a) S/ according to the switching cycle. (b) Cycle to cycle variation of
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DC cycles.
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Chapter 4

Analysis of conduction mechanism using LFN

in RRAMs

4.1 Thermochemical mechanism RRAM (TCM RRAM)
4.1.1 Fabrication

In order to investigate LFN characteristics of TCM RRAM, we fabricate the
polycrystalline-TiO, based RRAM device. The process flow of the Pt/TiO»/Pt
sample is described as follows (Fig. 4.1(a)). A 40 nm-thick TiO> thin film was
deposited by plasma-enhanced atomic layer deposition (ALD) at 300 °C using
titanium-tetra-iso-propoxide (TTIP) as a precursor and plasma-activated O> as an
oxidant on a 100 nm-thick Pt/Si0,/Si substrate. Then, 50 nm-thick Pt top electrodes
with a diameter of 80 pum were formed by an electron-beam evaporation.
Subsequently, the lift-off process was performed for patterning the top electrode.

Fig. 4.1(b) and (c) show schematic structure and cross-sectional TEM image of the
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device used in experiments.

(a) Process Flow (b) Pt

Bottom electrode (Pt) formation
by sputtering on SiO,/Si substrate  T{O 2

(100 nm) T = "_‘

TiO, deposition by PEALD Pt
(40 nm, @ 300 °C)

SiO
Top electrode (Pt) deposition by 2
e-beam evaporation

(50 nm)

Top
electrode

Fig. 4.1. (a) Process flow, (b) schematic structure, and (c) cross-sectional TEM

image of the device used in experiments.

4.1.2 Experimental results: RS and -V characteristics
Fig. 4.2(a) shows the current—voltage (/-V) curves of the fabricated Pt/TiO2/Pt

device, which exhibit a unipolar RS characteristic showing three typical operations
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of Forming, Reset, and Set processes. During Forming and Set processes, a
compliance current of 1 mA is applied to protect the device from the dielectric
breakdown. To understand the current transport mechanism of the LRS, an I-V
curve was observed in Fig. 4.2(b), which shows a linear curve with a slope of 1 for
the LRS on a logarithmic scale. This shows that the main conduction mechanism of
the LRS is Ohmic conduction and that the percolation path was formed during
Forming and Set processes. The path is often referred to as the conductive filament
(CF). In order to more clearly identify the nature of the CF, we performed the /-V-
T measurement as shown in Fig. 4.2(c). The decreasing trend of current upon
increasing the temperature implies the presence of typical metallic CF. From the
resistance data obtained from Fig. 4.2(c), the temperature coefficient of LRS is
investigated using the following equation (11):

R(T) = Ry[1 + a(T — Ty)], (11)
where Ry is the resistance at temperature 7o and « 1is the temperature coefficient of
resistance. The fitting lines in Fig. 4.2(d) indicate that a is 3.5 ~4.34 x 103 K,

which is similar to the value for metallic nanowires with a diameter of 15 ~ 30 nm
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Fig. 4.2. (a) I-V curves of the fabricated Pt/TiO»/Pt device, (b) linear fitting of /-
characteristics for LRS on a logarithmic scale, (c) I-V-T measurement, and (d) the

temperature coefficient of resistance obtained from /-V-T data.
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Nonlinear curve for HRS in Fig. 4.2(a) shows that the current in HRS flows by
a different mechanism from that in LRS. Fig. 4.3(a) shows that In(/) has a linear
relationship with V2 on a semi-logarithmic scale, representing that the dominant
current conduction mechanism in HRS is the Schottky emission. Considering that
the TiO> is an n-type semiconductor [66] and the work function of the Pt is high
(5.12 ~5.93 ¢V) [67], It can be seen that the Schottky contact was formed between
the Pt electrode and the TiO: after the rupture of the CF in HRS as shown in Fig.
4.3(d). So, the Schottky emission is the most likely conduction mechanism in HRS.
The Schottky emission has been repeatedly observed for HRS of RRAMs with TiO»
and Pt electrodes by several groups [68-70]. Here, P-F emission could be ruled out
from a possible current conduction mechanism since the plot of In(Z/V) vs. V% is
not a straight line (Fig. 4.3(b)). The same also applies to the F-N tunneling (Fig.
4.3(c)). To further clarify the current transport mechanism in HRS, we performed
the /-V-T measurement as shown in Fig. 4.4(a). From eq. (1), and Fig. 4.4(a), the
equivalent Schottky barrier height (SBH, ¢2) can be extracted by the slope of

In(J/T?) vs. 1000/T plots as shown in Fig. 4.4(b). Fig. 4.4(c) shows the ¢y vs. E'?
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plot and the intercept on the x-axis is the ¢3. By extrapolating to E = 0, the
extracted ¢p is ~0.77 eV. This is somewhat lower than the expected value of ~1.2
eV. It may be the result of the fermi-level pinning or Schottky barrier lowering.
Reportedly, the SBH at the defect-free interface of TiO»/Pt is 1.2 eV [71], but the
measured SBH from 0.55 eV [70] to 1.14 eV [72] have been often reported in

RRAM.
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Fig. 4.3. Fitting results for (a) Schottky emission, (b) PF emission, and (c) F-N

tunneling. (d) the schematic energy band diagram of the Pt/TiO2/Pt structure.
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Fig. 4.4. (a) Fitting results for (a) Schottky emission at different temperatures. (b)

In(J/T%) vs. 1000/T curves for extraction of SBH. (c) The variation in SBH as a

function of £.

4.1.3 Experimental results: LFN characteristics

To verify the correlation between current conduction mechanism and LFN
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characteristic, we measured the normalized noise power spectral density (Si//%). Fig.
4.5(a) shows the Si/I” measured at 0.04 V to 0.18 V in LRS. The Si//? is proportional
to 1/fY, with y ~ 1 for all voltage regions (see dotted-line in Fig. 4.5(a)), which
means that the LFN characteristic in Pt/TiO2/Pt RRAM devices also follows the
classical 1/f noise theory. The bias dependence of the Si/? can be used to confirm
the current conduction mechanism in LRS. Fig. 4.5(b) shows the double-
logarithmic plot of the bias dependence of the Si/I? at frequencies 20, 40, and 100
Hz in LRS. As shown in Fig. 4.5(b), the measured Si// is nearly constant according
to the bias, which follows eq. (7) and is compatible with the 1/fnoise theory for the
Ohmic conduction. So, the conduction mechanism verified from the LFN
measurement is consistent with expected result by I-V-T measurements, which
means that LFN can be a diagnostic tool to investigate the conduction mechanism
(Ohmic conduction) in TCM RRAM.

To confirm the correlation between current conduction mechanism and LFN
properties also in HRS, we measured the noise power spectral density (Sj). Fig.

4.6(a) shows the S; measured at 0.01 V to 0.8 V in HRS. Like the LRS, the §; is
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proportional to 1/fY, with y ~ 1 for all voltage regions (see dotted-line in Fig.
4.6(a)). The bias dependence of the LFN can be used to confirm the current
conduction mechanism. Fig. 4.6(b) shows the double-logarithmic plot of the current
dependence of the S; at frequencies 20, 40, and 100 Hz in HRS. As shown in Fig.
4.6(b), the S; is proportional to /% in all current ranges, which agrees with the 1/f
noise model for Schottky emission in eq. (9). Therefore, in both states of TCM
RRAM, we can conclude the LFN measurement can be a useful tool as electrical
characterization technique to investigate the conduction mechanism (Schottky

emission) in TCM RRAM

48



V=1004V~034V

LRS

T
Frequency (Hz)

(a)

10°°

1012

LRS
= L] B m " gEg
u m B Egh
=
o | | | |
] m i I |
B @20Hz
B @ 40Hz
B @ 100Hz
10"
Voltage (V)
(b)

Fig. 4.5. (a) Si/F* according to the voltage in LRS. (b) The logarithmic plot of the

voltage dependence of the Si/F? at frequencies 20, 40, and 100 Hz in LRS.

1012 . .
[ V=0.01V~08V HRS 1
10" r
f—
;pr 10 e
= [ — g
Do el M 1
~ - —— s 1 - NM
= | S R e s
D 102 AT i
102} ¢
]
10-24 L 1
102 10°
Frequency (Hz)
(a)

10-15

——

HRS

g
-1

" | “stopuiz

%

B @20Hz
® @40Hz
A @100Hz

R L R ST S TPUUT SRR T TP S

8
}!g*!

aaal. aaal. asal

10® 10° 10
Current (A)

(b)

Fig. 4.6. (a) Si according to the voltage in HRS. (b) The logarithmic plot of the

current dependence of the S; at frequencies 20, 40, and 100 Hz in HRS.

49

et e



4.2 Valence change mechanism RRAM (VCM RRAM)

4.2.1 Fabrication

In order to investigate LFN characteristics of VCM RRAM, we fabricate the
amorphous TiO; based RRAM device. The process flow of the Al/aTiO2/Al sample
is described as follows (Fig. 4.7(a)). The TiO; oxide film with a thickness of ~8 nm
was deposited on a 50-nm-thick Al/Si02/Si substrate by the PEALD at a substrate
temperature of 180 °C. The TTIP precursor was used with an oxygen plasma, which
is oxidizing agent. The 50 nm-thick aluminum bottom and top electrode were
deposited by thermal evaporation method, forming the cross-bar type structures
using a shadow mask with a line width of 60 pm, as shown in Fig. 4.7(b). Fig. 4.7(c)

shows the cross-sectional TEM image of the fabricated RRAM device.
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(a) Process Flow
Bottom electrode (Al) formation
by thermal evaporation on
SiO,/Si substrate
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Fig. 4.7. (a) Process flow, (b) schematic structure, and (c) cross-sectional TEM

image of the device used in experiments.
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4.2.2 Experimental results: RS and -V characteristics

Fig. 4.8(a) shows the current-voltage (I-V) characteristics of the fabricated
Al/aTiO2/Al RRAM device for the 10 cycles. The bias sweep sequence is indicated
by the arrows. When the voltage is swept from 0 V to the negative voltage direction,
the device transitions from the HRS to the LRS above the set voltage (SET process).
The LRS is held up to about 2 V during the positive voltage sweep and then switches
back to the HRS above the reset voltage (RESET process). A compliance current of
5 mA is applied to protect the device from dielectric breakdown. Our device
represents asymmetric bipolar resistance switching, which is no need for an
additional electroforming process. To clarify the current transport mechanism in
both the HRS and LRS, the I-V curve at the 30th cycle has been replotted on a
double-logarithmic scale in Figure 2b. Referring to the linear guidelines in Figure
2b, the conduction mechanism of the device can be understood using the space-
charge limited conduction (SCLC) model [33,43]. Trap-controlled SCLC can be

divided into two regions. In the low field region, the conduction mechanism is

52



dominated by the thermally generated free electrons in the dielectric film (Ohmic
conduction, I « V). If the applied field intensity exceeds the critical value, the
density of free electrons injected from the electrode gradually exceeds the
equilibrium concentration, and excess electrons accumulate in the space between
two electrodes. Consequently, the space charge starts to limit the total current flow
(SCLC, I « V™, m > 2). The trap-controlled SCLC has been reported to be one of
the dominant mechanisms causing the resistive switching in various RRAM devices
[73-75], and the oxygen vacancies, which is formed from the reaction of the
deposited Al with aTiO2 at the interface of the top Al electrode and aTiO2, are
known to act as the electron traps in Al/a’TiO2/Al devices [75]. So, we can conclude
that the trap-controlled SCLC is the most likely conduction mechanism in both LRS
and HRS. Here, Schottky emission could be ruled out from a possible current
conduction mechanism since the plot of In(/) vs. V2 is not a straight line (Fig.
4.9(a)). The same also applies to P-F emission (In(Z/V') vs. V' should be fitted by a
straight line) and F-N tunneling (In(Z/V?) vs. 1/V should be fitted by a straight line),

as shown in Fig. 4.9(b), (c), and (d).
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4.2.3 Experimental results: LFN characteristics
To verify the correlation between current conduction mechanism and LFN
characteristic, we measured the normalized noise power spectral density (Si//%) in

VCM RRAM. Fig. 4.10(a) and (b) show the Si/ as the voltage increases in LRS
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and HRS, respectively. The Si/I? is proportional to 1/fY, with y ~ 1 for all voltage
regions and both resistance states (see dotted-lines in Fig. 4.10(a) and (b)), which
means that the LFN characteristic in Al/aTiO2/Al RRAM devices also follows the
classical 1/fnoise theory. From eq. (7) and (8), the bias dependence of the Si//? can
be used to confirm the current conduction mechanism. Fig. 4.10(c) and (d) show
the double-logarithmic plots of the bias dependence of the Si//* at frequencies of 20,
40 and 80 Hz for LRS and HRS, respectively. In both resistance states, the Si//* has
no bias dependence until approximately 0.1 V, but then decreases with a slope of 1
as the voltage increases. These results are consistent with the noise theories that the
Si/? does not change with a voltage for resistance fluctuations in Ohmic conditions,
but inversely proportional to the voltage according to a noise suppression
mechanism under SCLC conditions [56,76]. The conduction mechanism of VCM
RRAM predicted in the subchapter 4.2.2 is double checked from the LFN
measurement. Therefore, we can conclude the LFN measurement can be a useful
tool as electrical characterization technique to investigate the conduction

mechanism (SCLC) in also VCM RRAM.
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4.3 Comparative analysis of conduction mechanism (VCM vs.
EEM)
4.3.1 Fabrication

For comparative study, RRAMs with MIM structures of TiN/Ti/TiO2/TiN
(VCM) and TiN/Ti/TiO2/HfO»/TiN (EEM) were fabricated using the sub-50 nm
process technology on 300 mm wafer. From here on, for convenience,
TiN/TV/TiO2/TiN and TiN/Ti/TiO2/HfO2/TiN will be named SLRRAM and
DLRRAM, respectively. The process flows of (a) SL- and (b) DLRRAM are
described as shown in Fig. 4.11(a) and (b), respectively. TiO2 (20 nm) or TiO2 (20
nm)/HfO; (2 nm) were deposited on TiN bottom electrode (BE) by the ALD at 280
°C. The Ti buffer layer was then formed by a sputtering process. Finally, the TiN
top electrode (TE) was deposited perpendicularly to the BE by metal-organic ALD.
Sequentially, a metal alloy annealing process was conducted in a N> ambient at 400
°C for 10 minutes. Fig. 4.11(c) and (d) show the cross-sectional TEM images of SL-
and DLRRAM used in our experiments, respectively. Here, The Ti buffer layer

induces local oxygen vacancies such as V;" and V,2*, which act as traps to capture
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electrons in the upper region of TiO2, and consequently improve the switching
characteristics (decrease of switching voltage). Also, in DLRRAM, thin HfO; layer
was introduced to reduce the high reset current. All the measurements were

conducted in samples of the same area (90 x 90 nm?).
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4.3.2 Experimental results: RS and -V characteristics

Fig. 4.12(a) and (b) show the fitting results for SCLC and Schottky emission
in SLRRAM, respectively. As can be seen from Fig. 4.12(a), the Ohmic conduction
fits best in LRS and the trap-controlled SCLC seems to fit well in HRS. However,
as shown in Fig. 4.12(b), in HRS, the linear fitting seems possible in plot of log(/)
vs. V2. So, the I-V fitting result alone is insufficient to completely exclude the
Schottky emission in HRS. Fig. 4.12(c) and (d) show the fitting results for SCLC
and Schottky emission in DLRRAM, respectively. Unlike SLRRAM, the SCLC
mechanism (Fig. 4.12(c)) as well as the Schottky emission (Fig. 4.12(d)) appears to
be a possible conduction mechanism. Therefore, additional analytical procedures
such as physical characterization techniques (STM, AFM, and TEM) or the
temperature measurement are required for accurate mechanism analysis. In chapter
4 so far, we have verified the correlation between conduction mechanism and LFN
characteristics in various RRAM devices. In the next subchapter 4.3.3, based on the

research results so far, we will investigate more accurate conduction mechanism of
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SLRRAM and DLRRAM using the LFN measurement method.
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4.3.3 Experimental results: LFN characteristics

Fig. 4.13(a) and (b) show the S/ of SLRRAM as the voltage increases in LRS
and HRS, respectively. The Si/I? is proportional to 1/fY, with y ~ 1 for all voltage
regions and both resistance states. Fig. 4.13(c) shows the double-logarithmic plot
of the bias dependence of the Si//* at 20 Hz for LRS (circle symbol) and HRS
(square symbol). The measured Si/ in LRS is nearly constant according to the bias,
which follows eq. (7) and is compatible with the 1/f noise theory for the Ohmic
conduction. So, in common with the results of -V fitting, it can be clearly seen that
the conduction mechanism is the Ohmic. The measured Si//? in the HRS has no bias
dependence until approximately 0.1 V, but then decreases with a slope of 1 as the
voltage increases. These results correspond to the noise theories that the Si//* does
not change with a voltage for resistance fluctuations under Ohmic conditions, but
inversely proportional to the voltage according to a noise suppression mechanism
under SCLC conditions. Therefore, I-V fitting alone could not clearly determine the
dominant conduction mechanism, but with the help of LFN measurements, the

conduction mechanism can be determined more precisely.
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Fig. 4.14(a) and (b) show the Si/? of DLRRAM as the bias in LRS and HRS,
respectively. Fig. 4.14(c) shows the double-logarithmic plot of the bias dependence
of the S;i at 20 Hz for all voltage regions and both resistance states. The S; is
proportional to I in all current ranges, which agrees with the 1/f noise model for
Schottky emission in eq. (9). So, it was not possible to accurately distinguish
whether the conduction mechanism of DLRRAM was Schottky or SCLC only by
I-V fitting, but from LFN measurements, it can be concluded that the Schottky
emission is the conduction mechanism of DLRRAM. Summarizing the contents of
chapter 4, the LFN measurement can be used as an effective tool to analyze the
conduction mechanism of RRAM devices together with /-V fitting and temperature

measurement or physical characterization techniques.
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Chapter 5

Random telegraph noise (RTN) in RRAM

5.1 Introduction to RTN

The random telegraph noise (RTN) is characterized by a random switching of
an observable quantity, (e.g., voltage, current) between two or more levels along
time [77]. It has been recognized as a significant variability source since it is
responsible for device parameter variation, such as the AV;;, at normal operation
conditions. The first observation of RTN in MOSFETs was reported in 1984 [78].
Since then, RTN has been found in many different semiconductor devices including
MOSFETs, LEDs, Flash memories, FInFET, and emerging memories such as
RRAM devices [79-82]. The RTN is caused by the capture and emission of charge
carriers by oxide and interface defects in semiconductor devices. As the device size
shrinks, RTNs become much more prominent, resulting in functional or permanent

failures in digital logic circuits and memories [77]. Fig. 5.1 shows the schematic
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RTN signal. Two-level RTN signal is characterized by three parameters: the
fluctuation amplitude (Al), the mean elapsed time (7.) before the trap captures a
charge carrier, and mean elapsed time (t,) before the trap emits a charge carrier

[78]. In generally, t./t, is called capture/emission time constant.

To High current level

Al

Current (A)

T Low current level
e

Time (s)
T = capture time constant
Te = emission time constant
Al = current fluctuation

Fig. 5.1. Schematic tow-level RTN signal showing its parameters (Al,t., and 7,).
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5.2 RTN in RRAM
5.2.1 Methodology for extracting trap information in RRAM

Fig. 5.2(a) shows simple schematic model elucidating the generation of the
RTN in RRAM devices. During the stochastic formation and rupture processes of
percolation pathways (CFs) in the oxide, Discrete level switching can be observed
due to trapping (capture) and de-trapping (emission) of an electron from a trap when
only one dominant pathway is formed and the trap exists near the pathway. Basic
model for extracting trap information (trap energy level and depth) can be easily
derived because the fundamental RRAM structure is the MIM. Fig. 5.2(b) shows
the energy band diagram of the MIM structure, from which we can see the
relationship between the energy level (ET) and the depth (xr) of the trap. The

fractional occupancy of the trap is governed by equation (12) [83]:

Er —E
Te _ exp( TkBT F), (12)

where kg is the Boltzmann constant, 7 is the absolute temperature, 7, and 7,
are the mean capture and emission time constants, respectively, £t is the trap energy

level, and EF is the Fermi level. From the energy band diagram of the Fig. 5.2(b),
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the expression for the capture and emission times in terms of the position of the trap

can be derived as equation (13):

T
kTin—= = ® = [(Ecox — Er) + Ex] (13a)
e
Xt
E, = qT_Vox; (13b)
ox

where @, is the difference between the work function of metal electrode and
electron affinity of the oxide, Ecox is the conduction band edge of the oxide, g is the
elementary charge, 7ox is the oxide thickness, xr is the position of the trap in the
oxide from BE, and Vo is the oxide voltage drop which is the same as the applied
bias. Egs. (13a) and (13b) can be used to find the trap energy (Ecox — ET). Also, by

differentiating eq. (13a) according to the voltage, the xt is derived as equation (14):

kB d T;
Xt = —7Toxﬁ<lnz). (14)
From Eq. (14), it can be seen that by examining the bias dependence of 7, and 7.,
the location information of the trap causing the RTN can be obtained. Trapping and
de-trapping of charge carriers through traps in the oxide exhibits a variety of

processes. Fig. 5.3 shows four types of capture/emission processes of charge

carriers via traps [84]. The process®D shows the case that the electron is captured
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from the electrode and then emitted to the opposite electrode in which case 7, and
7, show the same polarity of the bias dependence. The process@ shows the case
that the electron is captured from the electrode and then thermally emitted to the
conduction band of the oxide in which cases the 7, is independent on the bias
(since Ecox — Er is constant). The process@ and @ show the cases that the
electron is captured from the electrode and then emitted back to the same electrode
in which cases 7, and 7, show the opposite polarity of the bias dependence.
Meanwhile, the distinction between processes 1 and 2 can be understood through
the energy band diagram in Fig. 5.2(b) and the increase/decrease of the time
constants according to the bias. For example, if the trap interacts with the BE, Et
becomes close to Er as the voltage increases. Consequently, the capture probability
of the electron at the BE increases due to the decrease in the ET — EF, resulting in
the decrease in 7.. Conversely, 7, increases. If the trap interacts with the TE, as
the voltage increases, 7, decreasesand 7. increases. Since eqgs. (12) to (14) apply
only to processes@® and @, our experiments to analyze the trap information focus

only on those.
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Fig. 5.2. (a) Illustration of two-level RTN mechanism in RRAM device. (b) Energy
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(X7).

In(z,t,)

~ TC .
o »”
) -
- ”
< /’
Sl
= e
~

V@

Fig. 5.3. Energy band diagram illustrating various capture/emission processes and
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their corresponding bias dependences of 7. and 7, [84].

5.2.2 Experimental results

To observe a clear two-level RTN, we chose the SLRRAM with a cell size of
< 100 x 100 nm? as the experimental devices (Fig. 4.11(c)). Figure 5.4 shows
measured read current fluctuations (Al) for the SLRRAM in HRS. In the HRS,
various levels of RTN were observed because two or more traps are activated under
applied energy. Unlike the HRS, discrete current fluctuations were rarely observed
in the LRS. This is because most of the traps in the TiO2 are filled with mobile ions
such as O* during the resistive switching process (HRS to LRS), so the probability
of the RTN being observed is low [85]. Fig. 5.5 shows time records of the Al .44
according to the voltage. As can be seen in Fig. 5.5(b), clear two-level RTN
characteristics are observed. To extract trap information, 7, and 7, can be
obtained from the data of Fig. 5.5. As shown in Fig. 5.6(a), the trap interacts with
the BE because 7, decrease and t, increases. Also, Fig. 5.5(b) shows the

dependence of In(z./t,) on the voltage. The dotted line represents linear fitting
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result for extracting the xt, which can be obtained by using the eq. (14). Extracted
xt 18 5.7 nm from the BE. Additionally, from eq. (13) and the extracted xt, we can
find the trap energy. The extracted Ecox — ET1s 0.23 eV, and this value is similar to
the theoretically calculated point defects of rutile TiO2x [86]. In the same way as
above, we additionally extracted information about traps showing various
capture/emission processes. Fig. 5.7(a) shows the result of extracting trap
information that interacts with the BE. Fig. 5.7(b) is the result of extracting trap
information that interacts with the TE. Finally, Fig. 5.7(c) is the experimental result
of the trap corresponding to the process@ of Fig.5.3. The location and energy of

all extracted traps are summarized in Fig. 5.7(d).
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Fig. 5.4. Read current fluctuations (Al) for SLRRAMs with a cell size of < 100 X
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Chapter 6

Conclusions

In this dissertation, LFN characteristics of metal oxide-based RRAM devices
were experimented and analyzed. A total of 4 types of devices were fabricated for
the experiment, and each device operates as a mechanism of TCM, interface-type
VCM, CF-type VCM, and EEM. After the verification process for various devices,
we suggested that the LFN measurement can be used as an effective tool to analyze
resistive switching mechanism, MLC operation, degradation mechanism, and
conduction mechanism of RRAM devices together with /-V fitting and temperature
measurement or physical characterization techniques. For TCM and VCM RRAMs,
the normalized PSD in the HRS is higher than that in the LRS, but there is no
significant difference in the noise PSD level according to the states in the EEM
RRAM. It has to do with the RS mechanism of the RRAM. In the CF-type RRAM,

localized oxygen vacancy is a dominant noise source in the LRS, and the noise
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characteristic of the HRS state is the bulk effect. Also, in the interface-type RRAM,

the noise characteristics of both resistance states are the bulk effect. In terms of the

noise, the /.c mode is more advantageous than the Viesee mode during the MLC

operation of the RRAM. When analyzing the degradation mechanism of RRAM

devices having a conduction mechanism with trap-controlled SCLC, the LFN

measurement result is a good basis to support the analysis results because the

amount of change in the trap during resistive switching cycles can be indirectly

confirmed through noise measurement. In RRAM devices, Vo traps give rise to the

RTN, which can be an obstacle to device scaling and MLC operation, so it should

be continuously studied. Basic model for extracting trap information (trap energy

level and depth) can be easily derived because the fundamental RRAM structure is

the MIM. From the derived equation, we proposed a methodology for RTN analysis

in RRAM and applied it to an CF-type VCM RRAM to extract trap positions and

energies. The results of this study are expected to be widely used in related research

fields for RRAM analysis as a new electrical characterization technique.
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