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ABSTRACT

While the scaling of conventional memories based on floating gate MOSFETS is
getting increasingly difficult, novel typef nonvolatiie memories, such as resistive
switching memories, have lately found increased attention by both industry and academia.
Resistive switching memory (ReRAM) is being considered one of the prime candidates for
nextgeneration notvolatile memorydue to relatively high switching speed, superior
scalability, low power consumption, good retention and simplicity ddtitscturewhich
does not require the expensive real estate structure of the silicon substrate. Furthermore,
integration of ReRAM direty into a CMOS lowk/Cu interconnect module would not
only reduce latency in connectivity constrained devices, but also would reduce chip’s
footprint by stacking memory layers on top of the logic circuits. One good candidate is the
well-behaved Cu/TaOx/Resistive switching device. However, since platinum (Pt) acting
as the inert electrode is not an economic choice for industrial production, a Back End of
Line (BEOL)-compatible replacement of Pt is highly desirable. A systematic investigation
has been catucted and metals such as Ru, Rh and Ir are found to be the best potential
candidates to supplant Pt. The device properties of Ru, Rh and Ir based resistive switching
devices have been explored in this work. However, the challenges of implementing
ReRAM cdl into BEOL of CMOS encompass not only the choice of materials of a
CBRAM cell proper, but also the way the cell is embedded within BEOL. In case of the

inert electrode, the metal interfacing the solid electrolyte (e.g. TaOx) has to be supplanted



by a gle layer, and heat transport layer, leading to an engineering task of a composite
electrode beyond the requirements of low miscibility with, and low surface diffusivity of
the inert electrode with respect of the active metal atoms released by the actizlele
(here Cu). The metal of the active electrode (Cu, Ag, Ni) is required to allow for a copious
redox reaction but simultaneously preventing reactions with the dielectric. Finally, for the
solid electrolyte, a dielectric with a moderate level of deféextpreferred which may be
controlled, for example by the deposition processes modulating the stoichiometry of the
material.

This research study begins wigixplorationof severaldevices derived from the
benchmark device Cu/TaOx/Rhd manufacturing tlse in Micron nanofabrication and
characterization laboratory at Virginia Tech with the latter device used as a benchmark for
performance assessment. Electric characterization of the manufactured Cu/TaOx/Ru
devices has shown some notable differences betthheemdue to the different formation,
shape and rupture of the conductive filament. The inferior switching properties of the Ru
device have been attributed to the substantially degraded inertness properties of the Ru
electrode as a stopping barrier for @ compared to the Pt electrode. To study this
degradation effect further, two nominally identical devices however differently embedded
on the Si wafer have been fabricated. The electric behavior of the two devices are found to
be markedly different and &ttributed to the difference in high local temperatures in the
device during the switching that cause species interlayer diffusion and trigger undesired
chemical reactions. Thus, the embedment of the device has a foremost impact on the
intrinsic device pgormance. To investigate the impact of inert electrode on the endurance

of ReRAM memory cells, baseline device Cu/TaOx/Pt/Ti is compared with six devices



manufactured with different inert electrode constructions: Pt/Cr, Rh/Cr, Rh/Ti, &R1/Al

Ir/Ti, andIr/Cr, while the Cu electrode and the Tadielectric are identical. Although the

glue layers Ti, Cr or ADz are not an inherent part of the device proper, they have a tangible
impact on the device endurance as well. It is experimentally demonstratediettat
electrodes with high thermal conductivities have superior endurance properties over an
electrode with low thermal conductivity and the heat conductivity of inert electrode has a
substantial impact on ReRAM cell performance. Since reset operatidhasmally driven
process, frequent switching of resistive memory cell leads to a local accumulation of Joules
heat, especially when the switching rate is faster than the heat removal rate.

This investigation of local heating effects led to the explonatif nonlocal heat
transfer within a memory array. In a crossbar arranged ReRAM cell array, heat generated
in one device spreads via common electrode metal lines to the neighboring cells causing
their performance degradation constituting +thacal heat tansfer mechanism leading to
performance deterioration of neighboring cells. In addition to the electrical characterization
of devices affected by the remote heat transfer, novel cell array architectures have been
proposed and investigated with the goakignificantly mitigate the celio-cell thermal
crosstalk. One of the possible mitigation measures would be modified cell erasure

algorithm.
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GENERAL AUDIENCE ABSTRACT

Emerging memory technologies are being intensively investigated for extending
Moore’s scaling law in the next decade. The resistive raralmoass memory (ReRAM) is
one of the mospropitiouscontenderso replace the current ubiquitous FLASH memory.
ReRAM shows unique nanoionics based filamentary switching mechanism. Compared to
the current nonvolatile memory based on floating gate MOSFET transistor, the advantages
of ReRAM include superior scalabilitypw power consumption, high OHBEN-state
resistance ratio, excellent endurance, and long retention of the logic bit states. Besides the
nonvolatile memory applications, resistive switching devices implement the function of a
memristor which is the fourtbasic electrical component and can be used for neuromorphic
computing.

A ReRAM device is in essence a metaulatormetal structure. One of the metal
electrodes is called the active electrode and provides the building mdberitie
filamentary connection between the electrodes. An important requirement of the second
electrode, called the inert electrode, is to be immiscible with the metal atoms of the active
electrode and to exhibit a minimum of susceptibility to structunrahges and chemical
reactions. This research presents a thorough investigation of the role and properties of the
inert electrode and offers guideline for the optimal selection of the inert electrode in a
commercially viable product. It has been found bat bne important property of the inert

electrode is its heat conductivity and also the way the inert electrode is embedded on a



substrate. Consequently, the concept of the inert electrode has been replaced by the concept of
engineered inert electrode thde which evolved from a single metal layer to a multilayer stack
displaying glue layers, high thermal conductivity layers dissipating the heat quickly, and diffusion
stop layers eliminating unwanted chemical reactions.

The investigation of the electtbermal effects led to the discovery of the teitell
thermal cross talk within the memory array which can seriously affect the performance of cells
impacted by the remote heat transfer. When a memory cell is switched repeatedly a considerable
amount ofheat is dissipated in the cell and the heat may spread to neighboring cells that share the
same metal lines. This heat transfer causes degradation of electrical performance of the
neighboring cells. A method has been developed to characterize quanyithtivethe electrical
performance is affected by the thermal crtadk impacting the electric performance of
neighboring cells. Several novel mitigation strategies of new memory array architectures have

been proposed and investigated.
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Chapter 1: Motivation and Background

1.1 Introduction

Since the very beginning of mankind, people have been very interested about history and
desperately desired to preserve knowledge ad infosmaging numerous medium and transfer it
to the upcoming future generations. Memayhe object which is used to store that information
and prevent it from obliteration over a time span that can range several million years. From early

Evolution of memory
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Fig. 1.1: a) Evolution of memory; b) Emerging modern menfibrg 2]

ancient to moderhigh-tech days, humankind have come a long way for the emergence of storage
system, which is probably one of the most significant landmarks achieved in the history of human
civilization. Around 35088000 BCE, the first ever writing system named cuneifavas
developed by Sumerians of Mesopotamia [1]. The word ‘cuneiform’ comes from Latin ‘wedge’
and corresponds to the wedge style writing pattern. This widdgpictogram was generated by
pressing a stylus against the soft clay which is thendsid [1]. To use more characters the
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cuneiform was simplified in the third millennium and consisted of both “consonantal alphabetic
and syllabic signs” [1]. Then over the years ‘Phoenician Alphabet’ supplanted that. Characters are
then used in the ‘pictorial writgi system which is widely known as Egyptian Hieroglyphs [1].
Hieroglyphs came from Greek origin ‘hiero’ (mean holy) and ‘glypho’ (means writing). In the

ancient Egyptian time it was believed that these areGibaés word . Then overthe duration of

human history, the storing media has advanced fnomeiform,knots hieroglyphs slates carved

bones, painted rocksronze inscriptiomtc. to modern era selectron tupanch cards, magnetic

Fig. 1.2: Emerging applications of memory technolod&s-17]

drum memorymagnetic tape, DECtape, Hdbisk Drive (HDD), laser disk, floppy disk, Compact
Disk (CD), Digital Versatile Disc (DVD), Bluay Disc (BD), Solid State Drive (SSD) etd3{
14]. Figure 1.1 summarizes thmestoricalevolution of memoryalong with severakey emerging

memory technologies.



The semiconductelbased memory has been significarkburishingover the last few
years due to evancreasing demand for data storage. The current trend of “portable electronics”

demands extremely high density, low power and di#sh memory solutiong he current trend of
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Fig. 1.3: a) Minimum feature size scaling trend for Intel logic transistors; b) Several generations of Intel

transistors Reprinted with permission frofd8], copyright IEEE (2017)

Artificial Intelligence (Al), Autonomous Vehicle, Internet of Things (I0T) etc. have brought the
innovative memory technology into the center of attentioh witprecedented demand that is ever
predicted. Figure 1.2 summarizes some of the key applications of modern emerging memory
technologiesThe current state @dhe artmemoriess rapidly reaching their physical limitation of
scaling and thus wiltreatea prevailing technologicalchallenge for future advancementthé
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currentfaster rateFigure 1.3 (a) and (b) illustrates the logic transistor scaling trend as well as
several generations of intel transistors respectiBdgides, in the current systemlatecture the
memory and logic circuitry are placed in separate locations and long interconnection lines connect
them.Therefore, the chip footprint is larger and there is inherentlyiltegconnect delay between
Memory and Logig19]. So, the performance of the processor becomes increasingly limited by
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Fig. 1.4: Interconnect vs. Gate delay trend with technology scaRegrinted with permission from [19],

copyright IEEE (1997)

the accessime delay and higher power consumptadrihe memory subsysteraigure 1.4 shows

the Interconnect vs. Gate delay travith the technology scaling.herefore, to ensure continuous
advancement of speed and reduction of power consumption by several orders of magnitude a
completely different and revolutionary fundamental change in the memory subsystem need to be

adapted.



Recenly there has been remarkable research and advancement efforts to develop plethora
of innovative techniques to meet the demand for digtalmemory system. Numerous novel
memory architecture with new materials have been proposed for the continuaticn regfxth
generation of memory growth. Among the various emerging memory technologies, Resistive
Switching Memory or ReRAM is one of the most promising candidates in this reBaRIAM
technology can potentially solvhkis issue byertically integrating mewry above the logic into
the ‘Backend’ of CMOS. A schematic diagram illustrating the future ReRAM device integration

into the CMOS BEOL is shown in Fig. 1.5. Due to its excellent scaling capabilityfastra
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Fig. 1.5: Integration of ReRAM into CMOS BEOL would potentially reduce latency between logic

switching ability compared to conventional memories and superior CMOS compatibility, ReRAM

could an ideal choice for next generation of kagmsity memory integration. The investigation



and root cause analysis of performance, endurance and reliatsligsi®f ReRAM cell and
several potential solutions to remarkedly improve the functionality of ReRAM through

experimental demonstration is the objective of this dissertation.

1.2 Memory Technologies

Semiconductor memories can be classified into two gpainps:

I. Volatile memory

ii. NonVolatile memory
Volatile memory is the type of memory which loses its stored content when the power supply is
turned OFF. DRAM and SRAM are volatile memoxpnvolatile memory on the other hand can

preserve its stored content even when the power supply is turned OFF. Flash memory (NAND,

Semiconductor

memory

' !

L
| } }

} | } l
DRAM SRAM MRAM FeRAM E RRAM
O I

Fig. 1.6 Classification of semiconductor memori26]

NOR), PCM, FeRAM, RRAM etc. are nemlatile memory.The classification of commonly

known semiconductor memories is shown ustigyl.6.



Again, depending on read/write capability semiconductor memory can be dividethento
following two types

i. RAM (RandomAccess Memory)

ii. ROM (ReadOnly Memory)
RandomAcces Memores(RAM) are volatile in nature where footh read and write operations
can be conducteak a faster ratand data can be accessg¢thdividual bitlevel. However, Read
Only Memories(ROM) arehigh-density, norvolatile memory which argenerallywritten once
and then read for many times. Tleate operatiorof ROM cellsrequireunusually high electrical
voltage and their erase operation is very cumbersonbegsequire the memory chips to be
physically removed from the circuit and expdés ultra-violet (UV) ray. This type of memorieis
usually preferred for readnly applications. Basedn nature of power requirement the non
volatile memories can be classified as two types:

I. SRAM (Static Randorfi\ccess Memory)

ii. DRAM (Dynamic RandorAccess Memoy)
Static RandorAccess Memories can preserve data as long as the power supply is applied to the
memory cellsOn the other hand, Dynamic Rand@wcess Memory cells must be periodically
refreshed (periodically rerrite data content) to retain its memagntent DRAM consumes more
power than SRAMSeverakey memory technologies along with their principle of operation are

described here.

1.2.1SRAM (Static RandomAccess Memory

SRAM s static randomaccess memory whichan store information as long #sis

connected to the power supplihis type of memoryoes not require periodic refreshment to
7



retain its stored information like DRAMBRAM is very fast immune to noise, have low leakage
current anctonsumes less power at ldrequency operation compad to DRAM.It does not have

any capacitor to charge or discharge like DRAM and therefore SRAM is much faster than DRAM.
But, its memory density is lowue to larger cell areand power consumption is comparable to
DRAM when running at relatively higherelquencySRAM is primarily used for cache memory
Among the various types of SRAM, six transistor SRAM (6Ts) is the most commonly used due to
its higher capacity and better robustness characterigtgslfs one-bit SRAM memory cell is a

latch circuit with two CMOS inverters consists of four transis{dssTs, Ta, Ts) and isconnected

in a crosscoupled backo-back way the output of one inverter is connected to the input of the
other inverter.The remainingwo transistors arealled asaccess or pass transistorfie data
stored in the latch circuit can be accessed thrthagiccess transistors{andTs) connected with

the bit lines (BLs) The access transistor can be turned ON or OFF by applying vtdtétgegate
electrode through word lines (WLd$lemory bits are stored within these 2 crgssiple inverters

and épending on the state of the latch, the stored memory can be interprédgicds or “logic

1”. The schematic connection of 6T SRAM i®wmm inFig. 1.7. The operating characteristics of
SRAM cell can be divided as: write operation, read operation and data retention with power supply
ON. During the write operation the existing information within the SRAM cell is modified
accordingto the dsired information to be stored. In the read operation, the stored information in
the cell is accessed through the BLs without any modification to the existing stofBuaebitrite

and read operations of SRAM are illustrated in detail beRil [

12.1.1 Write operation

The write operation of SRAM cagrimarily consist of any of the followingituations
8



I. Scenario 1:'Logic 0’ needs to be storad memory celwhen ‘logic 1’ is already stored
il. Scenario 2:'Logic 1’ needs to be storad memory celWwhen logic 0’ is already stored
SRAM write operation fobothscenaris areillustratedbelow.
Scenario 1:
There are two bitines (BLy and BL:) in SRAM memory cell and can be seerfig 1.7.

They are precharged to opposite voltage level during the onset of write operation of SRAM cell,

vDD

wL T

BL, BL,

Fig. 1.7: Write operation for bit ‘1’ from initially stored bit ‘0O’ at hodeiAsimilarly storing bit ‘0’ from
initially stored bit ‘1" at node 4) and corresponding current path and voltage at nodamdl A in a SRAM

cell[21]

Vop and GND.For example, ‘1’ needs to be written at nodeoASRAM cell, but it is already
loaded with ‘0. So, Bk is precharged to ¥p while BL; is precharged to GNDThenthe word
line (or word lines) of the cells to be written are selected asidid/applied.This turns ON the

pass transistor of the corresponding c8liace ‘0’ already exists in the memory cell, nodehAs
9



‘0’ and node ‘A’ has ‘1. Let’s consider ‘0’ corresponds to GND and ‘1’ corresponds to voltage
Vop. So, transistor Fand Ts is ON while transistor Tand Ts is OFF. Now, current flows through
path BLi-T1-A1-Tz and path ¥p-T4A2-Te-BL2 and is shown irFig. 1.7. As a consequence,
voltage at Aincreases and voltage at nodedAcreases. This process continues until the reduction
of voltage at node Areaches to the point to turn ON transisteamd turn OFF transistors s

VDD

wL T

BL, BL,

T6

Nrw:| @ T5

Fig. 1.8 Write operation for bit ‘0’ from initially stored bit ‘1’ at nodeiAsimilarly storing bit ‘1’ from
initially stored bit ‘0’ at node 4) and corresponding current path and voltasgenode Aand A in a SRAM

cell[21]

well as voltage increment of node reaches to the point to turn OFEdnd turn ON . At this
point voltage at node #and A are high (\bp) and low (GND) respectively which correspond to
‘logic 1’ and ‘logic O’ respetvely. It can be noticed thah¢ memory bit ahodeA: and A are

modified from initial bit ‘0’ to ‘1’ (for A1) andbit ‘1’ to ‘0’ (for A2) respectively.

10



Scenario 2:

Now let'sconsider bit ‘1’ and bit ‘0’ is initially stored at noda And A respectively and
bit ‘0’ and bit ‘1’ needs to be stored at nodeahd A respectivelyBit lines BLy and BL are pre
charged to GND and ps respectivelyand pass transistors are tur@ through corresponding
WLs by applying appropriate voltagegransistor b and Ts are ON, while & and T, are OFF.
So, current flows through patfbp-T2-A1-T1 and patiBL,-Te-A2-Ts and is shown ifrig. 1.8. This
causes voltage at noda ¥ decease and.Ao increase till the reduced voltage level attérns
ON T4 and turns OFF das well as increased voltage level attétns OFF F and turns ON 1.
Therefore bit ‘0’ and bit ‘1’ are stored at nodeaad A respectively by altering initially stored

bit ‘1" and ‘0’ respectively.

1.2.1.2 Read operation

READ operation is the retrieving of stored information within the memory cell. Unlike
DRAM, SRAM read operation is nestestructive which means the stored bit is read without
flipping or modifying its content_et’s considethe situatiorwhen ‘bit 0’ is storedit node A and
needdo be readThe process starts with pobarging both the bit lines game voltage levelpb
(unlike write operation which required two 4tihesto bepre-charged to opposite voltage levels).
Pass transistors corresponding to this te be read are turned ON by applying appropriate voltage
through the WLs. Since ‘bit 0’ is stored in the memory cell (consequently bit 1 is stored at node
A>), voltage at node Aand A are GND and Yp respectively. So, Transistors and T are OFF
while Tz and T2 are ON.After turning ON pass transistors, current flows through BathTi-A:-

T3 by discharging biline BL1. However, no voltagelrop exist across pass transisterafd as a

result no current flows through Tbit-line BL> has precharged voltage M and voltage at node

11



Az is also \bp). Due to dischargingf BL4, its voltagecan reduce fromyb to Vop-09 2Q WKH
other hand, Bk voltageis unchanged as it does not dischafigeerefore, by sensing the voltage
difference between bltnes BL: (Vop- 09 and Blz (Vop), the stored information (bit O at node

A1 in this case) can be detect&yurel1.9 shows reading operation for stored ‘bit 0’ at node A

VDD

wL f

BL, VDD BL,

=
ks

[16]

PMOS
1 OFF ﬁ\l
VDDAV m T2 ‘ T4 1

NMOS NMOS T5

v

GND

Fig. 1.9 READ operation of stored bit ‘0’ at node and corresponding current path and voltage levels at

various nodes in a SRAM c§il]

schematically.

Similarly, to read the stored ‘bit 1’ at node, Aoth bitlines are precharged to ¥p and
corresponding pass transistors are ON through \Sim&ee ‘bit 1’ is stored at node;Avoltage at
node A and A are \bp and GND respectively. Therefore, transistoraiid Ts are ON, while §
and T, are OFFRight after pass transistors are tuned ON, current flows through patheBAo-
Ts. But there is no potential dragcross pass traissor T1 and henceo current flove throughit.
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So BL. dischargesfrom Vpp to Vpp- U 9 while BL1 remains unchangedNow the voltage

difference between blines are having opposite polarity compared to the previous case (when bit

0 is stored at nodeiAwhichcan be sensed to read the stored information (bit 1 at ngdéidure

1.10 shows read operation for ‘bit 1’ at node. A

However, dumg discharging of BLfor reading ‘bit 0’ at node ABL: for reading ‘bit 1’

BL,

WL

VDD

!

vDD

!
HLC.

A,

BL,

NMOS

0
NM:| E T5

=

GND

VDD-AV

Fig. 1.10 READ operation of stored bit ‘1’ at noda and corresponding current path and voltage levels

at various nodes in a SRAM cfgill]

at node A) voltage at node Acan beincreasedy a smaller amourfhode A for reading ‘bit 1°)

unless §is capable of carrying more current than pass transistor sithdh pass transistors)l

If this happens it would reverse the stored bit information by turning Q\aid turning OFF 7

(turning ON T and turning OFF Ffor Fig. 1.10) and would create read operation stability issues.

This stabilty can be ensured bgnsuring a strong cell ratio or beta ratioJ

13



% EBEC QS8 KN)= :—i EBEC Q.NA [21]. Here T and T are pass transistors. For

similar transistor technology, bothky @and Ts have identical mobility and therefore thista ratio
translates into physical dimension of the corresponding transi@tijr&\though SRAMs are very

fast, they are volatile. Due to large number of transistors required per memory cell of SRAM, it is
difficult to realize high density memory systemith SRAM. It is therefore used where highly

reliable and extremely fast memory is requjr&ath asn cache memory

1.2.2 DRAM (Dynamic RandomAccess Memory)

DRAM is the dynamic randofaccess memonyhich can store data temporarily and is a
widely popular type of randommemory access memory (RAM) used in computer micro
processorlts memory is volatile in nature and the data is lost if it is not periodicalyriteen or

refreshedDRAM technology s significantly evolved over the past few decades and its major

Cache memory

Faster Fast

Fig. 1.11 Process flow schematic for memory components connected in couuliiézcture

technological advances lead to a broader range of applications, such as servers, cell phones, global
positioning systems, tablets, desktop computers, digital cameras, smart TVs, routéiguetc
1.11 shows theéypes of memories used within the computer architecture. Here, RAM is used as a

mainmemory. Since SRAM is much faster than DRAM, it is used as a cache memory. Hard Disk

14



Drive (HDD) has mechanical moving components within it and DRAM is much faster than HDD.
It is both cheaper and much denser than SRAM, but slower compared to SRAM.

A single DRAM cell usually stores 1 bit of information and contains one transistor and one
capacitor. The memory is stored in the form of charging state of the capacitor. By detecting the
state of the capacitor (charged or discharged), the stored bit (1 or 0) can be identified. Titog capac
is usually accessed through a transistor connectieadnd that transistor is commonly termed as
pass transistor. The gate and drain/source end of the pass transistor is connected to word line (WL)

and bit line (BL) respectively. To read or write a stored bit, the pass transistor isdorfredeal

S—

i Trench
P-Substrate B Capacitor

Fig. 1.12 Schematic cross section of a DRAM memory[28]l

casewhen the pass transistgsioff the capacitor should keep égistingchargef it is pre-charged.
However, in reality the capacitor gradudtigesits stored charge through leaking mecharism
to pass transistor’s stthreshold current. Thereforeyen if the capacitor is pieharged it will
spontaneously lose its charge., $or a precharged capacitor the charged state can only be

maintained fifit is periodically recharged to that state. This is the reason why DRAM is volatile
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and needo berefreshed periodically The schematic cross section of a DRAM cell is shown in

Fig. 1.12. The read and write operations of a DRAM cell is illustrated below.

1221 Write operation

The write operation starts with selecting the appropriate cells to write. The corresponding
bit lines are preharged to a prdefined voltge level. Then the pass transistor is turned on by
supplying voltage to word line (WL). Now, the capacitor has a continuous connection path to bit

line (BL) and can be charged to the qufegarged bit line voltage level. The writing speed of a

Word Line (WL)

Bit Line (BL) Pass Transistor

(_\_/_\ ov—l1lvV
/I Capacitor

1V

Fig. 1.13 Write operation schematic of a DRAM memory cell

DRAM cell depends on how quickly the capacitor can be chafysdhematic of write operation

and capacitor charging path is showrrig. 1.13.

12.22 Read operation

The purpose of read operation is to find the charging state of the capacitor; whether it is

charged or discharged. At first the pass transistor is turned on by applying appropriate voltage to

16



WL. The existing voltage state of the capacitor is then available to the bit lines. The vokage is t
sensed through a sense amplifier. But, during g#asling process the capacitor actually loses its
charge as it discharges through this path. Therefore, this reading process is destructive rjfter eve
readng cycle the capacitor needs toieéreshed to restore the capacitor to its original charge
stateto retain its memory statushis process is relatively slow since it would take some time to
fully charge the BLs to the charging state of the capaciiormake this process faster, the
capacitor can be preharged to some finite voltage level. For epdamif the capacitor is charged

to 2V and the BLs are prgharged to 1V it would take less time to chaitgeBLs from 1V to 2V
compared to its charging duration from 0V to 2V. Now, the increasing (if capacitor is in charged

state) or decreasing (if capacitor is in discharged state) t@mbe sensed and the signal can be

Word Line (WL) Word Line (WL)

Bit Line (BL) Pass Transistor Bit Line (BL) Pass Transistor

1v—11V | 1v—09V
2v—19V ov—0.1V
T Capacitor T Capacitor
1v iV

Fig. 1.14 Readoperation schematic of a DRAM memory cell: a) increasing trend when capacitor was in

charged state; b) decreasing trend when capacitor was in discharged state

amplified by sense amplifier. By adopting this reading strategy, the read operation can be made
even faster and can therefore significantly reduce the-tne&dfor dynamic randoraccess
memory.The read process isl®ematically illustratedh Fig. 1.14.

In summary, DRAMs are volatile, and their read operation is destructive. This memory

system also requires periodic refreshvire memory content) at every few milliseconD®RAM

17



therefore consumes high power. Hoxgr, DRAM is a promising solution for very higtlensity

and high capacity memory systeBoth vohtile memory (SRAM & DRAM) are compared

Table 1.1 Comparison: SRAM vs. DRAM [23]

Density Low High
No of transistor .
in unit cell
Application Cache memory RAM
Cost/bit Expensive Cheaper than SRAM
Speed Very fast Fast

in Tablel.1.

1.2.3 MRAM (Dynamic Random-Access Memory)

MRAM is the MagnetoresistivRandomAccesdMiemory which storedata in the form of
stable magneticharges in contrast to the electrical charges usednwventional technologies like
DRAM and SRAM. MRAM is based orthe phenomenon that application of magnetic field
changes the resistance of magnetoresistive materlasemagnetic storagmemory cells have
two componentsone element has switchable magmepolarity and the other one has fixed
magnetic polarity and are usually placed on top of each other with autimel barrier layer
separating thenDuring the write or erase operatioasurrentis flown through the WordLine
and a magnetic field imduced in the respective cell. As a result, the magnetic moments in the two

magnetic storage elements can be either parallel epardlle! to each other depending on the
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direction of theapplied current.According to magnetic tunnel effeck4], for the parallel
arrangement electrons can tunnel through the barrier layer and therefore changes the cell resistance
to low level in theso called‘'ON’ state. On the other hand, if tmagnetic moments am@ntk
parallelto each other the cell resistane be high in theso calledOFF’ state.In this solidstate
nonvolatile memory, data can be stored by programming the magnetoresistive materials to a
certain stable magnetic statéarious magnetic states can be easily identified by significant
differences in their corresponding resistance lev@lsing the read operation a small amount of
current is flown to measure tlgeviceresistance antly comparing thelistinct resistance levels
the corresponding magnetic state is determaembrdingly. MRAM has several advantages such
asabsence of any magnetic polarization leaking effect;destructive read operation, free from
any wearout mechanismduring magnetic state modificatietc.[25]. IBM first innovated MRAM
in 1970s R6] and this technology isxpected to supplant DRAM soon.

A standard MRAM cell consists of a transistor and a megnetoresistive component and
depending on the deviaesistance levethe stored data can lmassifed as either ‘0’ or ‘1.
MRAM design usually includes several layers or components sucbpsi) free layer(FL),
which is the information storage layer mage with ferromagnetic material ii) reference layer
(RL), which is a magnetically anisotropic layer to avoid any actaemagnetization and
thereforeserving as a stable yet magnetization reference during the read or write operation within
the free layeand iii) tunnel layer (TB), which is a thin insulating layer (~1 nm) of roragnetic
material. Spirpolarized curreincantunnel througtthe barrier layer ang¢answitchthe magnetic
state of free layeReference layer is designed with very high magnetic anisotropy to avoid any
accidental switchingFree layer is engineerexs uniaxial by patterning the layer with ader

shape in one direction called as easy aXme shorter one would constitute hard akiasy axis
19



Could be either #plane @ perpendicular to the plane, but the latter anenore stable during
memory operation and is generally preferrégpically, MgO [27] and CoFeBareused as tunnel
layer (TB) and storage laye2§] respectively.

In the earliest type of MRAM technology, magnetic fields were used to write data. Toggle
MRAM is an example of that class of MRAMYR [30]. In this type of memory, magnetic field
can modify the magnetization of fréseyer without any potential wearut effect R5]. It has very
high write enduranceThe next generation dIRAM employs spin transfer torque to write
information througteitherin-plane or perpendiculgslane magnetizatiof25]. The stateof-the-
art256 Mb STT MRAM is already in the mark&1]. For the third generation of MRAM several
phenomena are being extensively researched: spin Hall effect (StdEdgecontrolled
anisotropy(VCA), voltagecontrolled magnetism3p-35], spin orbit torque(SOT) [36-40] etc.
There are various challenges for these technologies sudblaSHE does not work well for
perpendicular magnetizatioBOT switching requires further enhanced level of effect, VCA does
not work independently rather it needs to be used with another technology, some technologies are
not suitable for higidensity memory as it requires more termsnal its architecture etcTwo
majortypes of MRAMs-Magnetic Tunnel Junction (MTJ) RAM and (STT) MRAd&ediscussed

here

1.2.3.1 Conventional MRAM

It is well known from BiotSavart law that current carrying conductor induces magnetic
field in the vicinity of the condugtg wire and the direction of magnetic field can be illustrated
using the righthand rlie. A standard MRAM cell is selected usinglmes (BLs) andvord-lines

(WLs) which are locatedbove and below the Magnetic Tunnel Junction device (MTJ) as shown
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in Fig. 1.15. Magnetic Tunnel Junction (MTJ) device is based on a quantum mechanical
phenomenon called tunnel magnetoresistance. The basic architecture of this device usually
contains a noimagnetic insulating layer sandwiched between two ferromagnetic layers and a
sepaation transistor connected with it. The insulating layer is very thin (its thickness is on the
order of ~1 nm). This layer is also called as tunnel barrier layer (TB). Electron can quantum
mechanically tunnel through the very thin tunnel barrier and helficecan behave like a virtual
resistor whose resistivity depends on the tunnel barrier thickness as well as the relative
magnetization direction of the corresponding ferromagnetic lag&}slp ferromagnetic material

the number of unpaired electronshwitp-spin and dowsspin are unequal and therefore it can lead

to spin polarization. So unlike normal metal, ferromagnetic metal has net magnetization which can
be calculated considering spin dependent density of states at fermi energy. Electron watin a cert
spin (up or down) can only occupy a state with similar type of spin. Therefore, when the
magnetization of FL and RL are aligned as parallel, large number of majority carriers (electrons)
can tunnel through the barrier. As a consequence, the resistédirmelow. On the contrary, anti
parallel magnetization will significantly reduce the tunneling of both majority and minority
carriers and therefore the resistance will be higher. Different magnetic state has differenteesista
level which can be expssed by TMR ratio as:

6/4 N = ppfRacuoacskaoacsson

456206RR0R
Here 44 s 0ix 0 a 6 Ak 44 0 2 6 v@EAMTJ device resistance when magnetization of reference and
free layer are anparallel andparallel respectively. So, parallel/aparallel magnetic state is
linked to low/high resistance and therefore can be used to store memory bit ‘0’ or ‘1",
Figurel.15 shows the cross section of a standard tunnel device [25]. For the simplest case
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(Fig. 1.15 (a)) the coupling between the two magnetic layer (FL and RL) depends thickmeess

of insulating layer separating thedl]. The FL is usually designed to be magnetictdis rigid

but responsive to exerted magnetic fields. But, this structure suffers from unwanted magnetic
interaction between FL and RL. An engineered SAF (synthetiefenbimagnetic) structure

provides critical magnetic properties such as inflexiblematig system, steady magnetic path,

Fig. 1.15 Cross section of Magnetic Tunnel Junction for a) simplest device desigaplanmdevice with
RL pinned by AFM PL layer; c) perpendiculglane deice with RL pinned by AFM PL layeReprinted

with permission from [11], Copyright Materials Today (2017)

nullifying FL-RL coupling etc. by antiferromagnetically (AFM) coupling ferromagnetic layers and

is a widely accepted popular solution to this problem. SAF structure can provide magnetization to
in plane omperpendicular to the plane and is shown in Fig. 1.15 (b) and Fig. 1.15 (c) respectively.
It can be observed that the pinned layer (PL) of SAF is directly connected to underneath AFM,
whereas the reference layer (RL) of SAF is on top of ruthenium metaldaglas in contact with
barrier layer (TB). Since the magnetic moment of SAF layer is less susceptible to external field

and it is capable to ensure balanced magnetic moment between the layers by providing adjusted
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dipolar field as required, AFM structungrovides strong magnetic referenc25|[ Again,
ferromagnetic materials have asymmetric band structure and therefore once electron tunnels
through the barrier it would be spin polariz@d||

Figurel.16 (a) shows device schematic of figldntrolled MRAM memory cell.To write
data into a cellcurrent is passd through both WL and Blat the same timeAs a result, WL
current generates magnetic fi€ldz) along easy axis and BL current generates magnetic field

(* @ in adirection transverse to the easy axis.réheretwo magnetic fieldsimultaneously

Fig. 1.16 Device architecture schematic of a) fi@dntrolled MRAM; b) SpiTransferTorque MRAM

(STFMRAM)[11]

generated in this process and they pependicular to each othdr.* ,is single domain magnetic
anisotropy,then he minimum field required for fieldontrolled switching operationcan be

expressedising StoneAWohlfarth switching mechanisas [L1]:

g7
Yot *o= i @
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When both the magnetic field ¢, * @ are present and collectedly exceed the minimum threshold
field satisfying eq. (1) the switching opéiom is occurred Since, this process requires both
magnetiefield to be presentata is written only within thargeted cell antheprobability of any
spontaneous writing in any unwanted neighbor cell is eliminated.

Recent improvementsr this devie includequality enhancement for tunnel barrier layer,
narrower distribution of resistane@luesbetween b#to-bit storagen MTJ device reduction of

stray fieldetc. @42].

12.3.2 STT MRAM

A standard STIMRAM is consist of a transistor, a tunnel junction, a wimd (WL), a
bit-line (BL), and a sourckne (SL) [43]. The switching operation in éhSpin Transfer Torque
(STT)MRAM is accomplished through passing a current through the devidedoes not require
applicationof any external magnetic fieldlhis process encompses selectively transporting

majority carrier(electror) and transferringpin angular momentutorque through the polarized

Fig. 1.17 Electrons pass through a magnetizatiager get polarized and electron spins are aligned with

magnetization direction of that laygs9]

electronspin in accordance with conservation of momentiligpical electric current generally

contains equal number of spip and spirdown electrons and are unpolarized. When electric
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current is passed through a magnetic layejority of the electron spin are adjusted in accordance
with the magnetationdirectionof that layer, theslectrons get polarized his is illustrated using
Fig. 1.17. Here, he magnetic layer acts as a sfiiter. Cross section of a typical STT MRAM is
shown in Fig1.16 (b)

When magnetization need be modified from anfparallel to parallel stateurrent is
flown from FL to PL (hence electrons from PL to FL) and is shown in Fig. 1 H. Electron
gets polarized, major number of electrons spin get converted irdpin@ccording to Fig. 1.18.

Now, the polarized majority electrons can pass through to the FL while minority electrons are

Fig. 1.18 Electron is flown from PL to FL to modify the magnetization fromgatallel to parallelstate

using torque in STMRAM[11]

scattered. After reaching the free layer (FL), due to conservation of momentum the large number
of majority-carrierelectronsexert atorque on the magnetization direction of that laydr, 25.

As aresult,the magnetization of the free layer changes from@anallel to parallel direction.
Again, to change themagnetization frorparallel to antparallel state, current directiisreversed.

In that case current is flown from PL to FL and hence electrons flow from FL to PL and is shown
in Fig. 1.19. In this case the electrons with similar spin is transported through the interface, but the

different spin electrons are reflected te thee layer. Now due to conservationmedmentum,
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spinangular momentum transfer resulted between magnetization layer of free laydreand
reflected electrongl1l]. As a result its magnetization direction changes amégnetization
changes from paralléd antiparallel.

It can be noted that only the magnetization direction of the free layer (FL) can be modified

Fig. 1.19 Electron is flown from FL to PL to modify the magnetization from parallel tepartllel state

using torque in STMRAM[11]

and it happens only when enough level of toque is being generated. If the current level is not high
enough, the magnetization direction change may come baukiabstate L1]. However, too high
current level can significantly increase power consumpfidrerefore, spipolarized current
modifies the magnetization of the storage layer during write operation and the ensuing difference
in resistance levels arersed during the read operation. SWTIRAM and conventional MRAM

has identical read operation, but their write mechanism is different.

1.2.33 Device Reliability & Challenges

There are manifold of challenges in MRAM technology. The field induced MRAM is

stable up to an operating temperature of only’ X20After that some of its key parameters such
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as bitto-bit resistance distribution and data retention lifetime etc. are severely comproijised [
25]. It is becoming increasingly difficult to precisely ¢osl device features on the order of ~10

nm as well as maintaining a very narrow distribution of the device dimension. Wide range of
materials (magnetic material, nomgnetic material, insulator etc.) constituting this type of
memory device makes this t@agement even more challengir?f]. Again, processing high aspect

ratio features to realize higtensity memory device is getting more and more difficult. Shadowing
effect is becoming a common everyday problem. However, carefully designed process flows an
engineered etching process combining physical bombardment and reactive etching such as RIE
(reactive ion etching) can significantly alleviate these complications. STT MRAM also suffers
from several reliability issues such as large power consumptiorodeeguirement of high level

of write current, thermal fluctuation induced magnetization direction reversal of free layer, barrie
layer degradation induced by long duration of current pulses, alteration of magnetization state

caused by extended reading ¢itc. [L1].

1.2.4 FeRAM (Ferroelectric Random-Access Memory)

FeRAM is nonvolatile Ferroelectric Randomccess MemoryWhen an external bias is
applied across a ferroelectric material it will polarize, but upon removal of that field a hysteresi
is exhibited in its polarization vs. electric field characteristics.is Polarizationfeatures(P-E
hysteresispf a ferroelectrianaterial can be used to switch between two distinct ferroelectric state
of the capacitor dielectric and therefore store infation accordinglyDuring read operation, the
ferroelectric state of the capacitor is senstidce read operation is destructive in natesery
read process is followed by a complimentary wgitbit to each readell. Recently, FERAM has

captivatedsulstantial interests future memory technology due to its numerous technological
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advantages such as lowest level of power consumption, faster like DRAM, smaller cell size,
relatively faster read/write operation, low voltage/power operation, faster cefisgutity etc.
[44-46]. FeRAM is widely used in various applications such as IC (integrated circuit)ncabde
applicationsRF (radio frequency) tagtc. B4-45]. Generally, PZT{Lead Zirconate Titanater
SBT (SrBTaOg) based ferroelectrimaterials are used for FeRAM applicatiqdd]. FeERAM
can be categorized into the following two types:

i. Capacitor based FeERAM

ii. FET based FeRAM

A ferroelectric unit cell inherently displays spontaneous polarization even without application of
any electric fidd. The electric field however can modify the polarization directiathin the
ferroelectric film. This phenomenon can be used to storeatatahrough polarizatioreversal
current the stored information can be read or retrieved [45]. A charactBrist{polarization vs.
electric field) plot of a ferroelectric materials is shown in Fig. 1.20. The magnitude of podarizati
at zero electric field (E=0) is called remanent polarizati@n+' = 0). There is a minimum
amount of field required to nulliyhe polarization and that field is called coercive fi€lg§ 52 30 e
Both Zand ' 3 3 g s s@ygeghown in Fig. 1.20. To counteract depolarizing field certain region of a
ferroelectric material polarizes to form a domain. Switching froengiarization state to the other

is enabled by dynamic evolution and dwindling of domains. When the applied electris hajd
enough (paarub < oagadod@mnains with a certain direction of orientation starts to nucleate,

then proceds with forward and sideway growth and finally completes the domain with a new
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polarization state4[7]. To switch to the other state, high enough voltage with oppociéeity can
be applied antience the polarization state will be reverdeach of these polarization states can
be used as a memory ‘bit 0’ or ‘bit.1IThe device structure and operating principle of both

capacitorbased FeERAM and FEbased FeERAM are described belodd]|

Fig. 1.20 Schematic FE hysteresis loop for a ferromagnetic thin flg]

1241 Capacitor based FeERAM

Among the various typesf capacitor based FeERAM, 1T1C cells are discussed faee.
architecture of this cell contains one transistor and one capacitor per cell. The cross section of a
planar type cebtructure and its electricatlsematias shown inFig. 1.21. The capacitor is stacked
on top of a field oxideAt first, FET is fabricated with an isolation field oxide. Then ifarer
oxide (SiQ) is blanket deposited followed by chemicaéchanical polishing (CMP) to planarize

its surface. A thin adhesive layer (Ti) is deposited before depositing bottom electrode (Pt). Then
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ferroelectric film and top electrode (Riesuccessively deposited. Etching is then conducted with

Fig. 1.21 Cross section schematic of a planar capacitor FeRAMfitell[45]

mask to create opening tonnect theop electrode of capacitor with the drain of FET through Al

wiring.

12.41.1 Write Operation

To write ‘bit 1’, both bitline (BL) and pulsdine (PL) are supplied with High voltage %)
and wordline with voltage \bp+Vt, where Vt is the threshold voltage of the transigimw to
change the polarization directidPL is reduced to ¥ while BL at voltage W¥p. This modifies the
polarization direction of ferroelectric film. Finally, both BL and WL are reduoeaV.

Again, to write ‘bit 0’ BL is kept grounded (0 V) while voltaged/and \bp+Vt is applied

to PL and WL respectively. To change the polarization direction, PL is reduced to OV while
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Vppt+Vi voltage is kept at WL. The polarization direction of feteztric film is changed towards
upward direction. Finally, WLis reduced to OV The schematic timing diagram of writing
operation is shown ikig. 1.22.

Some of the desired characteristics of this type of FERAM is large magnituggtof
ensure high polarization reversal current/arealpw dielectric constant (to achieve low
displacement current and hersmghancedletection of polarization reversal curreddw ' 3 agaové g

(for ease of switching), low degradation of ferroelectric material[4%:

1.2.4.1.2 Read Operation

To enable read operation a sense amplifies is connected between BL and a reference

Fig. 1.22 Schematic timing diagram for ‘write’ operatiptb]
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voltage which is usually kept between the voltage correspond to ‘bit 0’ and ‘bit 1'PNewitage
is increased to M. For stored information ‘bit 1’, the ferroelectrivaterials polarization
direction will beinverted,and BL voltage will increase. Sense amplifier amplifies the difference
and BL voltage increases tooy. Then PL voltage is reduced to OV and polarization direction
changes to initial direction again. Thisad operation is destructive and therefore -anie
operation right after every read is required to bring the data to original[4&teExtra write

operation can make this procestativelyslower.

12.4.2 FET based FeRAM

Among the variou$ET based FERAMLT type is discussed here. This structure contains
oneferroelectricgate FET and therefore scalable as well as has potential for futurddnghy
integration. Unlike capacitor type FeRAM, read operatiof this type of FERAM is non
destructiveThe cross section amircuit schematic of HEET memory cell is shown iRig. 1.23.

It can be seen that ferroelectric material is used in placed of gate dielectric. Its principle of

operation uses the fact that gate voltage can modify the polarization state of ferroelectri¢t materia

Fig. 1.23 Crosssection schematic of a Fkbased FERAM c{47]
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which in turn can manipulate the conductiviy channel located between drain and source
terminal. By applying a small drain voltage (without affecting the polarization of ferroelectric
material), the level of drain current can be serfsedespond tdigh or lowchannetonductivity)
and can beisedto classfy memory information ‘bit 0’ or ‘bit 1’ When a sufficiently high voltage
(862 &azadds@pplied to the gatehe polarization of ferroelectric material is aligned
accordingly and accumulates positive charge in ferra@etdyer [47]. To compensate this
positive charge negative charges argathered (for p-type substrate)at the interface of
ferroelectric/semiconductor herefore, draksource are connected through this highly conducting
channel.This can be one state miemory. Similarly, to switch the memory cell to the other state
negative voltage is applied to the gate and the ferroelectric material gets negative charges. As a
result,electrons are depleted from the channel and salnaia get disconnected. This réswith
a highly resistive channel and can be treated as other state of the memory.

Ferroelectric film is desired to be inert with substiedevell as withbuffer layer for FET
type FeRAM. There have been several successful development activities wilgicificantly
advanceFeRAM reliability. This includesquality improvement for ferroelectric thin film,
lessening Hlinfiltration by depositing passivation filmptimization ofconductive oxid¢o reduce
polarization fatigue, development of optimized process condition for ferroelectric filndBlc. [
However,several major technological challenges are still present to realize high density or 3D
FeRAM. Minimizing process temperature, improvement of leadayer stabilityand reduction of
inter-diffusion among elements constituting of FElIminishingvoltage dependent drifting &
E hysteresis loop with increased number of switching cyaining polarization with increased
number ofswitching cycls, reliable performance atide range of operating temperatures etc. are

some of the keproblemsto mention #4-45].
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1.2.5 PCM (Phase Change Memory)

PCMis a nonvolatile Phase Change Memory technolo@is type of memory is mainly
based orchalcogenide materiatsich as GeSbTe alloys (also known as GST) with pseudoy
composition of GeTe and Zles. PCM or PCRAM memorysesthe fact that there is substantial

electrical resistanceontrastbetweerthe two distinct phase of a materiatystalline state vs.

Fig. 1.24 a) Cross section schematic of a PCM memory cell; b) Timing diagram schematic of SET, RESET

and READ operation in a PCM ceReprinted with permissiofiom [9], copyright IEEE (2010)

amorphous statén amorphous statdhe atoms have periodic structuiacally, but that periodic
arrangement is absent fiong-range order and therefore the material has h@tyresistance. On
the contrarythe atoms are perfectly periodically arranged for {oangge order in therystalline
phaseand the material therefohas very low resistanc&his low or high value of resistance can

be used as twdistinctstates of meory in PCM.

1251 Write and Erase Operation

The asfabricated PCM material is crystalline and hence have low resistance due to BEOL

processing temperaturéd]. Now if a large intensity of current pulse is applied to this crystalline
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material for a short duration, a selected material region (programming area) is mélkraufdt

is quenched quicklyhere will bea highly resistive amorphous material in the PCM [g&3t49].

This high intensity short duration current pulse is caleset pulseNow the newly created
amorphous area is in series with remainingadsicated crystalline materiaf the PCM cell
located between top (TE) and bottom electrode (Bltjce, the electrical resistance of amorphous
material is several orders ofagnitude higher than that of crystalline material, resistance of PCM
cell is effectually determined kihe amorphous regiorNow, to convert the PCM material from
amorphous to crystalline phase the programming area needs laxdlly annealed with a
tenperature between crystallizatiandannealing temperaturéhrough a moderate intensigng
duration(longer than crystallization timeurrent puls¢48]. This medium intensity long duration
pulse is called set puls&gain, sinceamorphous material has very high resistaapglication of

a medium level of voltage wilead toavery small amount of current flowing through it. This low
level of current isinsufficient to generate joule heating for subsequewting and re
crystalization ofthe material fronexistingamorphous phase. Howeveten amorphous material
experiences a field across it which is higher than a threshold (x&t\&), it activates arivileged
electronic change which leadsdeelatively lower resistanggesistance comparable to crystalline
phase)in the amorphous material compared to its initial amorphous phase. ThiamgEnen is
called thresholdV:) switching.Threshold switching is the most critical factor fbe set process.
This low resistanceannow trigger significantly large amount of current through the amorphous

material and enough amount of heat is dissipated to crystallize the ma&t@rial [
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125.2 Read Operation

To read thgorogrammed state of ti&CM cell a small amount of electrical current is flown
across the cell by applying a small voltageoss itand the corresponding resistance of the PCM
cell is measuredlhe current should must be low enough noaffect the existing crystallinity
status in thé>CM cell programmingerrain The crosssection schematic of a PCM cell as well as
various current pulses for read/write operation is showifrign 1.24 (a) andFig. 1.24 (b)

respectively.

1253 Challenges

As the PCM cells are scaled down, the atoproperties of surface or interface atoms
becomes more critical and the device characteristics are also signifiediatlyd There are
numerous properties of PCM cells which are-siependent such aselting temperaturémelting
temperature decreases for thinner filrdg,[ 50], crystallization temperaturecrfstallization
temperature usually increases for thinner fatthoughinterface materigdropertycanalsochange
with increaseor decreasef temperaturd¢oo) [48, 51, 52], crystallization timgbased on interface
characteristicst can either increase or decreasgd]| electrical resistances (resistancgually
increases for thinner filmp] etc. PCM memory technology is already used wwriable optical
datastorage and noewolatile memory applications4f]. But, this technologyalso ha several
limitations such as; high power consumption specially during the reset operation, thermal cross
talk between neighbor cells are imminent with further scaling whiclseagrelycompromisats
reliability. The exact amount of power consumption also depends on the properties of various
materias integrated in the device structure such-th&rmal conductivity, resistivity etc4§.
Althoughthe scaled®CM cells stillexhibit its phase change properties, it is quickly reaching the
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technological scaling limit when the PCM materials will no longer be stable in any of its phases
[48].

Therefore, PCM cellarea great promise for future memory technology, but to reabze it
full potential several issueseed to be addresssdch asthreshold switching mechanism, trap
properties, reliable muihit operation, reduced power consumption, quicker switching speed,

enhanced reliaility, reduced foeprint for memory selector etp48].

1.2.6 Flash Memory

Flash Memory is a nowolatile semiconductor memory technology where the
programming (writing) and erasing operatiohdata can be conducted electronicaltyis an
upgraded version of EPROM and EEPROMe term ‘flash’ oiginated from the fact than flash
technology a large amount afemory cells (odatg can besimultaneouslyerased, which is
usually called as ‘block erase’. However, in EEPROM datsuallyerased on aybe level. Flash
memoly on the other hand use larger block sizes during the erase operation. As,zraselt
operation is much faster in flash memory compared to EEPROM techn&lagiimemoy also
offers faster access like DRAM, but it is slower than SRAM and R{BM]. Intél first introduced
NOR flash in 1988 andoshiba demonstrated world’s first NAND flash technology in 1%, [
There are two main categoriesflalsh memory

i. NOR flash
ii. NAND flash

In flash technology, information is stored in the floating gate transistoddquble gate

transistor) based memory cell which is arranged in array pattern. Floating gate transistorris simila

to any normal MOSFET except that it has two gatmstrol gate (CG) and floating gate (FG).
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CG is the top control gate which is accessible from outside and is available for application of
electrical bias when necessafyG however is buried within insulation oxide, electrically
inaccessible and is located between CG and MOSFET channel. Dealayvite architecturthe

FG acts like an ‘electron trap’ and wheneaay electron iplacedin FG, it will usuallyremain

Fig. 1.25 Crosssection of a double gate Flash memory 1]

therefor very longduration.Since CG is the only accessible gateltageis applied to CGo

create an electric fieldf that electric field ihigh enoughit cancreate electron inversion layer

(for NMOS) and foms a continuous channel between sourcedrad. The minimum voltage
necessary to creathis channel is called threshold voltage)(\But, whenelectronsaretrapped

in FG, its negative charge will partially screen out the electric freloh CG and threfore the
magnitude of electric field required to create the channel will increase. In other words, the
threshold voltage (¥ will increase.Figure 125 shows the3D schematioof a standard flash
memory cell which is also calledsfloating gate transistoEach memory cell can store one bit

or multiple bits of information and is called as sintgeel cell (SLC) or multievel cell
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respectively. For MLC cell, several levels of electrical chauggan be stockpiled in the isolated
floating gate of the double gate transistor and therefore stored bits per cell is increased
consequently.

There can be two possible statéEG in floating gate transisteeither electros arestored
at FG or therareno electros present there. The coggonding threshold voltage will be HIGH
(Vthicn) or LOW (ViLow) respectively By detecting the conductivity state of the channel
(whether channel igisulating or conductingdhe stored informatiom the memory cell can be
categorized Normally erased tate (when no electrons at FG) is denoted as ‘logic 1’ and
programmed state (when electrons are transported and trapped in FG) is designated as ‘logic 0'.
For MLC cell, multiple levels of electrordensity can be present at F@hich would affect the
amountof current flowing through the channélherefore by sensing the current level the
corresponding mukbit information can be extractedsually inflash memoryne voltage supply
with relatively small magnitudés present andising charge pump circuiy locatedwithin the

memory chip the other required high voltagas becreated.

1.26.1 NOR Flash Memory

In NOR flash memoryone end oéach cel(floating gate transistor) is connected to ground
and the other end to Hihe (BL). The wordlines (WL) d the transistor are connected to control
gate (CG).Since ceb are connected in paralléd BL, read and program operation ebe
conducted on cell levekigure1.26 (a) showsthe schematic of cetb-cell connectiorarrayof a
NOR flash memorysing the device architecture shown in Fig. 1.2Bis technology was
primarily designed for randosaccess read operation with technological advancememke it

competitive with contemporary memordE®ROM and EEPROM. Therefore, its write operation
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is notoptimized,and it is relatively slowerThe parallel connection architecture of NOR flash
consumes large area since every two cells requires one metal connection with source/drain

diffusion area. The memory density is therefore IBM@R memory is used for machine code

Fig. 1.26 schematic of cello-cell connection of a) NOR flash memory; b) NAND flash mefbdiy

execution, cell phonesjgital camera, medical electronics, audio player &#4]. [

When voltage is applied to one of the WLs (V = HIGH) that transistor is turned ON, output
BL is then connected to ground (GND) and the output therefore goes to LOW. So, for any HIGH
input (voltaye at WL) the oydut goes to low (BL becomes grounded). This behavior resembles

with ‘NOR gate’ and so this type of memory cell array arrangement is called as NOR.
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1.2.6.1.1 Program Operation

The programming or writing operation is the processarfsporting electrons from

substrate (for NMOS) anappingat floating gate (FGINOR flashcell programming is done

Fig. 1.27 Program (write) operation in a NOR flash cell using Channel-&lettron Injection (CHE)4]

through Channel Hot Electron mechanism (CHE). By applying large voltage between source and
drain, a large electric field can be created along the lateral direction of ch&onelectrons
moving along the channel will gain high enertfythere are somicky electrons which do not
undergo that many scatterings throughout this trakiely might gain high enough energy (> 3.1

eV) to overcome the energy barrier presenhattunnel oxide interfacéajority of these highly
energetic hot electrons are geated closer to the drain end where depletion region is present and
electric field is maximumNow, if a high positive voltage is applied at control gate (CG) it will
create strong electric field transverse direction to the channel and can inject mohgl&oimthe
channelhich can cross the oxide layer, reach floating gateemshtually geing trapped there
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[20, 54. The memory cell is now written with ‘logic GAs more and more electrons are stored at
FG,the gate potential gradually reduces andlfy the process stop$his process however is not

ideal and there are lot of collisiohappening within the channel which createsh electrons and

holes. The holes and electrons are collected into substrate and drain respectively and constituting
substrate and drain current respectively. This Channel Hot Electron induced programming
operation consumes large powdvlodern NOR flasidevices are usually programmed on byte
level. Figurel1.27 schematically demonstrates the programming operatiahlOR flash memory

cell.

1.2.6.1.2 Erase Operation

During erase operation, the stored electrons are removed from the FG. Both NOR and

Fig. 1.28 Erase operation in a NOR flash cell using FowhNardheim tunnelingDevicelevel schematic;

b) Band diagranj20]

NAND usesFowlerNordheim tunneling erasing mechanidBy applying high voltage beten
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control gate (CG) and source, high electric field can be created across tunnel oxide. As a result,
through Fowler-Nordheim tunneling electrons are removed from floating gate (FG). In first
generation NOR flash, voltage was applied to source termimglwith CG grounded. But this

can potentially create breakdown at source/ substrate junction. By splitting the bias between gate
and source terminal this problem can be mitigated. But at source/substrate junction theredstill coul
be large amount of leage current due to batid-band tunneling. Then a new device architecture

is adopted byntroducing a pwell. By applyingbiasto this well,electroncan be extracted from

the entire channebfl]. Erase operationfa NOR flashcell level is schematically shown kig.

1.28. After successful erase operation, electrons are removed from FG

1.2.6.1.3 Read Operation

NOR flash cells can be randomly accessed during read opefasioead the memory s&a

Fig. 1.29 READ operation in a NOR flash a) Schematic curanitage characteristics; b) transistors level

circuit schemati [54]

of a cell, its current is compared with an identical referencealgeligh sense amplifier circuitry

The cell with erased state (no electrons at FG) halle lower threshold voltage §\han the
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programmed cell (electrons trapped at FG).f@othe same voltage applied to gate (through WL)
and with a smaller draisource bias, erased cell will conduct much larger current through the
channel than that of the programmed cell. If the reference cell characteristics is positioned betwee
those tw states, then by comparing with the reference cell the stored information can be retrieved.
Figure 129 (a) and (b)llustrates the read operation througk-V s characteristicand transister

level circuit schematicespectively

1.2.6.2 NAND Flash Memory

NAND memory cells are also based on floating gate transistor (also called as double gate
transistor). However, several (L6, 32 or 64 cellsare connected in series configuratamd
form a groug54]. One end of that series is connecteddarce linethroughan SSL transistor
(source select transistoand the other end is connectedetenbit-lines (BLe) or odd bitlines
(BLo) through anotheDSL transistor(drain select transistar)lThe gate of all transistors
connected to several wablines (WLs). When all transistors are turned ON by applying voltage
(V>Vy) to their gates through corresponding WIb& BL gets connected to ground and the output
becomes 0 V (LOW). So, for this configuration, when all inputs are HIGH (V>Vt at gates) th
output becomes LOW (0V) which resembles with NAND logithis series connected
configurationsaves space bgradicatingseveralmetal contacts irsource/drain diffusiorarea
(compared tane contacfor every two cells ilfNOR flash). NAND flash technologytherefore
provides increased chip density and hence delivers lower cost pEighite 125 and 126 (b)
show the schematic of device level architecture ane@ekll connectiorarrayof a NAND flash

memory NAND memory is used isolid-state drive, USB drive, memory card e@0][
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1.2.6.2.1 Program Operation

Programming is transporting of electrons from the substrate and storing it at FG. Unlike
NOR, programming of NAND flash uses FowlMordheim Tunneling phenomenon. High electric

field is created by applying bias between CG and subsBgt#ipping the bias polarity erase

Fig. 1.30 Program operation in a NAND flash using Fowlordheim Tunneling: a) Devidevel

schematic; b) Band diagre [54]

operation is conducted.

At first the DSL (drain select transistor) of the cell to be programmed is turned ON by
applying voltage to its gate. The other pass transistors in that strings (cells in that strang that
not to be programmed) are tuned ON by applamgltage (8~10 Yhigher than threshold voltage
in their gates through corresponding-lies (BLs). The SSL (source select transistor) gate is
grounded. Now BL is grounded and high voltage (~20 V) is applied to the gate of the cell to be
programmed through respective W&o, target cell has high voltage at its gate, OV at drainitand
sourceis floated[54, 56. The high electric field across tunnel oxide leads to electron tunnel from
substrate and accumutat at FG. High electric field (high voltage) will improve tpeogram

performance by injecting more electrons into FG but at the expense of oxide degrdgation.
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scaling oxide thickness and reducing bias voltage this problem can be alleviatethepdint
when other degradation effects such as stress inducedyéeakarent start affecting the device
degradation.

Due to cell to cell geometry and process variations, drain modulation etc. there is a
distribution of threshold voltages among cells. To ensure a reliable operation of memory cells,

these distribution needs to be wedirtrolled and preferably very narrow specially for muolii

Fig. 1.31: NAND flash memory cell after successful programming opergiidjn

memory cells. To ensure a tighter distribution of threshold voltage, program & verify algorithm is
usually adopted. In this strategy the program operation is followed by an additional relatively
longer read step where it is checked whether the cells have reached the target thresholor voltage
not [20, 54. Then another program pulse is applied to only those cells which did not meet the
thresholdrequirement. The process stops when all cells naeget threshold, or the maximum
number of attempts are reach&tjure 130 (a) shows device level schematic of a NAND Flash
cell during programming operation and the corresponding-d&aggam is shown in Fig. 30 (b).

A devicelevel schematic after soessful program operation is also illustrated by Figl.1.3
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During programmingpf NAND cell, there is a probability that other cells connected to the
same wordines (WL) get unintentionally programmed. To avoid this accidental programming of
the cells connected to same WL, they are electrically floated. Due to capacitive coupling between

CG (control gate) and channel, the channel as well as the édaioeof those respective cells are

Fig. 1.32 ‘Program inhibit’ operation of NAND flash memadjiy4]

boosted up to 6~8 V. As a result, the electric field across the tunnel oxide is significanthdreduce
and will not be high enough to program those cellss Ehknown as ‘program inhibitA device
schematic with applied electrical bias to its various terminals for the ‘program inhibit’ operation

is shown in Fig. 1.32

1.2.6.2.2 Erase Operation

During erase operation, the stored electrons are removedtfi®@r&G usingFowler
Nordheim tunnelingLike erasing of NOR flash cell, Fowl&tordheim Tunneling phenomenon is
also used for erasing of NAND flash catfid is shown in Fig. 18(a) and (b) This process is also
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similar to programming of NAND flash cedixcept the bias polarity is reversed. Large bias is
applied between CG and substrate (substrate is positive biased and gate/WL of select blocks are
grounded) and this high electric high causes electrons stored at FG to tunnel through the oxide
layer and each substrate. NAND flash cells are erasednéeblock at a time where all block share

same well Therefore, to inhibit unselected blocks from erasing WLs of unselected blocks are

floated through a process known as erase inhibit.

1.2.6.2.2 Read Operation

To read a NAND flash cell its gate is biased wsthall voltage ¥eap (Vreap<Vi). A

voltage highe(Vras9 than cell threshold voltage is applied to gages of other transistors in that

Fig. 1.33 READ operation in a NAND flash memory: a) Gellcell connection array schematic; b)

Schematic currentoltage characteristics for an MLC c¢ii4]
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voltage. By applying &elatively high voltage to its gate (~4V) it is ensured that both types of pass
transistors are turned ON and form a continuous channel. The selected BLs@&rargeel and

then floated. Since all these cells are connected in series, if the cell todbareealready
programmed then BL will not be discharged. On the other hand, when the cells to be read are
erased, BL will be discharged. By sensing the BL voltage after a certain period, the memory status
group An erased cell has normal threshold voltatpereas a programmed cell has high threshold

of the target cell can be identified. NAND cells are usually read on page level. Figure 1.33 (a) and
(b) shows Celto-cell connection array schematic and curnesitage characteristics for an MLC

(multi-level cell) NAND memory cell respectively.

1.2.6.2.3 Challenges

The latest statef-the art NAND device is vertical NAND (AWAND) where the cells are
stacked vertically, and the charge trap layer is surrounded by cylindrically shaped geometrical
architecture 20]. V-NAND is a promising solution to realize high density memory technology.

In NAND flash, cells can be randomly accessed foringadbut randomaccess operation is not
possible for rewriting or eragng procesg54]. The reliability of this memory ao deteriorates
beyond a finite number of switching cycledsp called aprogramerase cycles or-E cycles)

Latest NAND memory chips can go through as many &sPI0 cycles[55]. Wear leveling
technique can further improvke integrity of chip bylynamically counting and mapping theEP

cycles of each cell and spread the successive write operations to differerstassmiogtingly 54].
Authenticatiorof write operation andemappingdatato other blockin case otinsuccessfukrite
operation cou be another useful approach. Again, repeated read operation can deteriorate the

integrity of nearby cellan the same blocland those cells can potentially become programmed
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over time[54, 56. This is called readisturb.By keeping track of the numbef read operation

in each block through flash controller and dynamically coping those data into newdraekthe

read threshold (maximum number of read operat®m@xceeded can significantly alleviate this
problem[54]. Again, due to series connected architecture the signal intensity received by sense
amplifier during read operation is weak. This can decrease the speed of read operation. Therefore,
NAND flash memory may not be the best choice for high speed raadoess applicens. But

it is a very good choice for low powescalable,high densityand low cost per bit memory

solutions.

1.27 ROM

ROM is ReadOnly Memory. These types of memoriese primarily used foreading
operation. Their write operation is either cundmene or too slow and therefore not considered for
writing operation. Among the various types of ROM technoled@&OM, EPROM and EEPROM

are discussed here.

1.2.7.1 PROM

PROM is Programable Read Only Memory where data can be written only one time.
Information is usually stored as fuse or dnse in this digital irreversible memory technology
[57]. This nonvolatile technology is usually a factemyade blank memory. It can be programmed
or burned later using a tool named PROM programmer. Once progratineneditten content is
permanent and usually not erasable. PROM is used in microcontrollers, RFIDf{eadiency

identification), HDMI (highdefinition multimedia interface) etc5§].
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1.2.7.2 EPROM

EPROM is Erasable Programable Reedly Memory. Thisnonvolatile memory is based
on Floating Gate Avalanche MOS (Mefakide-Semiconductor) transistor. The transistor
contains two gatesontrol gate (CG) and floating gate (FG). Control gate is accessible for
electrical connection and bias voltage can balieg to the CG, whereas the FG is electrically
isolated and is usually buried inside an oxide lamet is similar to the device discussed in Fig.
1.25for flash memoryThe schematic of an EPROM memory array is showfignl.34. It can
be observed thahemory cell ispositionedat each intersection of worlthe (WL) and bitline
(BL). Each WL is connected to FG of several transistors. On the other hand, voltage sgurce V
is connected to Drain end of several transistors along its direction as it goes vertically &nd final
is connected to the output through an inverter. Each transistor caseléeted through
corresponding WL and BL. For example, if the transistor is QMllipull down the BL and the
input of the inverter will be low (0). As a result, the output of the inverter will be High (1).
Similarly, when the transistor is OFF the output of the inverter will be lowl {@.progranread,

and erase operation of EPRQOMemory cell is described below361].

1.2.7.2.1 Program Operation

All EPROM cells need to be completely erased before it is ready to proghemnel Hot
Electron Injection (CHE) is used to program an EPROM memory cell where electrons can tunnel
through the tunnel layer due to high electric field and eventually get trapped in the FG. The proces
is similar to the one illustrated using Fig. 1.27 in flash memory. Very high voltage (~ 25 V) is

applied to the WL which is connected to the CG. As altrghe corresponding cell is ON. Again
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, BL of that cell is also supplied with small voltage (~ 3¥ich is also thelrain of that transistor.
So, a continuouschannel is formed underneath the gatbel a current will flow from Drain to
Source terminal (electron will flow from source to the drain eBdyides, high gate voltage (~ 25

V) applied at CG will create a very strong electric field and will act along vertical direction with

Fig. 1.34 Schematic of EPROM memory cell array ¢&9]

respect to the channel. As a result, some of the electrons moving from source to drain can gain
enough energy and overoe the energy barrier present at Si/Sifderface and eventually can be
implanted into the floating gate (FG34. The cell isthusprogrammed. The information written

into the memory cell through this process is ‘bit 0'. The trapped electron can Bayfon several

years.
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1.2.72.2 Read Operation

If a cell is programmed (electroaseimplanted into the FG), more voltage is required at
CG to invert and create a channel. In other words, the threshold voltage {Nat transistor is
increasedSo, if a moderate read voltage to CGéNo) Will not be enough to invert and create a
channel The transistor will remain in the OFF state and very negligible current will flow within
the channelith Vps applied to drainBy sensing the low (or negligd)l level of current, the cell
can be identified as programmed (‘bit O’ is stored in the memory).

On the other hand, if the cell is not programmed (no electron is present in FG) the channel
can be created jubty applying normal threshold voltage {\at GG. In this case witlVps applied
to drain terminglalarge amount of current will be flown in the chanrigy. sensing the current

level, the cell can be recognized with stored information ‘bit 1'.

1.2.7.2.3 Erase Operation

To erase the memorpntent written into the cell, the entire memory chip is exposed with
UV (Ultraviolet) ray. Usually there is a quartz window on top of the memory cell to facilitate UV
exposure as needed. During normal operation this quartz window is opaquely covemand pr
it from spontaneously erasing the memory cell over long time. Upon exposure, the electrons
implanted in FG acquire very high energy and can overcome the energy barrie/aitiSi€rface
and eventually can move into Si substrate or part of thenewam get into CG. This causes the
threshold voltage (Vt) of the transisttr decrease to the normal \ével. However, erasing
operatiortakes long time (~ 30 minutes) before the memory can be readygoygeam operation.

Besides, for the UV exposutke memory chip needs to be taken out of the cir€rte erase
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operation iscompletedit can be renserted into the electrical circuit. It is not possible to erase
part of the memory within that chip, only the entire memory content of that chip a&krabue
to the cumbersomeness of erasing process, it is rarely erased and is primarily usedmly read

memory.

1.2.7.3 EEPROM

EEPROM is Electrically Erasable Programable Realy Memory. This nosvolatile
memory is electrically erasable and is lshem Floating Gate Tunneling Oxide MOS (Metal
Oxide-Semiconductor) transist@nd is like the one discussed in Fig. 1.25 in flash menibry
also called as doubE-PROM or EE-PROM. Theschematic of EEPROM memory arrésy/

shown inFig. 1.35. EachEEPROM memory cell contains two transistoosie double gate

transistor as discussed in EPROM and one usual transistor called access transistor. However, over

drain area the oxide thickness is very small (< 100 A). So, if a very high voltage is apfligd at

electrons from drain end can easily tunnel through the thin oxides and reach floating gate (FG).

Since the oxide thickness is very low, this process can befastySince the additional select

transistor is connected to the drain of the double gamsistor, the voltage available at BL reaches

drain end only when the corresponding select transistor is ON. Again, there are additional WLs

to turn ON the select transistdrhe desired cell can be eadiyg selectecandprogramming can

be done at the blevel. During the erase operation select transistor also ensures that only the target

cell is erased, and unwanted neighbor cells are not affected by that operation. It can be noted that

in EEPROM electron reaches FG by tunneling the thin oxide bamutereas in EPROM electron
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is implanted into FG through high electric field induced implantafitwe. programread and erase

operation of EEPROM memory cell is described belb9/61].

1.2.7.3.1 Program Operation:

During the program operation electrons are tunneled through the thin tunnel layer and are
trapped into FG using Fowlktordheim tunneling as discussed in FigdQL.The select transistor
of thattarget cell is turned ohy applying voltage to theorresponding word line (WL). Low

voltage (0 V) is applied to the BL and through access transistor it reaches the drain end of the

Fig. 1.35 Schematic of EEPROMhemory cell array59]
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target cell. Since ¥ = 0 V is only applied to the target cefly(turning ON that corresponding
select transistor only), all other cells are floating and not affected. Now, high voltage between CG
and drain end of target cell leads to very high electric field. As a re®dtrais can easily tunnel
through the thin oxide layer #tedrain end and reach FG. The cell is then programmed and ‘bit

0’ is stored in that memory cell.

1.2.7.3.2 Read Operation:

The read operation is very simikar theread operatiom EPROM.Programmed (written)
cell has increased threshold voltage and the inverted channel is not created by applying read
voltage (\keap) at CG. Therefore, with 35 applied to drairthechannel current is negligibly small
and cell can be identified as programmeéxh the other hand, nggrogrammed cell has normal
threshold voltage (Y and inverted channel can be easily created by applyigovat CG.
Application of \Wbs at drain end will result large amount of current flowing into the channel and

the cell thusanbe recognized as neprogrammed cell (‘bit 17).

1.2.7.3.3 Erase Operation:

The erase operation is conducted using FoWl@rdheim tunneling where stored electrons
at FG are removed through tunnglas discussed in Fig. B2 ow voltage (0 V) is applied to the
gate (CG) of the cell to be erased. The corresponding access transistor is turned ON through
respective WL. High voltage (25 V) is applied to the drain end through BLhigheelectric field
created between Q@rain will cause electrons stored in FG to tunnel into drain end and the cell
will be erased. Withoupresence of angccess transistor all cells sharing the same BL will have

high electric field between their G@ain andhenceall cells might be erased. Thereforeith
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access transistor it is possible to conduct erase operation on-tireebtind one cell is erasable
at one time.

Since EEPROM usetsvo (2) transistors per memory celkitdensity is lowerBut, the
memory cell is electrically erasable, and it sigé require to take the chip out of the electrical
circuit. Theshort duration, high voltage required farite/erase operation are usually generated
through charge pumping circuit. Like other types of ROM (Rexalgt Memory), EEPROM is not
as fast as RAMRandomAccess Memory). Due to being very similar, EEPROM is sometimes
also called as Flash EEPROM. The major difference of EEPROM with Flash memory is that in
EEPROM data can be programmed (written) or erased abibbata time (one cell at a time),
whereas flash memory can be erased in blocks (each block contains several cells). Therefore, erase
operation in flash memory is much faster than in EEPROM. The write time in EEPROM is ~ 10

Ms but its read operation is much fastetO ns §2].

1.2.7 Polyme memory

Polymer based memories have recently attractedgresving interest as a promising
novel nonvolatile memory 20]. In a standard polymer memory, an organic layer containing
nanoparticles, molecules etc. are inserted between two metal elecirbdepe of memories
has numerous advantages such as simple device architecture, 3D stacking capability, superior
scalability, lowcost, high device density, simple fabrication process, free read/write capability etc.
[20, 63, 64.

The data storage mechanism is entirely different in pohlmased memory compared to

traditional electronic memories. The conductivity of the organic polymer material can be tuned by
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applying suitable electric bias. The ‘LOW’ and ‘HIGH’ conductivity staitéhe organic layer can

be used as two different memory stsaé@d information can be stored accordingly. The device
fabrication process starts with patterning and depositing the bottom electrode layer. The organic
later is then mixed with all desired iituting elements in a solvent and-gel spin coated on

top of the deposited bottom electrode materials. After evaporation of the solventthynace
treatment, depending on the organic layer material viscosity andggpéad a thin organic film

with thicknessof 10-200 nm can be obtained. Finally, the patterned top electrodes are deposited.

Fig. 1.36 Crosssection schematic of a polymer memory device

Since most polymer materials and constitute of long polymer chains, they are potentially integrate
able with recent state of tlat high density 3D technologie85. A 3D schematic of polymer

based memorgeviceis described irfrig. 1.36.

1.28 Resistive RandomAccess Memory (ReRAM)

Resistive RandomAccess Memory (ReRAM) have attractaabstantialnterestdue to its
inherent characteristic advantages such -valatility, nondestructive readout, loywower

operation, higkdensity superior scalability, simple device structure, easy fabrication process,
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faster switching capability, small feature size, higimgity integration, excellent compatibility
with stateof-the-art CMOS technologyetc. [66-71]. A perfect memory technology would have
characteristics such as high densityd high capacitylow-power consumption, long retention
high endurancesuperiorscalablity, small feature sizdiigh resistance ratio, tighter distribution of
device parameters, high device yieldempatiblity and integrateability with existing CMOS
technology etc. 46]. Although nocurrent memory technologgossesses all thogascinating
characteristics altogetherResistive Randomhccess Memory ReRAM) has numerous
technological advantages arglconsideredas one of the most promisirgandidatedor non

volatile memory.

1.2.8.1 Device Architecture:

The research and development effort for resistive memory device started dated back to
1960’s [72]. But this technology has beeattractingsignificant interest due to ever increasing

demand from data storage industry since 193)74]. Resistive Memory ce(also known as

Fig. 1.37 ReRAM ramory device: a) 3D device schematic; b) Optical micrograph of a fabricated 30 X 30

pm memory cell array
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ReRAM) is a two terminal device where a thin metal oxide film is sandwiched between two metal
electrodes in a MetdhsulatorMetal (M-1-M) architectureandthereforeforms an electrochemical

cell. The top electrode is also called as active electrode or TE and the bottom electrode is nhamed
as inert electrode or BEhe insulator film is usually a metal oxide and sometimes is also referred
as solid electrolyteThe oxide layer is conductive for iofmitimpermeabldor electronsThe

active electrode consssdf metals such as Cu, Ag, Ni which can readily generate metaaiwhs
arecapable ofirifting through the solid electrolyt&he bottom electrodsuch as Pt, Vis inert,

capable of stoppindhe ions and ideallgo metal ions can penetrate througliMietal oxide layers

should be selected such that ions can be transported through it with high mobi@yw8n&iC,

TaQ,, GeS, Ta0s, WOs, AgGeSe etc. are usually used as solid electrolyb [Fhe typical
ReRAM cells are arranged in a crossbar array architecture where the top and bottom electrode are
running perpendicular to each other and a ReRAM memory cell is located at each intersection
between TE and BEince the operation of this degits based on ionic migration, it is also called

as nanoionics device’§]. The 3D device schematiof a standardReRAM memory cell array

along withthe optical micrograph of the fabricated ReRAM array is showrign 1.3.

1.2.8.2 Memristor

In 1971 Len Chua proposed the forth electrical element ‘memory resistor’ (also called as
memristor) in addition to the existing three elemergsistor, capacitor and inductdi7]. He also
mentioned that all resistive switching memory devices are memristorpeictage of their
corresponding mechanisni&g]. Thechargegand magnetic fluxT can be expressed by the following

basic relations:
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NP= 1Y ERGR

. P
TP=i., RRAR (2
Here HEs electric current andRis voltage But flux and charge can also bepressed as a function

of charge and flux respectively:
T= T(M (3)
q=q (T (4)

Now the voltageRand currentEcan be expressed as:

R= =203 X% 4 mOE (5
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Here

s

A M= =

X

and, )(T) = 228

X

(8)

4( Nland )( T) arecalled memristance and memductarespectivelyUsing Ohm’s law and

Fig. 1.38 Equivalent circuit diagram of conductive filament based variable resistor memirgprinted

with permission fronj79], copyright Springer Nature (2008)
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usingeq’n (5) and eqg’n (7t can be stated thaR= EU4( M. But at timeP= B, the memristance
[R(q)] depends on the entire history Bff from P= F» P K= B, Similarly ushg eq’n (6) and
eq’n (8) it can be written thaE= RU)( T).But )( T) (memductance) at tim& B depends on
theentire historyof R P from P= F» P = RB.

Thereforethe input and output of the memristor is coupled in a unique wag/ pfesent
state of the memristor not only depends on itself, but also on the external applied biasasmiéa
history of previous state of the device. A traditional ReRAM device can be considered as series

connectedigh resistance and low resistance segment where the boundary between the two regions

Fig. 1.39 Signature of memristors: a) Pinched hysteresis loop schematic; b) Cuokate

characteristics schematic with key parameters

can be tuned through externally applied electri@d [F9]. A schematic of memristor model is shown
in Fig. 1.38.

In actual ReRAM device this moving boundary is the migration of metallic ions in the ion
conductive solid electrolyte layer triggered by externally applied voltage.currentvoltage

characteristiof memristor device with pinched hysteresis loop is showignl.®.
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1.2.8.3 ReRAM Performance Parameters

Resistive randoraccess memory technology uses numerous terminologies. Some of the

keytermsused in this dissertation are introédchere:

FORMING Operation

RRAM is a metainsulatormetal (M1-M) structure with a solid electrolyte sandwiched
between the two electrode®p electrode (TE) and bottom electrode (BBY. applying high
enough electrical stress throughpropriate biato the electrodaedox reaction can be triggered
at electrode/solid electrolyte interfaf@0]. As a result, ions can migrabeto solid-electrolyte
through diffusion phenomena astrtpiling up on the other electrod®ver time it keeps growing
and eentually they connect the top and bottom electrtwdgetherthrough either conducting
filament or oxygen vacancy filame[if9]. Forming is the process to create this filament for the
very first time connectinghe TE and BE togethefhe voltage at whiche filament formation is
completed is called @sorming voltage FORMING is the highest voltage ireERAM operation
since the entire filament neetb be built for the very first timécORMING operation leads to a
softbreakdown and the FORMINGoltage is sually termed as Abrm Which increases

proportionately with the thickness of solid electrolyte (or dielectric) layer.

RESET Operation

RESETis the partial rupturing or breaking of the filament connecting TE and BE together
This is primarily a thermal dissolution process due to joule’s heating. For a standard-conical
shaped filament geometry the maximum filament resistance is located at the narrowest region of

the filament, which is also called as tipuring RESETprocessmaximum amount of joule’s heat
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is producedin that region. Besideghe lowest number odtomsare alsopresent at the tip.
Therefore,during RESET process joules heating generates highly elevated temperature at the
filament tip, thermally diffuse out fevatoms present there and causes partial dissolution or
ruptunng of the filament. This process is calR&SET The voltage at which the filament rupture

is completed is called &ESETvoltage and is usually expressed agd¢r.

SET Operation

SET is the process of rebuilding the filament to connect TE and BE together after the
filament has been ruptured at least onEke voltage at which the rebuilding of filameist
completel is called SET voltage and is expressed asr.\Since during RESEThe filament is
only partially ruptured, to rebuild the filameatsmallervoltage isrequired compared teoltage

required tabuild thefilamentfor theveryfirst time. Hence \ée1<Vrorm.

Compliance current (lcc)

This is the limiting current applied tihe RRRAM cell from external circuitry during
FORMING or SET operation so that as soon as the filament is formed the ma@maunt of
current flowing through the cell can be controllest the device being permanently damagde
excess current is rowt¢o the bypass circuitry. This limiting current is called as compliance current
and is denoted asd. This current limiting capability allows the device operation at lower current
level. Therefore, the redox reaction at RESET process as well as condarea can be well
regulated A wide range ofdcis used (nA to mA) during FORMING or SEperation depending
on the requirement of the filament geometry. For a fixed voltage ramp rate, higheyltveer is

the filament resistancg@ncethe filamentbecomes thicker by accumulating more atoms within its
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filament, specially at the filament tiBut, since RESET is a thermally driven rupturing process

the current is usually not limited during this process. Typical RESET current is mA to 0.1A.

Ramp Rate (rr)

Ramp rate or sweep raté () is therate by which the DC voltage is applied teRRAM

Fig. 1.40 Schematic diagram of a) Standard ReRAM cell; b) illustration of voltage sweep mode

cell. In other words, it is the rate of applied voltage change over time. Keithley 4200 SCS
semiconductor characterization system which is used in this work &RAR device
characterization has 50 millrseconds per step buift interval time. So, during testirghen

ReRAM cells are stressed with DC voltage the user can choose the voltage per step and hence can
control the ramp rate applied to the device accordingigure 1.40 shows a&ross section
scrematicof Cu/TaQ/Pt device and illustrates the operation of voltage sweep nvadage is

applied to top electrode (Cu) and bottom electrode (Pt) is grouRdedxample, bgelecting a

voltage stress rate of 0.06 v/step, the corresponding appliedgeolia 1.2 v/sec
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Rorr/Ron Ratio

After successful FORMING or SET proceascontinuous filament connects TE and BE
and the resistance of the filament at this condition is called as ON resistag)c&iRrRe filament
connecs TE and BE togethethe resistance is low. This resistance also depends on the limiting
current (kc) imposed during filament building proce&m the other hand, after successful RESET
operationthe filament is partially broken and there is no continuous connection between TE and
BE. Hence the filament resistance becomes high and is denoted as OFF resistapge (R
Ror#Ron ratio is the ratio etween these two resistances andesired to be very high (~9)0for
reliable operation of BRAM device[81]. Very large RordRon ratio is also essential to realize
multi-bits per cellmemory storage systeamd would increase the memory density accoiging
The resistance ratio needs to be at least greater thandefRgR>10) to successfully distinguish

between two memory statgs?).

Retention Time

Retention is the intrinsic characteristics of a memory cell to retaexissing memory
content. It is the length of time the memory cell can keep its memory unchanged after a successful
programming (writing) or erasing operation. According to datasheet, commercial memory

products can retain its memory contentdeveral (10 years)years.

Endurance

Endurance is the maximum number of times the memory cells can undergo successful
SET/RESET operation (also called switching cycles) before the two memory states becomes
indistinguishable due to electrical fatigue. Every time a cell is switched (SET/RESEBcurs

some permanent damage or degradation to the@edlr time as the number of switching cycles
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increasethere will be a critical number of cycles beyond which the device memory status after

SET or RESET process is no longer separable. Thieedthen reaches its endurance limit.

Unipolar vs. Bipolar Operation

According to the polarity of operating electrical bias, ReRAM can be classified into two
types- ‘unipolar’ and ‘bipolar’.In unipolar ReRAM celthe dominant switching mechanism is
Joules heating and therefore switching operation is independent of applied bias polargy.

Vserand \kesercan have the same polariyoth can be positive, or both can be negative.

Fig. 1.41 Schematic currentoltage characteristics of a ReRAM cell for: a) Unipolar switching; b) Bipolar

switching

Unipolar operation usually requires high RESET curretisgh) than that of bipolar case.
Bipolar operation of ReRAM cell is treasewhenvoltage withoppositepolarity needs to
be applied forsuccessfulSET and RESET operation. In bipolar cabe dominant switching
mechanism is redox reaction followed by electesital migration[83]. Since Joules heating
supportively with electric field accelerates the bipolar switching operakierswitching operation

therefore depends on the polarity of the applied electrical-lpatarity of Vser and \keser are
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either podive and negative or negative and positive respectivehe unipolar and bipolar

switching operation is illustrated usifgg. 1.41.

1.2.84 Icc vs. Ron Relationship

If 4¢d 4, resistanceatio in RRAM memory cell is sufficiently high (>>30 multiple
bits of data can be stored in a single memory cell. One critical parameter for controlling filament
resistance is limiting currentdd). By applying different levels otk, various magnitudes of low
resistance state (LRS) of filament can beiesdd and this characteristic dependence can be

mathematically expressed as [1]:

o

AY

45 4=

(9)

Fig. 1.42 lcc-Ron relationship in Cu/Ta@Pt ReRAM memory ceReprinted withpermission from [84],

Copyright (c) 2013, The Japan Society of Applied Physics
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Here,A is the minimum voltage required to SET eRAM cell andis independent of switching
mechanism.tk unit is voltagenis afitting parametewith avaluecloser to 114 1).Figure 1.42
shows thedc-Ron relationship foiCu/TaQ/Pt device In this casehy fitting the experimental data

it was found that n= 0.998 ak=0.17 V [B4]. For low resistance (LRS) value larger than 12.9
KY (Ror> 12.9 KY, the gap between growing filament and electradevery small. Electrons
tunnel through this gap and hence lead to-olmic FV characteristicsg5]. For Ron< 12.9 KY

the nanofilament grow radially and the ohmic behavior afcdRon characteristicscan be

explained with proposed modeld|8

1.2.85 Ramp Rate (rr) Dependence oWV ser

During characterization of ae€RAM cell, usually a DC bias is applied to it with a
predetermined fixed ramp rate. When this applied voltage is smaller than FORMING or SET

voltage (Mappuep< Vrorwm OF VappLiED<VseT), Very low level of current flowthrough the cell. As

Fig. 1.43 a) Currentvoltage characteristics of Cu/TaOx/Pt device with ramp rate= 0.02, 0.2 and 2 v/s; b)
Dependence of¢ron voltage sweep rat®eprinted withpermission from [84], Copyright (c) 2013, The

Japan Society of Applied Physics
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soon as the voltage reachese¥ the current suddenly increaseslaractes thecompliance
current level (tc). To investigate the impact of sweep rate on filament characteristics the sweep
rate of the applied DC bias was varied with three orders of magritngfégament resistance was
found to be independent of sweep @4]. This phenomenon is illustratedkig. 1.43 where the
sweep rate is varied from 0.01 to 2 vitis was an expected outcome for constant compliance
current level (¢c) according to equation (1)n the first phase, before thecllimit is reached
filament growthcontinuesand its resistarckeep reducing due to the applied voltage &cross
the filament which can be expressed &g,= ‘k/‘11/4041/4a|n the next phase¢ limit is reached, but
Rcr continues to drop due to filament growth alaheg radial direction.There is a minimum
voltage below which cations cannot nucleate and filament growth cannot continue anymore. The
reduction of resistance come to an end and results with a constant filament resBfance |
Although Vser changes with sweep rate (low sweeperresultaith low Vser and vice versa),
Vsetmin) IS the lowest SET voltage forsanall sweep rate/hich can be expressed as:

8,7~ %%, = 8uikg)
Although reduction of sweep rate reducestythe time to complete SET operationreases with

reducing sweep rat&4] and can be shown mathematically by the following relation8vp [

iaga R U

Ry, i= (10)

1.2.8.6 Quantized Conductancein RRAM Cell

If the switching duration is longer and sweep rate is gloaugh, the transition region near
Vsercan be investigated in detdtor a sweep rate of 0.002 V/s angkM= 0.16 V, the conductance
was found to change with integer multiples of quantum usifr@n the +V characteristics of
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Cu/TaG/Pt deviceg[88]. For this device the conductance changes fiofd) 4to 2U) ,and 40) ,

where) 4= - 775 5= 1291 - A% here his Plank’s constant and e is electttange 8]

=
The mechanism of this quantum conductance phenomena was hypothesized due to tunneling of
electron from single to multiple atordsiring currentvoltage sweep operatio8%94]. Fig. 1.44
showsthe |-V characteristics of Cu/TafPt device with quantum conductance phenomata
the voltage is closer tog¢r. At that point theate of changefacurrent is too fast to observe any
distinctive quantized level84].

Quantized conductance was also observedeRAM cell with graphene nanoplatedet

suspended into P3HT polyme3-iexylthiopheng at room temperature and zero magnéétd

[95]. It was observed that from HRS (1004Kto LRS (5 KA the conductance changes with

Fig. 1.44 Quantum conductance observed in curreoltage characteristics of Cu/TaOx/Pt device for
V<Vserwhere voltage sweep rate=0.002 v/g,%52€*/h ,Reprinted withpermission from [84], Copyright

(c) 2013, The Japan Society of Applied Physics
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multiple discrete quantized levels (multiples of) Gvithout any flat plateausThe energy

consumed during thesgiantized levels are calculated to be much higher than thermal ek€&jgy (

and therefore any dominating thermal contribution is elimina@®&f Figure1.19 illustrates the
guantum conductance observed during SET operation of graphene suspended pP3idTopstiel

ReRAM cell at room temperature and zero magnetic field.

Fig. 1.45 a) Currentvoltage characteristics of Au/GNP/P3HT/Cu device; b) Conductance vs. voltage

characteristicsReprinted with permision from [88[ opyright, Nanoscale Research Letters (2016)

1.2.8.7 Fundamental of ReRAM Memory Cell

Depending on the presence or absencecaftinuous conductive filament (metallic
conductive filament or vacancy filament) between the top and bakectrode, the resistance of
a ReRAM cell between the two electrodes can be either LOW or HIGH respectively which is
usually termed as Low Resistance State (LRS) or High Resistance State (HRS) respectively. When
the device resistance is HIGH the memory iseDFF (no continuous filament exists between TE
and BE), the memory state is ‘0’. On the other hand, when the two electrodes areechiheect

device resistance is LOW, the memory ce®IN, and the memory state is ‘ITThecorresponding
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device resistances referred as & which can be precisely controlled through a limiting current

lcc (also known as compliance currebt)using thedc-Ron relationshipBy applying appropriate

bias, the device resistance can be changed from HRS torL&$rocess called SET operation.

The written memory content (LRS state) is preserved until an appropriate electrical stress changes
the memory state from LRS to HRS in a process named as RESET or erase oparatigrnoth

SET and RESET process a minimwoltage (called as threshold voltage) retedbe appliedo

toggle the device resistance between LRS and HRS and the corresponding voltages are called as
SET voltage (¥er) and RESET voltage @éser) respectivelySince the filament connects the top
andbottom electrode through a conductftamentbridge it is also called as Conductive Bridge

RAM or CBRAM. To form a conductive bridge in a fresh cell, a relatively higher voltage (called
Vrorming) iS to be applied during the electroforming process dine@ntire filament needs to be
established. Since RESET process qalstially ruptureghe filament, for the subsequent filament

formation smaller voltage @¢q1) is required. Hence &¢ris usually smaller than pérminG.

1.2.8.7.1 Switching Operation of ReRAM Cell

The switching mechanism in nanostructure ReRAM cell is primarily due to
electrochemical reaction at the top electrode/metal oxide interface due to electron transfer between
them through a process known as red@ductionoxidation) reaction Without any external
applied bias, the oxidation current and reduction current balances each other resulting with zero
net current. However, with an applied electrical stress one component will dominate and therefore
either oxidation or reduction reaatias usually observed at one time at the electrode/electrolyte

interface.
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In ReRAM, the device resistance is independent of cell size and thetetaieed
filamentary switching mechanism is proposédt.cording to the widely accepted switching
mechanis, the ReRAM cells can be classified into the following twmes:-

i. Anion-type ReRAM

ii. Cationtype ReRAM

The switching operation of aniegpe is dominated bynigration ofnegatively charged oxygen
ionstowards the TE (active electrode) and thereby formatiovacancy filament (3. In cation
type the prevalent mechanism is redox reaction fanchation of metallic conductive filament is
due tomigration of positively charged metal ioftem the TE (active electrode) through the meal

oxide (solid electroly) towards the BE (inert electrode)

I. Anion-type ReRAM

When negative bias is applied to the TE of ReRAM cell redox reaction occurs at the
electrode/electrolyte interface according to the following equatiby (1
%Q %+ A (12)
Since negative biass applied to the TE, electrons are efficiently injected into the oxide
(electrolyte)while % Qions are retractedack to TE.These injected electrortan negatively
charge the oxygen present in the metal axfdethe G ions migrate from top electredoward
the bottom electrode under the applied electric field, tbaye a charge neutral oxygen vacancy
(Vo) in that lattice positioim accordance with the reactions showmdfn (12):
6=lg+ 2 UN \ 6=13%5+ 157\ 6=138+ 1%7 (12)
Again, akygen vacancies have Fermi level very closéh®conductionband(', ') and

therefore more vacancies will form under the previously created one. As this process continues the
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vacancy filament (%) will continue to extend into the oxide, which inridead to eveincreasing
electric field between the end of vacancy filamers QF) and BE. Due to thiself-accelerating
growthprocesghe vacancy filament will eventually connect the TE and BE togetharaamskerve

as a moving channel for electrofi$e resistance ovacancy filamenthuschanges from HRS to
LRS in the soecalled SET proces3he growth procesfor the vacancy filaments illustrated in

Fig. 1.4. Singly charged oxygen ion is very unstable in metal oxide and therefore will not
contribe vacancy according to equation (During the RESET operation, oxygen ions
recombinewith vacancy and the device resistance changes from LRS to HRStype of
switching mechanism is demonstrated ustiQ, as well agnetal oxides such a&/Oy [97, 99,
HfOx[99-104], TaO, [105, AlOx [106, 107 etc.

Again, the electrons generated according to eq. (1) can hop tiehbulkmetal oxide

Fig. 1.46 a) Generation of oxygen vacancy; b) Formation of conductive[p&jh

(electrolyte) andyenerate vacancy which accumulates over timeaétedreachingbove a certain

threshold it can provide ‘conductive petativepath’between the E and BE 9§6]. However, this
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process is more relevant to dielectric breakdown of oxide, more stochastic in nature and does not
contain any selaccelerating phenomena. It is therefore not an efficient process for conductive
vacancy filament [ CF] formaton.

ii. Cation-type ReRAM

This switching operation is governed Bdox reaction and transportation of metal ions into
the oxide.When positive voltage is applied to the TiEtriggers electrochemical reaction and
oxidizes the electrode to create metal iansording to eg’'n (3). The generated metal ions are
very mobie and can be moved within the ion conductive electrolyte by applying electric field.
Thereforethe electrons are retracted back to electrode whereas therSiare injected into the

oxide layer (electrolyteand aralrifted towards the BBWVhen Cd ions reach BEinert electrode)

Fig. 1.47: a) Initial High Resistance State (HRS); b) Formation of filament during SET operation; c)

Rupturing of filament during RESET operation
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they arereducedand converted back to metal atomsaccordance with the reduction reaction
shown in eq’'n {3):

%or A\ %Q (13)

As this process continues the accumulated Cu atoms nucleate, stack on top ofexaatdatie
filament growsdn a zigzag patterand continue textendinto the oxide The electric field between

the end offilament and TE increases further. The extended filament thus grows at an ever
accelerated rate until thBE and BE are connectedroligh thenanoscaleconductive metallic
filament (CF) The device resistance thenanges from HRS to LRS in a-salled SET operation.

This metallic nanofilament will be preserved until sufficient energy is provided to remove some
of its atomslf the bias voltage is reversegghegative voltage is applied to the TE instead) Joules
heating is triggered at the location of highest resistance of the filament (at the tip of thetjilame
and electrochemical dissolution can partially rupture the filament and the filament resistance
changes from LRS to HR3his process is known as RESET operatitigurel.47 illustrates this
switching operation in detailThis type of ReRAMs CMOS compatild, has very high Bv/Rorr

ratio, low operating voltagemulti-bit per cell capabilityand can potentially replace SRAM by

1T2R architectureg3, 108.

1.2.88 Other common mechanisms for switching operation

Among the other mechanisms spatmrgeconstained conduction (SCLC), charginrg
discharging of trap, Podirenkel emission, Schottky emissietc. are also commonly popular
[66]. SCLC mechanism is dominated by defects where swoétthge region has ohmic

characteristics (IR V) and square law ¢ R 89 relationshipfor voltage higher than trafiled

77



voltage[66]. In trap charginglischarging case, it follows either negative differential resistance
(NDR) or IV characteristics with a{$hape behaviodp9 110. Thermionically emitted electr@n

over aplied electric field induced reduced barrier is the basis of Schottky emission mechanism.
According to PoeFrenkel mechanism the trapped electrons lwamoved into the conduction

band through electric field excitati¢66)].

1.2.89 State of the artReRAM technologies

The performance of ReRAM memory cell is reliantabaracteristics aboth TE and BE
[111, 112 Different electrode materials can have varied work functions, dissimilar level of barrier
height at electrode/sokédlectrolyte interfacand can even form different type of contagksnic
vs. Schottky $6]. Depending of the level of voltage drop across electrode/stdirolyte
interface (low voltagarop for ohmic contact or small Schottky barrier height, high voltage
for large Schtiky barrier height)the effective applied electric fieldhay or may nobe able to
successfully trigger the switching operation in the memory céB,[114]. Although typically
FORMING operation isfollowed by subsequent SET operation and requireselargltage
(Vrorving>Vser) FORMING-less switching operation is recently demonstrated with Au
(TE)/ZrO2/Al (BE) structureand is attributed to the deoxidizing characteristics of68].[It was
hypothesized that Tons generatefilom ZrQ; reacts with Al and creates large number of oxygen
vacancies for subsequent formation of conductive filaminias also reported thaase of
electrochemical reactions and metal ion migratioto the solid electrolyte is the kégctor for
an excellenswitchingcharacteristi¢111]. Doped oxidefhavebeen demonstrated to significantly
improve endurance, retention time and switching tiaved is attributed to creatioof

homogeneously distributed electron trgdd 1, 115, 116. Via-hole structuras al® aprevalent
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approachto realize tighter distribution of switching voltage for potential eradication of sidewall
and caner effects irthe fabricated device geometrd/l[7]. Oxygen ion conductive buffer layer
such as Tor TiOx between TEandelectrolyte @an absorb oxygen atoras modulate barrier height

at the interfacend improves the switching characteristics furtidi8] 119. The one transistor
ReRAM or 1T1R device architecture priofes smaller reset currenkéker) and therefore leads to
uniform switching characteristicil19] and has great potential to emerge as future functional
memory byreplacing currently popular flash memo2D, 121.

Reversable and newolatie ReRAM cells with real world applications was first
demonstrated in 200222,123. 64-bit perovskite-oxide based ReRAM cells were reported by
Zhuang et al. [24]. Samsung Advanced Institute of Technology successfully demonstoated
power operation (<3V, 2mA) oReRAM cells based on binary transitioretatoxide with
switching g/cles> 16, reading cycles>18in 2004 [25]. CuQ based SumA ReRAM cells were
also reported [16. TaO based ReRAM cells with excellent switchigxl 0’ cycles)and retention
(10 years at 85C) characteristics were demonstrated in 2008/]11-kbit memory array with
HfOx based ghly scaled 30nm memory cell was reported in 20088].1Recently 64 Mbit
ReRAM operation was also successfully demonstréte.|

Resistive switching memory device hsld great promise and is a very good
candidate for nd generation of future memory technoloyyith therecent trend of IOT (internet
of things), artificial intelligence (Al)autonomous driving, redime processing, emerging neuro
inspired computingetc. and endurance, degradation and physical and teghicall scaling
limitations of other memory technologid®e significance and potential of ReRAM technology is
even more pronouncett.canalsopotentially fill the latency gap betweéiash technology and

DRAM. Although recently there has also been sigaiit progress in ReRAM technology, there
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are still a lot of challenges and difficulties which need to be addressed. Enhancing the speed of
write/eraseoperation tightening the distribution of device parameters from cell to cell, improving
endurance ancetention precisely controlling thbomogeneityat electrode/electrolyte interface

(for oxygen mobility) oxidation control of eleirodes etcare some of the greatest challenges
which need to be addressed properly to make ReRAM technology competibivgh to supplant

its rivals[130, 131]. A comprehensive understanding of device operating mechanisms is yet to
achieve. However, recent discovery of novel device architecture and innovation work is expected
to achieve a significant technological breaktigh in ReRAM basknonvolatile technology and

is expected ttnave future successful memory solution baseRe@RAM technology very soon.

1.3 Comparison of memory technologies

ReRAM is highly scalable, compatible and integratge with CMOS technologgnd are
faster than PCM with simple two terminal device architectu@][1t is capableof stoiing multi-
bits per cell by switching between several distinct resistance states. ReRAMrispaomising
high-densityfuture memory systems sinats crossba architecture does not requires any access
transistors However, it requires relatively high power for the write operation and the device
operation parametgrcan vary from celto-cell. ReRAM can have revolutionary versatile
applications in areas suchersonal computer, data center, automotive, medical, military and can
potentially replace Hard Disk Drives, flash memories, randooess memories etc.3d.

FeRAM combines the nerolatile memory characteristics with faster read and write time
of DRAM. FeRAM is faster than flash memory and hagh endurance, but the read operation is

destructive. Therefore, every read operation is followed by a write.dyelRRAM has potential
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application in small consumer electronics such as smart card, security chigheidnzhone,
powermeter, personal digital assistants (PDAs) aiied is expected to replace SRAM and
EEPROM forvariousapplications 20].

MRAM is a nonvolatile memory and combines the advantagkigh density of DRAM
and faster operational speed of SRANRAM consumes less power and is relatively faster than
existing memory technologie®ut MRAM is very expensive and suffers from egHcell
crosstalk due tpenetration of magnetic field into the neighboring c&ld.[

The read operation speed in PCM is comparable with flash technoWbgg, the write
operation is mucliaster PCM technology allows rewriteperationwithout requiring anypre-

eraseand therefore sometimes called as perfect RAbWwever, erase operation require high

Table 1.2 Comparison of memory technologiés!]

density of supply currenBCM is a promising technolgdor future highdensity, highspeed, low

cost, nonvolatile memory solutiong2Q].
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The parallelconnection of cells to biine architecture in NOR flash facilitates cell level
access for read or program operatiahthe expense of larger footpritts write and erase
operations are slower but read operations are relatively faster compared to NAJDNOR
flash technology has both randauocess and bylevel write capability and is ideal for small
volume of code storage and execution applicati@0]. On the other hand, series connected cells
in NAND flash technology saveship-footprint and is therefore preferred for high dendayge

Table 1.3 Advantages and shortcomings of some key memory techno[&égie20]

storageandlower cost per bit memory solutiofSAND has smaller eraddock with no random
access capability and its erase and write operations are slightly faster thanAgglRRation for

NAND flash includesMP3 player,USB drive, memory carddigital camera storage of large
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audio/video filesetc.[135138. Various memory technologies are compared u$iagle1.2 and

Tablel.3.

1.4 Organization of this thesis

The objective of this research work isstgstematicallynvestigateand exploreghe impact
of inert electrode on the endurance, reliability andgperance of the ReRAM memory cell or
array, examine the crucial cell degradation mechanisms, investigate how the memory operations
in a cell can affect the performance of the cells in that vicinity and find the potential sototions
alleviate this problemif not completely eliminate and significantly improve the performance of
ReRAM memory cell arranged in a crossbar array architecture. All the cell degradation phenomena
and proposed solutioreve been invetigated experimentally

Chapter 1 sets the dadation of this dissertation and describe the essential theories,
fundamental physics, key operation mechanism etc. The basic ogguatciples of major
conventional memaes as well as emerging memory technologies including ReRAM are
illustrated in acomprehensive manner.

Chapter 2 describethe Resistive Switching Memory devices (ReRAM) in detail. It
includes challenges to implement ReRAM devices in existing CMOS technology, choice of
materials for top electrode, solid electrolyte and bottom eldetmith underlying physics and
material characteristicSThe device fabrication, characterization and performance analysis of
standard Cu/Ta&Pt has been conducted in detail, which serves as a benchmark for the devices
later described in this dissertatioRinally, the instability of ReRAM cells during the read

operation was investigated in detail and some possible mechanism is hypothesized.
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Chapter 3 presents stbg-step detailed fabrication process flow for all tthevices
fabricated for this dissertation All the ReRAM devices ardabricatedin a crossbar array
architecture using Virginia Tech nanofabricatiégh characterizationlaboratory. A brief
introduction of all relevanprocessing technolags has also been included.

Chapter 4 investigat&su/TaQ/RuReRAM memory cells in detailts device fabrication,
characterization methodology, switching characterisdevice embedment issues etc. has been
analyzed comprehensively and possible device degradation mechanistaraadtfgeometry has
been proposed. This is followed by XRD analysis of several thin material stacks to experimentally
demonstrate the key reactions involved and compounds formed during the device operation. Some
key generated compounds responsible foraefailure hae been identified and supported with
numerous research work related to those compoBmsiepotential solutios have also been
experimentally dewnstratedto significantlyimprove the device performance in this regard.

Chapter Sntroducesan important property of the bottom electrdasat conductivity and
experimentally demonstrates how critical this property is for reliable and enhanced device
performanceSeveral device structure and test methodologies has been presented to extrapolate
the device parameters affected by this effect and device operation mechanism has been proposed
in terms offilament flux.

Chapter 6 introduces a novel effect “elicell thermal crosstalk” and experimentally
demonstrates how this effect can significantly impact the performanoermbry cellsarranged
in a crossbar arrayarchitecture New device parameters have been propasemeasure this
degradation effectThis is followed by proposed solutions to significantly alleviate this issue.
Several device structures incorporating potential solutions have been experimentally dgéatbnstr

andthe proposed solutiesrhave been valaded experimentally.
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Chapter 2. Resistive RandomAccess Memory (ReRAM)

2.1 Introduction

While the scaling of conventional memories such as volatile dynamic raadcess
memory (DRAM) and nonvolatile flash technologies is getting increasingly difficult, novel types
of nonvolatile memories, such as resistssitching memories haviately been of attentionto
both industry and academia-@]. Resistive switching memory is being considered for -next
generation notvolatile memory due to its relatively high switching spesdperiorscalability,
low power consumption, good retention and simple structurd 21.0These twederminal devices
havefigure eightlike pinched currertvoltage (FV) hysteresis and operate by changing resistance
from high resistancéHRS) state QFFstatg to low resistancéLRS) state QN-statg in response
to applied voltage or current due to the formation and rupture of a conductive filament. In
particular, Conductive Bridging Random Access Memory (CBRAM), also referred as
Programmable Metallization Cell (RB), is a promising candidate for resistive memory device
due to its highly scalable and levost technology [13]. Currently, the interconnect RC scaling
methods have reached their limits and there is an urgent need for alternative ways to reduce or
removethe latency constraints in CMOS lekiCu interconnect. One method is building CBRAM
directly into a lowk/Cu interconnects to reduce the latency in connectivity constrained
computational devices and the chip’s footprint by stacking memory on top of logids[14
16]. This is possible since the Cu metal lines and-Ké@u interconnect already prefigure a
potential RS device, and the crdss architecture of a typical twerminal RS device array is

essentially the same as a CMOS metal interconneamysthus, the interconnect information
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bottleneck could be untied and morphed into several system architectures using the same basic
universal hardware platform.

A CBRAM device consists of an insulating/se$thte electrolyte layer sandwiched
between amxidizable active anode and an inert cathode. Different dielectric and semiconductor
materials have been investigated as solid electrolytes in CBRAM cells, such as GeS&/@GeS
Zn0Oy, AlxOs, TaOs or TaQx [17-20]. The active metal can be any oxidizingtal like Cu, Ni or
Ag which has a high activation energy, thus yielding ions readin2B1The inert metal material
is usually Pt, Ir or W, which are the stopping barriers of Cu, Ni and Ag cations. Under application
of a positive bias to the active eteode, Cl or Ag" ions are generated and migrate through the
solid electrolyte. These ions accumulate at the inert electrode. The accumulated atoms nucleate
and grow to form a nanoscale metallic conductive filament (CF) connecting both elecsmdes
called FORMING and SET processes. Under reverse bias the filament is electrochemically
dissolved, and the cell is switched back to the Hi®<®alled RESET process. The ON/OFF ratio
of CBRAM is usually significantly higher than3f24] and potentially allowsultilevel switching
operationin a single memory cell to stomultiple bits of data [25].

One strong candidate for naolatile memories is the wellehaved and wettharacterized
Cu/TaQ/Pt resistive switching device due to excellent unipolar and ldipswitching
characteristics, device performance, retention and reliability [26]. This device can be operated as
a memory cell with copper (Cu) or oxygen vacancy) (8onductive filaments. This Pt based
ReRAM memory cell is considered as a benchmark dewithis work and a detailed analysis of

its fabrication, characterization, testing and performance investigation is included in this.chapter
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2.2 Challenges to Implement Resistive Memory Cells in the CMOS BEOL

There are manifold challengesioiplementing resistive switching memory cell into back
endof-line of CMOS [27]. The challenges include not only the choice of materials of a stand
alone CBRAM cell, but also the way the cell is embedded in BEOL [28]. In case of the inert
electrode, a congsite electrode is required with appropriate glue layer, heat transport layer, and
inert metal proper with sufficient thermal conductivity, low miscibility with, and low surface
diffusivity of the active metal atoms. The active metal is required not ordlldw for a copious
redox reaction but also to simultaneously prevent reactions with the dielectric. A dielectric is
preferred with a moderate level of defects which may be controlled by deposition processes.
Finally, the choice of the materials is gatsdthe material and process compatibility with BEOL,
as well as by the dynamics of resistive switching operations, including Joules heat during SET and
RESET operations.

The integration challenge of implementing a wedhaved memory cell array into kaad
CMOS can be illustrated broadly by the likely consequences of an attempt to integrate a stand
alone resistive switching cell that has been carefully engineered to satisfy all thelaine
memory array requirements and specifications. When sedkingmbed such an optimized
memory array into the bagdnd CMOS, it would, most likely, turn out that, either the memory
cell materials are incompatible with BEOL materials and/or manufacturing processes, or it would
lead to prohibitively high manufactugncosts, or, even when cesffective and materialand
processcompatible, the embedded memory array would display dramatically degraded electric
behavior or fail altogether. In the following section, the challenges as well as design conssgleratio
of a highly reliable and best possible ReRAM memory cell along with each of its key layers is

discussed in detail incorporating data obtained from recent experiments conducted in this work.
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2.2.1 Choice of Active Electrode Metal

The reaction leading to thegply of metallic cations is the redox reaction (1). In case of
Cu which is characterized by an ionization energy of 7.7 eV there is a copious productidn of Cu
ions and electrons. Experiments with metals with higher ionization energies such as Pt in
Pt/TaD,/Pt devices have shown much lower injection levels of electrons and therefore much higher
forming voltages for oxygen vacancy filaments which are driven by the reaction (2). The ionization
energy is only indicative for the efficiency of the reactiongjhite the reaction takes place at the
interface to the dielectric. The Ta/TdBRt devices have shown [29] clearly that although Ta’s
ionization energy, 7.55 eV is slightly lower than that of Cu, 7.72 eV, the redox reactidnfa
Ta" + e is significantly ess efficient than for Cu. The reason for the low Ta oxidation reaction is
that in oxygen deficient, i.e. Ta rich Ta@ith x |2 is less favorable than for Cu. However, Ta
electromigration in TaPappears to occur at a faster rate than that of Cu. Met#tslow
ionization energies, such as Ti (6.83 eV), are alssuitled as candidates for the active electrode.
Analysis of Ti/TaQ/Pt and Cu/Ta@Ti devices has shown that"ion undergoes a rapid reaction
with oxygen of Ta®@ leading to a formation of a conductive Bidlayer. Thus, the Ti oxidation
reaction is fast, but Tiare immediately consumed in Ti silicide reaction. In faetther Ti
filaments nor presence of free"Tons in TaQ could be deduced [29]. It appedénat Cu has a
moderate ionization efficiency which, on the one hand, precludes a chemical reaction with the
dielectric and, on another hand, provides a large supply of electrons arat e CuTaO«
interface. Ti (6.8 eV) has a lower ionization energgrnt Cu (7.7 eV) which leads to a strong
reactivity with an oxide dielectric. As a consequence, neither electrons n@n$iare being
provided. Thus, Cu (7.7 eV), Ag (7.6 eV), and Ni (7.6 eV) with moderate and very similar

ionization rates appear to beetoptimal cations for resistive switching. In fact, these are the three
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metals for which metallic filament formation has been reported. The inert Pt electrode has a very
high ionization potential (9.0 eV) which precludes an efficient redox reaction avz libe
difficulty to form V, filaments than in Cu/Ta@Pt devices. Also, the stopping power of the Ti
electrode for Cu ions is significantly lower than that of Pt, while the stopping power for Ta is not
as good as that of Pt but still significantly lartjesn that of Ti.

From the crossomparisons between the various devices a consistent picture emerges of
mechanisms responsible for the formation of the filaments and their properties. Following
mechanisms are responsible for the filament formation lamdharacteristics of its hypothesized
geometric shape: (i) moderate efficiency of the redox reaction (1); not too low to provide enough
metal cations and electrons, but not too high to undergo reaction with the matrix of the solid
electrolyte. (ii) Metal oxidation is responsible for the efficiency of electron injection. This is
important when the conductive filament is a defect filament such as oxygen vacancy. (iii)
Sufficiently high diffusivity of cations in the solid electrolyte. (iv) High cation stoggpower at
the inert electrode (dissolution of cations in the couelectrode). (vILow interface diffusivity

of neutralized cations along the inert electrode/solid electrolyte interface.

2.2.2  Choice of Solid Electrolyte

In most cases, it is desilalthat the solid electrolyte should exhibit a moderate level of
defectivity. Point defects such as oxygen vacancies or even extended defects suckpasesano
are conducive to ion electromigration. When comparing, for example, oxygen deficiemwiiraO
stoichiometric TeOs layers with higher density than Tadlms, Pt/TaQ/Pt and TilTaQPt
devices showed consistently superior performance with their counterparts ¥@8{2%. Similar
observations have been made elsewhere in literature. According to Brumbach et al. [30] x=2 in
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TaO is the most favorable stoichiometry for resistive switching.. 8li@lectrics deposited with
PVD and showing much higher defectivity than thaly grown oxides deployed in Cu/SiBt
devices allow only for a reliable resistive switching of Cu filaments for layers thinner than 35 nm
but do not allow for dielectric defect (oxygen vacancy) filament formation [31]. However, SICOH
films which are mynificantly less dense than Si@re a good candidate for resistive switching
applications with forming, setting and resetting voltages well below 1V [29]. This holds also true
for porous SICOH dielectrics with porosity up to 25% [32]. However, the fgmoitage for

porous SICOH appears to increase with porosity [32].

2.2.3 Choice of Inert Electrode Metal

A highly reliable and best performing ReRAM cell design requires a more thorough review
of the properties of the inert metal electrode. fidiemost property of the inert electrode is to be
immiscible with the metal of the active electrode, in this case Cu. The desired immiscibility should
hold not only at room temperature but also at elevated temperatures uf @ 90@n Cu ions
arrive atthe inert electrode it is desirable that they are stopped at the dielectric/inert electrode
interface. Onlywhenthey stick to the surface of the inert electrode and agglomerate, they can build
back efficiently a metallic dendrite which upon reaching theva electrode forms the conductive
filament. The property of the immiscibility is often (but not always) related to the ionizatiagyener
of the elemental metal. It is seen from Tdhlethat the metal of the inert electrode of this reference
device, Pthas a high ionization energy of 8.96 évhassimilar ionization energy (8.97 eV) but
first results of a Cu/Tadr devices have shown poor electric performance compared with

corresponding Cu/Ta@Pt device. While the relation between ionization enamgy miscibility is
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not fully understood, since the miscibility by its very nature involves not only the properthes of t
inert metal electrode but also of the active metal, the high ionization energy is neverthelgss highl
desirable not only in order fareclude reactions with the dielectric but also to prevent the redox
reaction (1) and triggering subsequent reaction involving copiously generated electrons similar to

Table 2.2 Thermal Conductivity and lonization Energy of Elemental Metals

reaction (2which may introduce unwanted charged defects into the dielectric.

Further required property of the inert electrode is a low surface diffusivity of active metal
atoms on its surface. This is an independent characteristic of the immiscibility propergh A hi
surface diffusivity of active metal atoms on the surface of the inert electrode would lead to

weakening of the base of the filament leading to higher forming and set voltages, and likely to
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cylindrical shape of the filament which are difficult to rugtuAll data so far indicates that Cu
surface diffusivity at Pt interfaces is low.

Another required property of the inert electrode is that the conductor stays amorphous also
at elevated local temperatures as high as @00f the inert electrode metalrims crystalline
grains, the grain boundaries at the surface would allow active metal atom diffusion into the inert
electrode preventing thus orderly formation of a rupturable filament.

Finally, the inert electrode should be immune to reactions with etsnethe subjacent
layers on the wafer. The inert electrode is separated only by a thin glue layer such as Ti from
underlying passivation layers. Elements such as Si may diffuse through the glue layer and form

silicides as hypothesized in the case ofRedevicesand isdiscussed later chaptér

2.3 Device Embedment issue

It was surprisingly found that the electric and RS behavior of identical devices but on
different substrate layers is markedly different [27, 28]. Apparently, different embedment of
nominally identical RS devices haskay impact on the intrinsic device germance. During
resistive switching the local temperatures at the filament both during the form/set and in the reset
operations can exceed P0D [33] i.e. far higher than the maximum temperature to which the
CMOS backend may be usually exposed whenuthgerlying processor is in operation. This
temperature is estimated to be around®I20At such high temperature the bottom electrode
material (BE) can change its crystallinity from amorphous to polycrystalline or crystalline, which
can significantly commmise its diffusion barrier property to underlying Si and can lead to start

of silicidation which might later cause diffusion barrier failure for Cu. The crystallinity phase of
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BE metal also depends on the deposition method and the subsequent ‘accidentalated to
the RS switching behavior, local anneals.

Again, electric performance of nominally identical devices depended sensitively on the
glue layer. The impact of the glue layer showed up most dramatically in the stability of the
filaments forme at low kc values. The difference in the electric performance is attributed to the
difference in the Joules heat generated in the Cu CF during operation of the cell beiwesmV
endvoltage of the ramp and during the reset operation. Device embethsigatis discussed in

detail in chapter 4.

2.4 Reference CBRAM Device: Cu/TaQ/Pt

Cu/TaQ/Pt based devices have proven to be one of the more popular types of CBRAM

Fig. 2.1 Standard resistive switching characterization. The quantities being monitoredsare VR, Ron,

VRrese;, and Rese-

devices due to numerous reports of excellent unipolar and bipolar switching characteristics, device
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performance, retention, reliability, endurance, and yield33¢ Commercialiation of non
volatile memory products based on RS devices derived from a CuPitac2ll has also been
recently reported [40]. Additionally, Cu/TafPt RS devices offer the potential to-iotegrate
CMOS logic and RS memory into a single product via faion of the devices directly into the
Cu metal interconnect wiring.

A single Cu/TaQPt switch relies on electrochemical formation and rupture of a
conductive filament (CF) bridging the dielectric between the active Cu and inert Pt elekitrode.
this meaurement, the bottom electrode is grounded, and the bias voltage is applied to the top
electrode. Whemctive electrodés supplied witha positive voltage, Cu cations dissolve in the
solid electrolyte analectremigrate through itAs a result,Cu catiors are electrochemically
reduced on the Pt cathode. As more Cu atoms aggregate at titTiat@rfacethe current will
remain substantially zero until a critical voltageeY is reached (1), at which nanoscale
conductive filament forms a conductive Ipabnnecting the Cu and Pt electrodes, and the cell
switches from a high resistive state (HRS) characterizedoby (R- 0O WR D ORZ UHVLV)
state (LRS) characterized byR70- \LHOGLQJ d+RbD B RLOR Table2.2
gives the rage of forming voltages, dérv, and LRS (Bn) of CFs for different Cu/Ta@Pt
devices underck = 10 FA and voltage sweep rate rr = 2 VI&hennegative voltage sweep is
applied across the devicehmic behavior isletecteduntil it reachesa negativevoltage \keser
At this point,the CF is ruptured and the current collapses to atvergl value.

Sweep rate is defined as the rate of change of voltage with time. The devices are stressed
with a linear ramp voltage having a natural interval timeDof%per step size. The range ¢bWm

for Pt devices is 4.1 V5.2 V. Cu/Ta@/Pt device can be switched between the HRS and LRS
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basedon the formation and rupture of two types of nanofilaments in the same device: Cu and
oxygen vacancy conductive bridgessed on the polarity of switching voltage.

It is generally assumed that for logtvalues the Cu CF assumes a truncated-sbaped
filament with a narrow constriction as showrrig. 22(a). Such filament can be easily ruptured
since sufficiently high current will generate a high local temperature close to the tip of tlenfilam
which leads to Cu atom odiffusion there and a formatioof a gap in the filament close to the

Table 2.2 Typical forming voltages anoh-resistances of Cu/TaOx/Pt devices.

Cu interface as shown in Fig2fa). The maximum temperatures reported [33] are in the range of
700 C-90° C. For large dc currents the CF assumes a more cylindrical shape, and the location of
maximum temperature moves to a position half way between the two electrodes as seerin Fig. 2.
(b). Cylindershaped CFs are difficult to rupture since the local temperature is cagnifi lower

than in the case of corshaped CF and often lead to a permanesresattable OMstate. For the
subsequent discussion it is important to note that, the local temperature of the conductive filament
may be more than 78C@ when the current (dependent of its polarity) flowing through the
filament is in the range of mA. When, after the cell is set to thestat¢, the voltage is swept

back, ohmic behavior is observed (2) (see Fig. 2.1) until a negative voltager¥ -1.4 V is
reached when thcell switches abruptly (3) from LRS to HRS state. The rupture of the CF is
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triggered by a critical currentdser= Vrese7Ron.

When a negative voltage is applied to the Cu electrode of a RS device in thetaDd-F
while the Pt electrode is grounded, tbamation of a conductive filament can be observed and has
been ascribed to oxygen vacancies)(Vh general, Yorm (Vo) is larger than Yorm(Cu) for Cu

CF. Under negative bias voltages, the migration &fi@us in electrolyte is suppressed. Therefore,

Active Hectrode Active Hectrode
dielectric dielectric @
CF CF
Inert Bectrode Inert Bectrode
@ (b)

Fig. 2.2 Two cases of geometric shapes of a conductive filament (CF). The concentric red circles indicate
the positon of the maximum temperature at high cell currents. The location of maximum temperature is
indicative of the location of the gap in the ruptured filament. (a) a-sbaped filament with distinct
constriction at the apex usually formed at lowgr Values and characterized by high @&sistance, By

and easy to rupture. (b) a cylindrically shaped filament formed usually at higheurrents with low R

and difficult, if not, impossible to rupture

the Cu filament cannot form a conductive path between electrodes. The filament is attributed to an
oxygen vacancy filament according to following reactions. First, eleettaction reaction (1)
occurs at the GoaQ interface:

Cu 8: & X + e (ReductiorOxidation) (1)

Under negative bias to the Cu electrode reaction (1) provides electrons which at negative

bias will be injected into the dielectric while the positive* @ns will be returned to the Cu
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electrode. Thénjectedelectronamay charge and dislodge the negative oxygen ion from the metal
oxide matrix leaving behind a neutral oxygen vacanggatording to the reaction:

TaO+2e  TaO.1+0? = TaQV+0* (2

Vacancies (V) created this way lead to formation of oxygeacancy filaments which are
discussed in more detail elsewhere [41]. In summary, although CuPtad®vice shows very
promising resistive switching behavior and uses Cu as the active electrode rendering it compatible
with modern baclend metallization, & use of Pt eliminates it from realistic deployment in CMOS

technology.

2.4.1 Device Fabrication

Cu/TaQ/Pt resistive device has been fabricated in a crossbar array on a thermally oxidized

Fig. 2.3 a) Optical micrograph of the crossbar architecture; b) Device csesgion of Cu/Ta@Pt

resistive switchina devi.

Si wafer. The metal electrodes and solid etdgte were deposited byleeam evaporation and
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patterned by the liftoff technology. The oxygeéeficient tantalum oxide Tadayer was deposited

by evaporating the B®s pellets without oxygen injection into the evaporation chamber.
Deposition of sukstachiometric TaOx (x < 5) layer is a critical process in order to produce the
required oxygen vacancies in these RS devices [42]. A thin Ti layer was deposited between Pt and
SiOp to improve the adhesion. Fig. 2.3(a) shows the optical micrograph of #sbararchitecture

of resistive Cu/Ta@Pt device. The Cu top electrodes run perpendicularly to the Pt bottom
electrodes and one resistive switch cell locates at each cross point since lildrdsetlayer of
dielectric in between. The width of the me@ILQHYV YDULHV IURP P WRs P )L.
the crosssection view of Cu/Ta@Pt resistive switching devices with layer thickness specified.
All four layers (Cu, Ta@ Pt, Ti) have been deposited bpeam PVD in a Kurt Lesker PVVR50

chamber, withthe thicknesses 150 nm, 25 nm, 50 nm and 20 nm respectively.

2.4.2  Characterization Methodology

All devices have been subjected to the standard resistive switching characterization as
shown in Fig. 2.1. The voltage is being ramped with a ramp ratarting at O V on the positive
(or negative) bias axis while the current is being monitored. At a critical voltagetile current
increases very rapidly indicating that the device became highly conductive. Usually, lest the device
be damaged, a comptiee currentdc is applied to limit the current flowing through the device.
The level of £c determines in many instances the nature of the filament and the value of the on
state resistance,di. When the voltage is being ramped down, the device displayshmic
behavior of the oistate and characterized by\R When the current at negative bias reaches a
critical current keserat Vreser, the conductive state is ruptured, and the device reverts to the off

state characterized by a high resistance, caffedtate resistance,drr.
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2.4.3  Switching Characteristics of Cu/TaG/Pt Device

I-V characteristics of resistive Cu/TdBt devices were measured by a Keithley 4305
(Semiconductor Characterization Systefgharacteristic-V switching cycle of the Pt device is
shown in Fig. 2.4. Whethe cell is set to an OBtate for the very first time, one speaks of forming

operation, characterized by the forming voltages”. The korwm is always larger than 3¢,

Fig. 2.4 Even cycles of a typical first 12 set and reset switching cycles of a GéPtat@vice. Note the

different vertical current linear scales for set and resg@tration

since the Cu filament has to be formed in its entirety and not partially wheaetisn of the
filament has been merely ruptured but not totally undone for the subsequent set operations. For
Cu/TaQ/Pt devices, it was found thatrdkm distribution with a mean Msrm, m=4.6 V and a
standard deviation of£0.6 V, the \4et distribution wth a mean, ¥er, n=2.8 V, and standard

deviation, \£0.78 V. The rupture of the CF is triggered mainly by Joules heating at a critical
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current keser = Vrese?Ron. The \keser distribution of the Cu/Ta@Pt devices is characterized
by Vreser, =-0.9 V and \£0.5 V.

In most instances, a compliance curregtd imposed, lest the devices be damaged during
the set operation. Nad current limitation is applied during the reset operatiog.dRthe LRS
state depends ond via the relation (3), where the exent n for cation filaments is very close to

unity.

#
4KF — (3)
o}

The Rrlccrelation in eq. (3) has been reportede valid for numerous

Fig. 2.5 (a) Dependence of aresistance Ron on compliance current Icc for Cu/TaOx/Pt device @ rr =0.2 V/s;

(b) Dependence of SEYROWDJH RQ YROWDJH VZHHS UDWH IRU WKH &X 7D2[ 3W G

anode/electrolyte/cathode material systemsJ@Bwith n|1. In [50]it has been shown that the
constantA in eg’n (3) is universally correlated to the minimum SET voltage for all metallic
conductive filaments reported so far.ist known [51] that the compliance current enforced
externally by Keithley 420(CS leads to a transient overshoot current especially during the very

fast last phase of filament formation, as Keithley circuitry is unable to respond instantly to large
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current changes. In this work, where different devices are compared with one another, the effect
of current overshoot should be the same for all devices, and thus the relative comparisons should
still be valid.

From the Rn Vs lcc plot shown in Fig. 2.5(a)he constant A=0.5 V and the exponent n =
1.01 are obtained by curve fitting. Here, the voltage sweeprratb.2 V/s has been used for the
set operationIn Fig. 2.5(b) \&eTis plotted as a function of the sweep rate. It is seen that the
minimum VseT at low sweep rates corresponds to the constant A as predictedthgahg[50].
The slope of the plot was found out to be the minimum possible value of SET voltage. Fig. 2.6(a)
shows the dependence of the forming voltage anksistance on three different voltage sweep

rates of 0.1 V/s, 0.2 V/s and 2V/s. It can be dbahnot only does the forming voltage increase

Fig. 2.6 Dependence of forming voltageo¥m and onresistance By on voltage sweep rate @cl= 100

$

with increasing ramp rate, but also theresistance increases with increasing ramp rate. The

dispersion of Bn is significantly higher at high ramp rate compared to the one at low ramp rate.
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According toeqg’n (3) Ron can beunedby imposing different levels dhe compliance currengd
and voltage sweep rate. When the voltage sweep rate increases from 0.2 V/s to 2V/s, the constant
A value of relation (3) increases from 0.5 Vto 1.01 V.

Fig. 2.7 depictdhe dependence ofdr on voltage sweep rate under different levels of
FRPSOLDQFH FXUUHQWA). Ti® range $f ib@aGe rdnp rate is 0.1 V/sto 2 V/s. It
can be seen thatoR is larger at lowerdc, in agreement with eq’'n (3). Under losampliance
FXUUHQW $ D& icreasés with increasing voltage sweep rate. However, in the case
of high compliance current,dR becomes independent with voltage ramp rate, indicating ohmic
behavior of a robust and stable conductive filament.

Since filament rupturing is chiefly a thermal phenomenon, the heat conductivity of the inert

Fig. 2.7: Dependence of eresistance By on voltage sweep rate rr @d $ $ DQG P$

electrode plays a significant role in determining the maximum temperature of the filament.
During the heating of a resistive cell A, the reset operation results in rupturing of the CF at
a reset currenikkse=VresevRon Of typically a few of mA. Hence, most of the Joules heati€)

deposited according to eq'n (4)
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where \kesis the reset volige, keset=VRrese7IT IS the reset time, the low reset ramp rate rr=0.1V/s
is to maximize the heating during the reset [52, 53]. Depending on chosen valugsaod Ir,
QnFDQ EH YDULHG IURP WR -

With respect to the geometrical shape of the filament, the cells with lasgearfe
associated with a truncated cone with a sharp constriction of the top (see Fig. 2.8(& heher

bulk of the R resistance is concentrated at the tip of the cone. Filaments with a sharp constriction

Fig. 2.8 (a) location of the highest temgature due to the Joules heating during reset operation. (b) cylinder
like shape of the filament with maximum temperature in midway between the electrodes. (c) Civeonduct
filament with a sharp constriction at the Cu electrode interface with Cu consg&if ion electromigration)

and destructive (Cu owiffusion) fluxes responsible for the shape of the CF

at the top of the cone are easy to rupture since the maximum Joules heating is deposited at the tip
and leads there to a high local temperatuneky in turn, leads to Cu out diffusion and formation

of a gap in the filament which completes the rupture of the filament and restores the HRS state. In
contrast, the shape of Cu filament with a small Rpproaches that of a cylinder (Fig. 2.8(b)) and

the temperature hot spot moves to the center (i.e. midway between the electrode interfaces) of the

filament where it is much more difficult to reach high temperature and causkffasion of a
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larger number of Cu atoms to form a gap. Experimentally,fausd consistently that filament
rupturing is more difficult with decreasingRresistance.

In the set operation there are two fluxes responsible for the formation of the filament as
shown in Fig. 2.8(c). At the tip of the filament there is a largeageltdrop which creates high
electric field between the filament tip and the Cu electrode, which allows for further transport of
Cu' ions from the Cu electrode to the filament even after establishing the initial connection
between the Cu filament and the €actrode. The role ott is to limit the resulting voltage drop
and thus set a limit on the electric field driving the” @ transport. When sufficient number of
Cu atoms are deposited at the tip, the resistance of the filament sinks, reducing the electic field
the tip and bringing the formation of the filament to a halt at a gwenWhen tc is increased,
then the kectric field at the tip increases proportionally triggering additional arrival 6fi@hs
until the resistance of the filament drops sufficiently to reduce the electric field and thus to hal
further Cu ion transport. The second flux is the Cu atomugifin flux weakening the base of the
filament and leads to an increaseskResistance. The diffusion effect can be gradual in so far as
any weakening of the filament leads to increased fesistance which, in turn, may trigger the
compensating Cuelectiomigration flux.

The Cu diffusion flux is impacted by the thermal conductivity of the inert electrode. For
the otherwise same conditions, the inert electrode with high heat conductivity will be able to
remove the heat at a higher rate than an electrodrelow heat conductivity. The larger heat
removal rate will result in lower attainable maximum temperature. Hence, a cell with inert
electrode of low heat conductivity is bound to display enhanced Cu diffusion. The high
temperature in the filament duriniget reset will trigger Cu diffusion near the base of the filament

partly into the dielectric, partly along the Tdi@ert electrode interface, and partly into the inert
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electrode if the inertness of the electrode is not perfect. The overall result ofdiffos®en
components is the weakening of the base of the cone and a transformation of the shape of the
filament from a sharply corghaped into a more cylindghape filament as shown in Fig. 2.8(b).
Once the shape of the filament is sufficiently closa tylinderlike shape the respective filament
will be very difficult to be ruptured and the number of switching cycles comes to a halt.

Fig. 2.9 illustrates the SET voltage’s dependence on ambient temperature and the RESET
voltage’s near independence on the ambient temperatsgeald \keset of five different cells

are plotted when the ambient temperature isf20subsequently increases to §5and reduces

back to 20¢C. It can be seen that the SET voltage at§8% reduced by ~ 0.8V compared with

Fig. 2.9 Dependence of set voltagesYand reset voltageréseton ambient temperature of 20 and 85°C.

the set voltages at room temperatul'he reduction of ¥t with increasing temperature can be
explained by three different mechanisms in Ta@) The ionization rate of Cu, the rate for Cu
ionizes to Cu ion (Cwo Cu' + €), increases with increasing temperatigd.The mobility of Cu

ions in TaQ increases with increasing temperatureg.TBenucleation of Cu ions or the speed of

115



forming the cluster of Cu at the interface of Pt electrode may also accelerate with increasing
temperature, as all of those reactions are governed by ArrHaniuft is found that the RESET
voltage is independent of temperature. The local temperature leading to rupturing of the filament
has been reported [54] to be around®D@nd therefore slight change of ambient temperature has
little impact on the high local temperature responsible for the partial dissolution of the filament.
The metallic Cu filaments are well characterized by their temperature coefficient of
resigance (TCR). For Cu filaments wittbR N WKH 7 &5 & X (which is.close to the
TCR of bulk Cu 0f 0.0039 K In Fig.2.10 (a) and (b) the TCR measurement for a fragile filament

(Ron . IRUPHR& DWo DQG IRU D URBXVW |LORDUFFHEBAD W

@ (0)
Fig. 2.1Q On-resistance, By, of the Cu filament of Cu/TaOx/Pt and Cu/TaOx/Ru for setatipn at different

Icc levels: (a) Cu CF for Pt devices @l $ E &X &) IRU 5% GHYIBFHN & X &) IRU 3W

and Ru devices @cc =10 m£.

mA. For a fragile Cu filament, the TCR=0.00235Knd for the robust filament TCR=0.00362 K
!, The Cu bulk values have been verified on the Cu lines with following dimensions: thickness
150 nm, width 1An - 35 Hn, and length 150n. The measurement of the TCR of the copper
lines yielded consistently TCR values of 0.0388-K0.00396 K!, in good agreement with the
TCR value of the TCR for bulk Cu of 0.0039'KThis is in agreement with a study of the electric

properties of freestanding Cu nanowires reported in [55]. Y. Zhao et al [55] redtinat TCR for
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Cu nanowires decreases with decreasing of the diameter: at 230 nm TCR=00@38.60 nm
TCR=0.0033 K and at 50 nm TCR=0.0028K Also A. Bid et al [56] reported TCR wads
between 0.004 Kand 0.0025 K for Cu nanowires with diameters between 200 nm and 15 nm
respectively. The metallic nature of the filament has also been deduced by Xiao et al [57] using ab
initio atomic calculations attributed the main contributiontht® conductive path is from &ou

metallic bonds. As seen from F§.10 the TCR increases with decreasirg Resistance.

2.4.4  Cu Filament Geometry in Cu/TaOx/Pt

The Cu filament for Pt device hédgen assumed to haseshape of a truncated cone see
Fig. 2.11(a), with the top radius, a, much smaller than the bottom radkc;, bw lcca ' b, but

for high lcc b Na, and the truncated cone becomes a cylinder. The shape of the filament for various

Fig. 2.11 a) Geometric model of a truncated cone for conductive filament witfotimela for onstate
resistance, By; b) Hypothesized geometrical shape of Cu conductive filament structures for Cu/TaOx/Pt

device
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ReRAM memory devices are discussed in detaskiction 2.4.5For a sharply truncated cone the

bulk majority of the resistance resides in the tip of the cone. This ish&ldocus of the Joules

heat deposition according ﬁj”t’ma% @[B8]. Therefore, during the reset operation the tip
U

of the cone becomes hot causing the diffusion of Cu atoms and thus rupturing the filament. Based
on equation gign in Fig. 2.11(a), Cu filaments for the Pt device was constructeg:as3imm

and &:= 0.5nm of the Cu CF in Pt devices. The length of Cu CF h, which is also thickness of solid
electrolyte, is 25 nm. The resistivity of copper filament is assumed 80®el® + FP > @
Based on equation in Fig. 2.11(a), the resistance of Cu CFs for Pt device is 15@BARh is

almost the same values shown in Tab However, a cylindrical shaped Cu filament is much

more difficult to rupture and therefore causes a significantly degraded number of switching of
cycles. Ru devices demonstrate a more cylindrical filament shape and is discussed in detail in

chapter 4.

2.45 Conductive FilamentGeometry in ReRAM Device

The filament growth mechanism usually involves the following three dynamic processes:

I. dissolution of active electrode metal at the top electrode/dielectric interface

ii. electromigration of the generated cations (metal ions) thrthegtielectric

iii. reduction of the transported cations and recrystallization of filaments
The electromigration of cation occurs within the dielectric layer and is dependent on the properties
of the dielectric material. Thereave beenmumerousinvestigationsto explore the growth
dynamics and shape of the conductive filament in ReRAM device through numerous techniques
such as irsitu or exsitu Transmission Electron Microscopy (TEM), TEM imaging, morphological
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and compositional analysis of filaments, Scannkbigctron Microscopy (SEM), Scanning
Transmission Electron Microscopy (STEM), Scanning Probe Microscopy based 3D probing etc.
[59-67]. Through TEM image analysis of an already formed filament, the filament geometry has
been confirmed as conical or nearlyliegirical shape and the dimension ranging fro/®06nm

near the filament tip (narrowest region) and780nm at the base of the filament (widest region of
the filament) depending on the applied compliance current [59]. Exdspersive xray
Spectroscop¥EDX) confirms the filament is of metallic in nature and consists of atoms from
active electrode metal [59, 60]. This is consistent with ECM theory [68]. During filament
formation usually one dominant filament is formed. There are also many incompletentita

exist in the electrolyte which can form dendrite like structure with branches. For relatively thicke
solid electrolyte layer, the dominant filaments are found to be more like dendrite structure instead
of well-known coneshaped filaments and the hches point towards the active electrode. The
presence of single complete filament supports the well accepted hypothesis-lvhised
mechanism of filament formation. Once a filament growth process is comgeletstdodes are
shorted by the filamenthe electric field between active and inert electrode drops and hence any
further filament growth process is suppressed [69]. The formation and dissolution of filament
occurs at the thinnest region of the filament where the filament resistance is hidlessfore,

the filament geometry as well as the electrolyte/electrode interface at the thinnest region of the
filament is very crucial for reliable programming and erasing of ReRAM cells. After rupturing the
filament during RESET operation, only a smalltmor of the filament is dissolved, and substantial
amount of filament materials are still preserved in the solid electrolyte layer which facilitates
restoration of the complefgament during subsequent SET operation. This is confirmed by TEM

image analyls and is consistent withs¢¥r< Vrormine. [59]. Therefore, the device resistance at the
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OFF state never reaches the initial device resistaneaning that the initial &2r is larger than
the subsequentdrr. The residual metallic filaments lead to Ostge leakage current and the

magnitude of this leakage current increases with the switching cycle. This will deteriorate the

Fig. 2.12 STEM image of Invertecbne shaped filament growtn) before ang (b-f) after filament
formation in Cu/AlO4/Pt device Reprinted with permission frorfr1], Copyright American Chemical

Society (2015)

device reliability over the operatidime of ReRAM cell [70].
In general,depending on the kinetics thnductive filament growth modesan be
categorized into four different regimgg5): -
i. both ion mobility and redox rates are high
iil. ion mobility is high, but redox rates are low
iii. ion mobility is low, but redox rates are high

iv. both ion mobility and redox rate are low
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When the cation mobility is very high, majority of ions can successfully electromigrate
across the dielectric layeery quicklyandwill reach the inert electrode.this case the probability
of cations agglomeration or nucleation within the dielectyget is very low. Again, the high
oxidationreduction rate will ensure that the rate of cation dissolve rate at top electrode/dielectric
interface as well as cation reduction rate at dielectricfgledtrode interface is very high. So large
supply ofcations reaching the inert electrode will be redubedeand the filament will grow from
inert electrode towards the active electrode (top elect{68¢)This will result an invertedone

shaped conductivélament [72, 73] where he wider base of thidamentis at the inert electrode

Fig. 2.13 TEMimage of Ag/SiO2/Pt device after: (a) FORMING and (b) RESET operR&mminted with

permission fronf59], copyright Nature Communications (2012)

[61] etc Figure 2.12 shows the SEM image of inverteshe shapedl&ment growth beforand
after filament formation for Cu/ADs/Pt device [61]Chalcogenides material such as G&&eSe

etc. usually shows this reversene shaped filament1,76)].
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In the case wheion mobility is high, butredox rates are lothe ratelimiting factor is the
reduction or crystallization procesgcethe cation supply is limitedButthe highly mobile cations
will reach inert electrode and nucleate. But due to limited supply of cations the reductionns catio
primarily occurs at the edges where the electric field is maximum. As a result, brahelped
conductive filament pointing towards active electrode is formed [59] GBited cation supply is
the prerequisite for thisdendrite shaped filamenthich is also seen for devices with thicker
dielectric layer [59].Figure2.13 shows the dendrighaped filament for Ag/SKPt device during

FORMING (a) and RESET (b) operatizvhere high defect densiof SiO; dielectric leads$o high

Fig. 2.14 SEM image of flament formation in Ag&/Pt device with different programming current by
applying voltage: (a) 22V; (b) 26YReprinted with permission frof9], copyrightNature Communications

(2012)

mobility of cations.

If the material system has low cation mobility but high redox the&ge is large number of
nucleation within the dielectric and this cause a gap between the nuclei and active electrode. After
some time, the nuclei and active electrode are connectethafithment growth continues until

they reach inert electrode [65].
122



When bothion mobility and redox rate are lgwhe catons move very slowly within the
dielectric and the rate limiting process is the cation electromigration rate. As a result, the catio
can be reduced within the dielectric nearer to the active electrode by seizing electrons injected

from the inert electrode.ddsidering the electroneutrality condition, there will be large number of

Fig. 2.15 Kinetics of conductive filament growth when: (a) both cation mobility and redox rates are high;
(b) cations mobility is high, but redox rates are low; (c) ion mobititiow, but redox rates are high; (d)
both ion mobility and redox rates are loWReprinted with permission from [65[Copyright Nature

Communications (2014)

electrondnjectedfrom the cathode and the probability of cation reduabiochance of reduction
through nucleadn within the dielectric after satisfying nucleation conditioe$oloe reaching the

inert electroddy this process is very higithe reduced cations can then continue to pile and form
clusters. Later the cluster can split and move further and then again merge later. This process of

split and merge can continue to refpeatil the filament reaches the inert electrode and creates
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a conicaly-shaped filameni65]. In this case the filament starts at active electrode and gradually
grows towards the inert electrodad the material system has very low conductivity of cation
Figure 2.14 showsSEM image of filament formation in Agfi/Pt device with different
programming current

In summary, the cation mobility andielectric layer defect density regulates the
electromigration rate in the dielectric and determtiedirection along which the filament will

grow. The redox reaction rate on the other hagalates cation generation and supply rate as well

Fig. 2.16 (a) HR TEM image of device cressction; (b) schematic of conductive filament; (c) stacked
layer in GAFM tomographyReprinted with permission frofi7 7], Copyright American Chemical Society

(2015)

as the geometrical shape of the conductive filantagure 2.15 schematically shows the filament
formation for all these four conditions discussed above.

Umbertoet al. conducted high resolution cluctive AFM microscopy (AFM) on Ru
Hf/HfO2/TIN bilayer structureand through controllably removing materialemonstrated®D
conductivity mapping at various heights faxide conductivdilament [77]. Figure 2.16 (3)(b)
and (c)shows HR TEM image of d&ce crosssection schematiof 3D conductive filamenand
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stacked layer in @FM tomographyespectivelyThe filament is demonstrated to be of hourglass
shape. Irthis device structureRRu is used for electrical contact and Hf provides vacast¢yfO,

cannot provide enough concentration of vacangy.(V

25 Investigated Materials for ReRAM Bottom electrode

The elemental metals investigated in this work for potential bottom electrodes are Ta, Os,
W, Ir, Rh, Co, Ru with Pt for the benchmark device. Clogelements in the periodic table with
identical group or period locations usually hasemparable electronic configuration with
analogous physical and chemical characteristics. The periodic table locations of all the indestigate

materials are shown in Fig. Z.1

Fig. 2.17. Potential bottom electrode materiafs/estigatel in this work[78]

Several key properties of these elements which potentially can affectriblen@ce in resistive

switching operation are also summarized in Fig82All the eight elements listed here have
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negligible solubility with Cu even at 70C. So, the metal ions (Cibns) arriving at thésottom
electrodas stopped, agglomerate and can continue building metallic dendrite and form conductive
filament. The desirable high ionization energy of those elements precludes any potential reaction

with the solid electrolyte as well as prevents any redox reactions. The low surface diffusivity

Fig. 2.18 Crucial material parameters for potential bottom eleckes to obtain superior ReRAM device

performancg79-84]

ensures that the top electrode metals after reaching the bottom electrode would not move too far
away to weaken the filament base. Asesault, the formation of cylindrical geometry shaped
filament is avoided (which are difficult to rupture) and the device can be egeavah lower
voltages (lower Yorming and Vser). Pt is expensive ($50/gm), incompatible with CM@&d
therefore, is onlyconsidered as benchmark device for comparison of device performances.

Elements like Ta, OS and W have very high melting point and is not ideaBieara evaporation
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with good quality thin film. Therefore, devices with bottom electrode consists of IC&HRu

are investigated in this work.

2.6 Instability of High Resistance Conductive filaments in ReRAM cells

During the READ Operation

The mechanism of resistive switching random access memory (ReRAM) has been
attributed to formation and rupture of cortive filaments assumed to consist of metal precipitates
such as (Cu, Ag, Ni) or oxygen vacancies in metal oxides such a§850n these filamentary
ReRAM memory cells, the resistance of thestaite, R, is determined by the limiting current,
oftencalled compliance currentgd, by the relation Bv~A/lcc” [64], where A is a constant and
the exponent n in many ReRAM cells is close to unity. Because thesmtance, &, of the
conductive filament (CF) is determined by the level of the appbeapliance current, a realization
of a multi bit memory cell appears feasible. Also because of low power requirements for memory
array operation the level of the compliance currest, équivalent to the height and width of the
voltage pulse in commerciahemory operation, should be as low as practicable. However,
interestingly it was found that at lowd (< 50 pA), the resulting & is operationally undefined.

This means that the actual value @kRlepends sensitively on the details of the reading tipara

itself. The RN can increase or decrease depending on the read voltage polarity, the read voltage
starting point and the read voltage ramp rate. In contrast, a set operation performed ata high |
levels leads to a stableoRwith low resistance ingendent of the reading conditions. However,

the filament formed at lowct, is very fragile and subject to reconstruction during the read

operation. Therefore, the read operation does not merely “read” the astuaIRe, but acts as
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another modifying geoperation, substantially changing thenRralue and would/could lead to
erroneous By readings. Those changes ianRvalues provide a good insight into microscopic
ionic mechanisms responsible for the resistance changes and reaction as well as timesport

involved.

2.6.1 Device Manufacturing

Several ReRAM devices have been fabricated in this work, including CuHRiaf®vice
which is generally used here as a benchmark deasnceis discased in detail irthis chapter.
However, Cu/Ta@Rh device is used to investigate the instability of conductive filaments in

ReRAM cells during the READ Operation. The benchmark device Cw/Pals expected to yield

Fig. 2.19 Device crosssection of Cu/TaOx/Rh resistive switching device

similar results. Cu/TagRh devicehas been fabricated in a crossbar array on a thermally oxidized
Si wafer. The metal electrodes and solid electrolyte were depositethdgne evaporation and
patterned by the lfoff technology. The oxygedeficient tantalum oxide (TaQ layer was

deposied by evaporating the T@s pellets without oxygen injection into the evaporation chamber.
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A thin Cr layer was deposited between Rh bottom electrode anddi@prove the adhesion of

Rh layer with SiQ@. The Cu top electrodes run perpendicularly to thebo®tom electrodes and

one resistive switch cell is located at each cross point with a blanketldyD of dielectric in
EHWZHHQ 7KH ZLGWK RI WKH PHWDO OLQHY, RiDayérsihaveU R P
been deposited bylgeam evaporation ia Kurt Lesker PVE250 chamber, with the thicknesses

150 nm, 25 nm, 50 nm, respectively. More details on the manufacturing and characterization of
the Cu/TaQ'Rh device are discussed a¢hapter4 [86]. Fig. 2.19 showsthe cross section of a

Rhodium (Rh) deices with thickness of different layers specified.

26.2  Device Characterization and Discussion
The Cu/TaG@Rh device is set by ramping the voltage at a constant ramp rate rr while
limiting the current flowing through the device to a compliackeent tc. Since for sufficiently
highrampratef 9 V  Wwdtehted todc by the relation R=A/lcc" [64], for Icc=500 FA
it can be calculated thatoR=1 k: . To investigate the resistance value obtained through the read
measurements the follomg tests were conducted:
i. Test 1: \bweerfrom OV to 0.1V, with and withoutck=5 A
ii. Test 2: \bweerfrom 0.1V to-0.1V with and withoutdc =5 FA
iii. Test 3: \bweepfrom OV to-4.0V with no kcimposed
iv. Test 4: \bweerfrom-0.1V to 0.1V with and withoutck=5 A
For Ron formed at £c=500 FA, all tests return the same value opnRset)=1 k ,
independent of the voltage ramp rate rr. The above reading tests yield, however, diffgrent R

values for highly resistive filaments formed at lasy ¢urrents. Herehte discussion of these effects
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is started by forming a filament atcE5 FA, which according to the relation calibrated to the
device should giveRon (set)=Allc" 8§ N The actual experimental results and relevant

observations are discussed in detaibbe

26.2.1 Experimental Results of Reading Test 1

When performing the four reading tests specified above without impositi@a,af Wwas
found that in all voltage intervals the same valuefE®.45k : independent of the voltage sweep
ramp rateThis Ron value is much smaller than theRset) = 10k : . The Rn=0.45k : would
correspond to omesistance set atd>500 FA. Hence the suspicion that the reading operations
without imposition of ¢c have reconstructed the filament at already very swadddges. In the
following the onstate set atctk=5 FA has been subjected to the four tests witl¥rd FA applied
to tests 1, 2, and 4. Performing Test 1 (0.80.1V) the obtained &"(1) (denoting reading of
Ron at positive voltage for Test 1), it is seen thatR1) values are a strong function of the ramp
rate rr and arshown in Fig. 20(a). It can be seen that theoiRvalues decrease strongly with
decreasing ramp rate. Only at a high ramp rate rr=10 Mssfaund that Bn=100k : § &y set)
which can be identified with thedr reached after the set operatiopnfset). It is expected that
in this test the maximum current is 0.1V/100=1 A which is still less than the appliedcES
FA used at the set opei@n and during the test. But it turns out that the cell current is reaching
lcc=5 FA at about 0.08.06V. Thus, the maximum voltage to which the filament is exposed is
much less than the maximum voltage applied. The observed decrease of the measwigd R
low rr, may be explained as follows. Assuming a truncated cone shape of the Cu filament, the bulk

of the resistance dr resides at the tip of the cone. Consequently, when current flows through the
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CF, a large voltage drop occurs at the tip generahargta large electriteld whose maknum
for Test 1 can be estimated to heyE8 9 @BRLO® V/cm, where 0.3 nm is the size of a Cu

atom. This electric field is, indeed, close to the critical electric field estimated to be rekponsib

Fig. 2.20 a) Reading of the CF resistance during Test 1 as a function of the voltage ramp rate rr. tihstrieng

of the original tip of the filament by additional Cions

for Cu drift transport in Si@basedlielectrics [&, 83]. Fora slow ramp rate at positive bias there

is plenty of time for Ciy created in the reaction at the Cu/Taterface: CuACU" + €, to drift

to the tip of the filament and to thicken the tip by additional Cu atoms, leading to a significant
decease of the & resistance, which ishown in Fig. 20(b). Thelower the ramp rate the larger

is the Cd drift to the tip of the cone, and consequently leading to a lowgvRue. In contrast,

at high ramp rate of rr=10V/s, the time is too short forGhétransport to add new Cu atoms to
the filament and hence thefremains unchanged. The device is now subjected to Test 2, ramping

the voltage from 0.1V te0.1 using ¢c=5 FA.
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26.2.2 Experimental Results of Reading Test 2

For Test 2 one observeslaar change of slope at the origin, i.e. at OV. The slope at positive
voltage is denoted bydr*(2) and the slope at negative bias ). It can be observed that
Ron'(2) » Son(1) and R (2) « Bn(2). The ratio Bn*(2)/Ron*(1) as a function of theamp rate
is shownin Fig. 221(a) and the ratio &(2) « 5n(2) is shown in Fig. 21(b). It can be seen
that this ratio is larger than 1 for low ramp rates rr and is equal 1 for rr=10V/s. For thisrhgh ra
rate all the resistances are the same, vRT(R) = Ron'(2) = Ron'(2) = Ron(set) = 10k : . First,

a hypothesis is proposed for the obsernequality Bn(2) * Bn'(1), indicating a weakening of

the CF during the sweep from 0.1V to 0.0V. During the ramp down of the voltage from 0.1V to
0.0.Vin Test 2, it is expected not to have any additional transport ‘ofoChe tip of the cone
sincethe filament has seen already this bias at the end of Test 1. On these grounds, any lowering
of Ron(2) compared with By'(1) should be excluded. Experimentally this is confirmed and
observed that &*(2) actually increases, indicating a weakening of flaanent. One way to
explain this is to notice that the Cu atoms located on the surface of the truncated cone may undergo
the same reaction CUECU" + e as at the C7aCOx interface, see Fig. 22(a). The ratio of Cu
surface atoms to volume Cu atoms is ldrgest at the tip of the cone. In absence of the i
TaVoOx1+O?. It is known that TaQdevices under a negative bias applied to Cu electrode form
conductive filaments whose building blocks are oxygen vacandgs T®e highest field is again

Cu filament and reduce its resistance as depicted schematically in E&jb)2.This effect is
another manifestation of a hybrid 44 filament discussed imd]: the CF consisteaow of Cu
transport from the Cu/TaOnterface, the positive field at the tigsglaces the Cuions close to

the tip of the cone deeper in the bulk of Td&yer, leading to a weakening of the filament and

therefore to an increase obiresistance. The smaller the ramp rate, the more time is given for
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the process to proceed, leaglito a larger increase in resistance. Eventually, this process will be
opposed by the countervailing effect: the weakening of the tip would generate a larger voltage
drop at the tip leading to a Cuansport from the Cu/TaOnterface. However, since the voltage

is ramped down there is little time for this effect to come into play.

Fig. 2.21: a) The ratio of resistancesoR (2)/Ron'(1) as a function of ramp rate rr. b) the ratio of-on

resistance reading at positivepR(2), and negative bias,dr(2), as a function of the ramp rate rr

Second, a hypothetical explanation is proposed fordhie Ron"(2)/Ron(2) * EHLQJ
larger than unity, ashown in Fig. 21(a). This ratio is larger than 10 for all ramp rates except for
rr=10V/s where the two values are the sam&y'(R) is the resistance measured at the negative
bias from OV to-0.1V. Assoon as the sweep enters the negative bias range, there is a cBance [8
to form oxygen vacanciesy,\h TaQ, according to two reactions: (i) CE Cu® + e which under
a negative bias leads to injection of electrons intoxfa@ triggering the reaction (ilaQ+2€e

at the tip of the cone and at negative bias oxygen vacancies will agglomerate around the tip of the
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atoms and oxygen vacancies YAt a fast ramp rate, such as rr=10V/s, the time to form vacancies
and to agglomerate them around the tip of Cu filament is too short to be effective. At lower ramp

rate of 2V/sand below, there is enough time for vacancies to agglomerate and to reduce the overall

Fig. 2.22 (a) under positive bias weakening of the Cu CF by dislodgirigdiis from the surface of thiainent.
(b) under negative bias strengthening of the Cu CF by agglomeration of vacancies at the tipcpfé&zelifigs of
on-resistance at negative and positive Hiaisthe reading tests 1, 2, and $\R(1), Ron'(2), Ron(2) at rr=10V/s

have the same value of 1K0

resistance of the filament. The agglomeration of vacancies around the tip may also prevent removal
of Cu" from the surface of the filament. Removal of Cu atoms le¥fiteould weaken the filament

and lead to a higher resistance.

26.2.3 Experimental Results of Reading Test 3

In the Ron read measurement of Test 3, thaulResistance is probed at negative bias in the
from O V to-4V at various voltage ramp rates. The resistance at negative voltages is denoted by
Ron(3). It is observed thatdr(3) is consistently smaller tharoR(2). Test 2 ended ab.1V and

showed a sigificantly higher resistance value. The question arises why a new Test 3 performed at
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negative bias starting at OV produces a substantially lower resistang@)RThe results for
Ron(1), Ron*(2), Ron'(2), and Rn(3) are shown in Fig. 22(c). The diferences between theiR
readings may be understood in terms of the different equilibrium condibipekectrons, Cu ions,
oxygen vacancies, and oxygen ions. In Test 2, OV is reached in passing during the sweep from
0.1V to-0.1V. In particular, during #10.1V to 0.0V segment of the sweep all electrons insTaO

are swept to the Cu electrode and Y&0Omostly depleted of them. In case of Test 3, the sweep
starts at OV when there was an ample time to establish an equilibrium concentration of electrons
including the electrons stemming from the reactionZECu’ + e-. Thus, for Test 3 there are much

more electrons at OV than for Test 2. When the bias becomes negative, those electrons are injected
into TaQ and induce formation of oxygen ions> @vhich in hidh electric fields around the tip of

the filament are displaced and leave oxygen vacancigfe¥ind. These vacancies agglomerate

at the tip and lower the resistancen®3). A decrease of the voltage ramp rate allows more time

for the process to occume@therefore By (3) decreases with decreasing rrsasn in Fig. 22(c).

2.6.2.4 Experimental Results of Reading Test 4

Finally, in Test 4 the sweep begins at a negative voltage. b¥ and ends at 0.1V, i.e. it
sweeps the same voltage interval iouan opposite direction as Test 2. Again, a change of slope
at the origin can be observed: thenResistance at negative bias is denoted by (R) and at
positive bias by By'(4). Now the R resistance readings between the Test 2 and Test 4 is
compared The relation for Bv* and R reverses for rr=0.2V/s: at low ramp rates such as
rr=0.2V/s, for Test 2 Bv*(2)>Ron(2), whereas for Test 4 it is observed that'4) < Ron'(4).

However, for a fast ramp rate of rr=10V/s it is found that all the resetaRev"(2), Ron'(2),
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Ron'(4), and R~ (4) are the same and equal tenRset). There might be two reasons possibly
responsible for the inequalityoR(4) > Ron*(4). At the negative bias, Cu atoms at the cone surface
of the filament are ionized, dislodgeshd moved by the electric field towards the Cu electrode,
thus weakening the filament. This occurs at the beginning of the sweep at form@aliAgtbut

due to the imposition otct effectively at-0.06V, when the electric field at the tip of CF is the
highest. As soon as the sweep enters positive bias, th@er€moved back to the filament surface,

thus strengthening the filament and lowering its resistance.

2.6.3 Summary

It is experimentally demonstrated that conductive filaments of resistive swgitatemory
cells formed at lowdc levels are very unstable and subject to reconstruction during read operations
even at small voltages. The result of@Reading depends on several details of the read operation:
the starting voltage of the voltage swepplarity of the applied bias, and the voltage ramp rate.
Thus, highly resistive filaments appear to be unsuited for memory applications as the read
operation would not be able to differentiate between conductivetabes characterized by
different onstate resistance, provided that the resistance of the filament is sufficiently high: 10
and larger. On the other hand, this intrinsic instability of highly resistive filaments provideg a v
sensitive probe into the microscopic mechanisms responsibtegdilament formation, which
involves the formation and transport of Cu atoms and ions, oxygen ions, and oxygen vacancies, as
well as norequilibrium conditions for electrons in the Taénd at the Cu/TaQas well as Cu
CF/TaQ interfaces. At negativiias, oxygen vacancies agglomerate around the tip of the original
Cu filament, forming a composite &L filament, and effectively lowering its resistance. Most

likely, useful information such as the efficiency of the redox reactioA @ECu’ + e- and reation
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responsible for formation of vacancies, TaO+2e A ETaV,Ox.1+0% etc.,may also be possible

to extract.
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Chapter 3: Fabrication of Resistive RandormmAccess Memory

(ReRAM) cells

3.1 Introduction

All the Resistive Switching Memory devices (ReRAM) described in this work were

Fig. 3.1 Crosssection schematic of ReRAM memory cell (inorganic) with different materials used for

various layers

fabricated at nanofabrication and characterization laboratoryrginM Tech. The two terminal
ReRAM devices have MetéhsulatorMetal architecture and are arranged in a crossbar array.
These ReRAM devices are processed on a thermally oxidizezh4liameter silicon wafer. The
fabricated ReRAM devices can be categedliinto the following two types:

I. Inorganic devices

ii. Organic (polymer) devices
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In inorganic devices the solid electrolyte (oxide layer) was oxygen deficient Td@reas in

polymer devices an organic polymer layeused instead of TaO

Fig. 3.2 Crosssection schematic of ReRAM memory cell (organic) with different layers and corresponding

materials used in this work

3.2 Materials Selected for ReRAM Device

There are numerous potential materials which are being investigated for inorganic ReRAM
devices. For top electrode Ag, Ni, Cu are some of the common choices. In case of solid electrolyte
SOz, HfO2, TaOs, TaQ, WO etc. are used and are discussed in chapter 1. For bottom electrode
Ta, W, Pt etc. have been explored by several researchers. In this work Cu is used as top electrode,
oxygen deficient TaPas solid electrolyte and Pt, Rh, Ir, Rs inert electrode arishve been
explored for resistivewitching. Besides Ti, Cr has also been investigated as a thin adhesive layer.
All the materials explored in this work for inorganic ReRAM device are summarized in Fig. 3.1.

For organic or polymer HFRRAM devices Cu is used as top electrodeA®(organic Anthranilic
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acid) instead of solid electrolytes dielectric layeand Al, Pt are used as bottom electrode. For

Fig. 3.3: Fabrication process flow for ReRAM memory cell

adhesion purpose, thin Cr layer is used. Figure 3.2 lists all the materials explored in kHisrwor

organic ReRAM devices.

3.3 StepBy-Step Fabrication Process Flow

The complete process flow for fabrication of ReRAM memory cell is summarized in Fig.

3.3. Both inorganic ReRAM devices as well as polymer switching layer based organic ReRAM
devicesare fabricated in this work. In the following some major processing steps are discussed in
detail:

i. Cleaning

il. Thermal Oxidation

iii. Photolithography

iv. Physical Vapor Deposition

v. Liftoff

etc. for fabrication of inorganic ReRAM devices and

vi. Polymer deposition and fabricatioh organic memory devices
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3.3.1  Wafer Cleaning

Cleaning is one of the most important prodestie semiconductor fabrication process

Fig. 3.4 Various cleanroom classifications with particle sizes vs. partici¢s}ft

flow. Any unwanted contamination can result degradation of device performance, poor device
reliability and even complete failure of the device. Therefore, it is extremely important to lgrecise
control the densytand size of particulaser contaminants present in the device as well as within

the fabrication environment. To avoid contaminants, dust, aerial particles etc. and to ensure a
controlled temperature, pressure, humidity, lighting etc. the photolithogpmphesss rather

conducted in @ontrolledcleanroom atmosphere. Depending on the density of airborne particle
there could be various classifications of cleanroom: class 10, class 100, class 1000, class 10000
etc. For example, a class 100 cleanrooamignvironment where a 0.5 um or larger sized particle
density is smaller than 100 count$/f/arious particle sizes and the corresponding cleanroom

classifications are summarized in Fig. 3.4.
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Cleaning procedure can be divided into two typlry cleaing and wet cleaning. In dry
cleaning, gas phase chemical reaction with contaminants create volatile compounds and thus
cleans the wafer surface. However, in wet cleaning solvent/acid/base creates a solvable compound
by reacting with contaminants. Thereedwo majorstandard cleaning procedures developed by
W. Kern are often widely used. In this proceduteaning is conducted through® andvarious
oxide, acid/base solution followed by subsequent deionized water (DI) rinses. There are two

standard procedures: RCA1 and RCA2 which removes the organic and metal ion contaminants

Fig. 3.5 Wafer cleaning procedure followed in this work

respectively. The solution for RCA 1 clean can be prepared using the following steps [2]:
I Ammonium and deionized water are mixed @NBII water = 1:5)

il. The above solution is heated to the boiling point

iii. 1 part of HO» is added into the as prepd solution

In RCA 1 clean, the wafer is submerged into the prepared solution and the organic contaminants
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are removd. Again, for RCA 2 clean the solution preparation steps are [2]:
I HCI and deionized water are mixed (HCI: DI water = 1:6)

il. the solition is then heated to the boiling point

iii. 1 part of HO- is added into the solution

By immersing the wafer into the RCA 2 solution, metal ion contaminants are eliminated.

Wafer Cleaning ProcessUsed inReRAM device
During ReRAM device fabricatiomvet cleaning procedure is used. The wafer is first blow

dried using nitrogen to remove any dust particles. Then it is cleaned using wet chemical cleaning

Fig. 3.6: a) Chemical fume hood; b) Ultrasonicator

process using solvents. Acetone, Isopropyl alcohol (isopropanepmpanolisopropyl or IPA)

are used as solvents. Every clearcpss is followed by rinsing into Deionized water andNw

dry. The stefby step wafer cleaning procedure is illustrated using Fig. 3.5. The entire cleaning
procedure with ultrasonication is conducted in a wet bench in VT cleanroom facility.

Figure 3.6shows the ultrasonicator used in this work and the chemical fume hood where the wafer

cleaning procedure is conducted.
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3.3.2 Thermal Oxidation

One of the major advantages of siliebased technology is that silicon can easily form
high quality oxidethrough a process called oxidation. Oxidation of silicon is a method where a
nearly uniform SiQ thin film (few nm to 23 pm) is obtained with low or acceptable levels of
defect density. Oxides are typically used as an insulator in both active regioncef ae well as
field region. This method is usually conducted at relatively high temperature2 {800C) either
using molecular oxygen as oxidant (dry oxidation) or oxygen wi#Bb steam (wet oxidation). It

is also called thermal oxidation. Typicalitpe reactions involved in the oxidation process are [3]:
SBandxlquoz 5SEsleagux (1)
or,
5(59éﬂd'x2*6](aeg®b5 5E6i]-aeé[3d'>2*6(()©ae (2)
In the above reactions, silicon atoms are supplied by the Si subsliate the dry oxygen

supplied as a gas source for dry oxidation process*agd are the steam supplied along with

oxygen gas during the wet oxidation process.

The density of oxid is low for wet oxidation process, but it provides higher oxidation
(oxide growth) rate. On the contrary, dry oxidation provides high quality (dense) oxide at the cost
of lower oxidation rate. During the thermal oxidation process 44% of silicon is cedsuom the
substrate [3]. Silicon oxidation can readily happen even at room temperature and can form a very
thin (15 - 20° A) low quality oxide, usually called as native oxide. Since this native oxide can
passivate the surface at room temperature, \tgote further oxidation at room temperature. It is

a common practice to strip this native oxide by dipping Si wafer into HF (Hydrofluoric acid) or
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BHF solution (Buffered Hydrofluoric Acid) as part of the wafer cleaning procedure before the
beginning of themal oxidation process. By controlling the furnace temperature, oxidation duration
and gas flow rate into the oxidation chamber, the oxide thickness can be precisely controlled. It is
possible to process multiple wafers at the same time through batclsgngcky loading several
wafers into a wafer boat. Although thermal oxidation can provide high quality oxides, the usage
of this process is limited to few early stages of processing due to potential contamination of
furnace, inability of some potential neaials used in later process stefus endure such high
temperature etc.

The thickness of oxide greater than 8@0can be accurately predicted by D&iove
model [4]. When Si atom and oxygen molecule come together and react, it formsASIO
discussed &fore, 22.5 nm oxide can form even at room temperature. But once some thin layer of
SiQ, is formed, to continue further growth either oxygen molecules need to travel through that
already existing oxide layer and reach Si surface or Si atoms need tbrpagh tthat oxide layer
to encounter oxygen at wafer surface through a process called diffusion and then react. However,
the diffusivity of oxygen in Si@is several orders of magnitude higher than that of Si. Therefore,
oxygen diffusion into oxide is domant and chemical reaction happens only at Si/8iterface.
This Si/SIQ interface always stays inside and never meets atmosphere and therefore it is
reasonably free from impurities. Thus, thermal oxidation provides high quality, low defect density
silicon dioxide.

The thermal energy at room temperature is very low for both silicon and oxygen molecule.
Therefore, none of them could diffuse through the thin native oxide QB A) layer present at
room temperature. Thus, the oxidation process tergsrguickly, and the native oxide cannot get

thicker anymore. To ensur@ ancessanteaction, thermal energy (heat) neéadl be supplied to
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the Siwafer in an oxidizing environment. The entire gas phase oxidation process can be comprising
of the followingthree series steps: i) transportation of gas phase oxidant to the wafer supface (F

i) diffusion of the species across the oxide layed),(&nd iii) the oxidation reaction £ The

entire oxidation process is demonstrated in detail in Figind&rns of four components & G,

Co, G, which are oxygen concentration in the atmospheric gas far away from the wafer, oxygen
concentration in the stagnant layer at the wafer surface, oxygen concentration in the oxide of the
wafer surface and oxygen concextion at Si/SiQ interface into the oxide respectively. The term

flux (F) can be defined as the number of oxygen molecules passing through an area per unit time.
It is also called as oxygen flux. It can be approximated that only gas flow is not entnagisport

oxygen molecule from bulk of the atmospheric gas into the oxide region. Therefore, Fick’s first

law can be used to define its diffusion through this region as [6]:

~ Y5? Y

(5 N &SUQDBIO

3)

Where &g is the diffusion coefficient between atmosphere and stagnant gas lay€: agg the

thicknessof stagnant gas layer. This can again be rewritten using mass transfer coefficient as:

(5= Wozx WUWF % (4)

The other two fluxes cansd be expressed as [3]:

~ Y3 ? Vg

N s
(6 N & Gaois (5)
(N -x0% (6)
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Where (g is molecular oxygen diffusion flux through the oxide due to concentration gradient

between ambient (oxygen source) and reacting surfacePapd) .igsthe oxide layer thickness.

Now it can be safely assumedittoxygen concentration linearly varies in the growing oxide film.

Fig. 3.7: Schematic diagram containing all the fluxes in silicon oxidation prdé&gss

The flux (7is due to oxygen reaction at reacting surface where there is copious supply of silicon

to react and form Sigand it is controlled by reaction kinetics. In equilibrium falkes must

balance:

(5= (6 = (7 (7)

So, the oxide thickness can be expressed by a differential eq’'n (8) as [6]:

Reudo# URsup S U P R (8)
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=2 U&(=>+ 3
Where, #= 2 U&( Ap+ f}

6UAA By

$= :

P+ # UR
$

Here, initial oxide thickness tg. Since oxidation is usually carried out at atmospheréssure,

- = Dand growth rate is therefore independent of mas transfer coefficient or furnace geometry.

Fig. 3.8 Arrheniusplot of a) parabolic rate constant (B); b) linear rate constant (B/A) for both dry and wet

oxidation Reprinted with permission frofé], Copyright 2008, Oxford University Press, Inc.

Both A and B coefficients are proportional to diffusivity and follows Arrhenius function too [6].

For a considerably thick oxide film, the linear thickness term in eq’'n (8) can be neglected

and, BreasUP R 9)
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On the contrary, when the oxide film is very thin, the quadratic term in eq’n (8) can be ignored

and so,
Reudps AP R (10)

Here, B is parabolic rate coefficient and B/A is called as linear rate coefficient in accorddmce wit
the simplified assumption shovimeq. (9) and eq. (10) respectively. Figure 3.8(a) and Fig. 3.8(b)
shows parabolic and linear rate coefficienespectively and some typical values of those
parameters are summarized for standard process conditions ir3Tlable

From the perspective of micro/nanoelectronics fabrication process, amorphous form of

SiQy is preferred and thi®rm of silicon dioxide is also called as fused silica. Its shamge

Table 3.1 Oxidation coefficients for silicorReprinted with permission frof6], Copyright 2008, Oxford

University Press, Inc.

atomic orientation contains four oxygen atoms at the corners and one at the center of the
polyhedron structure. The orientation of silicon substrate can also affect the tbeidatibn rate

through adapting linear oxidation rate constant for surface reaction rate limited process. For
example, oxidation rate of (111) surface is 1.7 times faster than that of a (100) surface. This is

usually attributed to the low density of silicbonds at (100) surface than that at (111) surface [5].
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Thermal Oxidation ProcessUsedin ReRAM Device

The oxidation process can be divided into two pdrjsoxidation and wet oxidation.
Figure 3.9 shows a schematic oxidation furnace and its various important parts. The oxidation
furnace system used in this work along with the wafer load tray is shown in Fig. 3.10. During dry

oxidation high purity @is flown into the chamber, whereas for wet oxidation steam is added with

Fig. 3.9 Oxidatior-furnace schematic diagre

Oz at the desired chamber temperature. Dry oxidation process is slow but provideguiailly
and dense oxide. On the contrary, wet oxidation provides less dense oxide but with a faster
oxidation rate. For the ReRAM device, thick isolation oxide is requ@evoid unwanted current
flow between the memory arrays which are fabricated on top of that oxide. Therefore, thicker wet
oxide is sandwiched between two thin dry oxide layers. The oxidation process therefore consists
of short duration (~10 minutes) doxidation, followed by long duration wet oxidation (~2 hours)
and short duration dry oxidation (~10 minutes) processes.

The wafers are first cleaned using wet chemical cleaning process discussed above. The

oxidation furnace is then set at 88Dtem@rature and high purityNs purged into the chamber
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at the rate of 1L/min. Once the chamber reaches the set temperature, cleaned Si wafer is then

placed onto a quartz boat and loaded into chamber. The chamber temperature is then set at desired

Fig. 3.10 a) Oxidationfurnace; b) @ & N2 flow valve with steam boiler; c) Quartz tray loaded with wafer

(from oxidation process used in this wo

oxidation temperature of 105C. The boiler assembly loaded with a distilled water filled beaker

Set chamber temperature =8&Dand N flow rate =1L/min

Place wafer on quartz tray and load into chamber

Set steam boiler temperature =95-@7& chamber temperate= 1050

Close N valve andopenO, valve withflow rate=0.7 L/min

Time the Dry oxidation process for desired thickness

Open steam flow valve for desired duration of wet oxidation

Close steam flow valve and run dry oxidation for desired thickness
CloseO, flow valve, turn off steamboiler, setN, flow rate=1L/min

Set chamber temperate to ambient temperature and wait for it to cool down
Take quartz tray loaded with wafer out of chamber

Turn off N2 flow

Fig. 3.11 Thermal oxidation process flow used in thigkvo
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is then set at 997°C so that @flow can be passed through a bubbler containing steam and O

with steam can be supplied into the furnace during wet oxidation. There is a thermocouple set
within the furnace to monitor chamber temperature. Once the chamber reaches oxidation
temperature, Bflow valve is closed and Qs supplied into the chamber with a rate of 0.7L/min.

This starts dry oxidation process. This process is continued fiedetprmined amount of time

for the desired dry oxide thickness. During the wet oxidation the steam valve is opened for certain
duration. Finally, the steam flow valve is closed for the final dry oxidation process. Once the
oxidation process is completdd; flow valve is closed, Npurge valve is opened and the chamber
temperature is ramped down to room temperature. When the chamber reaches ambient temperature
the quartz boat containing water is taken out of the furnace. The entire oxidation process is

summarized in Fig. 3.11.

3.33 Photolithography

The word “lithography” comes from the Greek origin “lithos (stone)” and “graphein”
(write). Lithography is a printing method where a shape form master pattern is transferred onto the
substrate or wafer. Imiegrated circuit (IC) industry, the term “photolithography” is widely used
instead of “lithography” where a sequence of multiple complex pattern is consecutively
transferred. There has been significant research and development effort in photolithodyiahhy w

is enabling to realize ceaselessly smaller and smaller features.

3.33.1 Spin-coating Photoresist

Photoresist is a light sensitive organic (polymer) material whose solubility can be

modulated (soluble or insoluble to developer solution) upon expasucontrolled doses of
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ultraviolet radiation. Photoresist contains three components: solvent, resist polymer and sensitizer
Solvent enables pouring and spreading of resist on the wafer surface, resist polymer changes its
structure through crosslinkingitht molecules upon exposure to UV light and, sensitizer controls

the photochemical reaction.

Photoresist can be either positive type or negative type. In positive tone resist, the UV

v e JHMMMHJ

Mask

using mask ]
Phqtoresist Insoluble in
SiQ developer
solution
Si Substrate
I
Negative Photoresist Negative Photoresist

+ve PFENI + e PR
sig

Si Substrate Si Substrate

After UV Exposure

Si Substrate Si Substrate

After Developing in Developer Solution

Fig. 3.12 Negative vs. positive photoresist: UV exposure, development and pattern transfer

exposure deteriorates the strength of the main or side polymer chains in the expadedng
the photochemical reaction and therefore those regions are del/édsper than the unexposed
areas and are washed out after development. On the contrary, in the UV exposed areas negative

tone photoresist strengthens its bonds with main or side chain through crosslinking and unexposed
160



areas are thus dissolved insteaduFe 3.12 shows the process flow for both positive as well as
negative photoresist.

Spincoating is one of the most partant steps for pattern transfer procedure as it controls
the potential defect density that can be transferred to the subsequent process to follow. The

excellence of this process determines the quality of reproducible feature size or line widths. Once

Spin-coat HMDS (Hexamethyldisiloxane on wafer
i. 15 sec @ 500 rpm
ii. 45 sec @ 3000 rpm

Prebake: 1 minute @ 11¢C
Spincoat photoresist AZ 5214
i. 15 sec @ 500 rpm
ii. 45 sec@ 1500 rpm
iii. 15 sec @ 500 rpm
© Softbake: 1 minute @ 118C

UV exposure (I or Hine) for a dose ~ 9tJcnm?

Post exposure bake: 90 sec@ 0
Flood exposure: > 20hJcn?

Develop: MF 319 @ 1min

Fig. 3.13: Thermal oxidation process flow used in this work

the wafer is cleaned, it is then locked in a wafer platen assembly of a spinner through a dentrollab
vacuum clamp. The next step is wafer primiBgme photoresist may not adhere well enough to
the silicon wafer which is usually coated with a thin natixele. To ensure better adhesion, the

photo-process must be conducted in a controlled temperature and humidity (~40% RH)
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environment and the surface need to be hydrophobic. Therefore, once the wafer cleaning procedure
is successfully completed it is aealed to remove any unwanted water remaining on the wafer
surface. Besides adhesion promoter such as Hexamethyldisiloxane (HMDS) can also provide
excellent adhesion to the photoresist. Its functional cluster can easily react and form bond with
oxide followed by strong adhesion to the resist. The next step icepiing a UV sensitive thin
polymer layer on the wafer. Depending on the desired thickness of organic polymer film, the wafer
is spun at a predetermined high speed and uniform thin caatiiiesed. The viscosity of the

resist polymer and spun speed determinesRR filmthickness. The photoresist vendor often
provides a datasheet or spin speed vs. film thickples$or reference. The film thickness (T) can

be expressed by the following empal relationship as [2]:

6= bUAiU (11)

Here Gs a calibration constangas the resist polymer concentratiodis viscosity of the selected
polymer andfiis the spirspeed (rpm). The amount of photoresist to be spun on each wafer should

be an educated guesstimate: too miniscule amount would create areas not covered by photoresist
and too much resist would lead to ridges at the edge. Edge bed removédwateahis problem

to some extent. The spun photoresist film contains some solvent with it (10%~15%) and is usually
followed by a softbake (98~11CF C) step for few minutes. It is also called as-pa&e. This pre

bake step serves as the adhesion prerna well as improves the process/device yield. AZ 5214

E image reversal high resolution photoresist is used for this work and photoresist with thickness~

2 um is usually achieved. The process recipe is shown in Fig. 3.13.
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3.33.2 Mask Alignment & UV E xposure

Mask is the master template used to recurrently produce the prototype pattern onto the
polymer coated substrate. It is usually made of quartz and are optically flat. Ultraviolet (V) ligh
can pass through glass and quartz but is impervious tal mhesign written onto the quartz.
Electrornbeam lithography is used to print this higdsolution metallic design pattern (chrome)
on the mask. Depending on the nature of contact between mask and substrate, optical exposure
apparatuses can be categoriasdcontact printing, projection printing and proximity printing. In
case of contact mask system chresige of mask comes in contact with the underneath polymer
coated wafer and theoretically minimizes the diffraction effects. However, neither wafeastor m
is perfectly flat. By applying few atmospheric pressure (~0.05 to 0.3 atm) the contact between
mask and wafer is significantly improved and the surface nonuniformity effect is dramatically
reduced. The wafer can also be aligned with respect to maskplyring the available features
such as, movement along x and y direction, few degrees of rotation (theta movement). High
intensity mercury arc lamp can expose the wafer with controlled amount of dose as required. This
system is inexpensive and can pifeatures as small as 0.5 um [7]. This hard contact system is
limited by the amount of defect generation over time on both wafer as wafl mask. Since
wafer and mask are in close contalg printed resolution is also affected by the degree of light
sattering by the thin film polymespuncoatedon the wafer.

Proximity printing is a nottcontact printing where the space between mask and wafer (10
100 um) is precisely controlled by-Nlow. This technique is free from generation of any contact
relateddefects, but at the expense of reduced resolution. If g (~0 to 15 pm) is the gap between
mask andwafer, the minimum feature size that can be resolved using this technique can be

expressed as [7]:
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9,5 ¥GUI OC (12)
Here the value of cotent k depends on photoresist process.

Projection printing is the upgraded version of contact printing which can provide superior
resolution with no contact related defect generation and is the most preferred technology. There
are two different types o&hses used in this system: condenser and projector [7]. Condenser either
collimates or focuses the light on the projector after passing through the mask and projector
refocuses that on the wafer. Again, since light coming from condenser lens side dérattedi
by the mask placed on its way, to successfully reimage the pattern and project on the wafer optical
systems in place should be capable of collecting several orders of diffracted light (at least 2~3
diffraction order). The numerical aperture ofttbatical system can be expressed as:

o#= Jin E (13)
Here Eis the half angle of acceptance and n is index of refraction of the me¢lomever, the
resolution of this system is affected by imperfections such as distortion, aberration, separation of
masklens etc. [7]. For a wellesigned optical system, the limit can be expressed by Rayleigh
criterion as [7]:

>

9aua GUQ— (14)

Here k is a system dependent constant and varies between 0.4 to 0.8.

Shorter wavelengths are used to print smaller features, but at the expense of increased
complexity of the exposure system with more optics to be added into the system. This will make
the system more expensive and will absorb further energy, specially at shorter wavelengths. One
potential solution could be deployment of highly sensitive photoresist as it likely compensates for

the energy loss. Modern state of the art systems can pageias small as size of the wavelength
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used and further improvements can be achieved with resolution enhancement technique (RET).
After the wafers are coated with polymer (photoresist), these are then loaded into the mask
aligner and exposure system so that the wafer can be precisely oriented with the respective

alignmentgeometry marked on the mask. The wafer is then exposed with required dogedfl/cm

Fig. 3.14 Quartz photomask for patterning: a) Bottom electrode; b) Solid electrolyte; c) Top electrode

UV lamp to replicate a perfect duplication of the mask image onto the resist. The dodgigl/cm

source light intensity (W/cf multiplied by the duration of exposure (secondos%:: O—Z UA ?

Fig. 3.15 Complete mask used in this work for: top electrode, solid electrolyte and bottom electrode

In photolithography, depending on the available optics the source light can bedef@nge
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of wavelengths: EUV (extreme ultraviolet) to UV (near ultraviolet) with wavelength-#18m
to 3583500 nm respectively. Near UV system is the most commonly used one and usually
comprises of-line (365 nm) or gine (435 nm) with mercury lamp as the soa1

Three different quartz photomasks are used for the ReRAM device fabrication in this work.
One mask for the top electrode, one for the solid electrolyte layer and one mask for the bottom
electrode layer. Every maslet has its own alignment mark tacilitate alignment with the
subsequent process steps. Each ReRAM cell is located at the intersection of top and bottom
electrode where its size is ranged from 1 um to 35 um and there are 100 devices at each size. The
top and bottom electrode layers areaaged in a crossbar array arrangement. Figure 3.14 shows
the masks for top electrode, solid electrolyte and botti@etrede for crossbar array organized

30x30 um ReRAM cells. The entire photomask is also shown in Fig. 3.15. Theosjing

Fig. 3.16 a) Spircoating system; b) Kas$$USS MA6 mask alignment system used in this work

system and mask alignment tool used in this vewdshown in Fig. 3.16.
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3.33.3 Postexposure Bake (PEB)

The next step is pogixposure baking (PEB) such as flood exposure -ipalshg which
either initiates new chemical reaction or terminates the already started one as needed and
determined by the selection of wavelength, photoresist and the governingtchelfis is very
crucial for image reversal photoresist. The gugte temperature is usually somewhat higher than
pre-bake temperature. But, this temperature needs to be carefully selected since with the presence
of catalyst the reaction is acceleratedhviemperature. This step also affects the outcome of the

next development process.

3.3.24 Development

The final stage of lithography is the development where photoresist is selectively removed
upon dissolving into developer solution. It results a transferred pattern as designed and required
by the subsequent steps to follow. Development can be two tygésdenvelopment and dry
development [2]. Usually in wet development, wafers are immersed into developer solution at a
certain temperature for a specific time period. If the sample wetting is a challenge, surfactant can
be used to make it uniform. For an rexhely quick development process, buffers solution can
provide an extended development time for better duration control. However, when negative
photoresist encounters organic solvent it can bulge, and its adhesion property can also be
comprised. Vapor bad dry development process can be a potential solution to this problem which
is recently preferred fdmigh resolution features.

MF-319 developer is used for the image reversal photoresist AZ 52R4rEthis work
The development time is approximaté@-70 seconds and require some agitation during the
development process. The wafer is then deionized water rinsed dlwhNiried. After successful

167



development, reversed image of the mask is transferred to the substrate. Dektak surface profiler is
used o verify thethicknessf the photoresist and is found to be approximately ~ 2 pm.

Before the sample is moveditfor the next process step, it is preferably post baked or hard
baked at somewhat higher temperature and extended duration compared tebties peocess.
This is especially true for negative photoresist which usually swells after development steps. By
removing the excess solvents from the resist, it also improves resist quality as well as significant

improves the adhesion.

3.34 Physical Vapor Deposition

E-beam evaporation (electrdir@am), a physical vapor deposition technique is used in this
work to deposit thin film by evaporating and physically transferring materials from crucibles
(material holder) onto the substratéiich is usudly located on top of the crucible without
involving any chemical reaction. As the method implies, the matéoidls depositedeed to be
heated. Crucible heating systems can be of three types: resistive, inductive and-bé&zotiq8].

In resistive evporation system, charge loaded into crucible is being resistively heated. Since both
filament wire and evaporation materials are equally heated, evaporation and outgassing of wire
can be a challenging problem. For inductive heating system, RF powerad wiapped around

the loaded crucible and induced eddy current heats the crucible. \ailed system can be
deployed to keep the temperature within the desired limit. However, there is a potential risk to
contaminate evaporation materials with crucibleemever high melting temperature materials
need to be deposited-lkeam heating system comes with the solution, where only evaporation
materials are heated but the crucible is being cooled down. Inltbane evaporation system,

typically there is an elesin gun which can provide high density of beam depending on supplied
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current level which can be directionally controlled by a strong magnetic field and can eventually
lead the bearno beincident onto the evaporation source materials. The beam can abstdred

across the evaporation materadjion within the crucible to control the amount of material to be

Fig. 3.17: A simple Ebeam evaporation chamber schematic

heated to be deposited. However, this technique also has some challenges such as potential
radiation induced damage, helectron induced contaminan etc. Although state of the art
micro/nanofabrication technologies use sputtering for metal deposition, evaporation is still used in
research and development works.

A 3D schematic of an evaporation system is shown in Fig. 3.17. Usually there apemulti
crucible positions in the chamber to load several evaporation materials and deposit thuitiple
films in a single vacuum. The chamber can be pumped down to pressure, Ptesr tirough a

combination of roughing pump and a diffusion or cryopunipe pumping down process starts
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with roughing pump. When chamber pressure reaches on the ordéttofrithe cryopump takes
over, which can trap gas molecules on its surface to further reduce the pressure. Over time, the
cryopump gets saturated with tpgal molecules and therefore the chamber needs to be
periodically regenerated (heating and purging withghis) to maintain the pumping capacity of
the cryopump. At low chamber pressure (£10rr), the mean free path of the molecules gets
sufficiently higher. Therefore, as the evaporation materials is heated threhegnes, it can yield
vapor, which can travel in a straight line up to the substrate located on top of the sourcesmaterial
by adopting a spherical geometry. As the evaporated source madaila@sthe substrate it gets
physically deposited on the substrate without going through any chemical reaction. Hence the
process is called as physical vapor deposition (PVD).

Although at low chamber pressure the evaporated materials can travel relstigeht
vertical path, only a fraction of materials evaporated into the crucible actually accumulatesonto th
wafer surface located on top. This is because a fraction of angle seen from crucible is subtended
by the wafer and some materials are lost. @vegporated material deposition rate can be defined

as the rate of mass accumulation at wafer surface/area and can be expressed as [8]:

£

_ B
4x@éaaeucu§m 7 Yo (15)

The deposition rate is dependent on evaporation source materials, deposition temperature and
chamber geometry. Although arranging wafers in a planetary fashion (hemispherical cage) can
provide nearly uniform deposition rate across various wafers procastedsame time, there will
still exist some minor variability due to flat geometrical shape of the wafer [8].

There are several parameters that can be controlled by the user during the deposition

process using Kurt J Lesker PVD 250, such as:
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i. Lateral/longitudinal amplitude of beam sweep (it controls evaporation area)
ii. Level of current supplied (it controls beam density and deposition rate)
The deposition rate as well as the film thickness is usually monitored through a
microbalance quartz crystal, which changes its resonant frequency as more antteceds are
being deposited during th&lm deposition process. Material parameter such as density of

evaporation source, and geometrical parameters such as tooling factbo, &c. are also

Fig. 3.18 A KJL PVD 250 Ebeam evaporation system used in this work for thin film deposition

evaluated during this measurem@nocess After severakuns there would be a situation when
there are too many materials deposited onto the crystal and its resonant frequency has shifted by
several percent. Then it is time to replace this relatively inexpensive crystal and ensure accurate

deposition rate measement through sharp change of resonavitle a new crystal
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Kurt J. Lesker (PVD 250)-beam evaporation tool is used in this work and is shown in
Fig. 3.18 along with its various parts. The voltage is kept fixed at 7.5 KV and the current level is
usualy ramped up/down. The process starts with venting (injectingnté the chamber) the
chamber and bringing the chamber pressure to atmospheric level (760 mTorr). The sample is then
attached with the substrate holder through high temperature adhesicanthpéaced into the
sample holder position located towards the upper side of the chamber. Evaporation material
usually comes in the form of pellets and is loaded into the preconditioned crucibles and placed into
the crucible holder situated towards the éoywortion of the chamber. There are pockets for up to
four crucibles to be loaded without breaking the vacuum in Kurt J. Lesker PVD 250 tool.

The chamber is then pumped initially throwgtoughing pump (from atmospheric level to
~10° torr pressure) ankhterthrough cryopump down to ultlaw chamber pressure (< @orr).
Then the respective evaporation material source pocket is selected and corresponding parameters
(density, zratio, tooling factor) are loaded into the crystal damkr software interface system.
The current is then slowly increakirough a control knob and the crucible is then continuously
monitored through an access window. The beam sweep function and longitudinal/lateral amplitude
parameter can be tuned to aohthe desired area of crucibles to be heated through-earm.
At this point the source shutter is opened, and the evaporating materials are let to be physically
struck deposited onto the substrate on the upper portion of the chamber. The initigibteos
is kept very low (~@ A/s) by selecting relatively low current specially for the first few nm of film
deposition as well as for deposition of adhesion layer. After deposition-@5i® film the
deposition rate can be increased a bit sped@lthicker film by increasing the current. The exact
amount of current varies from material to material and usually large currents are required to

evaporate high melting temperature materials. The deposition rate as well as the current film
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thickness is antinuously monitored. Once the desired film thickness is achieved the source shutter
is closed and the current is gradually reduced to zero. Special care needs to be taken fordw therm
conductivty evaporation sources and the current reduction ratdsnee be slowed down
accordingly to avoid unwanted thermal shock and crack of the materials/crucibles. There should

Table 3.2:E-beam deposition parameters for various thin films

be few minutes of wait time to let the crucible cool down. Then the next crucible can be selected,
and the process is repeated. Once the deposition of all desired materials is done, the chamber is
vented and the sample as well as the crusibleded with materialare taken out. The chamber
is then pumped down again and is usually kept under vacuuachieve a high deposition rate,
the current can be set to high level, but it can compromise the quality and morphology of the
deposited film. The best practice is to deposit at very low deposition rate as possible (through
relatively low current level) wi ultralow chamber pressure (<1tTorr).

Several thin films such as Cu, Ta®@t, Ti, Cr, Ru, Rh, Ir and Sire deposited using e
beam evaporation in this work. Thebeam process parameters for all those thin films are

summarized in Tablg.2.
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3.35 Liftoff

Lift off is a technique to remove photoresist along with the materials deposited on top of
that, while keeping the materials placed directly onto the wafer through the openings of photoresist
defined by pattern transfer as designed. This is a material removal process from the selected area
without employing sophisticated process such as dryrgtcion milling etc.

The lift off process starts with a desired thickness of photoresist spinning and patterning.

Fig. 3.19 Complete process flow for fabrication of Cu/TaOx/Pt ReRAM memory cell

Usually image reversal photoresista preferred pattern transfer material for subsequent lift off
process due to its worthwhile undercut profile, which makes the lift off process much easier

compared to other types of resisthen a thin metal layer is deposited through a process which
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characteristically offers advantageous poor step coverage specially with slight to almost no coating
into the sidewall. Evaporation is a perfect choice for thissatropic deposition profile. The wafer

is then submerged into a photoresist dissolving mwlutsuch as aceton€lids-CO-CHs). The
undercut resist profile creates some opening and allows acetone to attack from the sideways. As
the photoresist is dissolving into acetone, the metals deposited on top of photoresist lifts off the
substrate in few mintes while the metals deposited directly on top of the substrate stays in place.
Since there is no etching involved in this patterned metal transfer process, it is free fronmnany etc
related damage to the substrate. The patterned lines are also freeadiencutiand have infinite
selectivity as well [9]. However, the lift off technology is limited to one metallization layer at a
time and sputtering technique would not work with it. The lifted off materials can float within the
solution and can potentialltick onto the wafer. It can also suffer from low yield issues. Lift off
process is primarily suited for research and development.

Figure 3.19 shows stdpy-step process flow to illustrate the entire fabrication process

Fig. 3.20 Crosssection of a completed Cu/TaOx/Pt ReRAM memory cell with layer thickness specified
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flow. The device cross section of a completed CuiiOdevice along with the thickness of

variouslayers are shown in Fig. 3.20.

3.4. Fabrication of Polymer Memory Device

Wearable or bendable electronics is an emerging field which can be used in téottses,
watches, and even army suits. To ensure durability of these devices, these neegkiblé&eBly
replacing the solid electrolyte layer in conventional ReRAM cell by switchable organic polymer
material quasflexible memory device can be realized. The fabrication procedure of this quasi
flexible memory device is discussed here.

Like traditional ReRAM memory cell, bottom electrode is patternedBadnaterial is
deposited using-beam evaporation and photolithography on top of oxidized silicon substrate. The
polymer layer is then spideposited. However, shadow mask is used to deposit top electrode

material by avoiding liftoff technology.

Fig. 3.21 Summarized process flow for preparation 6A@ polymer solutiofil 0].
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3.4.1  Organic Polymer

There have been a variety of organic polymers that have been explored by several
researchers. Each polymer had its own advantages and disadvantages. However, organic
anthranilic acid (@AA) is used for this case due to its lamwst and superior devigerformance.

O-AA based devices exhibit low switching voltages, high ON/OFF current ratios, and stable ON
and OFF states in ambient condition without any device degradation even up to daéJyear

O-AA was prepared [10] by first mixing 3mL of DMF with 48.87 mL of HCI. This was
then combined with 0.178g of AA. 3.3254 mL of ANI was then added to this mixture. A
combination 10 mL of APS and 50 mL HCl was then added to the mixture to prod&eFiter

paper was then used to filter out any impurities in the solution. The filtered solution was then use

Table 3.3 amount of chemical used for-®A solution

as spircoated polymer layer for the fabricated ReRAM device. The polymer preparation steps are
summarized in Fig. 3.21. The amount of chemical used for the polymer preparation is also listed

in Table3.3.
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3.4.2 Shadow Mask

A physical mask is first @wn using AutoCAD and then printed. This mask is then used
to create a shadow mask consist of flexible and transparent plastic material. The electrode sizes
are on the order of 10’s of mm for visual convenience. Some alignment marks are also imprinted
so hat top electrode layer is properly aligned with bottom electrode and they are perpendicular
to each other. Figure 3.22(a) and (b) shows the AutoCAD design for the shadow mask and the
asprepared shadow mask respectively.

Four devices have been fabricatélagereCu/TaOx/Ptservesas the bench device. Then

Fia. 3.2Z: a) Desianed masusing AutoCAD:; b) A-prepared shadow ma

Fig. 3.23 Cross section of fabricated devices: a) Cu/TaOx/Pt on Si; b) @@t on Si; c) Cu/eAA/Pt

on Si; d) Cu/GAA/Pt on Flexible plastic substrate
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gradually replacing one layer at a time the gilasible ReRAM device are fabricated. The
crosssectionof the fabricated devices is shown in Fig. 3.23. The thickness of various layers is

summarized imMable 3.4.

Table 3.4 Thickness of various layer of the fabricated devices shown in Fig. 2.22

3.5 Fabricated Inorganic ReRAM Devices

Several devices have been fabricated in this work with Cu/TaOx/Pt/Ti as the benchmark

Fig. 3.24 Cross section of fabricated devices: a) Cu/¥&@'Ti; b) Cu/TaQ/Pt/Cr; ¢) Cu/TaQ/Ru/Ti;

d) Cu/TaQ/RN/Cr; ) Cu/Ta@QRN/Ti; f) Cu/TaQ/RN/AEOs; g) Cu/TaQyIr/Ti
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device for performance analysis and comparison of device performance. Then ZROFAD
Cu/TaQ/Rh/Tiand Cu/Ta@Ir/Ti devices are fabricatedlater, adhesive layer Ti is replaced

with Cr and devices such as Cu/T%d4@/Cr, Cu/TaQRh/Cr as well as Cu/TafRh/Al,Oz are
fabricated. The crossection of all fabricated devices is shown in Fig. 3.24. All the devices are

on oxidized silicon wafer.
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Chapter 4: Investigation of Cu/TaOJ/Ru based ReRAM memory cell

4.1 Introduction

The resistive switching (RS) device Hately been of greaattentionto both industry and
academia as a potential replacement for volatile dynamic raadoess memory (DRAM) and
nonvolatile flash technologies that are nearing the end of their dimensional scaling roadmaps [1
9]. These tweterminal aeviceshavefigure eightlike pinched currentvoltage (FV) hysteresis
switching between a high resistarRerr (OFF statg to a low resistanc&kon (ON-statg with
memristive characteristics [2, 3]. Conductive Bridging Random Access Memory (CBRAM), also
referred as Programmable Metallization Cell (PMC), is a promising candidate for a resistive
memory device due to its highly scalable and-tmgt technology [10]. CBRAM memory is being
extensively explored as a promisiegntenderfor a resistive memory dese [11]. Building
nonvolatile memory (NVM) directly into a CMOS lelw/ Cu interconnect module would reduce
latency in connectivity constrained devices and reduce chip’s footprint by stacking memory on top
of the logic circuits [12]. Largscale integratiorof metatoxide filamentary memory with a
selector device based on 1T1R architecture has been reported [13,14.dieectrics and Cu
metal lines prefigure a potential ReRAM cell, and the ebassarchitecture of a typical two
terminal RS device arrag essentially the same as a CMOS metal interconnect system. Thus, the
interconnect information bottleneck could be untied and morphed into several system architectures

using the same device platform.
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One strong candidate for naolatile memories is therell-behaved and well characterized
Cu/TaQ/Pt resistive switching device due to excellent unipolar and bipolar switching
characteristics, device performance, retention, reliability [15]. This device can be operated as a
memory cell with copper (Cu) or oggn vacancy (M conductive filaments. However, since
platinum (Pt) is not an economic choice for industrial production and has been not used in back
endof-line (BEOL), a BEOLcompatible replacement of Pt is highly desirable. A good candidate
for a replaement of Pt is ruthenium (Ru) which has been already deployed in the CMOS BEOL
supplanting Ta or TaN as the liner material [16, 17]. Ru is ca. 45 times less expensive than Pt, and
has similar properties as Pt.

Pt and Ru are both transition metals with@dmidentical outer shell structure: Ru has one
electron in the fifth orbital and 15 electrons in the fourth orbital, while the larger Pt atoméhas o
electron in the sixth orbital and 17 electrons in the fifth orbital. Ru has a relatively large work
function of 4.7 eV compared with 53.9 eV for Pt. The melting temperature of Ru(Ru) =
2334 C, is lower than that of Ta,m(Ta) = 3017C, and Ru has an electrical resistivity half that
RI 7D @ ! FP YVukD ! FP ZKLOH &X UHVLVWL¥LW\ LV )

FP ,Q DGGLWUWLphase dagrain shows negligible solid solubility between the
two elements, even at 90C, rendering Ru an excellent inert electrode for Cu ions. [18].
Moreover,Ru is ca. 45 times less expensive than Pt, and has similar properties as Pt. Based on
these considerations, a Cu/T,#&u device appears promising.

The first part of this chapter discusses in detail the similarities and differences between the
Cu/TaGQ/Ru and Cu/TaQPt devices using the latter one as a bemahk for the Ru device
performance assessment. The electric characterization of both devices has shown many similarities

and some notable differences. Compared with Cuy/Rit@evice, Cu/TadRu devie shows less
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reliable set and reset switching characteristics due to the different formation, shape and fupture o
the conductive filament.

4.2 Device Fabrication

The ReRAM devices based on crossbar aarayitecture are fabricated on a thermally
oxidized Si substrate with a Si@hickness of 730 nm. Both metal electrodes and oxide (solid
electrolyte) were deposited by electron beam evaporation and patterneeofffytéithnology. A
thin Ti layer of 20 nnwas used between Ru and $i0 improve the adhesion of the Ru layer.

The thickness of TaOZ D V QP 7KH ZLGWK RI PHWDO OLQHV YDULHV E

Fig. 4.1 Device crosssection of a (a) Cu/TaOx/Pt resistive switching device; (b) Cu/TaOx/Ru resistive
switching device A; (c) Cu/TaOx/Ru resistive switching devi@&itB TaQ diffusion barrier layer yith

layer thickness specified

UHVXOWLQJ LQ UHFWDQJXODU DUHDV RI WKH2Ght\distAde LQ WKH
EHWZHHQ WKH PHWDO OLQHV LV P $00 PHWDO OD\HUV &>
Deposition (PVD) in a Kurt Leskerlgeam PVDB250 chamber -V characteristics were measured

by a Keithley 42065CS at room temperature. The oxyghksificient TaQx (X 8 ZDV GHSRVLWE

also in the PVER50 chamber by evaporating ;08 pellets without @ injection into the
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evaporation chamber. Figu#el(a), 4.1(b) and 4.1(c) show the crssstion view of Cu/Ta@Pt,
Cu/TaG/Ru device A and Cu/Ta@Ru deviceB resistive switching devices, respectively, with
layer thicknesses specified. Moreover, nominally identical Ru devices have been embedded on
two different substrates: while Ru device A is manufactured on Ti(20nmj/&0m)/Si, i.e the

same substrate ed for the Pt device, the Ru device B is defined on the
Ti(20nm)/TaQ(30nm)/SiQ(730nm)/Si substrate as shown in Fig. 4.1(b) and 4.1(c) respectively.
Here, the additional 30 nm thick Tatayer, deposited by-kbeam PVD, has been inserted between
SiO;and Ti layers, i.e. outside of the device proper. Although, the additiona} Teg@r outside

of the cell proper should not, in principle, impact the cell's electrical propattisdpundthat it

has a major impact on them, indicating that the embedmeheatksistive cell is an important

factor in the cell's overall performance [19].

4.3 Characterization Methodology

Both Cu/TaQ/Pt and Cu/TaGQ/Ru devices have been subjected to the standard resistive
switching characterization described in more detail in [20]. The voltage is being ramped starting
at 0 V on the positive (or negative) bias axis while the current is being monitored. At a critical
voltage \&et, the current increases very rapidly indicating that the device became highly
conductive. Usually, lest the device be damaged, a compliance cugnsnapplied to limit the
current flowing through the device. The level e Hetermines in maninstances the nature of
the filament and the value of the-etate resistance,dr, via the relation Bx~1/Icc" [20]. Then
the voltage is ramped down, the device displays an ohmic behavior of tbw@tenand
characterized by &i. When the current at negat bias reaches a critical currentderat Vreser,

the conductive state is ruptured and the device reverts to teeatdfcharacterized by a high,-off
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state resistance,dr~ |-V characteristics of resistive Cu/T@d®t devices were measured by a
Keithley 4200SCS (Semiconductor Characterization System). In our measurements, the bottom
electrode is grounded and the bias voltage is applied to the top Cu electrode. When positive voltage
with appropriate magnitude is applied to the top electrode, Cunsatice generated at top
electrode/solid elctrolyte interface, dissolve in the oxide layer and can migrate through the solid
electrolyte. When these cations reach inert electrode (bottom electrode), they are electrochemically
reduced on the Ru cathode. #esre and more Cu atoms aggregate over time at the/Ra©r

TaO/Pt interface, a nanoscale filament forms a conductive path between two electrodes.

4.4  Switching Characteristics of Cu/TaGQ/Ru Device

The Cu/Ta@Ru devices have been characterized in the same way as the {¢BfTaO
devices and is discussed in detail in chapter 2. Tablgives the range of Form voltages and LRS
(Ron) of CFs for different Cu/TagZRu devices underct = 10 FA and voltage sweep rate rr = 2
V/s. The following distributions are found: forrdkm @ mean Worm, m= 7.3 V and a standard

GHYLDWLRQ RI Egramedh¥RdJ 9 9 DQG VWDQGDUG GHYLDWLRQ

Table 4.1 Typical Form voltage and Gresistancef Cu/TaO/Ru devices
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Compared with Pt devices, Ruuilges have significantly higher forming voltage (by 225V)

while the onresistance is very similar and appears to be controlled only by the compliance current.
The ruptung of the CF is triggered mainly by Joules heating at a critical curigsttl=
Vrese7Ron. The \keserdistribution of the Cu/Ta@Ru devices is characterized byeéer, i=-3.4

9 DQG 1 9 7KXV DOO WKH FULWLFDO YROWDJHV RI WKH
3W GHYL&RMYV 0D 4P 9 DQ &Esit® 2.5V. For Vrorm and Vser, part of the

difference can be explained by the difference of work function between Pt and Ru of 1.65 eV,
ZKLFK DJUHHVY UHPDUNDEO\ ZHOO ZLWK WKH.6G I LeWwsetQWLD O
operation, only the gap in the tuped filament has to be closed to restore the filament. The built

in field in case of Pt electrode is the work function difference between Pt and Cu divided by the
thickness of the TaQlielectric, which in case of Pt devices comes to a quite high fi@@s1C

V/cm. This field favors Ction transport toward the Pt electrode. The correspondingibditld

in case of Ru devices is 6X¥N/cm, i.e. one order of magnitude lower than for the Pt device. The

field responsible for the formation of the dlament in its final stages has been estimated to be
(1-2)x1C V/cm [21]. The calculation of the effective fields age¥ for Pt and Ru including the

built-in potential, are, indeed, in this range and approximately the same:

(Pt,Cu
[—w—

+ vsetm(POIV  [— R 4 vset,m(RUIV

6
S50 N >5nm N1.8 x 10°V/cm

Which is in excellent agreement with [21]. The higher deltarsrM for both devices of 1.1 V in
excess of 1.6V of the work function difference could be explained by lower nucleation rate of Cu
on Ru than on Pt. Thisauld also indicate that there is higher surface diffusion of Cu on Ru than

on Pt. The difference betweempéervoltages of 2.5 V cannot be explained by the work function
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difference between Pt and Ru, as the main mechanism of the dissolution of theingritdactent

is the Cu atom oudiffusion at high temperatures near the filament constriction. The higher reset
voltage for Ru devices is discussed in more detail below which appears to be tied to the issue of

Ru inertness and integrity. The high builtfield for the Pt device has been verified experimentally

in the following way. The Pt and Ru devices are set under three diffeggratriditions of 10, 50,

DQG $ DQG VXEVHTXHQWO\ WKH GHYLFHV DUH UHWMWHW 'XUL
is estimated to be ~B nm. This means that the buiiit field in the gap would be for Pt devices

1.65V/7nm=2.4 x19V/cm and for Ru devices 0.1V/7nm=1.42NYcm. Therefore, the buiin

Fig. 4.2: The bipolar switching of set and reset operation for a Cuf/RaOdevice on a logarithmic current

scale with sg1= 3.8V and \kesg- = -3.1V.
field for Ru devices is more than one order of magnitude loveer fitr the Pt device. The built

in field for Pt device is high enough to spontaneously set the device. Indeed, experimentally we

observe a spontaneous setting on a large fraction of devices after a wait time of 48 h (i.e. when the

device is at 300K) that initially has been set @&t | $ DQG RFFDVLRQDOO\ IRU V
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lec $ 1R VSRQWDQHRXV VHWWLQJvBdfoNdcH G HSY LFRHW B DAL @ HOGit
instance of spontaneous setting of the devices has been observed for the Ru devices tested at the
same conditions. Spontaneous set operations have been also observed during consecutive
switching cycles of a Pt device. Dugithe repeated switching cycle test it was observed that after
a B"reset operation, the device was ON spontaneously, after a time of the order of tens of seconds.
Here, the spontaneous formation capability of the CF has been augmented by the eleahted lo
temperatures in the cell caused by the Joules heat dissipation leading to higher rate of Gnionizati
and higher Ctiion electromigration mobility. This is another confirmation of the impact of work
function difference between the active and inerttedele.

In Figure 4.2, a typical set and reset bipolar operation for Cu CF in Cu/R@aQevice is
shown. TheVsgr = 3.5 V at tc = 10 uA and Meser= -3 V. The bipolar switching cycles have
been repeated on Cu/TdRu devices. We observe that most of Cu/JR0 devices is becoming
not resettable after few setset operations. The failure of the Ru devices after a few switching
cycles is likely to be related to the geometrical shape of the Cu filament.

As in the case of Pt devicespiRfor Ru devices alsoapends on the compliance current,
lcc. On a double logarithmic scale, it can be seen tbatalo decreases linearly with increasing

lcc conforming to the eq. (1) below:

4K 3 ul (1)
6

As is shown in Fig. 4.3(a), thextracted parameters are A = 0.61 V and n = 1.08. The condition
for the set operation is: voltage sweep rate rr = 0.2 V/s. It can be concluded that RUTaO

devices have slightly higher constant A value than Cu/RtQlevice when the set operation is
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the same (rr = 0.2 V/sAs shown elsewhere [22] with the exponent @f ih the denominator
being close to 1, the constant A of 0.5 V (for Pt device) and 0.61 V (for Ru device) can be
interpreted as the lowest possibleeY voltages under which the Pt deeiand Ru device,
respectively, can be set at a given voltage ramp rate. Lowest value for the cdnatabe reached

as a limiting case for very slow voltage ramp rates. The difference in the minimum set voltage
extracted from Bn - Icc characteristicgonfirms that the Vet voltage for Ru devices is higher
than for Cu device.

Previous work has shown [23] that Cu and vacancy conductive filaments can be

n=1. A=0.61

@ (b)
Fig. 4.3 Dependence of eresistance, By, on compliance currentc¢, for the (a) Cu/Ta@Ru device @ rr

=0.2 VI/s; (b) Cu/TaQPt device @ rr =0.2 VIs

distinguished by their temperature coefficient of resistance (TCRasrdefined by

R(T) = R(6) U1+ QT F 6)] (2)

Since in Pt and Ru devices the filament is made of Cu atoms similar temperature coefficients of

resistance is expected. Here the TCR from resistance measurements edttite anextracted as
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a function of temperature and is also shown in Fig. 4.4(ajat(®). It is found that TCR (Ru
device) = 0.00236 K and TCR(Pidevice) = 0.00235 K for almost the same values ofiR |15

k., at the same set conditiorg$10 FA. Within the accuracy of this measurement these values

Fig. 4.4: On-resistance, By, of the Cu filament of Cu/Taf®t and Cu/Ta@Q'Ru for set operation at different
Icclevels: (a) Cu CF for Pt devices @l $ E &X &) IRU 5% GHYBFHN &X &) IRU 3W

and Ru devices @d=10mA 7KH H[WUDFWHG WHPSHUDWXUH UHVLVWDQFH . FRHII
are identical. The same measuretadmve been repeated for a different set conditions at three

orders of magnitude highetd, lcc=10mA. For tc=10mA, much lower By for the filaments 510

: for Ru and 230: for the Pt device is obtained. It has been observed that for both devices TCR
increases with decreasingfreaching a value of 0.0035%at Ron DV VHHQ LQ )LJ
These values are typical of strong Cu filaments (for comparison the TCRko€buk 0.0039
0.004 KY). Therefore, it can be concluded that under a positive voltage stress applied to the Cu
electrode, Cu conductive filaments are formed in both devices. Moreover, these values are
consistent with TCR values of Cu CFs observed in nodingr devices.

To summarize the characterization of Ru devicesaamestate that with the proviso that
all critical threshold voltages, fdrm, Vser, and \keserare higher than for Pt devices which can
be partly understood in terms of work function difiece between Pt and Ru, Pt and Ru devices

behave very similarly. There are, however, two major differencesir£peYis much higher in Ru
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than in Pt devices, and (ii) the maximum number ofesét cycles for Ru is substantially lower
than for Pt devies, particularly when the devices are setatl $ L H IR&k These 5

two issues are discussed in detall in the subsequent sections.

4.5 Limited Switching Cycles of Cu/TaQJ/Ru Devices

The major drawback of the Ru device is that while Pt dewes be switched repeatedly
back and forth, Ru device are becoming -nesettable after several geiset operations and
sometimesevenatfter the first set operation when the set operation is performed atchigim |
some cases, it was even difficultreset a weak Cu filament in a Ru device formedaas low
DV $ 7KH IDLOXUH RI WKH 5X GHYLFHVY WR VZLWFKMH®/ HU V|
to the geometrical shape of the Cu filament.
It is known that even in Pt devices, it iffidult and sometimes impossible to reset the cell
if the cell has been set at higkel This phenomenon may be explained by different geometrical
shape of the filament. For lowd the shape of the CF can be approximated by a truncated cone as

shown in kg. 4.5(a) where the bulk of the CF’s resistance resides in the tip of the cone. This is
.. . Ivpplpkdd &x ¢ . .
also the locus of the Joules heat deposition according o B @[P4]. Since during the

reset the power dissipated in the filament isaddo kese?*Ron, the highest temperature is
reached in the constriction at the tip of the cone, where the rupturing of the filament is easy, as
shown in Fig. 4.5(a). At highct (as seen in Fig. 4.3,dR vs lcc) the Ron decreases sharply by
adding Cu atoms to the upper section of the cone. Therefore, the shape of the filament becomes
more and more cylindrical as shown in Fig. 4.5(b). In this case, the maximum temperature, in

absence of any pronounced constriction, ished in the middle section of the cylinder, where the
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low resistance filament is relatively strong. Hence, rupturing of the CF becomes difficult or
impossible.

The cylindrical shape of the CF may be also obtained if the base of the cone in contact with
Ru electrode is eroded, see Fig. 4.6(a). As the bottom base of the CF is reduced whilé new Cu

ions are added from the top during thecgegration, the shape of the filament will tend to become

Fig. 4.5 (a) Location of the highest temperature due to the Joules heating duringpesation. (b) cylinder
like shape of the filament with maximum temperature in midway between the electrodes. (c) Civeonduct
filament with a sharp constriction at the Cu electrode interface with Cu constructiéofCelectromigration)

and destructivéCu outdiffusion) fluxes responsible for the shape of the CF

cylindrical. There are several possible mechanisms for the erosion of the base of the cone: (i) Cu
surface diffusion along the Ru interface to which has been alluded before in the context of the
much larger Worwm for Ru than for Pt devices, (ii) crystallization of Ru and-diffusion of Cu
along the Ru grain boundaries, (iii) Cu and Ru chemical reaction with oxygen and/or with Si.

Ru surfaces, which contributes to the excellent electroplatiogerties of Cu on Ru. Ru
has a fairly high surface energy of 1.28 eV when compared with the surface energy of Cu (0.69
eV) and of Pt (0.98 eV) [25, 26]. Based on these reported values the wetting and adEidtu
diffusion on Ru is expected to be siggantly higher than on Pt surfaces. The higher interfacial

diffusion of Cu on Ru than on Pt surfaces is likely to be responsible for lateral Cu transpert at th
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bottom of the filament as shown in Fig. 4.6 (a). The lateral Cu diffusion could creataldbsea
of the filament and might also be responsible for the shape of the filament to adopt a more
cylindrical form.

To keep the By constant, the loss of Cu atoms at the base of the cone has to be

L
(a) (b)

Fig. 4.6. (a) Hypothesized geometrical shape of Cu conductive filament structures for GlRTiad@vice with
a degraded base #te TaQ/Ru interface, (b) Truncated cone shape of a conductive filamigmnthe equation

(eg’'n (2)) for onstate resistance,drfor a truncated cone geometry.

compensated by additional flux of Cions explaining the need for higher forming voltages in Ru
devices in excess of the work functidifference of 1.6 V. Whereas, with a nearly perfect stopping
power, the shape of the filament in the Pt device can be assumed to be conical with more or less
sharp tip at the Cu electrode, the shape of the Cu filament in the Ru device is more-tiender
especially if the Ru device is undergoing severalres¢t switching cycles. These mechanisms
appear to be very similar to the properties of Cukl&®devices observed in [27].

The onresistance of a conically shaped resistor is given by:

_ L0
4= 3o 3)
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where h is height, a is the radius of the truncated cone base at the top, b the theilmsé at

WKH ERWWRP DQG ! LV WKH VSHFLILF UHVLVWLYLW\ RI WKH
difference between the hypothesized shapes for the Cu CF for the Pt and Ru device, two cone
shapes have been constructed with the same ovérali<istance, & the following parameters

for the Pt device is assumegt b 3 nm and @ = 0.5nm and for Ru devicab= 1.76 nm andra

= 0.85 nm, for a common height h=25 nm. Based on [&],rihe resistances of Cu CFs for Ru

and Pt devices are 158 . and 15,923: respectively, which are almost the same values shown

in Fig. 4.3(a) and Fig. 4.3(b) when the devices are set at | $ +HUH WKH UHVLVWLYL

ILODPHQW KDV EHHQ RIO% XPRH G VER EH !

4.6 Impact of Embedment of Cu/TaOx/Ru on its Device Performance

In [29, 30] the electric performances of Cu/T&Ru and Cu/Ta@Pt devices have been
compared. It was found that the performance of the Ru device is far inferior to that of thedt devic
The result was surprising asth Pt and Ru are known to be excellent diffusion barriers for Cu in
CMOS backend applications. The poor resistive switching (RS) properties of the Ru device have
been imputed to the greatly degraded inertness properties of the Ru electrode as alstoming
for Cu driftdiffusion. The degraded inertness of the Ru electrode, in turn, can be attributed
hypothetically to several factors, discussed below. The electric performance of two nominally
identical Cu/TaQ@Ru devices however differently embedd®md the Si wafer as shown in Fig.
4.1(b) and 4.1(c) has been compared in detail in the next section. The surprising finding is that
the electric and RS behavior of the two identical devices but on different substrate layers is
markedly different. Apparent] different embedment of nominally identical RS devices has a

major impact on the intrinsic device performance. In [30] three possible reasons for this disparity
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have been identified. First, the layers of Ti and Ru involved are very thin (10 nm and .50 nm)
Second, during resistive switching the local temperatures at the filament both during the form/set
and in the reset operations can exceed 6028] i.e. far higher than the maximum temperature
to which the CMOS backend may be usually exposed when ritierlying processor is in
operation. This temperature is estimated to be arountiCl26deed, up to 12GC and a little too
high above, amorphous Ru appears to remain an excellent diffusion barrier for Cu. The third reason
is the crystallinity phase of Ru thin layers depends on the deposition method and the subsequent
‘accidental’, i.e. related to the RS s$ghing behavior, local anneals.

In [29] it was found that the Ru devié€(can be switched a limited number of times at a
high compliance currengt (~ 0.5 mA) while the deviceB|) at suchdc levels shows either volatile
filament formation or when a @ilment forms, it cannot be reset. Converselycabt ~ 5SmA Ru
device B) shows fairly good RS behavior, while Ru deviég §hows mostly volatile behavior.
The kclevel is not the only critical parameter. The other important parameter is the appled ram
rate rr during the voltage sweep. Both parameters determine the thermal budget during the set and
reset operations and are thus responsible for: 1) chemical reactions taking place between the thin
metal and dielectric layers and chemical compounds @&saitrfrom it. 2) impacting Cu surface
diffusion on the Ru electrode and Cu penetration through the Ru electrode which appears to include
compounds such as F8iz and Cy4Si in case of Ru device A. The purpose of insertingxlager
between Si@and Ti isto prevent possible silicidation reactions. Indeed, there are many reports in
the literature on a number of issues related to Ru: a) thin Ru amorphous films crystallize into a
polycrystalline phase at about 3%D[31]; b) observation of a strong diffusipenetration of Cu
through the Ru layer was observed at°4Z432]; c¢) Ru silicide formation at 38C [33]; d) Cu

silicide is formed at 20TC [34].
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Because of the chemical reactions triggered by the local high temperatures caused by RS
switching behaior, the Ru devices show different properties over the stable Pt devices. In contrast
to Pt devices, the voltage ramp rate has a major impact on the resistance esttdte,dRn, in
the Ru devices: lower ramp rate leads to a highgr \Rlues because ¢hforming filament is
exposed for a longer time to elevated temperatures and suffers from @iffusion. The
observation that & in Ru device Q) is significantly higher than in the Ru devid @t the same
lcc and rr values, demonstrates that Ru undgvice B) has superior inertness properties over the
Ru device A). In summary, there are several factors that can affect Cu agglomeration on Ru: 1)
Cu penetration into Ru electrode either to intrinsic miscibility of Cu in Ru at elevated tempgrature
or diffusion of Cu into grain boundaries in case of poilystallinity of the Ru electrode, or Cu
diffusion into RuSk, silicide, or finally Cu absorption into G8iy silicide. 2) larger Cu surface
diffusion at the Ru interface than at the Pt device.

Another issue came to the fore when identical devices Cw/Pa@nd Cu/Ta@ir have
been implemented with different glue layers as shown in Fig. 4.7. In case (a) of Fig. 4.7, a Ti glue
layer has been used, and a Cr layer in case (b). It was found thd¢dtre @erformance of
nominally identical devices depended sensitively on the glue layer. The impact of the glue layer
showed up most dramatically in the stability of the filaments formed at dewalues. While
devices manufactured with Ti glue layerosled volatile behavior, meaning that the filament
dissolved spontaneously after the device have been set and unpowered, devices manufactured with
Cr glue layers showed nemlatile, stable behavior. The difference in the electric performance is
attributedto the difference in the Joules heat generated in the Cu CF during operation of the cell

between et and enevoltage of the ramp and during the reset operation. The heat conductivity
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of Ti [22 W/(m.K)] is much smaller than of Cr [94 W/(m.K)] as showiTable2.1in chapter 2.
Therefore, in case of Ti the local temperature of the filament may be higher than in case of Cr glue
layer and also the heat may linger for a longer time in case of Ti than in case of Cr. It imseen th
thermal conductivity of Cr is more than 4 times larger than that of Ti. The case of Pt on Ti is

particularly disadvantageous since the thermal condtycta¥ Pt is 72 W/(m.K) and of Ti 22

Fig. 4.7: Identical devices with two choices for inert electrode, Pt and Ir, with different glue layei&: (a)
20 nm, and(b) Cr 20 nm The otherwise identical devices of (a) and (b) display different electric

performance.

W/(m.K). The Joules heat generated in the filament cannot be easily dissipated and lingers
therefore for some time around the hot spot in the filament. The thermal conductivity of Cu is
excellent but the contact arbatween the corghaped filament at the tip of the filament is very
small compared with the large contact area of the base of the cone with the inert electrode (see Fig
4.5). A combination of Rh with 150 W/(m.K) with Cr 94 W/(m.K) in terms of heat commluct

looks particularly promising. Therefore, for Rh/Cr composite inert electrode, heat dissipation

should be much higher than in the case of Pt/Ti. Indeed, first tentative results indicate that such
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device (Cu/Ta@Rh/Cr) shows excellent resistive switleg characteristics [35]. Another
attractive candidate for a composite inert electrode from the thermal point of view, would be Au/Cr
electrode which is however prohibitively expensive must be eliminated from further

considerations.

4.7 Ru Devices Integated on two Different Substrates

To study the relative degradation of Cu/T&Ru vs Cu/Ta@Pt devices, two nominally
identical Cu/Ta@Ru devices however embedded differently on the Si wafer have been
manufactured. While the substrate for Ru device A is the same as for the Pt device, i.e.
Ti(20nm)/SiIQ(730nm)/Si, the Ru device B is manufactured on the layer stack

Ti(20nm)/TaQ(30nm)/SiQ(730nm)/Si. Thus, Ru device B has an additional ,Fa@hm layer

Fig. 4.8: Switching operation of Ru device A with the same substrate as the benchmark Pt deygee @ |
$ UU 9 V. D IRUPLQ JoRiS4HIYD)\EEdR aperalidi Kitl¥Yse+=-2.5V, c) set operation

with Vsg=3.1V.

inserted between Si@&nd Ti layers. The electrical characterization of the two Ru dgvicand
B, has been guided by the hypothesis that the difference in electric performance between the two
devices is caused by effects stemming from larger or smaller exposure to the Joules heating

dissipated in the device. Therefore, the form/set op@&imtiave been performed at low and high
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lcc currents, i.e.dc $ $ $ DQG $ &OHDUO\ RQFH WKH ILODF
WR -RXOHV KHDWLQJ HIIHFWV DW $ VKRXOG EH ODUJHU W
further, also duringhe reset operation, the reset voltage ramp rate, rr, has been varied between
0.2V/s and 2V/s. In the reset operation the currents flowing through the cell are large; onrthe orde
of a few mA. Therefore, low ramp rate implies larger heating because ddrlaigation of
exposure to high currents flowing through the cell, before the cell is ruptured at a reset current,
Ireset. Thus, most heating would occur fetl $ DQG UU 9 DQG OddDV¥® KHDWL
and rr=2.0 V/s.

In general, it is found that the Ru device B with the additionakTag@r inserted between
SiO; and Ti shows much better performance than the Ru device A (i.e. without thaayex at

all test conditions. However, the degree of improved switching properties of Ru cell B over cell A

Fig. 4.9: Switching opeation of Ru device B with the modified substrate withxlia€erted between Ti and
SiG@Ilcc=1 $ UU 9 V D IRUPLQ JoRSBIa5L W) keRaDozelratib withrise+ -2.1

V, c) set operation withg¢r= 3.8V.

varies with the levels of applied compliance current and ramp rate. The highest improvement is
found for kc=50 uA and rr=0.2V/s, and almost ddference in performance between the two

devices can be observed for the conditiegx1 uA and rr=2.0V/s. A typical successful forming,
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reset, and setV characteristics for device B are shown in Fig. 4.9. N6 dharacteristics of
comparable quality cabe shown for the device A, its best behavior is shown in Fig. 4.8.

It is found that atdc $ DQG UU 9 V WKH 5X GHYLFH $ GRHV
switching behavior at all. The device A cannot be reset after the filament has been formed the
very first time. However, when the reset ramp rate is increased fivefold to rr=iMis reducing
the Joules heatthe device A can be neither set or, if the set operation is eventually successful, the
device cannot be reset, i.e. the resistive switcb@lighas been permanently damaged. During the
set operation, even if successful, no sharp set transition can be observed but rather a gradual
transition to the conductive state characteristic for a dielectric breakdown. In contrast, device B
with the addional TaQ layer at the bottom shows some resistive switching behavior for a few
cycles. Sharp formation and set characteristics are observed syithhatween 2.6 V and 4.0 V,
however the subsequent reset attempts have proved unsuccessful. The fredukniges B
displaying resistive switching behavior is quite low at about 1% of the devices B tested. It can be
concluded that high heating effects are detrimental to both devices. But, while device B displays
some (if small) degree of resisting switalibehavior, device A does not display it at all.

Keeping the reset ramp rate at 2.0V/s but now reducingcth@ XUUHQW IURP $ W

$ LWLV REVHUYHG WKDW UHVLVWLYH VZLWFKLQJ EHKDYLRU
devices B twice asigh as for the Ru devices A.

The switching behavior improves whestILV NHSW DW $ DQG WKH UDPS |
from 0.2V/s to 2.0V/s for both devices. Now both devices show some resistive switching behavior,
however, again, the frequency of resistswitching is at least three times higher for the device B
than for device A. Clearly, reduced thermal budget due to the faster voltage ramp rate improves

resistive switching behavior of both devices. Tabshows comparison of ther¥rm, Vser and
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VreseT for both devices. It can be seen thabMa for device A is higher 4.6V<sbrM(A)<5.0V
than \korwm, for device B 2.9 V<Vorm(B)<4.5V. A similar observatioapplies to \éet. This

Table 4.2 Comparison of threshold voltages anskfor Ru devices A and B, both set at450
$ DQG UU 9V

observation could be explained by the assumption that Cu loss of the filament for device A is
higher than for device B. It can also be seen that the resetoandilBes for devices A and B are
comparable. This indicates that once a Cu filament is established the dynamics of the creation of
a gap in the filament during the reset operation are the same.

Table4.3 shows the values for the same quantities as ineFaBlbut now for tc=1 uA
and rr=2.0V/s. Comparing Tabfe2and Tablet.3, the same trends described above in Talfle
can be found. The frequency of the devices B tested that display resistive switching behavior is
now very high at 100%, while the freency for the devices A tested showing resistive switching
behavior is about 2% for the same switching conditions. Manifestly, the least amount of heating
produces best resistive switching behavior for device B.

Device A and B are measured which areaetery high ¢c=0.5 mA at which a robust
filament with a low Rn is being formed. We find the same trends as found at loygerurrent
levels. Interestingly, for rr=2.0V/s the frequency of resistive switching is about the same at 60%

for both devices. Hoever, when rr is lowered rr from 2.0V/s to 0.2V/s, i.e. allow for more Joules
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heating, the frequency of device A drops to 17% while the frequency of devices B stays constant
at 60%. Thus again, Ru device B is much less sensitive to dissipated Joutes theat the Ru
device A.

Finally, two FV characteristics of both devices at the same stress conditions with very low

lccare comparedct $ DOQG UU 9V 7KH ILUVW PHDYV Xdg¢¥cE.HGEW ZDV V

Table 4.3 Comparison of threshold voltages anskfor Ru devices A and B, both set at41
$ DQG UU 9V

second measurement was taken on a fresh device thetdeagenced resistive switching at+50

$ DQG UU 9V SULRU WRcWKH} PABRXXUH® WQOW WWFRQG FDVH
experienced considerable “pheating” at ¢c $ %YRWK GHYLFHV $ DQG % SHUII
they have been “prehedteat Icc $ KLOH LQ WKH FDVH RI GHYLFH % \
exhibit resistive switching, there was almost no resistive switching for the device A. This means
that at the operation atd $ VRPH LUUHYHUVLEOH FKDQJHe&/OtRexVW KDY
hand, the same experiment with “‘pkeHDWLQJ" DW $ GLG QRW DIIHFW WK

switching of both devices.
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4.8 Discussion of Possible Causes for High Sensitivity of the Ru Device A to
Joules Heating

There is a sizeable circumstantial evidence from the extant literature pointing to a possible
cause of the degraded behavior of Ru device A vs Ru @dicDuring the forming and set
operations a substantial local heating of the filament takes place. The maximum temperature has
been estimated to be between 8D@nd 1000C [36, 3739]. Regner and Malen [40] have argued

that because of the nm dimensiafishe filament the thermal transport is adiffusive and the

Fig. 4.1Q Possiblemechanisms of the hypothesized degradation of the Ru electrode. Elevated local temperatures
in the immediate vicinity of the filament may cause Si diffusion into Ru, possibly along Ru graiartes and
lead to RSk reactions. Cu may use the Ru graioubdaries as diffusion paths and undergo a silicidation

reactior.

differential Fourier equation of heat transport is grossly inadequate. The solution of the more
adequate Boltzmann transport equation leads to much higher temperature estimates [40], as high

as 1000 C. Our hypothesis is that such high temperatures even at relatively short times of
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microseconds up to seconds can activate Si diffusion from thda&y€ through the thin Ti layer

into Ru layer, possibly accompanied by a J@action. The Rualyer, in turn, can undergo, at

such high temperature, local crystallization creating grain boundaries along which Si may readily
diffuse [41]. Thus, Si that may reach at the Ru/Ti interface, may induce Ru silicide reaction to
RuSiy and/or it can travel ahg the Ru grain boundaries and trigger Cu silicide reaatidriorm

CusSi: at the forming base of the Cu filament at the RuiTeferface [42]. Both silicides are
known to be poor diffusion barriers for Cu atoms [42]. The possible degradation mechaihisms
the Ru electrode are shown conceptually in Fig. 4.10. Those degradation mechanisms may also
explain the low frequency of resistive switching behavior for the Ru device A when compared
with the Ru device B. For both devices, the worse performancans fohen the base of the Cu
filament overlaps with a possible Ru grain boundharyhis case, the Cu atoms can be drained out

of the filament through Cu diffusion along the grain boundary. Thedasst scenario for resistive
switching is when the Cu fitaent does not overlap significantly or at all with a grain boundary.

In that case the resistive switching behavior in both devices should be comparable. The non
overlap case may be responsible for the few instances when good resistive switching bemavior ca
be observed for device A. In case of device A, the silicide reactions lead to inclusionSpf Ru
and CySit most likely along the grain boundaries and, hence, such inclusions widen the area at the
Ru surface where Cu can easily diffuse into the eldetrdherefore, device A suffers from Cu in
diffusion more than device B. Both Ru and Cu silicide reactions, compromise the inertness of the
Ru electrode and lead of Cu loss into Ru electrode. The motivation of insertipéayexbetween

Ti and SiQ layerin device B, was to stop or at least reduce the Si diffusion into the Ru electrode.
The experimental results seem to confirm it showing that in case of device B the degradation of

the Ru electrode due to silicide reactions has been reduced but percbancempletely
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suppressed. The Ta@ayer of only 30 nm deposited by PVD is known to form tantalum oxide
with lower density and higher porosity than the stoichiometri©d deposited by ALD. Thus, the
inserted 30 nm Tadayer may be not a perfect diffusion barrier for Si, either. Although a direct
evidence for such reactions in our devices is lacking since their verification at the location of
nanometer sized filament is very difficult to ascertain, several circumstantiiencedound in

the literature for similar cases are discussed now.

The first inertness issue is Si diffusion and possible silicidation reactions. In [43] it has
been shown for the layer stack of Si/@Ru that Si is the dominant diffusion speciee to its
high diffusivity and capability to dissolve interstitially in Ru [44, 45]. It has been observedtthat
a temperature ~60@ RuSiy interlayer silicide at the Ru/Sinterface begins to grow [46]. As
a result, the dense Ru film is progresbkiveeing converted into lessense ReSk leading to
increased thickness of the silicided Ru layer. The presencezBk:Ruerlayer has been directly
confirmed in [47, 48]. Our case is similar, except that an intervening layeisah$erteetween
SiO, and Ru. But since the Ti layer is very thin (15 nm), it does not constitute most likely an
effective barrier to Si diffusion. Therefore, it can be suspected that the ruthenium silicideg®n ta
place in our devices as well.

Second issue to be addsed is the crystallinity of the Ru electrode. It has also been found
that the agleposited thin Ru films (=5 nm) tend to be amorphous, whereas relatively thicker Ru
films (>20 nm) are polycrystalline in nature with vertical columnar microstructures egapect
to Si substrate [46]. The size of Ru grains increases with temperature. The columnar Ru grain
structure implies that there are many direct diffusion grain boundary paths for Cu between the top

and bottom surface of the Ru layer.

206



Third issue is thedhesion of Cu atoms to Ru interface. It is known that Cu has a low
wetting angle on Ru (4B[49] and high affinity to Ru surface [50]. Therefore, Cu adheres strongly
to Ru surface even at high temperatures as high &s@(®1]. These findings arguershgly
against significant Cu surface diffusion on Ru surface. However, 4tGlahd above Cu starts
diffusing through the energetically favorable intgain boundaries of Ru columnar
microstructure.

These three reliability issues may conspire to caubstantial degradation of the inertness
properties of the Ru electrode and trigger enhanced Cu diffusion through the degraded Ru
electrode. The existing R8s may accelerate the Cu diffusion even further [33, 52]. AP850
Cu can completely diffuse tagh a 20 nm Ru film, penetrate into the Si substrate, and foggi Cu
by interacting with the substrate and eventually completely nullifies the barrier functionaliey of t
remaining Ru layer [33, 53]. The €3i is found to be morphologically inverted pyrig-shaped
rectangular crystallites with orientation perpendicular to the substrate [54, 55]. Such isolated
crystals form a rough surface and induce a permanent damage to the Cu metallization in CMOS
BEOL. Similar damage is most likely being done to thefi@ments in our devices. Although,
ideally both Ru and Cu are relatively inert on thermally stable &#n at high temperatures, the
direct reaction with Si causes barrier failure at the same temperature for both SiasubSitate
[56]. Thus, thetemperature at which R8i forms may be the key triggering factor for the
degradation of the inertness properties of Ru [57].

Given the degradation mechanisms described above, some mitigation strategies may be
considered. One is a deposition of a thidRe electrode (presently at 50 nm). However, because
of the columnar grain structure thicker Ru layer is not likely to be of much help. The other hpproac

would be to limit the temperature of filament rupturing. This is difficult to achieve since the
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rupturing temperature appears to be an intrinsic property of the device. The formatiosSaf Ru
requires higher temperature than formation ofSE57], but it can be reached readily during a
filament formation or filament rupture. Indeed, it has been shbainthe barrier functionality of
Ru film fails completely at ~70@ irrespective of the Ru layer thickness [57].

In conclusion, applying above observations to the circumstances encountered in our
devices, it is plausible to argue that the insertiothefTaQ layer between Si@and Ti leads to a
suppression of Si diffusion which leads, in turn, to a suppression of Ru and Cu silicide reactions.
Since Ti is known to be an aggressive oxygen getter, thealie interface of Sigfrees up Si
atoms that can then readily diffuse into the Ru layer. The insertion of &g between Ti and

SiO, acts as an effective Si diffusion barrier.

4.9 XRD Studies of Embedment Layer Systems for Ru devices A and B

Extensive XRD studiesf various layer combinations shown in Fig. 4.11 representative of
theRu devices A and B have been performBue crosssections of Ru devices A and B are shown
Fig. 4.1(b)and4.1(c) i.e. Cu(25nm)/Ru(50nm)/Ti(40nm)/S{®11nm)/Si for device A (the same
subsrate as for the Pt device) and, Cu(25nm)/Ru(50nm)/Ti(40nm){R&0Om)/SiQ(611nm)/Si
for Ru device B. In order to extract the significant XRD signals, the following auxiliary samples
have also been manufactured: 1) Si (Si wafer with native oxide), 2¥63i0m)/Si, 3)
Ti(20nm)/Si, 4) TaQ27nm)/Si, 5) Ru(50nm)/Si, 6) Cu(25nm)/Si, 7)Cu(25nm)AE01nm)/Si,

8) Ru(50nm)/SiQ(611nm)/Si, 9) Ta@27nm)/SiQ(611nm)/Si, 10) Ti(40nm)/Sig611lnm)/Si
11) Ti(20nm)/Ta@27nm) /SiQ(611nm)/Si, and 12) Ru(50nm)/Ti(468/SiOC(611nm)/Si. Thee
layer combinations arauxiliary samplesindserve the purpose to track the XRD peaks \waith

singlelayeraddedto theprevious layestack andso help subtractoackground signals in order to
208



extract the relevant signals pertinemRu devices. The XRD measurements have been performed
on all the aforementioned samplebown in Fig. 4.11. XRD studies were conductedthree
annealing conditions: i) unannealed, i.e. @ 300K, ii) annealed &G@& 10 min, and iii)

annealed at 90@ for 30 min While an etensive study othis XRD study will be published

Fig. 4.1 Crosssection schematic of gseparedauxiliary samplesgo systematically investigaté-ray

powder diffraction

elsewhere [58], the results relevant to Ru devices A and B are summarized below. Ru
crystallizationpeaks arembserved at 215 of the XRD spect on all samplesontaininga Ru

layer at room temperature as well as for sampémealed at 660C. Besides, Ruthenium
silicidation peak (RtSk) at 41.7° appears in both Ru/Si and Ru/SiSi samples annealed at 600

C. Thissilicidation peaks absent at room temperature. This is in agreement with XRD stifdies
similar layer systems reported in [57KRD signals for samples of RaiO,/Si at 300K, Ru/Si

after an RTP anneal at 600 for 10 min, and for Ru/Si6i after an anneal at 600 for 10 min
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are shown in Fig. 421 It is seerfrom Fig. 4. Bthat the Rusilicidation peak a#1.7°is also present
in both Ru/Si and Ru/SiIBi samples after annealing at 80Gor 30 minutes. However, insertion
of an additional Titanium (Ti) layer reducdsetsilicidation peak intensity &1.7° as seen in

Ru/Ti/SiQ:/Si sample after annealing at 9@ for 30 minutes This ruthenium silicidation

Fig. 4.12: XRD spectra of thretayer structures: Ru/SiBi as deposited, Ru/Si and Ru/g8Dafter a 600
C 10 min anneal. The Ruilicidation peak has been observiedlayer structures with a Ru layer only after a

60C° C anneal The peak disappears after an anneal at®@@r 30 min.

(RusSh) peak at1l.7°is further suppressed by insertion of an additional 30nm Teg@rbetween
titanium and Si@layer and can be seen in Ru/Ti/T#8I0./Si sample after annealing at §GD

for 30 minutes So, TaQ layer inserted between Si@nd Ti acts as a Si diffusion barrier, and
hence suppresses the Ru silicidation reaction. No XRD peaks related to copper silicide reaction is
observed. The lack of a clear 4Susignal may not necesglg eliminate this reaction altogether,

but points, at least, to scarcity of the compound which could be formed along the Ru grain
boundaries. The XRD study confirms that the inertness of the Ru electrode is impaired by Ru

silicidationat temperatures anod 600 C andbeyond The XRD study corroborates not only the
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difference in electrical performance betwdeinand Ru device but alsomong the Ru devices

embedded on different substrates.

Fig. 4.13: XRD spectra of foulayer structures annealed at 900 for 30 min: Ru/Si, Ru/SiSi, Ru/Ti/Si@'Si
and Ru/Ti/Ta@'SiGy/Si. On al structures a Ruerystallization pealcan be observed al412, and Ti layer

suppresses the ruthenium silication pealkia?. This peak is further suppressed by additional TaOx layer

The anneal of the XRD samples at 8D0and 9008C is intended to mimic the likely local

temperatures in the memory cells that are likely to occur during the switching operations.

4.10 Summary

Cu/TaG/Ru devices compared to Cu/TdRxt devices have higher forming, set, and reset
voltages which can be partly attributed to the work function difference between Pt and Ru of 1.6
eV and partly to the impaired integrity properties of Ru vs Pt inert electid@eperformance
deterioration of Ru devices is particularly conspicuous when the cell is exposed to high Joules heat

dissipation. At low Joules heat dissipation, the switching performance of both Ru and Pt devices
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is comparable. The Joules heat dissipafidfects also the maximum switching cycles in both
devices, with Pt devices, in many cases being unlimited, and in case of Ru, in extreme case of high
Joules heat, limited to only one cycle. The integrity of the inert electrode appears to have a major
impact on the Cu diffusional fluxes which in turn, determine the geometrical shape of the Cu
conductive filament. The Pt electrode with its excellent stopping power produces conical CF with
a sharp constriction near the Cu electrode interface, whereas iofdageslectrode, the loss of

Cu ions at the base of the Cu filament leads to a more cylindrical shape of the filament which
causesnore difficult to rupture in a reset operation. However, Pt with its highest work functions
among the metals, induces high binltelectric field in the device which may reach critical fields

in the ruptured filament's gap leading to spontaneous setatip® as demonstrated
experimentally.

It has also been demonstrated that the electrical switching properties of the nominally the
same resistive switching device Cu/T#Ru, however embedded differently on the wafer
(Cu/TaQ/Ru/TiISIG/Si vs. CulTaQRUTiITaOd/SiO./Si), differ substantially. This is the result
of chemical and structural interactions of the device proper with its immediate environment which
is induced by the nanometer dimension of the layers involved and significant heat deposition
during the switching of the resistive switching cell. This finding points to the broader and critical
impact of the device’s embedment on its structural, material integrity, and, eventually, itsadlectri
reliability. In the particular case of this investigat the significant degradation of the integrity of
Ru electrode can be attributed to Ru grain crystallization and to ruthenium silicidation, which has
been confirmed by extensive XRD studies. The insertion of & [g€r between the Siand Ti

layer led to a slight suppression of the Ru crystallization and silicidation reaction and thus to an
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improved electrical performance of the Ru device on the TWRO,/Si substrate as compared

to the Ru device manufactured on the Ti/8Dsubstrate.
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Chapter 5. Impact of the Heat Conductivity of the Inert Electrode

on ReRAM Performance and Endurance

5.1 Introduction

The resistive switching (RS) device Hately been of greaattentionto both industry and
academia as a potential replacement for volatile dynamic raadoess memory (DRAM) and
nonvolatie flash technologies that are nearing the end of their dimensional scaling roadmaps [1
9]. These tweterminal devices exhibit figure eighke pinched currerivoltage (FV) hysteresis
switching between a high resistance OFF statedRnd a low resistar@ ONstate (Rn) with
memristive characteristics [2,3]. Resistive switching memory (ReRAM) is classified in
subcategories of nanomechanical, magnetoresistive, electrochemical, valence change,
thermochemical, and phase change memorylJig. focus of thisvork is on the electrochemical
and valance change filamentary (also called conductive bridge or CBRAM) memory. In particular,
Conductive Bridging Random Access Memory (CBRAM), also referred as Programmable
Metallization Cell (PMC), is a promising candid&be a resistive memory device due to its highly
scalable and loveost technology [10]. CBRAM memory is being extensively explored as a
promising candidate for a resistive memory device [Bhth types of resistive switching memory
have the potential teeduce latency in connectivity constrained computational devices by building
resistive switching (RS) memory directly into a CMOS 4ki€u interconnect to bring memory
and logic closer together [12]. Largeale integration of metalxide filamentary memagrwith a
selector device based on 1T1R architecture has been reported [13,14.dieectrics and Cu

metal lines prefigure a potential ReRAM cell, and the ebassarchitecture of a typical two
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terminal RS device array is essentially the same as a Q& interconnect system. Thus, the
interconnect information bottleneck could be untied and morphed into several system architectures
using the same device platform.

In general, a CBRAM device consists of an active anodmsaatingoxidelayer, andan
inert cathode. In some CBRAM devices, the ano@gerials areof Cu, Ag or Ni, which can
dissolve, in the insulating layer [45/]. The insulating layer is a solglate electrolyte, such as
SIO, GeS, AlxO3, TaOs, or TaQ. The inert metal material issually Pt, Ir or W, which are the
stopping barriers of Cu and Ag cations. When a positive voltage is applied to the active electrode,
cationssuch asCu or Ag migrate through the solid electrolgied moveaowardsthe inert cathode
(Pt or W). The Cu or 4 cations are electrochemicallgducedanddeposited on the cathode to
form a nanoscale conductive filament (CF) ircatled FORM and SET processes. Under reverse
bias, the filament is electrochemically dissolved, and the cell is switched back to thesddRS
called RESET process. The ON/OFF ratio of CBRAM is usually significantly higher tA§ng10
and allows also multilevel switching in a single memory cell [19].

To date, Cu/Ta@Pt based devices have proven to be one of the more popular types of
CBRAM devices due to numerous reports of excellent unipolar and bipolar switching
characteristics, device performance, retention, reliability, endurance, and yield [8,29]. 20
Commercialization of nowolatile memory products based on RS devices deriveoh a
Cu/TaQ/Pt cell has also been recently reported [24]. However, Pt is generally considered to be
incompatible with CMOS process flow [25]. Hence, for cost reasons and ease of manufacturing,
it is desirable to replace the inert Pt electrode withlerahetal used in or with Cu interconnects
such as Ti, Ta, W or Ru [26]. The former two are commonly used in metal interconnects as

adhesion and Cu diffusion barriers while W is used as the wiring for lower metal layer local
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interconnections. Several deaitive TaQ based RS devices employing Ti, Ta, and W as electrodes
have been previously reported {37].

Endurance is the cyclability of a memory device and is one of the most important
parameters for newolatile memory devices. A very high endurance memdevice can be
programmed (written) and erased for large number of times and has wide range of applications
with frequent read/write capability characteristics. The device endurance however, depends mostly
on the property of bottom electrode or inericelede of ReRAM memory cell. In this chapter the
impact of inert electrode on the endurance of ReRAM memory cell during repeated set and reset
switching is investigated in detail. During the switching, a considerable current flow can occur
(usually limitedby compliance current lest the device be damaged) leading to the heating of the
conductive filament (CF). This is especially the case during the reset operation where the rupturing
process is chiefly a thermal dissolution effect. CuiFBE@Ti device is ged as the baseline device
and is compared with six devices manufactured with different inert electrode constructions: Pt/Cr,
Rh/Cr, Rh/Ti, Rh/AIOs, Ir/Ti, and Ir/Cr, while the Cu electrode and the Yaielectric are
identical. Although the glue layers, TCr or ALO3 are not an inherent part of the device proper,
they have a tangible impact on the device endurance as well. It is consistently found that inert
electrodes with high thermal conductivities have superior endurance properties over an electrode
with low thermal conductivity. Specifically, Rh (150/Cr (94) (numbers represent the heat
conductivity in units of W/(m-K)) is not only superior to Pt (72)/Ti (20) but also to Rh (150)/Ti
(20) device. The impact of heat conductivity of the inert electrodéhe endurance is therefore

explained by the deformation of the Cu filament due to Cu fluxes during the switching cycles.
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5.2 Switching Operation and Heating in ReRAM Cell

In the set operation there are two fluxes responsible for the formation oérfilaas
shown in Fig. 5.1(c). At the tip of the filament there is a largéage drop which creates high
electric field between the filament tip and the Cu electrode, which allows for further transport of
Cu' ions from the Cu electrode to the filament even after establishing the initial connection

between the Cu filament ancetlCu electrode. The role afdis to limit the resulting voltage drop

Qu Hectrode Qu Hectrode Qu Hectrode
Dielectric T @ T Qu flux
T .
G 4, O | ¢ Qu iff. flu .CF.\

v v
Inert Bectrode Inert Hectrode Inert Hectrode

@) (b) ©

Fig. 5.1 (a) Cu CF with a sharp constriction and max. temperature at the tip. (b) Cu CF of cylikelshape
with maximum temperature between the electrodes. (c) Constructiveni@ration flux and destructive Cu

diffusion flux

and thus, set a limit on the electric field driving the’ @ transport. When sufficient number of

Cu atoms are deposited at the tip, the resistance of the filament sinks, redeafegtric field at

the tip and bringing the formation of the filament to a halt at a gwenWhen tc is increased,

then the electric field at the tip increases proportionally triggering additional arrival*abi@u

until the resistance of the fil@ent drops sufficiently to reduce the electric field and thus to halt
further Cu ion transport. The second flux is the Cu atom diffusion flux weakening the base of the

filament and leads to an increaseskResistance. The diffusion effect can be graduab far as
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any weakening of the filament leads to increased fesistance which, in turn, may trigger the
compensating Cuelectromigration flux.

The Cu diffusion flux is impacted by the thermal conductivity of the inert electrode. For
the otherwise same conditions, the inert electrode with high heat conductivity will be able to

remove the heat at a higher rate than an electrode with low heat conductivity. The larger heat

Fig. 5.2 Hypothesized mechanism of Joule’s heat balance.

removal rate will result in lower attainable maximum temperature. Hence, a cell with inert
electrode of low heat conductivity is bound to display enhanceddi@usion. The high
temperature in the filament during the reset will trigger Cu diffusion near the base of the filament
partly into the dielectric, partly along the T.di@ert electrode interface, and partly into the inert
electrode if the inertness ofeahelectrode is not perfect. The overall result of those diffusion
components is the weakening of the base of the cone and a transformation of the shape of the
filament from a sharply corghaped (Fig. 5.1(a)) into a more cylingdrape filament as shown in

Fig. 5.1(b). Once the shape of the filament is sufficiently close to a cylikdeshape the
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respective filament will be very difficult to be ruptured and the number of switching cycles comes
to a halt.

The RESET operation is the dominant heat gemeratrocess. The temperature of CF is
determined by the Joules heating and by the rate of heat removal, i.e. by the thermal conductivity
of the surrounding materials. The Joules heat for a linear voltage ramp A(t¥=given by [38]

NNU R a0

9F 304,

(1)

where kesetis the time when the filament ruptures a&ebe=rr treset(12). The heat removal

Table 5.1 Thermal Conductivity of Elemental Metals

depends mainly on the heat conductivity of the inert metal with which thest@aped filament

forms a broad bagéig. 5.1(a)). When a device is repeatedly set and reset, and the heat removal
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rate is slower than the switching speed, then the heat around CF can accumulate over time and lead
to substantial Cu diffusion effects (Fig. 5.1(c)) which degrade the prapeftide filament. To

assess the thermal effects, we have manufactured otherwise identical memory cells with Pt/Ti,
Pt/Cr, Rh/Cr, Rh/Ti, Rh/ADs, Ir/Ti, and Ir/Cr as inert electrode. The heat conductivities of the
metals vary considerably from 20 W/(m-K) for Ti to 385 W/(m-K) for Cu. The thermal

conductivity of several elemental metals is listed in T2dle

5.3 Thermal Conductivity

According to thermodynamics, whenever there is a temperature gradient betwbégtan
and its surrounding medium an energy is transferred through the object’s boundary. This energy
is called heat. Heat is transported from the direction of high temperature towards the low
temperature in accordance with second law of thermodynamiese &he three distinct modes of
heattransport conduction, convection, and radiation. In conduction mode of heat transfer, energy
is transferred fronone molecule to the next molecules without involving afigplacemenbf
particles. Usually conduction the preferred heat transfer mechanism in solids.

The heat transfer through conduction mechanism is generally expressed by Fourier’'s law
named by French scientist J.B.J. Fourier [39]. Let’s consider a flat metal plate of thickness t and
surface area ATemperatures at two opposite points in the surfaces A, B arand Ts

respectively, where A Ts. According to Fourier’s law, the rate of heat flow (Q) can be expressed

as [39]:
~l2 215
3» # U_(; (1)
~l2 205
So,3= GU—Q (2)
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and, G= 3)

3

Here, A is surface areé6 F 6,) is the temperature gradient ar@éls proportionality constant

known as thermal conductivitin differential form the heat transfeatecan be written as:
— ~ ((A2i(A>AR
3= (GU#H HEl 4——7— ¥
~ ~X |
or, 3= H GU#H UX;B (5)

Eqg'n (5) is called onelimensional heat conduction of Fourier’s law. Thermal conductivity is the

Fig. 5.3: Heat conduction through a ormensional large plane wall

intrinsic property of a material and is the ability to transport. ligginh (5) can also be written as
E ~
—= H G UiT (6)

where | is the Laplacian differentisdperator.
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In solid materials, heat can be transported via electrons, holes, phonons, EM
(electromagnetic waves) waves or other form of excitations etc. [40]. tdtaé thermal
conductivity of a material can expressed as the sum of thermal conductivities from all the

excitation components:

k= + G

a
+
Uab
Here n is the total number of excitation sources contngub the overall thermal conductivity.
The overall themal conductivity of metals or solids consists of contribution from two independent

components and can be expressed as [40]:
k= Grogocha@oasaa
Here Gyrg o CLEE] £3105 4 a sare the contributions from electronic thermal conductivity and

phonon thermal conductivity respectivelyletals are solids witloften having thecrystalline

structure but they can also be amorpho#scording to the band structure of metals, conduction

ard valance band overlaps and hence there are numerous mobile electrons. So, electrons are the
leading heat transporter in pure metals. In impure metals or alloys there are significant
contributions of thermal conductivity from phonon components. In ingslédttice vibration or
phonons convey most of the heat. The thermal conductivity of a metal and its electrical
conductivity is related througihe Wiedemanfranz lawas [40]:

G - -
P GUGC= . U6

Here Pis electricalconductivity, 6is temperature in kelviandL is the Lorentz number and it

relates thermal conductivity with electrical conductivity for a puegal
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Different materials have dissimilar crystal dimensions (for crystalline materials) or grain
sizes (for polycrystalline materials), diverse dgnef defects or dislocations, distinct magnitude
of carrier concentration, lattice forces etc. Therefore, thermal conductivities vary considerably
from material to material. However, the magnitude of thermal conductivity gives a qualitative

measure abouhe defect density ateviation from the ideal crystalline structure.

5.4 Device Fabrication

All devices Cu/Ta@E, with various construction of the inert electrode IE=Pt/Ti, Pt/Cr,
Rh/Cr, Rh/Ti, Rh/AIOs, Ir/Ti, and Ir/Cr have been fabricated in a crossbar array on a thermally

oxidized Si wafer. The metal electrodes and solid electrolyte were depositdzebyne

Fig. 5.4 Crosssection of Cu/Ta@Pt resistive switching device with (a) Pt/Ti; (b) Pt/Cr inekéctrode

module.

evaporation and patterned by the liftoff technology. The oxygditient tantalum oxide (&)
layer was deposited by evaporating theGsgellets without oxygen injection into the evaporation

chamber. Our standard procedure was to use a thin layer of Ti as a glue layer for the inert metals

229



Pt, Rh, and Ir, as they have poor adhesion propeviiesSiO,. However, Ti has a very low heat
conductivity of 20 W/(m-K). It turned out that Cr is an equally good adhesion layer however with
significantly higher heat conductivity of 94 W/(m-K). The @p electrodes run perpendicularly

to the IE bottom electrodes and one resistive switch cell is located at each cross point whtéta blan

Fig. 5.5 Crosssection of Cu/Ta@Rh resistive switching device with (a) Rh/Ti; (b) Rh/Cr; (c) RDAI

inert-electrode modu.

TaOk OD\HU Rl GLHOHFWULF LQ EHWZHHQ 7KH ZLGWK RI WKH P/

Cu, TaQ, Pt, Rh, Ir, Ti, Cr layers have been deposited-bgam PVD in a Kurt Lesker P\\R50

Fig. 5.6 Crosssection of Cu/Ta@Ir resistive switching device with (a) Ir/Ti; (b) Ir/Cr ineelectrode

module
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chamber, with the thicknesses 150 nm for Cu, 25 nm for,T8@nm for Pt, Rh, Cr, and 20 nm

for Ti, Cr, wherea20 nm AbOsz was deposited using Savannah 100 thermd) AAl>Os turned

out to be a decent adhesion layer, albeit not as good as Ti and Cr, with a low heat conductivity of
12 W/(m-K). Thus, the heat conductivity of the inert métadaried between 150 for Rh to

72 W/(m-K) for Pt, and the heat conductivitytbe adhesion layas varied between 94 for

Cr to 12 W/(m-K) for AbOs. Figure 5.4(a) and (b) shows cressction of Cu/Ta@Pt devices on

Tiand Cr adhesive layer respectively. Again, the esgssion of Cu/Ta@Rh devices on adhesive

layer Ti, Cr and AOs are shown in Fig 5.5(a), (b) and (c) respectively. Finally, the fabricated
device crossection of Cu/Ta@Ir on glue or adhesive layer Ti and Cr are shown in Fig. 5.6(a)

and (b) respectively.

5.5 Device Characterization

All the devices have been characterized by monitoring the forming voltagey,Wvhen
CF is being forrad the very first time, the reset voltagereder, the set voltage, aér, the
maximum number of switching cycles resulting from repeated set and reset operations, and the

resistance of the filamentdR, when the cell is in the low resistance state. THeviahg four set

Icc (LA) rr(Volt/sec)  Joules heat

5 2

5 0.2 Low
50 2

50 0.2

Fig. 5.7: lcc vs. voltage sweep rate and generation of corresponding Joule
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conditions have been applied: the compliance currestibl FA or 50 FA and the voltage ramp

rate rr=0.2V/s or 2.0V/s. The resulting four testing conditions allowed us to control the Jotiles hea
generated in the Cu filament during et operation. The highest Joules heat is generated when
lcc is high (50 FA) and the rr (0.2V/s) low, and the lowest Joules heat is being generated when
when kcis low (5 FA) and the rr (2.0V/s) high. The reset condition has been kept=Q.1L A

and rr=H.2V/s.

5.6 Analysis of the Experimental Results

We find that the range of the distributions of the critical switching voltages deswy
Vser, and \keser, for all devices largely overlap indicating that all devices behave very
comparably. For all the de&es, we found Yorwm to be in the interval (2V, 6V), 8rin (1V, 5V),
and \kesetin (-3.5V,-0.5V). In case of Weset, we find a slight nowniformity with Pt/Ti devices
tending to reset, occasionally, at higher values w#% The electrical characieation shows,
however, clear differences between the devices in the endurance behavior and finer details
manifesting itself in the variation of the Cu filament resistaneg. Fhe endurance test was
performed by setting and resetting the device manuailythe Keithley 42065CS station
repeatedly, maximally up to 100 times. In many cases, the devices failed to switch after some
number of switching cycles significantly less than 100 times. The result of these tests provides the
following ranking starting wh the highest number of cycles: 1) Rh/Cr, 2) Rh/Ti, 3) Pt/Cr, 4) Pt/Ti,
5) Rh/AkOs, 6) Ir/Ti. The device Ir/Cr could not be reliably tested as many cells did not work
properly due to some misprocessing issue. The largest number of switching cycled i®fdbe

Rh/Cr device and the smallest number of switching cycles is found for /Rh/Aévice. We
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explain the different number of switching cycles by the degradation of the geometrical shape of
the Cu filament. It is known thatdr can be controlled bthe level of tc during the set operation.

All our devices follow the relationdr=C/Icc" where the exponent n is close to unity. In Tk

the constants C and the exponents n for the individual devices are listed. According to the above
relation, the RBn resistance is large for lowed and small for largeck. With respect to the
geometrical shape of the filament, we associate the cells with lakgsifR a truncated cone with

a sharp constriction of the top (see Fig. 5.1(a)), where the bulk opthveststance is concentrated

at the tip of the cone. Filaments with a sharp constriction at the top of the cone are easydo ruptu
since the maximum Joules heating is deposited at the tip and leads there to a high local temperature

which, in turn, leads to Cu out diffusion and formation of a gap in the filament which completes

Table 5.Z Coefficients C and n for the relatiom®C/Icc" for various device types.
All set operations have been performed at voltage ramp rate ri=2V/s

the rupture of the filament and restores the HRS state. In contrast, the shape of Cu filament with a
small Ron approaches that of a cylinder (Fig. 5.1(b)) and the temperature hot spot moves to the
center (i.e. midway between the electrode interfaces) effithment where it is much more

difficult to reach high temperature and causedifitision of a larger number of Cu atoms to form
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a gap. Experimentally, we find consistently that filament rupturing is more difficult with
decreasing B\ resistance.

Since filament rupturing is chiefly a thermal phenomenon, the heat conductivity of the inert
electrode plays a significant role in determining the maximum temperature of the filament. For the
otherwise same conditions, the inert electrode with high heat contuwill be able to remove
heat at a higher rate than an electrode with low heat conductivity. The larger heat removal rate wil
result in lower maximum temperature. Hence, a cell with inert electrode of lowdrehictivity
is bound to suffer from emimced Cu diffusion. The high temperature in the filament during the
reset will trigger Cu diffusion near the base of the filament partly into the dielectric, partty alo
the TaQ/inert electrode interface, and partly into the inert electrode if the égxtof the electrode
is not perfect. The overall result of those diffusion paths is the weakening of the base of the cone
and a transformation of the shape of the filament from a sharplyst@ped into a more cylinder
shape filament as shown in Fig. H)L(Once the shape of the filament is sufficiently close to a
cylinderlike shape the respective filament will be very difficult to be ruptured and the number of
switching cycles comes to a halt.

When looking at the heat conductivities in units of W/(mf) the inert electrode
construction considered in this study, arranged from highest to lowest effective conductivity, the
following sequence arises: Rh(150)/Cr(94)) Rh(150)/Ti(20), , Ir(147)/Cr(94), 1r(147)/Ti(20),
Rh(150)/AbO3(12), Pt(72)/Cr(94), Pt(72)i(20), Ir(147)/Cr(94). Comparing this ranking with the
endurance ranking given above, a strong correlation betweenctrere observed he highest
numberof repeated switching cyclese observedbr Rh/Cr electrode which also has the highest

heat condativity. It should be kept in mind that the effective heat conductivity is dominated by
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theheat conductivity of the inert metal becauséthickness of around 50 REb nm compared
with the thickness of the glue layer of approximately 15420 nm. Nevertheless, the comparison
between the inert electrodes Rh/Cr and Rh/Ti or RWA&s well as between Pt/Cr and Pt/Ti

shows that slightly étter switching behavior is found for Rh/Cr than for Rh/Ti or RitbAknd

Fig. 5.8 Device ranking according to the maximum number switching cycles from the test

for Pt/Cr than for Pt/Ti demonstrating that even slight differences in the effective heat conductivi
are reflected in the number of switching cycles. The results for Ir/CrrAnclectrodes are less
clear and could be influenced by the inertness properties of Ir such as formation of graingland grai
boundaries providing additional channels for Cu diffusion, or miscibility of Cu with Ir, or possibly
even some compound chemicaéctions.

To study the heating effects for different inert electrode constructions during the set
operation we have monitored thenRresistance as a function of the set conditions. In the set
operation there are two fluxes responsible for the formatitime filament as shown in Fig. 5.1(c)
at the tip of the filament there is a large voltage drop which creates high electric field bétsveen t
filament tip and the Cu electrode, which allows for further transport 6fi@hs from the Cu
electrode to thelhment even after establishing the initial connection between the Cu filament and
the Cu electrode. The role afclis to limit the resulting voltage drop and thus set a limit on the
electric field driving the Cuion transport. When sufficient number ofi @toms is deposited at
the tip, the resistance of the filament sinks, reducing the electric field at the tip and brirgging t

formation of the filament to a halt at a givex.llf the Icc is increased, then the electric field at
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the tip increases proportionally triggering additional arrival of iBns until the resistance of the
filament drops sufficiently to halt further Cuon transport. The second flux is the Cu atom
diffusion flux that weakens the base of the filament and leads to increaseedtstance. The
diffusion effect can be subtle so far as any weakening of the filament leads to increased R
resistance which, in turn, may trigger the compensatirige@aetromigration flux.

Our first comparison betweerpRvalues for various memory cells is done between the set

Table 5.3:Ron at lcc=5 FA for two voltage ramp rates (rr) and for different devices

Device m=2vls rmr=0.2v/s

Rh/Cr i1 1Q iXfh 1Q
Rh/Ti i1 1Q X7 1Q
Rh/ALO; i 1Q X7 1Q
Pt/Cr i 1Q IX7 1Q
PU/Ti 11 1Q X7 1Q
I1/Ti Tl X

conditions withhigh voltage ramp rate rr=2V/s and low voltage ramp rate rr=0.2V/s at the same
low Icc= 5 FA. In this case the Joules heating due to lemid negligible. However, the duration

of the set conditions at rr=0.2V/s is ten times longer than for rr=2V/s.eH@nce Cuions can

be transported to the tip of the filament at the same electric fields. Indeed, we find for a rr=2V/s
that Ron Is typically 20 k: or larger while Rn at rr=0.2V/s is considerably smaller, typically
between 2.1 k and 2.5k . The Tablé.3 shows the results for the different devices. Overall, for

all the devices tested aickE5 FA, Ron at rr=2V/s is roughly one order of magnitude higher than at
rr=0.2V/s. The same tests are repeated at higher compliance cu¢teb) FA. At rr=2V/s we

obtain for Ron a 10 times lower B than at ¢c=5FA, confirming the relation Bv=C/lcc",

236



guantified in Tablé.2. With higher heating, one can expect more losses due Cu diffusion. Indeed,
Ron values at 0.2V/s are lower than at 2V/s but now only by a fat@®#d, instead of 10 as in the
case oftc=5 FA. The results are summarized in Tablke. In one case of Ir/Ti and Rh/A&)s, the

Ron value between rr=2V/s and rr=0.2/s does not change. To demonstrate the Cu diffusion flux

Table 5.4 Ron at lcc=50 FA for two voltage ramp rates (rr) and for different devices

Device rr=2vls 0.2
Rh/Cr T1Q Al Q
Rh/Ti T1Q 1"MAaroni|Q
Rh/ALO; T1Q T1Q
Pt/Cr T1Q iTiri 1Q
Pt/Ti T1Q Tiri 1Q
Ir/Ti T1Q T1Q

effects, we have set the devices alsocagt100 FA and rr=2V/s, 0.2V/s, and 0.002V/s. For all
devices we obtain stableoRat 2V/s and very unstableoRat 0.002V/s. For example, for the Pt/Ti
device, Rn at Icc=100 FA and 2V/s is 1k, at 0.2V/s 22@32 :, and at 0.002V/s, 158 — 11

k: . The great range ofdr values at 0.002V/s is a reflection of the instability resulting from the

competition between thmnstructive Cumigration flux and the destructive Cu diffusion flux (see

Fig. 5.1(c)).

5.7 Conclusion:

Switching cycles are impacted by the effective heat conductivity of inert electrode module.
Inert electrode stack with low heat conductivity camemiove heat at a faster rate, causes higher

local maximum temperature, high temperature triggers enhanced Cu diffusion near the filament
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base into dielectric, along TaOx/inert electrode interfawénto inert-electrode (if imperfect) and
therefore, weakefilament base and covers the filament from sharply cone shaped into cylindrical
shape, which is difficult to rupture, and the switching cycles stops. The heat conductivity of the
glue layer also plays a role, if secondary. Devices with adhesive natieich have high thermal
conductivity such as Cr [94 W/(m.K)] is expected to have better endurance than devices with
adhesive layer Ti [20W/(m.K)] for the same inert electrode. The device endurance ranking listed
in this work through limited set and resgierations of the investigated inert electrode materials
closely follows the ranking of effective thermal conductivity of the inert electrode module. Ir/Ti,
Ir/Cr electrode results are less clear and could be affected by inertness properties ofiiti{ynisci

of Cu with Ir, Cu diffusion through formation of grain boundaries, compound formatignFeic.

high frequency switching cells, Rh electrode (highest heat conductivity)sdhest longterm
performance and endurance. The root cause of the diffemdatances of theellsis the effective
Joules heating deposited in the Cu filament. Therefore, electrode with high thermal conductivity

leads to a superior resistive switching behavior over an electrode with low heat conductivity.
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Chapter 6

PART-1: Thermal Cross-Talk Between Celtto-Cell

6.1 Introduction

Resistive Randomccess Memory (ReRAM) is one tifie prime candidates to replace
current floating gate technology because of their excellent scaling potential, low power
consumption, high switching speed, and good retention and endurance properties [1}. A two
terminal resistive memory cell, such as Cu/V&D can be switched betwelenw resistive state
(LRS) and high resistive state (HRS) by application of high enough voltage or current. ReRAM
cells lie at the intersection of perpendicular metal electrode lines forming a crossbar arraynas sho
in Fig. 6.1(a). Repeated switching o€all leads to an accumulation of deposition of Joules heat
in the device. Here it is demonstrated that this Joules heat is transported along the electtode meta
lines affecting the neighboring cells and causing the deterioration of their electrical ipsoj@drt
Also, cells with no common metal lines with the heated cellem#tiable to be degraded.

When a memory cell is switched repeatedly a considerable amount of heat is deposited in
the cell that may spread to neighboring celtgéch share the same metal lines. This thermal eross
talk causes degradation of electrical performance of the neighboring cells. It is found that even
neighboring cells without common metal lines with the heated cells suffer from electrical
degradation when iatmediate cells are set into a conductive state. Theadatethermal cross
talk poses a serious electittermal reliability problem for the operation of a memory crossbar
array, especially at a much more tighter pitch than our manufactured samplegimaViech

cleanroom facility.
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6.2 Device Fabrication and Characterization

The Cu/TaQ/Pt/Ti resistive RRAM cell arrays (Fig. 6.1(a)) have been fabricated in a

crossbar array on a thermally oxidized Si waferBh a SiQ layer 650 nm thick. Cu (150 nm),

Fig. 6.1 (a) Cu/TaQ/Pt are located at the intersections of Cu and Pt lines forming a crossbar array (b)

even number of repeated switching set and reset even cyclesoffall P FHO O

Pt (50nm), Ti (20nm) layers have been deposited-bgam PVD. The Pt electrode lines are
patterned with liftoff technique with photoresist thickness o2 to make sure that the side walls

are sloped gently thus avoiding any corner field effects. The oxygeient TaQ of 25 nm was
deposited in blanket fashion by evaporating ¥ @®@llets without Q injection into the PVD
evaporation chamber. The thicknegshe TaQ on the sloped sidewalls of Pt line is 98% of the
planar thickness as confirmed by-0Da atomic layer cells manufactured with,08 deposition by
atomic layer deposition (ALD) [3]. The width of the metal lines varies betweBn dnd 35 Rn.

The neighboring line pitch is between (150+1) = 184 and (150+35) = 185M. The detailed
description of memory cells used in this investigation can be found in [4, 5]. The electrical

characterization was performed at room temperature on a probe statippeelqwith Keithley
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4200 SCS. Before a measurement is taken the two grounded needles are placed on the cell contacts
for at least 20 s to fully discharge the cell capacitor. Then the voltage of the Cu electroate starti

at OV is ramped at a ramp rate (BDuring the set operation, a compliance curregd) (@f 5 FA to

1 mA has been imposed without an-offfip resistance lest the device be damaged. A Cu
conductive filament (CF) is established at a critical positive voltage and the conductive path

is ruptured at a negative critical voltagepéer A typical -V characteristis for the set and reset

operations are shown in Fig. 6.1(b).

6.3 Test Methodology

We have noticed that the electrical switching of a fresh cell A has been degraded when the

direct neighbor of cell A, a cell B has been heated by repeateessticycles. This degradation

Fig. 6.2 3D schematic of ReRAM cell arranged in a crossbar array

of electrical properties disappears when the cell was tested ager 10, 15, 20 minutes or a

longer time period. We assume that the degradation subsided after times smaller than 10 min. We

estimate that the coolirgff time lies between 1:5.0 minutes. Electrical tests between various Pt
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and Cu line proved that there are no sneak paths between the heated and the probed cell [6]. We

hypothesize that the degradation of cell A is due to-cedirthermal crossalk which subsides

Fig. 6.3 Procesdlow for measurement of thermadosstalk between ReRAM cells

within a few minutes.
In order to quantify the thermal @stalk, we create a “marginal” memory cell as a probe

into the thermal transfer phenomena. By “marginal“ we mean a device that is sgtohtoaly
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10 FA and rr=1.1V/s. When the cell is set at such conditions the cell is very volatile and undergoes
a pontaneous reset in more than 90% of cases of tested devices. The marginality of the device is
further demonstrated by subjecting the device to a set operatian=a8-b FA with the result thia

the device cannot be set in a permanent LRS state. Dsespéral set operations such cell remains

in an oftstate. On the other hand, when we set the same devige=a8110 A, the LRS state is

stable although only for a very small number of switching cycles, typicaily4l ivhen the cell
becomes volatile. &h set operation atd=10 FA has been applied to ~ 100 cells with a mean of
12.7 maximum cycles and standard deviat\én 1.3. A low rr = 0.1V/s has been applied during

the reset operation to allow for a long heating time. For a low rr, the curgensifor a long time

and hence low rr maximizes heat dissipation. When the maximum number of switching cycles
(Max) is reached the device is driven to highly unstable performance. This can be contrasted with
a device set attt = 40100 FA when the cell an be switched repeatedly more than hundred of
times. Hence, a cell set alF10 A is our “canary in the coal mine” and the number Max is our
metric to quantify the degree of the thermal citads. The Max number of switching cycles is
defined by the oset of cells volatility. In our experimental setup the time between heating the cell

B and characterization of cell B is about 5@se time required to replace the needles on the probe
station.

When testing in such a way, thé& 2" 39 and 4" neighboring cell, we find thats1
neighbor suffers most yielding Max of®switching cycles while theBand 4" neighbor are
degraded only slightly showing Max of-Il#4 compared with a mean of ~13 for a fresh or thermally
unaffected cell. At this poinit is instructive to estimate the heat dissipated in the cell during a

single reset operation, characterized by a reset currest=Vrese7Ron. Here R is the
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resistance of the LRS state. The reset current is typically 1lradesk6mA. For a cell to Wwich a

constant voltage ramp rate is applied the Joules heat Q can be calculated by eqg'n (1)

Vyes /1T

tesy 72 2 2 3
\Y (t)dt g u ot Vo ul,

Q
o Rn o Rn 3urr uK

@

Here the reset time at an applied voltage ramp rate gedsrt= VresevdIT [7,8]. In eq’'n (1), the

well known relation betweendr and kc, Ron=K/lcc", has been used [9] thabR with K& 9

andn8 IRU RXU PHPRU\ FHOOV )RU 4 DFFRUGLQ®WRHKH P@& YD R\W
of the above equation is that the heat dissipated in the device is described in terms of
experimentallyneasurable parameters, namely, the compliance cuegnhé voltage ramp rate

rr, and the reset voltagexiser. Of course, when the cell is switched on and off repeatedly and in

a quick succession, the total heat deposited in the cell will geMaxQ U, where f is a
dimensionless, positive number smaller than 1 accounting for the outflow of heat out of the device

between the switching events.

6.4 Test Results and Cell Degradation

Maximum number of switching cycles (MAX) of a marginal device serves as our metric
to quantify the parasitic heat transfer and cell performance degradstienheating a device,
four neighboring cells along the electrode line (Fig. 6.2) are being ¢tbarad one at a time.

we define degradation (D%) as:
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Several thermal models exist in the literature describing the temperature distribution in
ReRAM cells. Mickel et al [10] established a geometrically equivalent circuit to describe the heat
flow through a conductive filament, yielding temperature distribution of the memory cell. The
critical temperature responsible for the rupturing of a filament is calculated to be°K1285
another work, Mickel et al [11] proposed a set of constitutive equatiausibiag the evolution
of the heat transport. Based on this work, the temperature responsible for the rupturing of the
filament is ~1500K. Sun et also found that the peak temperature of the filament is somewhere
between 600C and 900C [12]. Thus therés a consensus that the local temperature of the filament
is very high and this temperature can only increase further when the cell is switched on and off
equentially and frequently. For a cell switched frequently, this temperature due-€@ €an only
increase.

We turn, for a moment, our attention to the formation of the conductive state at&.low |
Since at a lowdc a weak filament is highly resistive with a constriction at the tip of the truncated
cone shaped filament, the area of contact formed with the Cu electrode is smaller than the area of
contact with the Pt electrode (see Fig. 6.5(a)). Hence, one would expecte efficient heat
transport from the filament to the Pt line rather than to the Cu line. Hence, based on this argument
one would expect cells neighboring the heated cell and disposed along the Pt line should
experience a larger heat transfer thannéighbors disposed along the Cu line. We now look at

the impact of heat transfer along the Pt and Cu electrodes and compare the resultstid.Table

6.4.1 Degradation of Cells Disposed along the Pt Electrode

The neighbor cells located on the Pt eledérdine are characterized, one by one,

immediately (i.e. within 455 sec) after heating of the heated cell marked by a red dot after the
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device heating. The metric for degradation is established customarily by degradation defined in
this context as D = (B of an unheated celMax for sample cell affected by thermal craalk)

/(Max of an unheated cell). The mean of Max for an unheated cell has been found to be 12.7 set

Fig. 6.4 Location of neighbor cells relative to the heated cell marked by a red dot. Initially the esfistar
in an Offstate. (a) heat transport from the heated celtdmeighbors located on the Pt electrode. (b) heat
transport to its neighbors on the Cu electrode. (c) heat transport to its neighbors located diagdthal
respect to the heated cell. (d) heat transport to its neighbors on diagonal locations witheidiegte cells
(marked by green crosses) in the-Gfdte. (e) thermal path from the heated celltadll via the cell Y. (f)

thermal path from the heated cell tdcell via the cell X

reset cycles. The cell degradation results for abiposed along the Pt electrode are shown in
Table6.1 based on 66 devices being measured. It can be seen that for the nearest neighbors the
degradation is about 67%. In contrast, the degradation of'ttievice located on the Pt electrode
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is muchsmaller, D = 13%. The results could be explained by the heat transfer over a distance of n
x150 P ZKHUH Q FRUUH 2% B4 haphbonrigy callK$ince the
memory array has been manufactured on a Si wafer with a grownXidlkl of 650 nm thickness,
it is reasonable to assume that the main heat transfer is effected mainly via the metal lines.

The switching behavior of a cell B is impacted whenever a neighboring cell A went through
a repeated switching cycles. This meangegsurprisingly, that the thermal cretsdk is effective
RYHU GLVWDQFHV RI PXOWLSOH RI P $W WKH VDPH WLPH
be assumed to be effective heat sinks even for devices subject to no electrical stress. The heat
transport over such large distanéedurther supported by the experimental dependence of the
HITHFW RQ WKH ZLGWK RI WKH PHWDO OLQHV )RU ZLGHU 3W
PXFK OHVV O0D] WKDQ IRU D QDU Ud thedhaat @ digskrated fagter FH O O

DORQJ WKH ZLGHU P 3W OLQH

6.4.2 Degradation of Cells Located along the Cu Electrode

The neighbor cells of the heated memory cell disposed now along the Cu electrode (Fig.
6.4(b)) are characterized analogously. Tegradation results are summarized in T&ile(Cu
electrode) based on 53 tested cells. The degradation in terms of Max for cells located on the Cu
line is significantly larger than of those cells disposed on the Pt electrode. It can be obsgrved th
for the Cu line, the distant neighboring cells are more severely degraded than those for the Pt
electrode. Comparison of th¥ dell on the Pt electrode with th& dell on the Cu electrode shows
that the degradation of is 5 fold larger for the Cu electrodis. appears to be consistent with the

much better heat conductivity of Cu (385 W/(mK) and 150 nm thick) lines than Pt (72 W/(m.K)
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and 50 nm thick) lines, but is at odds with the assumptions of much larger contact area of the Cu
CF with the Pt than witlthe Cu electrode, as discussed before. Also here we find the same line
width dependence as for Pt lines. The next neighbor is degraded much less for a wide Cu line of

P WKDQ IRU D QDUURZHU &X OLQH RI RU P

6.4.3 Degradation of neighboring cel$ with neither Pt nor Cu Electrodes in

Common Lines with the Heated Cell

Fig. 6.4(c) shows four neighbor cells of the heated device but not sharing any of the Pt and

Cu electrodes with it. The cells in Fig. 6.4(c) are electrically characterized for two different

Table 6.1: Degradation D of the neighbor cells of the heated device

conditions: 1) the cells between the hot cell and the testédre in a nortonductive state, and

2) the intermediate cells are preset to a conductive staje=a00 FA shown in Fig. 6.4(dpy the

green crosses. Thed=100 FA ensures that a low resistance Cu filament is formed with R
W\SLFDOO\ EHWQ@G HQ 6XFK D ORZ UHVLVWDQFH UREXVW ILC
a path of high thermal conductivity between Pt and Cu electrode.

In the first case, as could be expected, we find no degradation of maximum switching
cycles Max for any of the diagona¢ighbors of the heated device. This can be explained by the
absence of any continuous thermal path between the devices. When, however, the cells marked by
green crosses are preset in a conductive, i.e. LRS, state (see Fig. 6.4(d)), the targetedhgeighbori

cell is found to be degraded considerably. A degradation of D = 19% is found fétdtzgdnal
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neighbor. The product of degradation 0.67x0.80 = 0.53 (see Bdl)ldeing larger than 0.19
indicates that the Cu filament despite its nanometer -@@&sn but, apparently by virtue of its
small length of 25 nm, provides an efficient conduit for the heat transport. We conclude that the
thermal crosgalk along the Cu electrode is circa 15 fold more efficient than along the Pt electrode.
It is known thatthe heat transport is proportional to the temperature gradient, to the wire cross
section, to the thermal conductivity of the material, and inversely proportional to the length of th
wire. The higher heat transport over the Cu line would indicate taati¢ih conductivity of the
Cu line more than compensates for the small contact area between the filament and the Cu
electrode. The crossection of the filament, assumed to be of cylindrical shape, is estimated to be
about 15 nm. When the thermal conduityiof the Cu filament is assumed to be roughly half of
the thermal conductivity of bulk Cu, ie. around 190 W/m.K then one could conclude that the heat
transport via Cu filament 25 nm long is comparable with the heat transport along the Pt electrode
overaGLVWDQFH RI a P DVVXPLQJ VLPLODU FRQWDFW DUHDYV
It should be noted that in case of tiediagonal device as shown in Fig. 6.4(d) there exist
two thermal conduction paths between the heated cell and'ttiagonal cdl Evaluation of the
electrical degradation of the' tliagonal cell with intermediate cells partly in LRS and partly in
HRS states as shown in Fig. 6.4(e) and Fig. 6.4(f) reveal that the two individual paths contribute
differently to the degradation ofdlprobed diagonal devices. The path first along the Cu and then
along the Pt electrode (Fig. 6.4(f)) causes a more severe degradation Btlthgohal cell than
the conductive path first along Pt and then along the Cu electrode as shown in Figlrocé&s.
of Fig. 6.4(e), the degradation of th& diagonal cell is 7%; and in case of Fig. 6.4(f)) the
degradation of thesidiagonal device is 11%. This can be compared to the degradation 6 the 2

cells along Cu and Pt line, which are 75% and 53%wsiyg that the thermal connection by dint
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of Cu filament poses a heat transfer bottleneck. It shows also that the two paths contribute
constructively and additively to the overall degradation of (7%+11%)9%. Testing the
degradation of the neighbor cefls a function of the width of the metal lines, which in our case

YDU\ EHWZHHQ P DQG P ZH ILQG WKDW IRU D &X OLQH R

4" QHLJKERU WKDQ IRU D QDUURZ &X OLQH RI RU P

6.5 Revised Shape of Cu Filament

According to well known truncated shaped cone theory (Fig. 6.5a), bottom electrode (Pt)
line has a broad base contact with filament than Cu line and is expected to transfer heat more
efficiently. However, measured degradation results indicate thatrbeater from cell to cell is
15x more efficient (thickness x heat conductivity) over Cu than over Pt line.

A more plausible explanation of the more predominant heat transport over the Cu line can
be achieved assuming a revised shape of the Cu CF. Rasthex truncated cone shape Fig. 6.5(c),
an hourglass shape is hypothesized for the Cu CF with a constriction, the locus of the highest
temperature during the reset operation, shifted deeper into the Aa@odified shape of the
filament is shown in Fig6.5 (b) and (c). For lowctk the hourglass shape has a large base with Pt
electrode and a small base with the Cu electrode (Fig. 6.5(b)). As theréases the base with

Cu grows while the base with Pt stays more or less constant (Fig. 6.5(c)) anagtreton of
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the filament will thicken and the contact area will increase compared with filament formed at a

lower Icc [Fig. 6.5(b)]. The hourglasshaped filament would be more consistent witih data as

Fig. 6.5: Different geometrical shapes approximating the actual form of a Cu filament: (a) conventionally
assumed shape of a truncated cqbg.an hourglasshaped filament formed at lowdl (c) an hourglass

shaped filament formed at higécl

it provides now a larger contact area with the Cu electrode and would thus explain the large heat
transport from the filament along the Cu electrode line to the beigiy cells along the Cu

electrode.
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6.6 Potential Solutions for Celtto-Cell Thermal Degradation Problem

In this work it is experimentally desnstrated that during repea consequtive set/reset
(or switching operation the heat dissipation can spread along the electrode linegffantithe

performace otheneighboimg cells. This degradatioof the neighboring cells imore sevexalong

Fig. 6.6: Crosssection schematic of ReRAM devices with different layers specified for a)Rtlatertle

based state of the art device; b) Engineered irtattrode module based proposed novel device

the copper (Cu) electrode nthan alonghe platinum @t) electrode lineOne observes thatlls
nearest to the heating source cell (sabject to repated switching operation) arefatted most
and this degradation effect gradually degrades as we go far away from the source cell.

One possible solution to this problem is to provide a faster heat dissipation where heat can
be transported much more quickly along the electrode lineterHasat dissipation would mean
that the neighboring cells are exposed for a shorter tinleeteransient heat and to lower peak
temperatures and hence suffer less degradation. This can be achieved through an engineered inert
eletrode module with a thigq200 nm or more) copper heat transport layer which can act as a heat
sink. Figure 6.6(b)shows the cross section schematic of this enginerreddateatrode module
along with its various layers specified. The proposed device structure has been fabncated

characterized. It is found tha00 nm Cu heat transport layer leadstmuch highemaximum

256



numberof switching cycles for all the neighbor celf along the Cu eletrode lines as well as for
neighbor cells along the Pt electrode lines. In other waitithe neighbor cells are found be

unaffected by source cell heating effaod therefore exhibit the same number of switching

Table 6.2 Ron of preset filament set atd=100pA before and after heating the source cell wig=10
MA, rr=2 v/s for 13 switching cycles

| neighbor cell RON (ohm)
along Pt electrode along Cu electrode
Source cell before heatingafter heatind before heatingafter heating
rr (v/s) Icc (uA) |1st neighbo 500 500 500 500
2nd neighbdr 500 500 500 500
2 10 3rd neighbo} 500 500 500 500
4th neighbo 500 500 500 500

cyclesas that ofa fresh cellThis observation indicates that for commercial memory arrays with
much smallepitch than in our memory crossbar arrays the heat accumulated in a heated device

will linger for a long time, posing thus serious problem for commercial memory arrays with a

Table 63: Ron of preset filament set atd=100pA before and after heating the source cell wig=10
MA, rr=0.1v/s for 13 switching cycles

| neighbor cell RON (ohm)
along Pt electrode along Cu electrode
Source cell before heatingafter heating before heatingafter heating
rr (v/s) Icc (uA) |1st neighbo 500 3.00E+05 500 1.30E+07
2nd neighbdr 500 5.00E+05 500 5.00E+06
0.1 10  |3rd neighbof 500 5.00E+05 500 8.40E+06
4th neighbo 500 5.00E+05 500 1.30E+06

line pitch of a few to tens of nanometétowever, it can be noted that in this methodology to
characterize the degradation, there is an inher86ib sec time delay between heatihgsource
cell andthen moving the probes arstart testingthe neighbor cells Although the thermal

degradation of the neighbor cells appear to be virtually eliminated by incorporating the additional

257



Cu heat transport layer, some heat might still be dissipated along the electrode lines ana affect th
neighbors within that small tieninterval usedo switchthe probing needles on the probe station.

To further investigate the thermadégradation effect in detail, a preset filament with an
lcc= 100pA is formed at the first neighbor cell along one electrode line antitvdtue is
recorded. Then the source cell is switched back and forth for 13 cycles gt IpA and rr=
2V/s and 01 v/s for set and reset process respectively) and immediately after heating tiaduie
of the preset filament dhe first neighbor cell is verified. If there is no thermal degradation, the

Ron value of the preset filament will be unchangétis pro@ss is repeated for all the four

Fig. 6.7: Crosssection schematic of engineered inddectrode module based proposed best possible

ReRAM device architecture

neighbors along Rilectrodeas well asalong Cu electrode line. The test results are summarized in
Table 6.2.I1t can be seen that the preset filament is unaffected by the heat geweratgd.3
switching cycles of soge cell (until it becomes temporarily volatile) with ramp rate rr= 2v/s.
However, if more heat is generated by switching the source cell with a ramp rate, rr=0.1 vi$ (instea

of 2 v/s), the Bn value of the preset filament set @é4100 uA is changed. Aga this degradation
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iS more severe as we go closer to the source cell and the degradation diminishes as we move far
away from the source cellable 6.3shows the thermal degradation for the source cell switched
with a ramp rate rr=0.1 v/s.

However, the best possible ReRAM device solution would be incorporating an engineered
inert-electrode module with an extremely high thermal conductive layer such as graphene
monolayer (thermal conductivity, 30ED00 W/m.k).Figure 6.7shows the schematic cross

section of the posposed device architecture which is expected to provide thedsddt

Table 64: Dimension of various layers for benchmark device as well as engineered|@otrode
modeule based proposed novel device

endurance and relaibility of ReRAM cell array. A list of all materials and thickness of its various
layers along with its thermal propeifor both Pt based benchmark device as well as for proposed

novel device sticture have been listed TTable 6.4.

6.7 Summary of the Observtions

This observation indicates that for commercial memory arrays with much smaller pitch

than in our memory crossbar arrays the heat accumulated in a heated device will linger for a long
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time, posing thus are serious problem for commercial memory arrays lvithmtch of a few to
tens of nanometer.

In terms of thermal conductivity of the electrode material, this creates a dilemma as to the
suitable choice of the electrode material: an electrode material of high thermal conductivity would
induce a quicker hedissipation of the heated device and allow a quicker return to the undegraded
switching behavior than an electrode material characterized by low thermal conductivity.
However, in the case of higher thermal conductivity material, the more distant ¢edscnossbar
array would be affected more than in the case of low thermal conductivity electrode material. The
optimum choice of the thermal properties of the electrodes should be gated by the way the memory
array is being programmed and more importahibyv it is being erased, since most heat is
dissipated during the reset operation.

In terms of thermal modeling of the heat dissipation in resistive memorytbeltgsults
shown herendicate that the electrodes of the ReRAM cell cannot be treatedfest erat sinks.
Theseresults indicate that the local temperature of the metal lines may exceed considerably the
ambient room temperature assumed frequently in some thermal models. The perfect sink property
of the electrode has been assumed on the grdahatithe electrode limsaare much more massive

than a Cu filament in a cell. Our results show that this assumption is incorrect.

6.8 Conclusions

It is experimentallfound that the heat deposited in a cell stressed by frequétching is
transported d the neighboring cells causing their serious degradation in terms of electrical
performance. Since the degradation of the cell performance occurs only when a cell nearby

undergoes repeated switching cycles, its observed degradation, in absence ototiverable
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factors, has been attributed to the impact of the heated cell in which heat is being dissipated over
~13 switching cycles.

The neighbor cells disposed along one of the electrode common with the heated device
degrade most with neighbor cells lted along the Cu electrode degrading much more than the
cells located along the Pt electrode. Cells with no electrode lines in common with the heated cell
experience electrical degradation in terms of maximum switching cycles only in the case when an
contnuous thermal path is provided between the probed neighbor and the heated cells. This occurs
when the intermediate cells along the Cu and Pt line shared with the heated device (as in the
electrical sneak path problem) are set into an LRS state. Thusthecal sneak path problems
has its analogue in thermal transport. It has been also shown that electrical performance of a

memory cell can be used as a probe into heat transfer phenomena.

PART-2: Neuromorphic SemitOrganic Devices on Flexible

Substrates

Memristor devices hold the promise of a realization of nénspired computing with
neuromorphic functionality implemented on truly neuromorphic hardware. Due to the advantages
of good scalability, flexibility, low cost, ease of processing, 3D stackipglobty, and large
capacity for data storage, polymgased memristors on flexible substrates look highly attractive,
e.g. as wearable electronick this work theprogress of realization of such devicase
demonstratedtarting with a benchmark, inongia memristor manufactured on Si substrabech

are well-characterized [13]. Such filamentary and ph&aasition memristors on Si have been
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successfully modeled [14] according to Chua’s theory [15] in terms of electricl tund total

charge g only (g€ (! ), independent of any specific current or voltage driving input.

Here manufacturing and characterization of such-seganic devices starting with a well
characterized MetdhsulatorMetal structure (Cu/TagPt/on Si) manufactured on a Si substrate
and step by step replacing the switching layer () @&@d the substrate by organic polymers are

illustrated. The four derivative devices manufactured are: @W@Al/on Si, Cu/O-AA/Pt/on Si,

Fig. 6.8: Crosssections of four sergirganic devices derived form the inorganic Cu/TaOx/Pt device. All
devices have an organic active switching layere@f such devices has been manufactured successfully on

a flexible substrate. The last device has organic switching layer of P3HT polymer with suspeptedara

Cu/O-AA/Pt/Flex, and Cu/P3HT(GNP)/Au/on Siwhosesssections are shown in Fi§.8. Here

O-AA stands for polymer -@nthranilic acid, Flex for flexible substrate, P3HT for 3
hexylthiophene polymer, GNP for graphene nanoplatelets powder suspended intR3fdtind

that: a) conductivity of EAA increass with increasing concentration ahthranilic acid, b)
concentration of graphene nanoplatelets in P3HT modifies conduction properties of the active
switching layer from insulator to metallic conductivity. Those technology parameters may help
tune the newrmorphic properties of the respective devices.

All derivative semtorganic devices display characteristic curresitage pinched
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hysteretic loop under periodic voltage excitation, very similar to the benchmark device
Cu/TaOx/Pt/on Si, demonstrating thiie replacement of inorganic by organic materials has
successfully preserved the baswmemristive properties. Fig6.9 (a) shows a general-V¥
characteristic for all devices with the threshold voltagesy,\and \keser Fig. 6.9 (b)shows Vv

for Cu/O-AA/Al/on Siand Cu/GAA/Pt/on Si. Fig.6.9 (c)shows the sameV for Cu/O-

Fig. 6.9: a) General IV characteristics for the devices in this work with switching threshold voltages V
and Vesetffor Cu/TaQ/Pt deviceb) I-V characteristics for devices with polymer switching layek®on Si
substrate: Cu/@\A/Al/onSi and Cu/@AA/Ptbn Si; ) I-V characteristic for Cu/@AA/Pt/Flex device with

polymer switching layer @A and flexible polymer substrate

AA/Pt/Flex. In case of the P3HT device, in addition, to thehysteresis, Fig6.10 (a) quantized
conductanceés observedat no magnetic field and at 300K titnteger multiples of 6= 2€#/h

NY), and in some devices with partially quantized, (n/7)oasshown in Fig6.10 (b)
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[16].

Fig. 6.10: @) I-V characteristics of a Cu/P3HT(PGN)/Cu/on Si withP3HT polymer doped with graphene
nanoplatelets (GNP conc.: 0.1 mg/ml) with a Icc = 0.1 mA; b) Conductance of the set operatianias fun
of voltage for the device Cu/P3HT(PGN)/Cu/on Si. Integer amtigb quantization of the conductance is

observedReprinted with permision from [16], Copyright, Nanoscale Research Letters (2016)
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Chapter 7: Conclusion and Future Remarks

The main focus of this reaechis to explore the inert electrode, inert electrode/solid
electrolyte interface and the inaectrode module (inerelectrode, adhesive layer and thermal
oxide) on the performance, reliabilty and endurance of ReRAM memory cell or array
arrangement. Bexploring several materials the best potential candidates foreleetrode are
short listed and investigaten the view of material analysis as well as electrical characterization
of the ReRAM device. The roa@tause analysis have been conducted tothedatomistic resns
that might limiting the device performance. Several solutions have been proposed and
experimentally verfied by fabricating ReRAM device in accordance with the proposed solution.
The significance improvement of the device performak mitigation of the limiting cases has
also been improved. In the future, more investigations cguiseiedn the following areas:

I Verically stacked multilayer 3D ReRAM is the promising future of ReRAM technology.
The celito-cell degradation need toe investigated for 3D RRAM and novel device
architectureas well asnew materials and processes need to be explored to realize high
density 3D memory solutions

il. Furtherresearch is required tovestigatehe diffusion of cations in different composition

of solid electrolyte and the subsequent impact of fanshape conical or inverted

conical shape. The narrowest region of the tip and the corresponding electrode/solid

electrolyte interface is one of the factor affectitgyice performance and reliability

iii. Comprehesniv8 CAD modeling and simulations need to be conducted to see the impact
of defect levels in the sokdlectrolyte and the corresponding impact on filament geometry,

thermal transport and celb-cell thermaldegradationHowever, accurate models need to
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be developed and validated first to properly incoprporate the physical mechanism occuring
in the ReRAM cells during SET and RESET operatid#svel solutions can also be
explored using simulation tools which caignificantly minimize experimental time and
expense. The optimized and properly modeled device can then be fabricated and the
proposed novel architecture can be experimnetally verified in an economitstnd
possibleway.

Novel cell management algorithoan be devleped considering the telcell thermal
crosstalk effect demonstarted for the first time experimentally in this ressgaecially for

the RESET operation. This will significantly alleviate eeHcell thermal degradation
effect and will impove the device performance and reliability by several orders of

magnitude.
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