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Chapter 1: Resistive Switching Memories

1 RESISTIVESWITCHING
MEMORIES

Resistive Switching (RS) Memories, or Resistive Random Access Memory (RRAM),
are one of the most promising candidates for Non-Volatile Memory applications. In
this chapter, after an introduction to the NAND Flash memory main characteristics and
limits, Resistive Switching Memories are presented. Electrical behavior, materials and
integration schemes will be described. An overview of the physical mechanisms
governing the switching phenomena and the electrical conduction will be given. In the
tollowing paragraphs the state of the art of released prototypes and open issues will be

addressed. A comparison between RRAM and memristors closes the chapter.
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Emerging Resistive Switching Memories and Neuromorphic Applications

1.1 Non-\olatile MemoriesNAND Hash

1.1.1Introduction

Two key categories of electronic memory are volatile and nonvolatile. In general,
volatile memories lose their bit state when the power is removed and nonvolatile
memories retain this state for an extended period of time. This period is known as the
retention time. Typical nonvolatile memories are expected to have a retention period of
10 years [1], whereas volatile memories like dynamic random access memory (DRAM)
retain the bit state for less than 1 s [1]. Sequential and random access is another
important distinction between modern electronic memories technologies. A random
access memory (RAM) can access all bits with equal effort. The time needed to access a
bit of data is known as latency. In general a RAM has a low bit access latency. There are
two kinds of RAM, as shown in Figure 1.1: DRAM, where data is stored on capacitors
and requires a periodic refreshment, and Static RAM (SRAM) where data is retained as
long as there is power supply on. Some memory technologies like NAND flash are
written in blocks, and thus are not considered a true RAM. However, because each

block can be addressed individually, NAND flash is considered a hybrid.

. Semiconductor
Volatile — | L Non-volatile
l Memory

RAM NVM
| |
b v " ! A b
DRAM SRAM Floating Charge Emerging ROM &
Gate Trapping Fuse

v J v
FeRAM MRAM PCM

Figure 1.1 Semiconductor memories overview

8 Paolo Lorenzi PhD Thesis



Chapter 1: Resistive Switching Memories

The terms set, write, and program are often used to refer to the operation of switching a
memory cell to the “1” state. This “1” state is often referred to as set, programmed, or
on. Conversely, the terms reset and erase usually refer to the cell switching to a “0” state.

Hence, the “0” state is referred to as reset, erased or off.

1.1.2NAND Flash

With the recent strong increase in the demand for data storage, NAND Flash has
solidified its leading position among different storage devices for the smallest chip size
and cheapest bit cost [2]. The scaling in NAND Flash technology has progressed

aggressively and successfully with trend shown in Figure 1.2.

1000
™
£
=
el
.g 100 |
(=]
e
-
o
o 10 "
(=]
c
=
L
+})
= 1

2000 2005 2010 2015

Year

Figure 1.2 The scaling trend of floating gate NAND Flash cell over 10 years [2]

During the past years, the dimension of NAND Flash cell has shrunk dramatically. Due
to this aggressive scaling, the chip production cost has become cheaper year-to-year by
~40% and consequently the market demand for NAND Flash memory has rapidly
increased in many new consumer electronic applications such as MP3, SSD, USB pen

drives, Tablets, Smart Phones and Memory Cards as depicted in Figure 1.3.
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Figure 1.3 The growth of NAND Flash market [3]

The competition of scaling down technology is getting harder in the NAND industry.
The current NAND Flash cell, the Floating Gate (FG) structure, is facing new
technological challenges approaching the 10nm dimension. Major concerns are related

to [4]:

1 Physical dimension

1  Electrical isolation

1 Read window margin.
1.1.2.1INAND Flash scaling issues
In Figure 1.4 a) is sketched the concept structure of the Floating Gate structure.
Basically it is a transistor MOSFET with two gates: the accessible Control Gate (CG)
and the charge storage gate called Floating Gate capacitively coupled with the CG.
Since the FG is completely surrounded by insulating material, the charge stored in it is
retained for long periods of time. Usually Fowler-Nordheim (FN) tunneling and hot-

carrier injection mechanisms are used to modify the amount of charge stored in the FG.
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Figure 1.4 a) Floating Gate basic structure where CG is the control gate, FG is the
floating gate, Ccg, Cs, Cp and Cp are the control gate, source, drain and bulk

capacitances; in b) the scaling trend of the physical parameters

The operations of NAND flash memory are based on the storage of electric charge for
writing/erasing and the sensing of the charge (current) for reading out the data. Thus,
the intrinsic nature imposes limitations on the thickness of the dielectrics (the tunnel
oxide and the inter-poly dielectric) which should be thicker than a minimum thickness
required to reduce the charge loss as much as possible. This limitation is the origin of

most of the scaling issues in NAND flash memory [5].

(1) Cell-to-cell interference
n (2) Hot-carrier disturbance (GIDL/DIBL)

(3) Number of electrons

(4) Channel boosting potential
(5) PGM/ERS V't window

(6) Reliability window

(7) ArF Photo limitation | | | \
. (8)IPD thickness limitation |/ W) v \
Design Rule Substrate
(a) (b)

Figure 1.5 Scaling limitations and trends in NAND flash memory.

As shown in Figure 1.5, with the scaling of the device, most of the electrical properties

have become worse. The cell-to-cell interference and the hot-carrier disturbance have
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been increasing as the cells are scaling down continuously. The number of electrons in
stored in the FG, the channel boosting potential, Program/Erase (PGR/ERS) threshold
voltage (V7) window, and reliability window are decreasing continuously. Finally, the
thickness of IPD occupies a significant portion in the cell dimension because other

dimensions have reached a comparable thickness with IPD.

The first critical issue of scaling down the NAND flash memory is the cell-to-cell
interference. The cell-to-cell interference is a V7 shift of a monitored cell when V7 shift
of a neighbor cell takes place due to the fringing electric field. The interference is
inversely proportional with the cell dimension and it depends to the fixed thickness of
the tunnel oxide and the IPD. Some solutions have been developed to reduce the
interference by the change of the gate spacer from nitride to oxide and an introduction

of air-gap both in the gate space and the active space [6].

Regarding hot-carrier disturbance by the boosted channel potential, as shown in Figure
1.6, most of the electrons are supplied by Drain Induced Barrier Lowering (DIBL)
Gate Induced Drain Leakage (GIDL) at the Ground Select Line (GDL) transistor.
Electrons are accelerated by the lateral electric field and injected into the GDL
transistors [7]. The channel potential may reaches 5~10 V by a self-boosting of channel
to suppress the disturbance in not selected lines. The channel boosting potential cannot
be scaled down with the PGR/ERS voltages because it depends on the electric field.
Thus, the hot-carrier disturbance becomes more serious as the thickness of the tunnel

oxide and the IPD shrinks with the same operating voltage.
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Chapter 1: Resistive Switching Memories

Figure 1.6 A hot-carrier disturbance mechanism. The potential diagram explains hot-

electron injection generated by GIDL current at GSL transistor

The reduction in FG capacitance, proportional to the ratio between the FG area and
the tunnel oxide thickness, caused by the technological shrink continuously reduces the
number of electrons stored in the FG per unit voltage and the reliability strongly
deteriorates as the number of electrons available for data storage becomes less than 10.
Then, the amount of V7 shift by one electron increases and becomes a range of 0.1 V,

hence it increases the dispersions of the cell 7 during operation [5].

The electrical coupling ratio, defined as the ratio between the control gate capacitance
and the total gate stack capacitance, should be kept higher than 0.6 in order to achieve
good control. To get this coupling value, scaling of tunnel oxide and IPD thickness is
very critical and has to be managed very conservatively, as shown in Figure 1.4 b), for
satisfying reliability constraints. Erase operation occurs either through electron de-
trapping from the FG or hole injection from the substrate into the storage layer; at the
same time, such operation causes an electron injection from the control gate to the
storage layer through Fowler Nordheim (FN) tunneling, and this is the reason for the

Paolo Lorenzi PhD Thesis 13
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erase saturation problem [5]. The InterPoly Dielectric (IPD), the dielectric between the
control and the floating gate, becoming thinner with technology shrinkage will increase
this effect. This is caused by the increased electric field in the IPD and it will deteriorate
the saturation level of the threshold voltage Vt.

| oy | g L
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I WL - WL = Word Line

to Word Line

NORMALIZED CELL-TO-CELL COUPLING RATIO

H . l I AG = Advanced

u Gate Technology

160nm 90nm 70nm 56nm 43nm 32nm 24nm 24nm 19nm 19nm
(AG) (AG)

FLASH TECHNOLOGY NODE
Figure 1.7 Cell to Cell coupling ratio trend versus technology node [8]. In the inset are

sketched the parasitic capacitances surrounding the floating gates.

In the basic conventional concept, the FG voltage was determined by the control gate
voltage through a coupling effect. As the design rule of NAND Flash memory is scaled
down, however, parasitic capacitors surrounding the floating gate, as shown in the inset
of Figure 1.7, should be involved to explain the secondary effects occurring in the cell
operation. The FG voltage is determined by not only the corresponding control-gate
voltage but also by the voltages of the surrounding floating gates and the control gates.
Hence, a phenomenon called “floating-gate interference,” occurs, in which change of a
cell accompanies threshold voltage shift of the adjacent cells by floating-gate voltage

shift [9]. In other words, the floating-gate voltage is coupled by the floating-gate
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Chapter 1: Resistive Switching Memories

voltage changes of the adjacent cells via parasitic capacitors in the same manner as the
control-gate voltage. Then a floating-gate interference coupling ratio can be defined. In
Figure 1.7 is shown the influence of the parasitic effects due the increase of the coupling
factor with the progress in the dimension limit for the technological processes. As the
scaling of floating gate cell is proceeded, the Word Line (WL) to- WL and Bit Line
(BL)-to-BL spaces decrease and the capacitive coupling between WL’s and BL'’s

become stronger.

The interface trap generation and the oxide bulk trap dominantly determine the
reliability of NAND flash memory [10]. Due to trap assisted leakage, the thickness of
the oxides cannot shrink too much. If the oxide is too thin, even the presence of few
traps can be sufficient to discharge the FG in not acceptable time range. The trap
generation mechanisms are much faster at the corner of the cell transistor, hence an
increased trap generation at the corner of the active and the gate makes the reliability
window decrease as the cell dimensions shrink [10, 11]. Furthermore, an increased

lateral E-field between the WLs generates more traps in the cell [5].

Many researches are being conducted in extending the FG technology and resolve the
mentioned issues. 3D cell structure has been studied as an alternative solution to
overcome the scaling limitation and increase the bit density. The 3D NAND Flash
memories can be classified largely into two groups according to the gate and channel
directions. In a vertical channel (VC) scheme, WLs are stacked on Si substrate [12]. By
digging holes through the stacked WLs, vertical tube-shaped strings are formed and
poly-Si channels are plugged-in. On the other hand, a vertical gate (VG) scheme has

stacked channels with subsequent deposition of the storage layer and gate materials
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[13]. Through the advantages of the gate-all-around or dual-gate structures combined
with the extended DR, cell current increases by ~ 2 times. In addition, subthreshold
swing decreases by ~ 30 % despite the carrier mobility degradation by ~ 85 % due to the
use of poly-Si channel, the high aspect ratio-induced process limits and complexities in

decoding circuit.

In order to keep pursuing the scaling, there are two guide lines to follow: the
optimization of the FG basic cell and array architecture and the proposal of new device
structures with innovative operating concepts. Both the guide lines are currently
experienced worldwide. So, in the last years, innovative concepts have been proposed,
alternative to the conventional FG technology, as shown in Figure 1.1: silicon nano-
crystals [14], SONOS [15-17] and TANOS [18-20], Magnetic RAM [21,22],
Ferroelectric RAM [23] and Resistive Switching Memories, often referred as Resistive

RAM (RRAM). In this thesis, we will focus on the Resistive Switching Memories.

1.2 Resistive Switching

The existence of the abrupt electrical switching event in oxides (insulator materials),
that brings the material into a conductive state has been known for over 40 years. As
shown in Figure 1.8, the first observations on these resistive switching phenomena were

reported in the 1960s [24-27].
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Figure 1.8 Some of memory/threshold switching in various oxide films already reported

in 1960s

In its basic form, the device structure is an oxide material sandwiched between two
metal electrodes, called bottom and top electrodes (BE and TE). The stack is a well-
known metal-insulator-metal (MIM) structure. After the first works those reports
remain in the domain of scientific studies. The recent revival of interest in resistive
switching began in the late 1990s, first with complex metal oxides such as the pervoskite
oxides of SrTiO3 [28], SrZrO3 [29], but later a strong interest has grown around
binary metal oxides such as NiO [30] and TiO2 [31]. The research activities had a
sensible increase after the International Electron Devices Meeting of 2004, where
Samsung presented NiO-based memory cells integrated in a CMOS compatible process
with a one-transistor—one-resistor (1T1R) device structure [32]. In that work a full
electrical characterization data were presented including data retention, endurance, and
programming/erasing characteristics suggesting that a memory technology based on

resistive switching may be feasible. During these years, various acronyms such as
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OxRAM, ReRAM, and RRAM, have been used in the literature for these devices that
exhibit RS between a high-resistance state (HRS) and a low-resistance state (LRS).
The expectation for RRAMs is that it will be a memory technology that can be easily
integrated with conventional CMOS technology, using a materials compatible with the
conventional CMOS fabrication environment and process temperatures that allow it to
be fabricated in the Back End Of Line (BEOL), so on the metal layers or within the

contact vias to the source and drain of a metal— oxide—semiconductor field-effect

transistor (MOSFET) of a CMOS chip [33].

Storage Class
Memory:
Emerging NVM

Nonvolatile

Scalable
Fast

Low power
Inexpensive

/ Archive: Magnetic Disks \

Figure 1.9 Simplified memory hierarchy [34]

In a computing system architecture to obtain the quantities of memory needed to
perform useful computations and store large numbers of variables, a combination of
high performance/low capacity (SRAM, DRAM) and low performance/high capacity
memory must be used (Magnetic Disk). The modern memory hierarchy is often
represented as a triangle (Figure 1.9) where the tip indicates a very small amount of very

high performance memory, and ranges through the massive, slow archival storage at the
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Chapter 1: Resistive Switching Memories

base. A new memory class, called Storage Class Memory (SCM) [34] with specific
characteristics in between the ones of the extremes of the pyramid represented in Figure
1.9. is becoming important in order to fill the gap in the performances of fast but
expensive.  SRAM and non-volatile cheap magnetic hard disk. Due to their

characteristics, Resistive Switching memories are excellent candidates to become the

next SCM.

1.3 Structures and materials

Basically, the RRAM element consists of the bottom electrode (BE), top electrode
(TE), and the insulating oxide layer between those electrodes. In Figure 1.10 (a) is
shown a widely used MIM structure where the memory cell is fabricated on the metallic
via structure [32]. In this case, the material for BE can be different from that for the via,
while in the case of the structure shown in Figure 1.10(b), the metallic via acts as BE
[35]. When the area of the via under the oxide layer is smaller than that of TE, the via
diameter can be regarded as the effective memory element size. Thus, the active size can
be shrunk by reducing the via diameter and the oxide layers can be deposited on the via

structure.

(@) (b) (c)

L

\ \ \

oxide insulator oxide insulator  oxide insulator

(d) (€)

TE - =0

BE oxide

insulator
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Figure 1.10(a) Typical MIM basic stacking structure of RRAM. (b) The memory
element on the metallic via as a BE with oxide and TE layers. (c) The oxidized via
material for the resistance switching oxide layer. (d) The concave structure and (e) the

cross-bar structure consisting of the bottom and top electrode wires and blanket oxide

film.

In order to simplify the fabrication process, it is possible to oxidize the metal in the via,
as shown in Figure 1.10(c). Although the choice of the oxide material is strictly linked
to the metal in the via, very good resistance switching has been reported in this structure
with CuOx [36, 37] and WOx [38, 39] resistance switching layer obtained through the
oxidation of Cu and W plugs. The cell in Figure 1.10(d) has a concave structure of the
insulating layer. By decreasing the concave area, the memory element size can be scaled
down. The resistance switching in this concave structure has been reported with NiO
[40-42], TiOx [43] and HfOx [44-46] resistance switching layers. The cross-point
structure is shown in Figure 1.10(e) [47,48]. The cells are sandwiched between word-
lines and bit-lines and the memory element size is defined as the width of BE and TE
wires. In any structures, stacking of memory elements is available, which can increase

the effective memory element density and further consolidate the good scalability.

A wide range of binary metal oxides have been found to show resistive switching
phenomena. Most of them are transition metal oxides. In Figure 1.11 are summarized
the materials used for the resistive switching oxide layer and for the electrodes. In some
cases, conductive nitrides, like TiN and TaN, are also used as electrode materials. As
shown in Figure 1.12, where two graphs are sketched that resume the number of
publications taken from Google Scholar regarding the materials used as oxides in

20 Paolo Lorenzi PhD Thesis
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RRAMs, among the oxides, the most that have drawn attention are: HfOx, AlOx,
NiOx, TiOx, and TaOx [33], because, in the past, they and have been extensively
studied or integrated in CMOS compatible processes. The deposition of these kind of
oxides usually can be done in different ways: oxidation of a corresponding metal,
reactive sputtering and atomic layer deposition (ALD). Among these methods, ALD is
widely used due to the ability to control the thickness of the thin film in a very accurate

way.

The Periodic Table of the Elements

corresponding binary oxide that

I‘_I exhibits bistable resistance switching ﬁ I'ie
3_ 4 5 6 7 8 9 10
];l lie metal that is used for electrode E S I;I (3 E I\llf
Na AllSi|[P |S [Cl|Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K [Ca|Sc|Ti|V [Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
37 38 39 40 41 42 43 el 45 46 47 48 49 50 51 52 53 54
Rb| Sr| Y | Zr [Nb |[Mo| Tc |Ru|Rh|Pd|Ag|Cd|In [Sn|Sb|Te| I |Xe
55 56 57 72 73 4 75 76 kil 78 79 80 81 82 83 84 85 86
Cs|Ba|La|Hf|Ta| W |Re|Os| Ir | Pt|Au|Hg| Tl | Pb|Bi |Po | At |Rn
87 88 89 104 | 105 106 107 108 109 | 110 111 | 112 114 116 118
Fr |Ra|Ac|Rf |Db|Sg | Bh|Hs [ Mt
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce| Pr [Nd |Pm|Sm| Eu|Gd Tb |Dy|Ho | Er |Tm|Yb|Lu
90 91 92 93 94 95 96 97 98 99 100 | 101 102 103
Th|Pa| U |Np|Pu /Am/Cm|Bk| Cf|Es |Fm|/Md/No | Lr

Figure 1.11 Summary of the materials used for binary metal-oxide RS memories.
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Figure 1.12 Oxides used for RRAM memories (from Google Scholar)
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Although the preferred material for RS memories technology has not been determined
yet, it is clear that the proper choice of the combination of electrodes and oxide material
is crucial for the correct operation of the cell. Moreover, the fabrication processes should
be carefully controlled in order to prevent the oxide layers from suffering process

damage, such as plasma damages from the etching step and the deposition process.

1.4 ElectricalCharacteristics

According to the current-voltage (I-V) characteristics, it is possible to classify the RS
devices in two general categories: unipolar (nonpolar) and bipolar. On the basis of I-V
curves shown in Figure 1.13, in unipolar resistive switching mode (Figure 1.13a), the
switching direction does not depend on the polarity of the applied voltage and generally
occurs at higher voltage amplitude that of bipolar switching, where the memory
operations are polarity dependent (Figure 1.13 b). A fresh memory device with high
initial resistance state can be switched in to a low-resistance state (LRS) by applying a
proper voltage. This process occurs just one time and it is called the ‘electroforming’ or
simply ‘forming’ and it alters the resistance of the pristine device irreversibly [49-51].
After the forming process, the memory cell can be switched to a high-resistance state
(HRS), generally lower than the initial resistance, by the application of a particular
voltage called reset voltage. This process is called RESET. Switching from a HRS to a
LRS is called ‘SET’. In the SET process, generally, the current is limited by an external
current compliance (CC) in order to avoid irreversible device damage. In bipolar
resistive switching mode, the SET and RESET occur in the opposite polarity. For

example, as shown in Figure 1.13 b), the SET operation can be done by applying
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positive voltage on TE, while negative voltages reset the device. For bipolar switching to

occur, the MIM stack should be asymmetric generally, such as different electrodes.

A RESET
Current LRS

A Current

a)

SET HRS

Voltage HRS Voltage

LRS

RESET RESET

Figure 1.13 (a) I-V curves for unipolar (nonpolar) switching where the switching is
independent on the polarity of the applied voltage. In (b) a typical bipolar I-V is shown:
SET and RESET occur at opposite polarities. In the inset a schematic diagram of the

RS memory structure.

In Figure 1.14 typical (not best or worst) device characteristics of the emerging memory
technologies and the FLASH memories are compared [52]. Regarding the emerging
memory technologies, in this thesis, we are interested in the RRAM properties. The
first big advantage of the RRAM, compared to the FLASH technology, is the low
voltage needed to program and erase (SET/RESET) the cells. While for FLASH, more
than 10V are needed, for RRAMs volages lower than 3V are enough to perform the
SET and RESET operations. The second important advantage of RS devices is the
high speed of data reading but expecially the very high speed of writing/erasing.
Compared to FLASH, they can be 1000 times faster. As one can see in Figure 1.14,

also the cell area of RRAM is competitive with the FLASH (F in figure 1.14 is the
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minimum dimension of the technological process). Before taking into account the

reliability characteristcs, it is better to give some definitions:

1 Retention: the time that a memory holds its bit state when the power is
removed. This determine whether the memory is considered volatile or
nonvolatile.

1 Write Endurance: the number of times a memory can be programmed and
erased before it fails (i.e. cannot be further programmed or read). Another
parameter is the Read Endurance: the number of times a memory can be read
before it fails, but this is typically greater than or equal to the write endurance,

and hence the term “endurance” usually refers to write endurance.

While the data retention values are comparable for FLASH and emerging memories,
the endurance for RRAMs can be even 8 orders of magnitude greater than the NAND.
102 SET/RESET cycles have been demonstrated [53]. This is one of the reasons why

RRAM devices are very promising candidates as Storage Class Memory [34]

MAINSTREAM MEMORIES EMERGING MEMORIES
FLASH

NOR NAND STT-MRAM PCRAM RRAM
Cell area 10F <4F* (3D) 6~50F 4~30F 4-12F
Multibit 2 3 1 2 2
Voltage >0V >10V <15V 3V 3V
Read time ~50 ns ~10 ps <10ns <10 ns <10ns
Write time 10 ps-1 ms 100 ps-1 ms <10 ns ~50 ns <10 ns
Retention >10y >10y >10y >10y >10y
Endurance >1E5 >1E4 >1E15 >1E9 >1E6~1E12

Figure 1.14 Device characteristics of mainstream and emerging memory technologies.

Adapted from [52]
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1.5 Architecture
One of the common RS memories array architectures is the 1 Transistor 1 Resistor
(IT1R) array. In this sheme, each RS cell is connected in series to a selection transistor,
as shown in Figure 1.13. With the addition of a selection transistor it is possible to
isolate the selected cell from all other unselected cells. The WL controls the gate of the
selector; thus, tuning the WL voltage it can control the write current that is delivered to

the cell, e.g. the current compliance during SET.

Vser VReseT

00 I} 0 oI} 0 0
. WL o = WL o
iy Y
G

o

WL

S g
2= ——
hlEEE =
Selected Selected Selected

SL BL Cell SL BL Cell SL BL Cell
b
(@) (b) ©

:'—_LLW“‘

W-plug

|__Top Electrode |
TaO, |

W-plug

(e) (f)

Figure 1.15 A scheme of the 1T1R array during (a) set, (b) reset and (c) read. In (d) a
sketch of the direct contact between the memory cell and the drain of selector transistor

is shown. In (e) a different cell structure [wei2008] is inserted between the metal layers

M2 and M3 (f).

The memory cell top electrode connects to the BL while its bottom electrode connects
to the contact via to the drain of the transistor, as shown in Figure 1.15 (d). It is also
possible to insert the memory cell between two metal layers (Figure 1.15 (e)-(f)) in the

back end of line (BEOL). The source line (SL) connects to the source of the transistor.

Paolo Lorenzi PhD Thesis 25



Emerging Resistive Switching Memories and Neuromorphic Applications

Figure 1.15(a)—(c) shows the typical write/read scheme for the 1T1R array. For the
SET operation, WL voltage is applied to turn on the transistor of the selected cell and it
imposes the current compliance, and a SET pulse is applied to the BL of the selected
cell while SL is grounded. For the RESET operation, WL voltage is applied to turn on
the selection transistor of the selected cell without imposing a current compliance. As
RRAMs usually needs bipolar switching, a RESET pulse is applied to the SL of the
selected cell while BL is grounded to reverse the polarity. For all the unselected cells,
the WL, BL, and SL are grounded. A read voltage, usually lower than the
SET/RESET voltages, is applied to the BL in order to read the data from the 1T1R
array and a WL voltage is applied to turn on the selection transistor of the selected cell,
while SL is grounded. A sense amplifier based circuitry can sense the difference in the
read-out current for HRS and LRS through the BL comparing it to a reference current.
Due to the off state for the unselected transistors, this writing/reading scheme is widely
adopted in order to prevent crosstalk or interference issues, and each cell can be
independently and randomly accessed. Multiple bits can be written/read in parallel

into/from the same WL by activating multiple columns.

Bitline (BIL)

} Memory element
o Selector
//
5 Wordline

Bottom electrode & ~ selector (WIL)

(a) (b)

Figure 1.16 Cross Point array scheme
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The other common array architecture is the cross-point array. It consists of
perpendicular rows and columns with RRAM cells sandwiched in between, as shown in
Figure 1.16. The cross-point array, in principle, can achieve a 4F? cell area, where F is
the minimun dimension allowable of the technological process; thus, it can reach higher
integration density than the 1T1R scheme. In the oneselector and one-resistor (1S1R)
architecture, the selectors are added in series with the memory element (Figure 1.16 (b))

to prevent cross talk or sneak current paths between cells.

In order to enable high density 1S1R cross-point arrays, an ideal selector should respect
several specifications derived from circuit performances, device and process
compatibility. One of the requirements for the selector is that a two-terminal device is
needed to not cause extra memory array area overhead. Furthermore, a selector should
be able to provide enough current for SET and RESET operations. For example, to
enable resistive memory with D10 A switching current, this translates to current density
of D10 MA/cm?2 for a selector, where targeting 10x10 nm2 cell size. The maximum
achievable cross-point array block size depends on the circuit performance like read
margin, read/write power, etc. All these aspects are strongly affected by the leakage
currents from the unselected memory elements. The leakage currents need to be as low
as possible for improving the overall memory operation [54]. Considering that an ideal
selector should have high current at high voltage as well as very small current at low
voltages simultaneously, this translates into a highly nonlinear characteristic [55]. As
most of the reported resistive memory cells exhibited better performance in bipolar
operation mode, a bidirectional selector, which could provide symmetrical I-V, such as

high drive current and highly nonlinearity at both polarities is required.
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Parameter Ideal value
ON current I, >10MA/cm”
Threshold Voltage, Vi, ~ 0V
ON/OFF ratio >10°
Processing temperature <400 °C
Operating temperature 85°C
Switching speed <50 ns
Operation polarity Compatible with memory element
Scalability Comparable with memory element

Figure 1.17 Selector Device requirements

In order to transfer selector nonlinearity to the 1S1R full cell, it is important that the
selector element is compatible with the memory cell, to guarantee enough current
during writing operations and limited leakage current from the unselected memory
elements. This means that the selector characteristics as: currents, speed, reliability,
array yield and variability should be as good as or even better than the resistive memory
cell [55]. Moreover, the materials composing the selector should be CMOS compatible,
as for the memory element, thus limiting the usage of materials such as Pt, Ag, Au, etc.
To enable 3D stacking of the memory arrays, the thermal budget of selector device
fabrication should be BEOL compatible. It is also desired that a selector has a simple
structure and low aspect ratio, to reduce the process complexity. Some of the parameters

discussed are summarized in Figure 1.17.
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1.6 Physical mechanisnaf operation

It is widely accepted, that the physical mechanisms governing the switching phenomena
in the oxide RRAM are based on the migration of oxygen vacancies and ions with
related electrochemical reactions [56]. This ion drift is responsible for the formation
and modification of a conducting filament (CF) between electrodes. This physical
mechanism is also referred as redox (reduction/oxidation) effect [57]. The forming
operation, corresponding to the first set process in the fresh sample, is similar to a
dielectric soft breakdown. Initially, the oxygen vacancies (Vo?**) density, namely double
positive charged defects, in the metal oxide is relatively low. Under an appropriate
electric field, the pairs of Vo?* and oxygen ions (O%), double negative charged, are
generated. The potential barrier for O*migration is lowered due to applied electric field
and the oxygen ions drift toward the anode, where they form an oxygen reservoir, as

shown in Figure 1.18.

V= +Virmig Top Electrode
Top Electrode 3 . (XIXXX) LRS:
0% =0 +2e @} Filamentary Conduction

10 ' >
O {3 0+2e=Vo-+ 0% (9 CF
2, d }

b Forming: ®

Soft-breakdown V= +Veet V = +V,,.., (unipolar) or -V, (bipolar)

Bottom Electrode

Bottom Electrode Top Electrode JoREEcHEHE

0 000 0% =0 +2e" 0 +2e=0%

Reset:

Without interfacial barrier:
0% diffusion (unipolar)
With interfacial barrier:
0% Drift (bipolar)

oxygen ion
(O oxygen vacancy

Freshsample: IRS () Cathode HRS:
Bulk Leakage Conduction © oxygen atom

O @l O+2e=Vo +0%* Vo +0%=0 +2e"

Set:
Soft-breakdown

Top Electrode

Top Electrode
(XX X)
6]

Metal Oxide

Bottom Electrode

Bottom Electrode

Figure 1.18 Picture of the switching mechanism in RRAMs

Paolo Lorenzi PhD Thesis 29



Emerging Resistive Switching Memories and Neuromorphic Applications

At the same moment, in the bulk, oxygen vacancies are generated and they lead to the
formation of the conductive filament. Usually the as-deposited RRAM oxide films are
amorphous or poly-crystalline, thus the CF is preferentially created along the grain
boundaries [58]. The forming operation brings the RRAM cell in the LRS. During the
RESET process, due the reversed electric field, O* are injected again in the insulating
layer and they recombine with the Vo?* composing the CF. In this way a gap region is
created and the conductive filament is partially ruptured, thus originating the HRS. The
residual CF with oxygen vacancies rich region is referred as the “virtual electrode” and it
is responsible of the fact that the current in HRS is higher than the current in the
pristine material. In the following SET process, the migration of oxygen ions occurs in
the gap region and the CF reconnects both electrodes. This picture gives a

phenomenological description of the experimental observations for many binary oxide

RRAM devices.

1.6.1Resistive Switching

As discussed in the previous paragraph, the oxygen ion migration is responsible of the
switching phenomena in the RRAMs memory cell. This migration can be described
through the ionic drift equation [59] and it can be derived from the simple rigid point-
ion model illustrated schematically in Figure 1.19 [60, 61]. In solids, an ion hops in the
net potential of the lattice ions. The solid parameters playing a role are the periodicity a
and the activation energy Uy The application of an electric field E, through an external
voltage applied, modifies the potential shape and results in an effective barrier lowering
by a factor D *gFEa/2. Therefore, the overall effect on the average drift velocity can be

described by the formula:
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nadaE
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Where fis the frequency of escape attempts, ¢ is the electron charge, K the Boltzman

constant and 7'is the temperature.

&

..
. @) .

Figure 1.19 Illustration of vacancy drift. In a) the rigid point-ion model. In b) the
corresponding potential energy profile and in c) the barrier lowering due to an applied

electric field.

We should notice that the electric field in 1.1 is the local electric field and it can be
much higher than the average field Enen that is determined from the applied bias
voltage V= [Encn(x)dx. In addition, the temperature expressed in 1.1 is the local

temperature and it takes in to account Joule heating, which contribution is important
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due to high current densities and electric field. The local temperature can be described

by the equation:

T=T, 40y 12

O Oxygen vacancy
@ Oxygen ion
© Oxygen atom

o ot Residual filament

Figure 1.20 Conceptual picture of the conductive filament growth

In Figure 1.20, all the complex phenomena involving oxygen ions and vacancies
migration are simplified into the growth of a single dominant filament that
governs the switching process [63]. The size of the gap (g) between the tip of the
filament and the electrode is the state variable determining the device resistance value.
The kinetic of the state variable g can be described by the equation 1.1 in combination
with 1.2 and taking in to account that the electric field £ in 1.1 is the local electric field.
This mean that this is the electric field in the gap region and it is much higher than the

mean electric field simply calculated by E=V7%,., where V is the external applied voltage
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and £, is the oxide thickness. A local enhancement factor that takes into account the
non-uniform potential distribution in the cell is needed. The electric field in the gap
region generally increases when the gap size decreases. In this way, field decrease as the
tip of the filaments gets farther away from the electrode. A simplified expression of the

dependence of the enhancement factor with the gap length is:

g= (gcogb, 1.3

where gis the enhancement factor and g, ¢ and 4 are fitting parameters [63-651].

An alternative approach is the description of resistance switching via the numerical
solution of differential equations that include continuity equations for charge carriers
(Poisson equation), heat transport (Fourier equation), and ionized defects based on a

drift/diffusion model [61]. The set of equations is given by:

PsDY 6
-, D s PY 1.4
Eb- gp B aFn)

Lt

S in the first equation of 1.4 is the electrical conductivity and Y is the local potential. In

the heat transport equation 4 is the thermal conductivity. The term |sD Y]2 represents
the local dissipated power density given by the product of the field by the current
density, while - 8, D term is the corresponding space variation of the heat flow. In
the drift/diffusion ionic current equation 7p is the ions concentration, D is the ionic
diffusivity, and { is the ionic mobility. Diffusivity and mobility were assumed to be
described by the Einstein relation. Finally, the electric conductivity A and thermal

conductivity 4, were assumed to depend on 7p.
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Figure 1.21 1) Experimental data for RESET and model [66]. In 2 a) the defect
density and b) the local temperature from the points A to D marked in the IV curve in

1. In 3 the contour plot of the density concentration from A to D and from A' to D'.

In Figure 1.21 1) Experimental RESET data, with points A,B,C and D highlighted
and the curves calculated with equation 1.4 are shown [66]. In 2) the profile of

calculated defect concentration 7p (a) and temperature (b) for points A-D are depicted.
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At the RESET voltage, corresponding to point B, the temperature has a maximum
value around 500 K thus the ion migration started in the direction of the electric field
(towards the BE). Due to this process, the regions above the middle of the CF strongly
decreased the concentration of defects, while the region below the center of the CF
shows the increase of defects concentration. Increasing the voltage, the depleted gap
length increases, thus increasing the resistance as observed in the I-V curves in 1). As
the depleted gap extends, the local temperature in 2) (b) changes, since the voltage drop
mostly occurs in the gap region. As a result, the portions of the CF above and below the
depleted gap stay at lower temperature and electric field, decreasing the migration flux
of ionized defects. To sustain more defect migration and the corresponding resistance

increase. This is why we observe a gradual RESET in Figure 1.21 1). In 3) it is shown

1.6.2Current Conduction Models
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