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Department of Electronics Engineering and Institft&lectronics

National Chiao Tung University

Abstract

Due to the popularity of portable equipment,sushmmbile phone and MP3 player, the
requirements of nonvolatile memory (NVM) increasgndicantly in the semiconductor
industry. The mainstream of NVM:nowadays is thesklanemory; however, the Flash
memory has some issues such as high operationgeoltaw operation speed, and poor
retention time and coupling interference effectimiyithe memory scaling down. Therefore,
some new-type Flash memories, such as chargestigqpdSONOS) Flash and
band-engineered SONOS Flash are studied to reghacegaditional Flash memory. Besides,
researchers are eagerly finding one kind of neregation NVM possessing the advantages
of high density, high speed, and nonvolatility oRAM, SRAM, and Flash memory,
respectively. One of the promising candidates oftigeneration NVMs is the resistive
random access memory (RRAM) owing to its low operatvoltage and power, high
operation speed, high scalability, good endurarsseall size, etc. Resistive switching
properties have been observed in many kinds of matgesuch as doped SrZg@5Z0) and

doped SrTiQ@, transition metal oxides, PtCaxMnO; and La xCaxMnOs, and organic and



polymer materials. In this dissertation, the résgsswitching properties and mechanisms of
the SZO-based memory devices are studied in depth.

In this dissertation, Chapter 1 introduces the mesp especially for the RRAM.
Chapter 2 shows the experimental procedures ofdéwces indicated in this dissertation.
Chapter 3 presents the properties of the SZO-basmdory devices with LaNi©(LNO)
bottom electrode and Al top electrode (Al/SZO/LNBERE devices), which have bipolar
resistive switching characteristics. The dopingee of the SZO-based ERE devices are
investigated, indicating that a proper concentratid doping into the SZO film can improve
the resistive switching properties, such as restgaatio and stability. The resistance ratio
between high resistance state (HRS) and low resistatate (LRS) of the 0.3%-V:SZO ERE
device is over 1%) and retains 1000 after applying 100 voltage siveppycles. This device
has stable resistive switching properties even whermeasurement is performed at A00
The retention time of the devicé is_longer thafis1@nd the nondestructive readout property
of the device is also examined.

Chapter 4 presents the properties of the SZO-basmdory devices with Pt bottom
electrode, LNO buffer layer, and Al top electrodd/$ZO/LNO/Pt, ERBE devices), which
possess nonpolar resistive switching charactesislibe nonpolar switching is considered as
an intrinsic property of the SZO-based memory devjicwhile the electrode materials
employed in the devices would determined the resigwitching polarities. The operation
voltages of the 0.3%-V:SZO ERBE device are less thd, and the resistance ratio of the
device is higher than 10This device with Pt bottom electrode has lowsistive switching
voltages and higher resistance ratio comparisoh thig 0.3%-V:SZO ERE device with LNO
bottom electrode. The resistive switching speedhef0.3%-V:SZO ERBE device is 10ns,
which is the fastest speed in comparison with tfathe previous reports. The device has
stable resistive switching properties even whenntieasurement is performed at 360The
nondestructive readout property of the device $® @lemonstrated, and the retention time of

iv



the device is longer than &0

The resistive switching mechanism of the SZO-basethory devices are considered as
the formation and disruption of the current pathisich possibly attributed to the storage and
release of electrons in the trap states of the 8lB® The conduction mechanisms of both
LRS and HRS currents of the SZO-based memory devare dominated by Ohmic
conduction and Frenkel-Poole emission, respectively

Consequently, the SZO-based memory device with gagedistive switching
characteristics including low operation voltagey lpower consumption, high operation speed,
long retention time, nondestructive readout, angp#e structure is a promising candidate for
next-generation NVM applications.

Finally, the experimental results and discussiom suummarized in chapter 5. Some

suggestions for future work are also provided ia thapter.
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Chapter 1

I ntroduction

1.1 Introduction to Memories
Memories can be classified into two groups acc@rdmtheir volatility. The first
group is the volatile memory (VM). The most impottdeature of the VM is that the
stored data loses immediately as soon as the syisteorned off. In other words, it
requires a constant power supply to maintain tgest information. The second group is
nonvolatile memory (NVM), whose stored data carrddained for a long time without
any power supply. The details.of these two groupsemories are discussed in the

following sections.

1.1.1 Volatile Memories
Two main kinds of VM are dynamic random access nmgn{fPRAM) and
static random access memory (SRAM). The DRAM andMRells are shown in
Figs. 1-1 and 1-2, respectively. The size of a DReé¥ consisting of one transistor
and one capacitor (1T1C) is very small (6-32H], so the density and capacity of
DRAM is very high. However, to repeatedly refresttle DRAM cell is necessary
to retain the stored information, or the storedadatill lose within a few
milliseconds. A SRAM cell (50-80fF which consists of six transistors is more
complicated than the DRAM cell [1], so the costSRAM is higher than that of
DRAM. In addition, the operation speed of SRAM isigh higher than that of
DRAM due to the refresh process is not neededierS3RAM. Hence, the SRAM

with high operation speed is usually used as a coengache memory.



1.1.2 Nonvolatile Memories

Due to the popularity of portable equipment, sushmobile phone and MP3
player, the requirements of NVMs increase signiftba in the semiconductor
industry. An ideal NVM includes the properties oW operation voltage, low power
consumption, high operation speed, high endurarioeg retention time,
nondestructive readout, simple structure, smak,slaw cost, etc [1]. However,
there is no one kind of NVM possessing all of thewae properties up to now.

The mainstream of NVM nowadays is Flash memorytaiomg the NOR
Flash and NAND Flash. The NOR Flash has higher aimer speed, which is
suitable for use of computer coding memory. Ondtieer hand, the NAND Flash
with higher density is used for data storage memArtypical memory cell of the
Flash memory is consisted of one MOSFET-like trstosiwith one floating gate as
shown in Fig. 1-3. The logic high _.or low:is detened by charges stored in the
floating gate or not,~“which alter the ‘threshold tage of the MOSFET-like
transistor.

However, the Flash memory has some issues suclglasoperation voltage,
low operation speed, and poor retention time angblaog interference effect during
the memory scaling down [2]. Therefore, some nepetiflash memories, such as
charge-trapping (SONOS) Flash and band-enginee@ICs Flash are studied to
replace the traditional Flash memory. Besides,arebers are eagerly finding one
kind of next-generation NVM possessing the advaegagf high density, high speed,
and nonvolatility of DRAM, SRAM, and Flash memorgspectively. Four possible
candidates for next-generation NVMs, including defectric random access
memory (FeRAM) [3]-[5], magnetoresistive random esx memory (MRAM)
[6]-[8], phase change random access memory (PCRMW)14], and resistive
random access memory (RRAM) [1], [15]-[110], arsadissed in detail in Sec. 1.2.
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1.2 Introduction to Next-generation Nonvolatile Memories
1.2.1 Ferroelectric Random Access Memory

A material with a spontaneous polarization and ploéarization can being
altered by applying an electric field is calledfetroelectric material. A typical
structure of the ferroelectric material is the AB&ructure (perovskite structure) as
shown in Fig. 1-4, where the A, B, and O atomslacated at corner, body center,
and face center of the cubic, respectively. Wherelantric field is applied to the
ferroelectric material, the B atom with two therngndmically stable positions is
located depended on the polarity of the applieatete field. The polarization
hysteresis curve of the ferroelectric material hewen in Fig. 1-5. The hysteresis
phenomenon of ferroelectric material can be used\\dM applications called it
FeRAM. The FeRAM can be subdivided into two typ&ke first type is the
metal-ferroelectric-semiconductor FET (MFSFET) stiwe as shown in Fig. 1-6.
The structure is very Similar-to_the MOSFET excéya oxide film is replaced by
the ferroelectric film. The/pelarizations (+Pr d?r} of the ferroelectric film will
affect the drain current of the transistor, andrtteamory effect of the MFSFET type
FeRAM is nonvolatile and with nondestructive readaoperty. The second type is
the DRAM-like 1T1C structure similar to Fig. 1-1,here the dielectric of the
capacitor is replaced by the ferroelectric film.eTolarizations of the ferroelectric
film will also affect the current of the device. & memory effect of the DRAM-like
FeRAM is also nonvolatile; however, the read predesdestructive and needing a

re-write process.

1.2.2 Magnetor esistive Random Access Memory
The basic MRAM cell is the magnetic tunneling juaotwhich consists of two
magnetic layers sandwiching a thin tunneling lager shown in Fig. 1-7. The

3



magnetization of one magnetic layer (referencer)agefixed and kept in a specific
direction. The other layer (storage layer) can Wweched to parallel or antiparallel
to the reference layer by applying a specific mégrieeld. The logic high or low is
determined by the resistance of parallel or ansilbarstate. In read process, a small
current flowing through the tunneling layer is diéel to recognize the resistance
states. The MRAM with nonvolatility like Flash memphigh operation speed like
SRAM, and high density like DRAM seems a possiblendidate for the
next-generation NVM. However, the reliability ofethtunneling layer and the

limitation during the device scaling is the mosportant challenge of MRAM.

1.2.3 Phase Change Random Access Memory

The PCRAM, also named it phase change memory (P@M)onic unified
memory (OUM), is a promising technology to meet thgquirements of the ideal
NVM. The basic memaory cell-of PCRAM is shown in Fi}8 [10], where the
GeSbTe (GST) chalcogenide. alloy. material has beeptad as a primary material
of the PCRAM. The PCRAM utilizes two different sttural phases of the GST,
amorphous and polycrystalline, for data storageeset process, a high magnitude
current pulse with short trailing edge is appliedtibe programmable volume of the
phase change material. The temperature of the mlagxceeds the melting point
which eliminates the polycrystalline order in thelume. When the reset pulse is
terminated, the device cools to “freeze in” the gohous structure. This cooling
time about several nanoseconds is determined byh#renal environment of the
device, and the fall time of the reset pulse. Inmecess, a moderate magnitude
current pulse with sufficient duration is appliednhaintain the device temperature
for crystal growth. The amorphous structural sfatgh resistance state (HRS)] or
the polycrystalline structural state [low resistastate (LRS)] is read by applying a
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low magnitude and long duration current pulse. Time-temperature relationship
of the PCRAM is shown in Fig. 1-9 [10]. During teet and reset processes, large
Joule heating is applied on the phase change raktarid hence, huge power is
consumed. How to reduce the power consumption guhia PCRAM operation is

a significant challenge of the PCRAM.

1.2.4 Resistive Random Access Memory

Resistive switching properties have been obsemadany kinds of materials,
such as transition metal oxides and perovskiteesxidhe resistance of the material
can be switched to another stable value by applgingelectric signal, such as
sweep voltage or voltage pulse, and it can be bettdack to the original value by
applying another electric:signal. Table 1-1 perfertime comparison with the Flash
memory and next-generation NVMs [1]. This tablewbadhat the RRAM with low
operation voltage and ‘power; ‘high-operation speiggh, scalability, good endurance,
small size, etc., which is the-most potential cdath of next-generation NVM. The
details of the RRAM such as structures, mater@eration methods, and possible

resistive switching mechanisms are discussed in158c

1.3 Introduction to Resistive Random Access Memory
1.3.1 Sructures
® Cross-point Memory Array
The simplest structure of RRAM is the cross-poiethmory array shown in Fig.
1-10 [15]. The memory materials are sandwiched eéetwtwo sets of electrodes,
which form an electrode/resistor/electrode (ERE)ctire. This structure results in
a minimum cell size of 4F Besides, a stack of cross-point memory array can
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reduce the minimum cell size to 4/fr for n layers stacking as shown in Fig. 1-11
[15]. However, the cross-point memory array hasréogas problem of misread. Fig.
1-12 describes the misread of the cross-point mgraoay [16]. For instance, the
resistance of (3, 3) cell is misread from HRS tdSLecause the read current flows
through 3 neighboring cells which were switched RSs. Therefore, one diode and
one resistor (1D1R), and one transistor and onestoes(1T1R) structures are

developed and discussed in the following sections.

® OneDiodeand OneResistor Sructure

The basic circuit diagram and the cross sectiow wehematic diagram of the
1D1R structure are shown in Figs. 1-13 and 1-1gheetively. In this structure, the
minimum cell size is 4E’and the misread problem can be prevented by the

combination of the diodes (Fig. 1-13).

® OneTrangstor and One Resistor Sructure

The 1T1R structure of RRAM is depicted in Figs.3ldnd 1-16 [17], where
the transistor and the ERE device are fabricatedarfront-end and back-end of the
conventional CMOS process, respectively. The mimmeell size of the 1T1R
structure is 6F Besides, some improved structures based on these structures
are also proposed, such as plug electrodes. Fig. performs the plug bottom
electrode (BE) of the ERE device. Bagtlal. had demonstrated that the uniformity
of resistive switching can be improved by usinghey electrodes [16].

The ERE device is the key element of RRAMs, so waniy focus on the

ERE device (Chapter 3) and its modification (Chag)an this dissertation.



1.3.2 Operation Method
The operation methods of RRAM including write (twom), erase (turn-off),
and read are discussed in this section and showiginl-15. To write or erase the
selected resistor, a specific electric signal ipligd on the bit line (BL). A tiny
electric signal, which cannot switch the resistoapplied on the BL for reading the

resistance value of the selected cell.

1.3.3 Material Groups

Resistive switching properties have been obsemadany kinds of materials,
such as doped SrZgdSZO) and doped SrT¥XSTO) [18]-[40], transition metal
oxides [16], [17], [41]-[76], RtxCaxMnO3z (PCMO) and LaxCaxMnO; (LCMO)
[1], [22], [77]-[99], and  organic and polymer masts [15], [100]-[110]. For
example, Beckt al. proposed that the Cr-doped SZO can switch itstaste value
by applying a sweep voltage or voltage pulse [T8le multilevel switching was
also demonstrated in this paper [18].- $e@l. proposed that the polycrystalline
NiO possesses the resistive switching behaviorropgr growth ambiance [41].
They also demonstrate the effect of the area ofeteptrode (TE) [42]. Liet al.
demonstrated the electric-pulse-induced reversiglestance change effect in
PCMO [77]. Unlike the PCRAM, there is no polycryite-amorphous phases
transition in these materials. In this dissertatithe resistive switching properties
and mechanisms of the SZO-based memory devices asigletention time and

endurance are studied in depth.

1.3.4 Conduction Mechanisms
The resistive switching mechanisms of each RRAMemalt are not clearly
understood up to now. Therefore, the conductionhamesms of each resistance
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state of the RRAM device are studied for furthedenstanding of the resistive
switching mechanisms in each RRAM material. In g@stion, six basic conduction
mechanisms in insulator are summarized in Table [144] and discussed in

follows.

® Schottky Emission

The Schottky emission is caused by thermionic eomssf carriers across the
interface between metal and insulator or betwesual@tor and semiconductor [111].
Therefore, the Schottky emission is also nametdtrionic emission. If carriers
transport in an insulator is by this mechanism/a pf Ln(J/T°) versus 1/T in a
specific voltage is a straight line, and the slope determine the permittivity of the
insulator. Besides, a plot.of Ln(J) versu&?\at a fixed temperature is also a straight

line.

® Frenkel-Poole Emission
The Frenkel-Poole (F-P) emission is due to fieldaarte thermal excitation of
trapped electrons into the conduction band [11b}. the F-P emission, plots of

Ln(J) versus 1/T in a specific voltage and Ln(Me)sus ¥ at a fixed temperature
are straight lines. The quantityg/7z of Schottky emission is a half than that of

F-P emission due to the Schottky effect (imagedanduced lowering effect) [112],

and the F-P emission is highly relative to the tlapsity of the insulator.

® Tunne or Field Emission
The tunnel or field emission corresponds to eletrunneling from the metal

Fermi energy into the insulator conduction bandfield ionization of trapped



electrons into the conduction band [111]. This eiois is strongly dependent on the
applied voltage, but is essentially independenthentemperature. A plot of Ln(J?y

versus 1/V is a straight line in this conductioncimnism.

® Space-charge-limited Current
The space-charge-limited current (SCLC) is causechriers injected into the
insulator and no compensation charge is preserit].[Tlhe density of SCLC is

direct proportion to ¥ and is essentially independent on the temperature

® Ohmic Conduction

The Ohmic conduction is results from thermally &@ielectrons hopping
from one isolated state to'the next state [111¢alfiers transport in an insulator is
by this conduction, plots_of Ln(J) versus-Ln(V)afixed temperature and Ln(J)

versus 1/T in a specific voltage are straight liwés unity slope.

® |onic Conduction

The ionic conduction is similar to a diffusion pess. In this mechanism, the
voltage and current dependence is the same witiDtimeic conduction at a fixed
temperature, and a plot of Ln(JxT) versus 1/T specific voltage is a straight line
with unity slope. In addition, each conduction meagsm may dominate in some
voltage and temperature ranges, and there arebbpo$sio or more mechanisms

causing the conduction in an insulator.

1.3.5 Resistive Switching M echanisms
The resistive switching properties have been pregpo;n many RRAM
materials with some similar or different charageecs; however, the resistive
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switching mechanisms of each material are not lglesrderstood and explained so
far. The reasons of resistive switching can be buglassified into three types,
including charge transfer, modulation of Schottlyrker, and formation and rupture
of conducting paths. Besides, some possible resisswitching mechanisms
proposed by several well-known research groupscantpanies are also discussed

in this section.

® ChargeTransfer

The first type of resistive switching mechanismscaising by the charge
transfer, such as trapping and detrapping of ttafes, and changes in valences.
Based on these mechanisms, the resistive switobiegrs in the bulk resistive
layer.

Odagawa [National Institute of Advanced Indust@&aience and Technology
(AIST), Japan]et al. proposed that the resistive switching in PCMO fimth
Ohmic contacted with Pt and-Ag electrodes is asdriio trapping and detrapping of
carriers (holes), due to the currents of the PCN@edd device follow the
trap-controlled SCLC [82]. Chen (Spansiogf) al. proposed that the resistive
switching of the CyO-based ERE device is corresponded to carrierpéc@and
detrapped in deep traps. In this device, a dramiticncreased current occurs
while the deep traps are filled. The retention timedetermined by the thermal
release time of deep traps [53].

Beck (IBM) et al. reported that the resistive switching in Cr-dof@tD-based
device is due to the transformation of the vale{€% and Cf*) [18]. In this study,
the transitional element (Cr) is doped into the SE@ to form some energy gap
states. Applying an electric signal on the deviaa change the valences of the
dopants, and then the energy level of the dopantalso changed. Hence, this
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changing of energy level can cause the resistivielsing in the RRAM material.

® Modulation of Schottky Barrier

The second type of resistive switching mechanismcasising by the
modulation of the Schottky-like barrier. Sawa (AlJSJapan)et al. reported that
resistive switching in PCMO film with Ti and SrRyCSRO) electrodes is ascribed
to the modulation of the Schottky-like barrier ihet PCMO film near the Ti
electrode [22], [80]. In this study, applying a jjiog voltage on Ti (reverse bias)
causes the electrons accumulating into the interiates, and hence raises the
height and/or width of the Schottky-like barrier.dddition, applying a forward bias
leads to the electrons extracting from the intexfatates, and lowers the barrier
height and/or width. Consequently, the.modulatibthe Schottky-like barrier can

lead to the resistive switching as shown in-Fig.81[22].

® Formation and Disruption ef Current Paths

The third type of resistive switching mechanisntaasing by the formation
and disruption of current paths. Based on this meisim, the resistive switching
occurs in the bulk resistive layer. Liu (UniverstalyHuston)et al. proposed that the
resistive switching in the PCMO-based device isriaed to the formation and
disruption of current paths [77]. These paths amenéd by applying a positive
voltage pulse, and ruptured by applying a negatiokage pulse. Similarly, Seo
(Samsung)et al. reported the formation and disruption of curreathg in the
NiO-based device [42]. However, the reasons of &iom and disruption of current
paths are still controvertible. The possible reasanme the nucleation and dissolution
of metallic or carbon clusters, traps trapping ahetrapping, formation and
disruption of grain boundaries, etc.
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Besides, the resistive switching mechanisms shbeldcelated to the materials
used and structures of the devices, and could ladsoelated to the fabricating

methods of the devices, which may lead to diffedsiect densities.

1.3.6 Resistive Switching Polarities

The resistive switching properties can be divide itwo types based on the
resistive switching polarities. First, Fig. 1-19rfjoem the typical current-voltage
(I-V) curves of the bipolar resistive switching. rFexample, applying a positive
voltage can switch the device from HRS to LRS, apglying an opposite (negative)
voltage can switch the device back to HRS [Fig.91a]], and vice versa [Fig.
1-19(b)]. Second, Fig. 1-20 shows the typical I-Mrnv@ of nonpolar resistive
switching. Nonpolar switehing means that the dewiae be switched to another
state by applying an -electric' signal regardlesghef directions. In other words,
applying one positive (negative) voltage can switehdevice to LRS, and applying

another positive (negative) veltage can switchdéeice back to HRS.

1.3.7 Criteria
For the industrial application of RRAM, there arenr® criteria should be

taken into consideration described in follows.

® Operation Voltage

The resistive switching voltage smaller than 10Vai#icipated. The large
operation voltage of Flash memory is considered dsawback for application. A
large operation voltage will result large power samption and cause a reliability

issue.
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® Operation Speed

Generally, the higher the operation speed is thebthe device performance.
The operation speed of Flash memory is about 1nfarsd herefore, in order to
replace the Flash memory, the operation speedeoRIRAM should be less than
1ms. In addition, the operation speed should be fkean 10ns for replacing the

DRAM.

® Resistance Ratio

The larger the resistance ratio is the better thece performance. The larger
resistance ratio will provide a larger sensing nmitg read the stored data. The
resistance ratio should be larger than 5 at leasaécurate sensing; however, the

ratio should be larger than 100 in the stage of filin deposition.

® Retention Time
The retention time should be lenger than 10 yearms@n temperature (RT).
Up to now, the reported results of RRAM are abewesal months at RT. Besides, a

thermal acceleration test is also used for teghiegetention time of RRAM.

® Nondestructive Readout
The specification of nondestructive readout is that stored information can

be read for 1 times without any degradation.

® Endurance
The endurance should be larger thaf fbd replacing the Flash memory, and

be larger than 16 for replacing the DRAM.
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® Resistance Value

The specification of the resistance value of LRSaut 1~100R. For
instance, the current density of RRAM device shoogd15~10" A/lcm? for the
device area of 0.01m® However, there are a few reported results satisiy

requirement.

® Multilevel Switching
Some RRAM materials have been reported that theg haultilevel switching
properties. The multilevel memory states can imprtwe density and capacity of

RRAM.

1.4 Outlines of This Dissertation

Chapter 1 introduces“the memoaories. including VMs,M¢Y and next-generation
memories. RRAM, one of promising candidate of mgederation memory, is also
discussed in detail in this chapter.

Chapter 2 presents the experimental procedurestt@dechniques used in this
dissertation to characterize the electrical andsplay properties of the RRAM devices.

Chapter 3 presents the bipolar resistive switclpirggerties of the SZO-based ERE
device. The conduction mechanisms of each resistatate and the possible resistive
switching mechanisms are discussed in this chajrerddition, the electrical and
physical properties, such as crystallization, retentime, endurance, and nondestructive
readout properties, are also demonstrated.

Chapter 4 discusses the nonpolar resistive swigchnoperties of the SZO-based
electrode/resistor/buffer/electrode (ERBE) devitiee electrical and physical properties

of this device are presented in this chapter.
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Chapter 5 is the conclusions of this dissertatiwh the suggestions of future work.

1.5 Value of ThisDissertation
RRAM is the most promising candidate of next-getiera NVM. In this
dissertation, the resistive switching charactarssiof the SZO-based ERE and ERBE
devices are carefully investigated in detail. Thsuits show that the SZO-based devices
possess excellent properties including high opemaspeed, low operation voltage and
power consumption, nondestructive readout, longntein time, simple structure, etc. In
addition, the conduction and possible resistive tdwng mechanisms are also
demonstrated in this dissertation, which couldstass and other researchers to improve

the reliability and performance of the SZO-basedARRlevice.
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Table 1-1 Comparison with the Flash memory and-gekreration NVMSs [1].

Function DRAM SRAM Flash OUM MRAM RRAM
Non-volatility No No Yes Yes Yes Yes
Program power Low Low High Low High Low
Program voltage Lo1 Lo1 High Medium Low
Read dynamic margin 100- 100- Delta 10X — 20 - 40% 10X —

200mv 200mv Current 100X 1000X
Write - Erase time 50ns - 8ns - 8ns 1us — 10ns - 30ns - 10ns -
50ns 1-100ms 50ns 30ns 30ns
Read time 50ns 8ns 50ns 20ns 30ns 20ns
Program energy Medium High High Low Medium Low
Multi-bit storage No No Yes Yes No Yes
Scalability limits Capacitor 6T T-Ox/HV Litho Current Litho
Endurance oo oo 10’ >10" 210" 210"
Cell size (F9) 6-12 50-80 7-11 5-8 ? 4

Table 1-2 Basic conduction mechanisms in insultbt].

mechanism

expression

voltage and temperature depender]

ce

Schottky emission

J=A*T2exp

~q(@ - JoE/ 272 )
T

J ~T2exp(+a\/\7 m-qg /kT)

F-P emission

J~Eex

~o(@=veEr7z )
kT

J~V exp(+21«/\7 T -og /kT)

4/2m* 312
tunnel or field emission J~FE? exp{—% J~VZexp(-1N)
2
SCLC J= 9‘2';’:’ 3oy
Ohmic conduction J ~ Eexp(-AE,, /KT) J~Vexp(- 1)

ionic conduction

J~ % exp(-AE, /KT)

J ~¥exp(— 1)

A* =effective Richardson constanyg, =barrier height, E =electric field, &, =insulator dynamic permittivity,

M* =effective mass,d =insulator thickness AE, =activation energy of electrond)E,; =activation energy of ions,

and a=,/q/4rEd .



DRAM cell l """ i |BL

__________________________________

Fig. 1-1 DRAM cell with 1T1C structure. The accésssistor is selected by word-line

(WL) and bit-line (BL).

__________________________________________________________________

] T5 '
i | | T .
BL| { o SRAM cell! |BL

Fig. 1-2 SRAM cell with six transistors.
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Fig. 1-4 ABQ structure (perovskite structure).

applied
electric field

Fig. 1-5 Polarization hysteresis curve of the F&RAaterial.

18



ferroelectric film | .onirol gate

Fig. 1-6 MFSFET structure of the FeRAM.
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N\ magnetic
LRS layer HRS

Fig. 1-7 Parallel state [low resistance state (JJR8d antiparallel state [high resistance

state (HRS)] of the MRAM.
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Fig. 1-8 Basic memory cell of the PCRAM [10].
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Fig. 1-9 Time-temperature relationship of the PGRAO].
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Fig. 1-10 Cross-point memory array of the RRAM][15

on

T--71

- open

B/LW/L 1 2 3 -+
1 28M | 7.4M | 7.4M | 27M
2 28M | 770 | 1.1K | 7.6M
4 35M | 7.1M | 7.2M | 1SM
5 23M | 18M | 18M | 22M

Fig. 1-12 Misread case of the cross-point memaonyyg16].
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Fig. 1-13 Basic circuit-diagram of the 1D1R sturetof RRAM.
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Fig. 1-14 Cross section view schematic diagraithefLD1R structure of RRAM.
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Fig. 1-15 Basic circuit.diagramof the 1T1R sturetof RRAM.
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Fig. 1-16 Cross section view schematic diagraneflT1R structure of RRAM [17].
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Fig. 1-17 Plug BE structure of the ERE device.
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Fig. 1-18 Modulation of the Schottky-like barr{ee].
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Fig. 1-19 Typical I-V curves of the bipolar resist switching.
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Fig. 1-20 Typical I-V curve of the nonpolar resistswitching.
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Chapter 2

Experimental Details

2.1 Radio-frequency Magnetron Sputtering System

Sputtering system has been extensively used tosdepetal and dielectric films

because of its easy-control and low-cost properfieshis dissertation, we utilize a

radio-frequency (RF) sputtering system to depdmtdielectric thin films including the

LaNiOsz (LNO) bottom electrode and SZO resistive layere Tltustration of the system

is shown in Fig. 2-1, and the system is composetdefollowing components.

Sputtering chamber: including a'3-inch sputtering with target and shutter, and a
rotatable substrate holder controlled by a DC motor

Vacuum system: consisting of ‘one mechanical pump rémgh vacuum, one
diffusion pump for high. vacuum, and-.several exhagswalves to control the
vacuum system.

Pressure and ambient control system: consistingevtral vacuum gauges, gas
supply, and mass flow controllers. The vacuum gaugel exhausting valves are
used during the pumping process. The base presestine chamber was evacuated
to 1x10° Torr before a deposition process. The exhaustalgey gas supply and
mass flow controllers can control the flow ratedofand Q gases and the working
pressure during a deposition process.

Heating module: with four quartz lamps and two tha&lrcouples. The substrate was
heated by the quartz lamps, and the substrate tatape was calibrated by thermal
couples, one sat near the lamps and the othett doatacted with the substrate.

RF generating system: including one RF power geoer@d3.56 MHz) and an
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automatic matching box which can adjust the impedanf the total network for
minimum reflected power.

® Cooling system. During a deposition process, treihg lamps and plasma produce
a lot of heat in the chamber. The cooling watarssd to prevent a heat damage of

rotating system and sputtering gun.

2.2 Sample Preparation |

The p-type 4-inch Si (100) wafer was cleaned bystaadard RCA cleaning process.
And then, the wafer was chemically etched by diglinte HF solution to remove the
chemical oxide on the wafer. After the cleaninggess, a 200-nm-thick S@xide film
was thermally grown on the Si wafer at 860in an oxidation furnace in #and Q
ambient to perform an isolation layer. Then, a h@®thick LNO conducting film was
deposited on the Silsi substrate using.the RF-magnetron sputteringggysDetails are
discussed in Sec. 2.2.1. The ‘LNO film was heat¢dy the rapid thermal annealing
(RTA) furnace in @ ambient at 600, 700 or 8%D for 1 min. After that, a 50-nm-thick
pure SZO or V-doped SZO (V:SzZO) film was deposid the LNO BE by the
sputtering system. Details are discussed in SB2.Z-inally, a 300-nm-thick Al TE was
deposited on the substrate at RT using thermalagatgr to form an ERE sandwich
structure. The area of the TEs defined by a shatask was 4.91x1Dcn?. The device

structure is shown in Fig. 2-2.

2.2.1 Deposition of LNO Bottom Electrode
The LNO conducting film was deposited at 250t fixed power of 150W by
the RF magnetron sputtering from a powder targetriig the deposition, the
working pressure is 10 mTorr maintained by a mixtof Ar and Q gased at a fixed
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ratio of 3:2 with a total flow rate of 40 sccm.

The LNO sputtering target was prepared in the ¥alhg method. First, the
La,O3 and NiO powders were mixed in a stoichiometrigorand ball-milled in
absolute ethanol for 24h. After that, the mixturasvdried in a heat oven. Then, the
dried powder was calcined at 13Q0in a furnace for 4h. After that, the calcined
powder was ball-milled for 1h without any additite get the final LNO powder.
Finally, the LNO powder was spread on a target érolhd pressurized at 2X10
pounds for 40s to make it to a disk-shaped spuatdarget. The fabrication flow of

the LNO sputtering target is shown in Fig. 2-3.

2.2.2 Deposition of SZO Resistive Layer

The pure SZO and M:SZO films were deposited at°’60&t fixed power of
150W by the RF magnetron sputtering from a powasget. During the deposition,
the working pressure is' 10umTorr maintained by atumné of Ar and @ gases at a
fixed ratio of 3:2 with a total flow rate of 40 soc

The pure SZO sputtering target was prepared infdl@wing process. First,
the SrCQ and ZrQ powders were mixed in a stoichiometric ratio aat-illed in
absolute ethanol for 24h. The mixture was driechiheat oven. Then, the dried
powder was heated at 600 and D@or 2h, respectively, and calcined at 1250
for 8h. The powder was ball-milled for 1h withoutyaadditive. After that, the
powder was heated again at 600 and°80fbr 2h, respectively, and calcined at
1400C for 10h. The calcined powder was ball-milled agfir 1h without any
additive to get the final SZO powder. Finally, t80O powder was spread on a
target holder and pressurized at 2%p®unds for 40s to make it to a disk-shaped
sputtering target. On the other hand, the V:SZQtsepng target was prepared in the
same way except the powder mixture. In this diasert, \V,Os was used for V
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doping. Because the V atom was added to subsfituthe Zr atom in the V:SZO
powder, the atomic percentage of Zr should be aat#d. For instance, if we want
to synthesize a 0.2%-V:SZO powder, we should takeollof SrCQ, 0.998 mol of
ZrO,, and 0.001 mol of ¥Os powders (noticing that there is 2 mol of V atomsli
mol of V,0s). The fabrication flow of the pure SZO and V:SZ@utering targets

are shown in Fig. 2-4.

2.3 Sample Preparation 11

Similar to the ERE device preparation shown in Seg, the device with ERBE
structure was fabricated in the following procdasst, a 200-nm-thick Si©oxide film
was thermally grown on the RCA-cleaned (100) Siewvab perform an isolation layer.
Second, a 10-nm-thick Ti adhesion layer and a I@@ick Pt conducting layer were
sequentially deposited on-the SIS substrate-using an electron beam evaporator to
form the BE. Then, a 100-nm-thick_ LNO_ buffer laygas deposited on the Pt BE at
250°C using the RF magnetron sputtering system. The fiM©Owas heat-treated by the
RTA furnace in @ ambient at 60t for 1 min. After that, a 50-nm-thick V:SZO filmas
deposited on the LNO BE by the sputtering systeimalfy, a 300-nm-thick Al TE was
deposited on the substrate at RT using a therneglaator. Therefore, the device with
ERBE structure was completed. The area of the T&med by a shadow mask was

4.91x10" cnf. The device structure is shown in Fig. 2-5.

2.4 Physical Analyses
2.4.1 X-ray Diffraction
The crystal structure and orientations of the LwOre SZO, and V:SZO thin
films were determined by the X-ray diffractometBe@e D1)with Cu Ka radiation
(A=0.15405nm).The schematic illustration of the X-ray diffractoi@eis shown in
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Fig. 2-6. The scanning step was 0,0&nd the scanning speed wa¥min. Based
on the X-ray diffraction (XRD) pattern, the averagi@in size of each orientation

can be estimated by using Scherrer’s formula,

D= 0.9x 1
B xcosf

(2-1)

where D is the average grain size of the fikris the wavelength of the incident
X-ray (0.15405nm), B is the full width of half maxum (FWHM) of the specific

XRD peak, and is the diffraction angle.

2.4.2 Scanning Electron Microscopy

The surface morphology and cross section view eftNO, pure SZO, and
V:SZO thin films were characterized by the scanrshgctron microscopy (SEM)
(Hitachi S-47001) withsa reselution of. 1.5nm opexdhtat 15kV. During the
determination, a cold-cathode electron gun is @sea source of electron beam with
an operation voltage from.'0.5.16.-30kV." The accédetraelectron beam can be
emitted to the specimen, and the secondary electoviginated within a few
nanometers from the specimen surface are detentedeadered into a bright SEM

image. The schematic illustration of the SEM isvghan Fig. 2-7.

2.4.3 Atomic Force Microscope
The surface roughness and surface morphology oL@ and V:SZO thin
films were characterized by the atomic force micopy (AFM) (Digital
Instruments NanoScope llla) in tapping mode. Tham®ughness and root mean
square (RMS) roughness of the films are autométicalculated by the software.

The schematic illustration of the AFM is shown ig.R2-8.
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2.4.4 Transmission Electron Microscopy

The thickness and interface morphology of the LN@ &:SZO thin films
were determined by the transmission electron mioeg (TEM) (JEPL
JEM-2100F). First, electron beam is accelerated facdsed on the specimen,
which must be sufficiently thin to be transparehtircident electrons. Then, the
transmitted and forward-scattered electrons forthffeaction pattern in the focus
plane and a magnified bright image in the mainestr&he schematic illustration of
the TEM is shown in Fig. 2-9.

In this dissertation, focused ion beam (FIB) (FEivll 200) with resolution of
7nm was used to prepare the thin-enough TEM speciiffe use the milling action
of the FIB to excavate the material from both sidiethe final thin target, and then

cut the objective and transfer it to a TEM specimged.

2.4.5 Four-point Probe
The sheet resistance: of the LNO film was measusethé four-point probe
(NAPSON RT-7). The schematic illustration of theifgoint probe is shown in Fig.
2-10. During the measurement, the voltage is applietween P and B, and
current is determined between Bnd R. Assuming that the dimension of the
specimen is much larger than the probe spacing d&d, the thickness of the
specimen is much smaller than S, so the sheetaeses of the specimen can be

estimated by this formula,

Rsheet:i(\ij 0 4.5:{¥j (2-2)
In2)\ 1 |
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2.5 Electrical Analyses

The resistive switching properties of the SZO-baSBE and ERBE devices were
recorded by the semiconductor parameter analyzgiigit 4155C) and pulse pattern
generator (Agilent 81110A). The low-leakage switchinframe (Agilent E5250A) was
used to switch the input and output of the elecsignals, and a computer with the
Agilent VEE software was utilized to control theoak instruments. During the electrical
analyses, electric signals including the sweepageltand voltage pulse were applied on

the TE, while the BE was grounded.

2.5.1 Current-voltage M easur ement

The I-V measurements of the ERE and ERBE devices werformed by the
Agilent 4155C. The conductivity of the device cae bhanged by applying a
specific sweep voltage. In' order to prevent thetatml damage of the device, a

current compliance was used‘during-the I-V measan¢tior the ERBE device.

2.5.2 Retention Time Test

The retention time is the time of stored informatighich can be kept without
any power supply. In this dissertation, the retentime of the SZO-based device is
measured by Agilent 4155C. First, two identicalides were switched to HRS and
LRS, respectively. After a period, read the cuseftthese two devices by applying
a tiny voltage, which cannot change the memoryestathe device. In addition to
the read process, the devices were placed in &mriyonment at RT without any
power supply. Besides, a thermal accelerationwest also used for the retention

test because the retention time of the SZO-basédales very long.
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2.5.3 Endurance Test
The endurance is the number that a device carabéy stwitched its resistance
states between HRS and LRS by applying a sweepgelbr voltage pulse. In this
dissertation, the endurance of the SZO-based desvicetermined by repeatedly

applying a sweep voltage by Agilent 4155C.

2.5.4 Nondestructive Readout Test

The nondestructive readout behavior of the SZObds®ice is demonstrated
by Agilent 4155C in the following two ways. Firstifnousands of sweep voltages
between 5V were applied on two identical devicdsclv were switched to HRS
and LRS. Secondly, a DC bias voltage was appliethendevices with HRS and
LRS, respectively, for loriger than %0 Based on the experimental results, the
memory states were not_changed after. executing ttvas examinations at RT and
85°C, so the stability and nendestructive readout bienaf the SZO-based device

is investigated.

2.5.5 Resistive Switching by Voltage Pulse
The resistive switching behavior of the ERBE deweas performed by the
Agilent 4155C, 81110A, and E5250A. The resistanates of the ERBE device can

be switched by applying a specific voltage pulsth\aiperiod of 10ns.
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Chapter 3

Results and Discussion of Bipolar Resistive Switchingin

the SrZr Os-based Electrode/Resistor/Electrode Devices

31

3.2

Introduction

The bipolar resistive switching properties suchresstance ratio, retention time,
nondestructive readout property, stability, and idgpeffect of the SzZO-based
electrode/resistor/electrode (ERE) devices areudssd in this chapter. The resistive
switching mechanism of the SZO-based memory devisealso demonstrated. The
fabricating process of the SZO-based ERE deviceshiswn in Sec. 2.2 (Sample

Preparation 1).

Properties of the LaNiO3; Bottom Electrodes

The 100-nm-thick LNO films were deposited at Z5Cand then annealed at 600,
700, or 806C. The sheet resistance of the as-deposited LNDifilabout 142Y/o, and
those of the 600, 700, and 8@annealed LNO films are about 82, 68, and(58,
respectively. The result shows that the higheraheealing temperature, the lower the
sheet resistance.

Fig. 3-1 depicts the XRD patterns of the as-depdsitNO, and 600, 700, and
80C°C-annealed LNO films, showing that the LNO filmsvha(100) and (200)
orientations, which have been reported that a SIbOdeposited on the (100)-orientated
LNO film had good resistive switching behavior [2BEsides, an (110) peak is observed

in the 700 and 80C-annealed LNO films. The average size of the (Hi@ntated
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3.3

grains in the 70C-annealed LNO film is about 63.3nm estimated bye®®@r’s formula
(Egn. 2-1).

Figs. 3-2 and 3-3 show the surface SEM images ®f6®0 and 70C-annealed
LNO films, respectively. The 60C-annealed film performs a smooth surface, but the
surface roughness of the ?@Banneald film degraded due to the unwilling praates
presented in the LNO surface, which correspondsédKRD patterns shown in Fig. 3-1.
Fig. 3-4 indicates the surface AFM image of the °&@aAnnealed LNO film. The mean
roughness and the RMS roughness of the LNO filmDe823 and 1.227nm, respectively.
Therefore, based on the experimental results, thealing temperature of the LNO BE

is decided at 60C to get the smooth surface and high conductivity.

Properties of the SrZr O3 Resistive L. ayers

Fig. 3-5 shows the XRD patterns of the 8D&nnealed LNO film, and the SZO
films with different doping concentration-deposited the 608C-annealed LNO films.
The result shows that a little doping does not geahe crystal structure of the SZO film.
To deserve to be mentioned that the doping coratonr shown in this dissertation
indicates the concentration of the sputtering tgrgescussed in Sec. 2.2.2.

Fig. 3-6 performs the surface SEM image of the G\8%ZO film deposited on the
LNO film, indicating that the SZO film is very smibo Fig. 3-7 shows the surface AFM
image of the 0.3%-V:SZO film deposited on the LNIthf The mean roughness and the
RMS roughness of the SZO film are 0.812 and 1.03#espectively.

Fig. 3-8 indicates the cross section TEM image hedf 0.3%-V:SZO/LNO/Si@
structure. The interfaces between two films areneaad the thicknesses of the LNO and

SZO films are about 100 and 45nm, respectively.
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3.4 Typical Current-voltage Characteristics of the SrZr Os-based

Electrode/Resistor/Electrode Devices

Fig. 3-9(a) depicts the I-V curves of pure SZO @26-V:SZO ERE devices in
semilogarithm scale rather than linear scale asated in Figs. 1-19 and 1-20. The |-V
curve plotted in semilogarithm scale is easily bs@rve the resistance ratio of the device.
When a negative sweep voltage is applied on thetAd& current of the device rapidly
increases, and the device is switched from HRSR&,Lwhich is defined as “turn-on”
process. The resistance state retains on LRS safteeping the voltage from negative to
0V. Otherwise, when a positive sweep voltage isliagpthe current of the device
decreases, and the device is switched from LRS tmaElRS after passing the transition
region, defined as “turn-off” process. The resistastate firmly retains on HRS after
sweeping the voltage from positive to OV.-The rigsswitching is attributed to the
formation and disruption of-current paths [19],1[389], which is discussed in detail in
Sec. 3.7. The LRS currents of.-these_two devicesatmost the same because the
conductivities of the current paths in these tweicks are almost identical. However,
the HRS current of the 0.2%-V:SZO ERE device is mlawer than that of the pure
SZO ERE device owing to the doping effect, whichahieved by Z sites being
substituted by ¥ leading to suppressing the formation of oxygenama@es [113]. On
the other hand, the turn-on voltage of the pure ERE device is a little higher than that
of the 0.2%-V.:SZO ERE device, which indicates ttiegt current paths in the pure SZO
ERE device are more difficult to be formed. Obvigughe V,Os doped into the
SZ0-based ERE device can decrease the HRS cunénhea turn-on voltage; hence, the
resistance ratio between HRS and LRS is increasad 20 to 1000 measured at -1V for
the pure SZO and 0.2%-V:SZO ERE devices, respégtiseown in Fig. 3-9(b)].

Figs. 3-10(a) and (b) perform the I-V curve and ttesistance ratio of the
0.3%-V:SZO ERE device, respectively. The resultvghdhat the resistance ratio is
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3.5

higher than that of the less-doped devices du@dadbping effect [113]. Figs. 3-11(a)
and (b) exhibit the |-V curves and the resistanagos of the 0.7%-V.SZO and
1.0%-V:SZO ERE devices, respectively, showing tihet resistive switching property
degrades in the 0.7%-V:SZO ERE device, and disappeathe 1.0%-V:SZO ERE
device, which could be due to the segregation nadaum oxides or other compounds.
Fig. 3-12 shows the statistical chart of the resiseé ratios of pure SZO, and
0.1%-V:SZO to 1.0%-V:SZO ERE devices measured \4tirdicating that the pure SZO
ERE device possesses the resistive switching behavhich can be considered as an
intrinsic property of the SZO-based memory deviBesides, a proper concentration of
doping into the SZO film can improve the resistsw@tching properties. Therefore, the
resistive switching properties of the 0.2 and 03%Z0O ERE devices with higher

resistance ratios are discussed in detalil in theviong sections.

Bipolar Resistive Switching Propertiesof the 0.2%-V-doped SrZr O3
Electrode/Resistor/Electrode Device

The resistive switching properties of the 0.2%-\WBERE device are performed in
this section. Figs. 13(a) and (b) indicate thenfiftcurves of LRS and HRS currents of
the device shown in Fig. 3-9(a) (open circles) by conduction and F-P emission,
respectively. The fitting curves of the LRS curseate two straight lines, and the slopes
are very close to unity, which indicates that tHeSLcurrents confirm to the Ohmic
conduction, relating to thermal excited electronpging from one isolated state to the
next [111]. On the other hand, the HRS currentdaminated by the trap-controlled F-P
emission, which corresponds to the field-enhandeerntal excitation of trapped
electrons into the conduction band [111], as inédaby the linear fittings of the
experimental data. Therefore, both LRS and HRS wctmhs are bulk-controlled, not
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interface-controlled. Moreover, the ERE device vadymmetric TE and BE performing
the symmetric fitting curves between the positinel aegative voltage regions can also
demonstrate the bulk effect.

Fig. 3-14(a) shows the endurance of the 0.2%-V:3ZRE device. While the
number of the voltage sweeping cycles (from HRSd@wad to LRS, and then switched
back to HRS) is increased, the HRS currents slomdsease leading to the decreasing in
resistance ratios between two resistance statgs3Hi4(b) indicates Ohmic conduction
fitting curves of both LRS and HRS currents for #ie50", and 108 voltage sweeping
cycles. The LRS conductions retain the Ohmic beraaiiter applying the voltage
sweeping cycles as indicated, but the HRS condustthange from F-P emission to
Ohmic conduction after applying the voltage swegpigcles, which is attributed to a
degradation of the capability of defects to tregcebns.

Fig. 3-15 shows the- statistical chart of both LR& éHRS currents of the
0.2%-V:SZO ERE device measured at -1V., The resistiwitching properties can be
observed in more than 70% of.the devices: In tlatcthe LRS currents are more stable
than the HRS currents due to the stable conduesviaf the current paths in the SZO
films. The resistance ratio between two statevés 80 for the worst case.

Figs. 3-16(a) and (b) perform the nondestructivadoait property of the
0.2%-V:SZO ERE devices measured at RT andC85respectively. During the
measurement, two devices are switched to LRS ataRd, then apply thousands of
voltage reading cycles (from +5V sweeping to -5¥)the devices at RT and & After
that, these two devices are switched to HRS atdRd, then also apply thousands of
voltage reading cycles on the devices at RT arf€ 8bhe results indicate that the LRS
currents of these two devices keep almost unchangeide the HRS currents decline
with the increased voltage reading cycles. Theegfthie resistance ratio between two
resistance states increases with the increasedgeolteading cycles, which is a good
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tendency for accurate readout.

Bipolar Resistive Switching Properties of the 0.3%-V-doped SrZrO;
Electrode/Resistor/Electrode Device

The resistive switching properties of the 0.3%-\BERE device are performed in
this section. Fig. 3-17(a) performs the fitting s of both LRS and HRS currents
indicated in Fig. 3-10(a) by Ohmic conduction. ™epes of the LRS fitting curves are
very close to unity, indicating that the LRS cutszdominate by Ohmic conduction,
which corresponds to the result shown in Fig. 3130n the other hand, the HRS
currents follow the F-P emission as indicated kg lthear fittings to the HRS currents
shown in Fig. 3-17(b). However, the fitting curvietile HRS is not an absolutely straight
line when the voltage is swept over the turn-offtage (about 13V). The inset of Fig.
3-17(b) exhibits the linear fitting.of the HRS cemt by SCLC while the device is swept
over 13V. Therefore, the F-P'mechanism dominatabeatsweep voltage less than the
turn-off voltage, whereas the SCLC becomes predantirat the voltage over the
turn-off voltage. Either the F-P emission or SCisGélated to the trapped electrons.

Fig. 3-18(a) depicts the I-V curves of the 0.3%-XCBERE device for the™] 50",
and 108' voltage sweeping cycles. The improved stabilityttef HRS currents of this
device in comparison with that of the 0.2%-V:SZOE=Revice is indicated, which is
believed to be the result of doping effect [113)eTLRS and HRS currents firmly retain
on Ohmic conduction and F-P emission, respectivalier applying 100 voltage
sweeping cycles. Fig. 3-18(b) shows the endurahteed).3%-V:SZO ERE device. The
resistance ratio between two resistance statemseth 1000 after applying 100 voltage
sweeping cycles.

Fig. 3-19 shows the statistical chart of both LR& eHRS currents of the
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0.3%-V:SZO ERE device measured at -1V. The resssiwitching properties can be
observed in more than 90% of the devices. In tlgtcthe LRS currents are more stable
than the HRS currents due to the stable conduetviaf the current paths in the SZO
films. Besides, the HRS currents of the device im@re stable than those of the
0.2%-V:SZO ERE device indicated in Fig. 3-15 alsaing to the doping effect [113].
The resistance ratio between two resistance statager 500 for the worst case and over
1000 in general.

Fig. 3-20 depicts the I-V curves of the 0.3%-V:SERE device measured at 70 and
100°C, indicating that the resistive switching propedfythe device is not degraded
while measured at 100. The resistance ratio between two resistancesstdtthe device
retains at least 1000. Because of the large vanah HRS currents of the device, no
clear temperature dependence is observed. In additvhile the measurement is
performed at 151, the HRS current of the device significantly e@ses, and hence, the
resistance ratio decreases ‘possibly due to the@bsowith higher thermal energy, which
would be difficultly trapped at:such a high tempera (as shown in the inset of Fig.
3-20). When the 15C-measured device is performed the measureme@B€E br less
again, the HRS current returns to its lower valaeshown in Fig. 3-20. Hence, such
degradation at high temperature is a temporary@hnenon.

Figs. 3-21(a) and (b) depict the nondestructiveloea property of the 0.3%-V:SZO
ERE devices measured at RT and@5respectively. During the measurement, two
devices are switched to LRS or HRS at RT, and #pgly thousands of voltage reading
cycles on the devices at RT and’@5indicating that the LRS currents of two devices
keep almost unchanged, while the HRS currents meakith the increased voltage
reading cycles. Hence, the resistance ratio betw&erresistance states increases with
the increased voltage reading cycles, which isadgendency for accurate readout. Fig.

3-22 also performs the nondestructive readout ptppef the device. The resistance
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values of the LRSs and HRSs measured at RT af@ 88ain almost unchanged after

continuously biased at -5V for more thar'd,0which implies that the resistance states
will not be varied after applying 1®of read pulses (assuming that the read pulsé\is -5
with 10ns period).

Figs. 3-23(a) and (b) show the retention time & th3%-V:SZO ERE devices
measured at RT and &5, respectively. During the measurement, a voltagding cycle
which would not change the memory state was applftt a span, and then the current
of the specific state measured at -1V is indicatetthe figures. The results show that the
retention time is longer than 3xK0measured at RT, and the resistance ratio betmeen
resistance states retains higher than 1000. Irtiaddihe retention time is longer than
10°s measured at 85 with the resistance ratio of 1000. Consequerikig, superior
resistive switching properties.including good erahoe, good uniformity, good thermal
stability, nondestructive readout property, andgloetention time are obtained in the

0.3%-V:SZO ERE devices,which-is_suitable for RRApplications.

Resistive Switching M echanism of the SrZr Oz-based Memory Devices

The resistive switching mechanism in the SZO-baseunory devices has been
proposed of the formation and disruption of curneatths [19], [39]. Liuet al. explained
the modal of current paths in the SZO-based memevice by the size effect [39]. Fig.
3-24 indicates that the LRS currents are almoshamged with the increased area of TEs.
In other words, the current density of the LRSs@eased with the decreased area of
TEs. This result means that the total amount ofctimeent paths do not be varied with
the changing of the area of TEs, leading to almoshanged LRS currents. In addition,
Rosselt al. explained that the resistive switching mechanisiihe SZO-based memory
device is due to the changing of distribution antemsity of the current paths as

46



indicated in Figs. 3-25(a) to (d) [19]. Fig. 3-2b&hows the electron beam induced
current (EBIC) picture and the corresponding I-Vveuof the initial HRS of the device
(747K2). The EBIC picture performs about ten white spwith various sizes. Fig.
3-25(b) shows the EBIC picture and the I-V curvetlné LRS (11.6K). The EBIC
image shows the clear appearance of two new intgnsis indicated by arrows. As the
device was switched back to HRS (6@jkand the two new spots almost disappeared as
shown in Fig. 3-25(c). At the same time, some efékisting spots became more intense.
In order to check the two new-formed spots showhRign 3-25(b) was reversible or not,
the device was switched again to LRS (1@pkndicating that only one of the two spots
reappeared, and accompanied with three new inspwe as shown in Fig. 3-25(d). The
experimental results can conclude that the resigwitching in the SZO-based memory
device is due to the changing:of distribution. amensity of the current paths. Rossel
al. also proposed that doping 'with a 'rather high cottetion of Cr ion (1& /cnt)
seems to help in stabilizing the resistive_switghimoperties [19], which corresponds to
the experimental results shown-in_this dissertatibmerefore, the resistive switching
mechanism in the SZO-based memory devices is tineatton and disruption of current
paths, which is almost uncontroversial.

On the other hand, the causes of the formationdsrdiption of current paths are
not clearly understood so far. Based on our expartal results, we consider that the
causes are the storage and release of carriengpirstiates in the SZO film based on two
reasons. First, the conduction mechanisms of HRfwruin the SZO-based ERE device
are dominated by trap-controlled F-P emission a@d@ indicating that the current of
HRS is controlled by trap states. Second, the tresiswitching properties are affected
by the doping concentration significantly owingttee doping effect discussed in Sec.
3.4.

Figs. 3-26(a) to (d) indicate the hypothetical deags of the current paths in the

47



3.8

SZO film. In the turn-on process, the biased etewdrcan find one or few conducting
paths consisting of possible point defects, sucloxasgyen vacancies, and ionic and
electronic defects associated with*'Zreplaced by V¥ simultaneously, the electrons
hope through the SZO film by these paths, causing significant increase in current.
Fig. 3-26(a) shows the hypothetical diagram of ¢hesrrent paths. Besides, the defects
in the SZO film can randomly trap electrons in then-off process. In the transition
region as indicated in Fig 3-10(a), the currentreases while the trapping just occurs at
the current paths, and hence, a part of the cupatits is ruptured as shown in Fig.
3-26(b). However, the current does not decreasketstable HRS at a time because the
carriers can flow through other unruptured or newrfed current paths indicated in Fig.
3-26(c). Nevertheless, the current should returnh® stable HRS after passing the
transition region while the defects in the SZO filrap electrons to some degree, and
then the paths can be considered as.fully ruptlifegl 3-26(d)]. Such a switching
behavior indicate that the-turn-off_process IS mooeplicated and consumes more
power than the turn-on process;. which-exhibits shme tendency with the different

transition speeds in dynamic pulse voltage analgbdse SZO-based ERE device [23].

Forming Process

The forming process is necessary for the SZO-basadory device to perform the
stable resistive switching behavior. The forminggass is defined as applying a
sufficiently high voltage on an as-prepared SZOeldasiemory device (never applied
with any electric signal) to switch it from originatate to LRS. After that, the
SZ0O-based memory device can be repeatedly switohideen LRS and HRS, but never
be switched back to the original state by applyang sweep voltage. Fig. 3-27(a) shows
the forming process and the I-V curve after theniog of the 0.3%-V:SZO ERE device,

48



showing that applying a negative voltage to th@m@pared device can switch the device
from original state to LRS. However, applying a ifes voltage to the as-prepared
device cannot switch the device from the originatesto the stable HRS, which can be
explained by the hypothetical band diagrams ofitkerface between the SZO and LNO
films shown in Figs. 3-27(b) to (d). The originalate current in the as-prepared
SZ0-based ERE device follows the Schottky behaindicated in the inset of Fig.
3-27(a), which is similar to a Schottky-like behavin the reported interface between
Nb-doped STO and SRO films [22]. Fig. 3-27(b) sh@ansypothetical band diagram of
the Schottky-like contact of the as-prepared SZ@ BNO films, implying that the
original state current follows the Schottky behavibig. 3-27(c) exhibits the band
diagram obtained when applying a negative voltagth¢ as-prepared SZO-based ERE
device, which facilitates a switching of the devfoem original state to LRS. After the
forming process, the conduction' band of the SzZ@ fitear the interface can be
modulated by charging or decharging the interfaates, and then an Ohmic-like contact
of the SZO/LNO interface is formed as-indicated-ig. 3-27(d). However, applying a
positive bias voltage to the as-prepared SZO-b&¥RH device cannot modulate the
Schotty-like contact into the Ohmic-like contacbriSequently, a positive sweep voltage
cannot switch the device from the original stata &table HRS. So, the forming process
can be considered as the modulation of the SZO/liNé¥face, leading to the resistive

switching of the as-prepared SZO-based ERE devare briginal state to LRS.

3.9 Summaries
The resistive switching properties of the SZO-baS&E devices are investigated
in this chapter. The 68G-annealed LNO BE with smooth surface has the (26)(200)
orientations. The SZO films with different dopingncentration deposited on the LNO
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BEs also have (100) and (200) preferred orientatiarhich have been proposed that a
SZO0 film with (100) preferred orientation had gaedistive switching behavior [27].

The doping effect is discussed in this chapter. fine SZO ERE device possesses
the resistive switching characteristic, which ismsidered as an intrinsic property of the
SZ0-based memory device. Besides, a proper comtemtrof doping into the SZO film
can improve the resistive switching properties hsas resistance ratio and stability. The
resistance ratio between two resistance statebeoD13%-V:SZO ERE device retains
1000 after applying 100 voltage sweeping cyclesis Tdevice has stable resistive
switching properties even when the measuremeng¢rmned at 100C. The retention
time of the device is longer than’$0The nondestructive readout property of the a@evic
is also examined in this chapter.

Based on the size effect{39], the current densityRS of the 0.3%-V:SZO ERE
device measured at -1V is-estimated of.6.354@m? for the 0.1um technology node as
shown in Fig. 3-28, which is conformed_to the c¢ide of the RRAM indicated in Sec.
1.3.7. Besides, the resistance values of LRS an8 HRthe device indicated in Fig.
3-10(a) are about 10kand 100M) measured at -1V, respectively.

The resistive switching mechanism of the SZO-bdse& devices is the formation
and disruption of the current paths, which is galgsattributed to the storage and release
of carriers in the trap states of the SZO film. Toeduction mechanisms of LRS and
HRS currents of the SZO-based memory device arardded by Ohmic conduction and
F-P emission, respectively. In addition, the forgniprocess of the device is firstly
proposed of the modulation of the SZO/LNO interfaghich can be used to explain the
switching behavior from the original state to LRS.

In summary, the 0.3%-V:SZO ERE device has good stigsi switching
characteristics, such as high stability, good eace, and long retention time, which
make it a promising candidate for next-generatidiVNapplications.
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Fig. 3-16(b) Nondestructive readout property of the 0.2%-V:SZO ERE device measured at
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Fig. 3-19 Statistical chart of both LRS and HRS currents of the 0.3%-V:SZO ERE device
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Chapter 4

Results and Discussion of Nonpolar Resistive Switching in the

SrZrOs-based Electrode/Resistor /Buffer/Electrode Devices

4.1 Introduction

The nonpolar resistive  switching properties of theé&sZO-based
electrode/resistor/buffer/electrode (ERBE) deviaes discussed in this chapter. Based
on the material of the resistive layer, the studiERRAM can be classified into four
groups, containing doped SZO and STO [18]-[40]ngidon metal oxides [16], [17],
[41]-[76], PCMO and LCMO.{1], [22], [77]:[99], andrganic and polymer materials
[15], [100]-[110]. However, .the resistive . switchingoltage, nonpolar or bipolar
switching, and polarity of bipolar switching of ge devices are quite different from
each other. For instance, Clabial. proposed that the Pt/T]Ru device was nonpolar
switching [49], while Fujimotcet al. reported that the Pt/TUIN device was bipolar
switching [65]. Besides, the resistive switchinghégor of the SZO-based memory
devices in the previous studies has been repoftdedipolar switching, and hence, the
bipolar switching was considered as an intrinsioperty of the SZO-based memory
device. Nevertheless, in this dissertation, wetlfirproposed the nonpolar resistive
switching properties of the SZO-based ERBE devadseved by using Pt and Al for
BE and TE, respectively. The resistive switchingéi of the device reported in this
dissertation is 10ns, which is the fastest speetbmparison with the previous reports
[18], [23], [24]. The fabricating process of the@based ERBE device is shown in Sec.

2.3 (Sample Preparation II).
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4.2

4.3

Properties of the LaNiO3; Buffer Layer and SrZr O3 Resistive L ayer

Fig. 4-1 depicts the XRD patterns of the BD@nneaded LNO films deposited on
the SiQ/Si and Pt/Ti/SIQ'Si substrates, showing that the LNO film deposibedthe
Pt/Ti/SiG,/Si substrate also has (100) and (200) orientatiséch have been reported
that a SZO film deposited on the (100)-orientat&tDLfilm had good resistive switching
behavior [27]. Figs. 4-2 and 4-3 show the surfaéeMSand AFM images of the
600°C-annealed LNO film deposited on the Pt/Ti/S& substrate. The LNO film
performs a smooth surface, and the mean roughnestha RMS roughness of the LNO
film are 2.218 and 2.842nm, respectively. Figs. &@d 4-5 exhibit the surface SEM and
AFM images of the 0.3%-V:SZO film deposited on ti¥O/Pt/Ti/SiO,/Si substrate. The
mean roughness and the RMS roughness of the SAD dik 1.458 and 2.035nm,
respectively. The roughness;«of the LNO and SZO ildeposited on two kinds of
substrates are presented in Table 4-1, .indicahag the surface roughness of the SZO
film deposited on the LNO/Pt/TilSilbi substrate is a little higher than that depaosie

the LNO/SIQ/Si substrate.

Nonpolar Resistive Switching Properties of the 0.3%-V-doped SrZrO;
Electrode/Resistor/Buffer/Electrode Devices

Fig. 4-6(a) depicts the I-V curve of the 0.3%-V:SEBBE device. When a sweep
voltage is applied from zero to +7 or -7V, the emtrof the device rapidly increases, and
the device is switched from HRS to LRS (turn-onh the other hand, when a sweep
voltage is applied from zero to +2 or -2V, the emtrdecreases suddenly and the device
is switched from LRS back to HRS (turn-off). Therremt compliance is set at 1ImA
during the turn-on process for preventing the deagian of the device, but no current
compliance is used in the turn-off process. Theaga window between turn-on and
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turn-off processes is clear enough for accurategchkwg the device. The nonpolar
resistive switching behavior is firstly proposedtire SZO-based memory device. The
LRS resistance of the device is abouf21%nd the equivalent circuit of this device is
shown in Fig. 4-7(a), where the parasitic capaciais assumed to be ignored. The
following is the series resistance of this device:

Rszo+Rino+Rpr+Rp=15Q (4-1)
where Rzo, Rino, Ry, and R are the thin film resistance of the SZO film ame t
contact resistance of the Al/SZO and SZO/LNO irtegs, the LNO thin film resistance
and the LNO/Pt contact resistance, the crabwisestaeege of the Pt BE, and other
parasitic resistance, respectively. The resistafceach item shown in Eqn. (4-1) is
lower than 1®. The resistance ratio between two resistance sswitahis device is
higher than 10 measured at, <1V, which i§shown in Fig 4-6(b).akhdition, a little
asymmetric of the I-V curve of the device may be do the different materials of BE
and TE, which have different werk functions and teeh resistance with LNO and SZO
films, respectively.

On the other hand, the bipolar resistive switchshgracteristics of the SZO-based
memory devices are presented in chapter 3. ThereRStance of the 0.3%-V:SZO ERE
device shown in Fig. 3-10(a) is about ¥hkand the equivalent circuit of the device is
shown in Fig. 4-7(b) (parasitic capacitance assutadzk ignored). The following is the
series resistance of this device:

RszotR no+Re=15kQ (4-2)
where Rzo, R°no, and R are the thin film resistance of the SZO film ahe tontact
resistance of the Al/SZO and SZO/LNO interfaces, ¢habwise resistance of the LNO
BE, and other parasitic resistance, respectivelye Tesistance ratio between two
resistance states of this device is higher thah r@asured at -1V [Fig. 3-10(b)].

However, the resistance ratio of this device ige¢horders of magnitude lower than that
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of the 0.3%-V:SZO ERBE device owing to the differerbetween the LRS resistance of
these two devices. Comparison with Egns. (4-1)(@n2), we can easily understand that
the crabwise resistance of the LNO BE of the 0.3%AD ERE device mainly
contributes to the LRS resistance, which is sintitathe compliance effect although the
resistance of the SZO films and parasitic resiganictwo devices maybe have some
differences under distinct turn-on processes. Toerethe 0.3%-V:SZO ERBE device
with lower resistive switching voltages and highesistance ratio is more suitable for
practical NVM applications. Besides, if the SZOnfils directly deposited on Pt or other
metals, such as Al, Ti, Ta, Zr, Ni, and Nb, no (t6fentated film can be deposited.
Therefore, the LNO buffer layer is needed for t#OSased ERBE device with good
resistive switching properties. Besides, in ordepriove that the resistive switching does
not occur in the LNO film, the resistive switchipgoperty was determined between Pt
BE and LNO film as indicated in Fig. 4-7(a), no istise switching behavior was
observed. Hence, the resistive iswitching occurimthe LNO film can be eliminated.
The voltage polarity of resistive switching will descussed in Sec. 4.4.

Fig. 4-8(a) indicates the plots of Ln(|l]) versus(|i|) of both LRS and HRS
currents for the 0.3%-V:SZO ERBE device. The slopE$RS curves close to unity,
indicating that the LRS currents are dominated byn@ conduction. On the other hand,
the HRS curves are not straight lines, implying the HRS currents are dominated by
other conduction mechanisms. Fig. 4-8(b) showsptbes of Ln(|I/V]) as a function of
IV[“? of both HRS and LRS currents for the device. Tihear fittings of the device
indicate that the HRS currents follow the F-P emisst low voltage. These results are
similar to that presented in chapter 3, which implithat the resistive switching
mechanism can be considered as the formation andpdion of current paths. Besides,
both Ohmic behavior and F-P emission are bulk cofido, so that the resistive

switching occurring at the interface can be elirteda
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Fig. 4-9(a) shows the forming, turn-off, and tumm4orocesses of the 0.3%-V:SZO
ERBE device by applying negative sweep voltageterAhe forming process, the device
can be repeatedly switched between LRS and HRS4Fb) indicates the turn-on and
turn-off voltage distributions of the device, shagithat the turn-off voltages are more
stable, while the turn-on voltages have a variabetween -3 to -5.5V. In addition, the
distributions of LRS and HRS currents are presemelig. 4-9(c), indicating that the
LRS currents are more stable than HRS currents;hwisi corresponding to the results
shown in Chapter 3.

Fig. 4-10 indicates the resistive switching speédhe SZO-based ERBE device.
Fig. 4-10(a) shows the I-V curves of the devicehwi{RS and after applying a -6V
voltage pulse with 10ns period, indicating that dewice is switched from HRS to LRS.
On the other hand, this device is switched. backIRS after applying a -4V voltage
pulse with 10ns period shown in Fig.-4-10(b). Thétching speed of turn-on and
turn-off processes is 10ns. Létial."had reported-that the device with AI/SZO/LNO ERE
structure can be turned on and turned off by apply20V, 5ns and +20V, 508 voltage
pulses, respectively [23]. Obviously, the resistvatching speeds between turn-on and
turn-off processes have a significant difference figé orders of magnitude. The
asymmetry of resistive switching speeds can beagxg@ll by the LNO compliance effect.
In the turn-off process, electrons are injectednfithe LNO BE to the resistive layer in
the SZO-based ERE device, so the conductivity ef ekectrode will determine the
resistive switching speed of the device. Therefthre,SZO-based memory device using
Pt BE can significantly improve the resistive sWwitg speed. In this dissertation, we
propose that the 0.3%-V:SZO ERBE device with highed resistive switching within
10ns, which is the fastest speed in comparison thieh reported in the previous studies
[18], [23], [24].

Fig. 4-11(a) indicates the nondestructive readaupgrty of the 0.3%-V:SZO
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ERBE device. The currents of LRSs and HRSs switdhedboth sweep voltages and
voltage pulses retain almost unchanged after contisly biased at -0.5V for more than
10%s at RT, which indicates that the resistance s&tesiot varied after performing *f0
of read pulses (assuming that a read pulse is -G8V 10ns period). Because a sweep
voltage can be look on as a voltage pulse withit&iduration [114], the LRS/HRS
current switched by the sweep voltage is highe®glotan that by the voltage pulse, and
hence, the resistance ratio between two resiststates switched by sweep voltages is
higher than that by voltage pulses. Fig. 4-11(b)fgyens the nondestructive readout
property of the device switched by voltage pulsessared at 8&, indicating that the
resistance states are not varied after performigdf read pulses at high temperature.

Fig. 4-12(a) depicts the |-V curves of the 0.3%X0O ERBE device for the
forming process, and®110d", and 58' voltagé sweeping cycles measured a’C5The
result shows that the resistive' switching properftythe device is not degraded while
performed at 15C. Fig. 4-12(b) indicates the distributions of tam and turn-off
voltages, and Fig. 4-12(c) presents the distrimstiof LRS and HRS currents indicating
that the LRS currents are very stable, and the H&&nts increase with the increased
cycle number, which corresponds to the result shiowig. 3-18(b).

Fig. 4-13(a) shows the retention time of the 0.3%ZA0 ERBE devices measured
at RT, indicating that the retention time is longkan 10s, and the resistance ratio
between two resistance states retains higherlilafrig. 4-13(b) performs the retention
time of the devices switched at RT, and measurédgattemperature, indicating that the
retention time is longer than 6XK) and the resistance ratio between two resistance

states retains at 10
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4.4 Resistive Switching Polarities

Table 4-2 shows the resistive switching propertes SZO-, TiGQ-, and
PCMO-based memory devices reported by several kmelivn research groups. Based
on the experimental results shown in this chaptex, SZO-based memory device is
nonpolar switching, which is different from the blar switching results reported in the
previous studies [18], [30]. However, in their el the polarities of turn-on and
turn-off voltages are fully opposite; Beot al. proposed that their device with
Au/SZO/SRO structure could be turned on/off by gp@ a negative/positive sweep
voltage [as shown in Fig. 4-14(a)] [18]; nevertlssle Parket al. reported that
Pt/SZO/SRO device could be turned on/off by applym positive/negative sweep
voltage [Fig. 4-14(b)] [30]. The distinct resistigevitching properties between these two
studies might be due to their different'top eledt® used. Therefore, these results
indicate that the electrode materials used woultbrdene the bipolar or nonpolar
switching, and the polarity- of the bipolar. switchiof the device. In Fig 3-10(a), for
instance, when the device is‘turned on; electroesrgected from the Al TE into the
SZO0 film; while in the turn-off process, electroiti@v from the LNO BE into the SZO
film slowly and trapped by defects uniformly. Hoveevthe device cannot be turned on
by applying a positive voltage because the elestromected from the LNO BE are
trapped by the defects existed in the SZO film eadnot flow to the Al TE. Therefore,
the distinct resistive switching properties of thevices shown in Figs. 4-6(a) (nonpolar
switching) and 3-10(a) (bipolar switching) are doethe different BEs used. Similar
results are also observed in the FiGand PCMO-based memory devices. In the
TiO,-based memory devices, Chet al. reported the nonpolar switching of the
Pt/TiO,/Ru device [49]; however, Fujimote al. proposed the bipolar switching of the
Pt/TIOJ/TIN device [65]. In the PCMO-based memory devicgawaet al. reported the
bipolar switching of the Ti/PCMO/SRO device [80]h¥e Fujimotoet al. showed the
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nonpolar switching of the Pt/PCMO/Pt device [97bnSequently, we consider that the
nonpolar switching is an intrinsic property of SZO10O,-, and PCMO-based memory
devices; however, the electrode materials emplayeatie device would dominate their
bipolar or nonpolar switching, and the polarity lmpolar switching. Therefore, the

appropriate electrode materials chosen are indesg wmportant for obtaining the

RRAM devices with excellent switching propertiesowever, other factors such as the
conductivity and work function of electrodes, camtaesistance between two films,
microstructure of resistive layer, and work funatidifference and property in each
interface are still needed for further detaileddsts for developing an excellent RRAM

device.

4.5 Summaries

The nonpolar resistive switching_properties of 8£0-based ERBE device are
investigated in this chapter. The experimentalltsseported in this dissertation indicate
that the electrode materials significantly affdog tresistive switching properties. The
device with AlI/SZO/LNO/Pt (ERBE) structure shows thonpolar resistive switching
property, while the Al/SZO/LNO (ERE) device depic¢te bipolar resistive switching
behavior. The resistance ratios between two resistatates are iGnd 14 for the
ERBE and ERE devices, respectively, which is dueh®® distinct LRS resistance
between two devices. The device with Pt BE has taesistive switching voltages and
higher resistance ratio, while the device with LNEE possesses higher resistive
switching voltages and lower resistance ratio. Sliffarent characteristics are attributed
to a high resistance of LNO BE in comparison withow resistance of Pt BE. The
switching speed of the SZO-based ERBE device is,1@hich is the fastest speed in
comparison with that of the previous reports. Tbhaduction mechanisms of LRS and
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HRS currents of the device are Ohmic conduction aiRlemission, respectively. This
device has stable resistive switching propertienavhen the measurement is performed
at 150C. The nondestructive readout property of the devwscdemonstrated, and the
retention time of the device longer tharf4@ also performed in this chapter. Therefore,
the SZO-based ERBE device possessing good switcpingerties is a promising

candidate for next-generation NVM applications.
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Table 4-1 Roughness of the LNO and 0.3%-V:SZOdilteposited on two kinds of

substrates.
Structure mean roughness (nm RMS roughness (nI‘n)
LNO/SIO,/Si 0.923 1.227
SZO/LNO/SIQ/Si 0.812 1.037
LNO/Pt/Ti/SIO,/SI 2.218 2.842
SZO/LNO/PHTI/SIQ/SI 1.458 2.035

Table 4-2 Device structures; resistive switchiogapties, and switching voltages of the

SZ0-, TiG-, and PCMO-based:memory devices proposed by welvk research groups.

material device structure* switching polarity turn-on tur n-off reference
sweep 7V sweep +2V
Sz0 Al/ SZO / LNO /Pt nonpolar this work
pulse 6V, 10ns| pulse +4V, 10ns
Sz0 Au/SzZO/SRO bipolar sweep -0.5\ sweep +0.5 [18]
Sy4e) Pt/ SzZO / SRO bipolar sweep +2V sweep -1.5 0] [3
TiO, Pt/ TiO,/ Ru nonpolar sweep 2V sweep 1V [49]
TiO, Pt/ TiO, / TIN bipolar pulse -2V, 20ng pulse +2.2V, 30n4 [65]
PCMO Ti/ PCMO / SRO bipolar sweep -5V sweep +2V 0][8
PCMO Pt/ PCMO / Pt nonpolar pulse £3Vus0| pulse £5V, 10Qs [97]

* TE / resistive layer / BE
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Chapter 5

Conclusions

5.1 Conclusions

The resistive switching properties of the SZO-based memory devices for RRAM
applications are investigated in this dissertation. The SZO-based memory devices with
LNO BE and Al TE (AI/SZO/LNO, ERE devices) have bipolar resistive switching
characteristics, whereas the devices with Pt BE, LNO buffer layer, and Al TE
(Al/SZOILNO/Pt, ERBE devices) possess the nonpolar resistive switching behavior. The
similar characteristics in resistive,switching.polarities of the TiO,- and PCMO-based
memory devices were aso proposed by-other research groups. The nonpolar switching is
considered as an intrinsic property .of the SZO-based memory devices, while the
electrode materials employed ih the devices would determined the resistive switching
polarities.

The resistive switching mechanism of the SZO-based memory devices are
considered as the formation and disruption of the current paths, which possibly attributed
to the storage and release of electrons of the trap states in the SZO film. The conduction
mechanisms of both LRS and HRS currents of the SZO-based memory devices are
dominated by Ohmic conduction and F-P emission, respectively.

The 600°C-annealed LNO films act as the BE and buffer layer of the ERE and
ERBE devices, respectively, have smooth surfaces, high conductivities, and (100) and
(200) orientations. The SZO films with different doping concentration deposited on the
LNO films also have (100) and (200) preferred orientations, which have been proposed

that had good resistive switching behavior.
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The doping effects of the SZO-based ERE devices are discussed in this dissertation,
indicating that a proper concentration of doping into the SZO film can improve the
resistive switching properties, such as resistance ratio and stability. The resistance ratio
between two resistance states of the 0.3%-V:SZO ERE device is over 10*, and retains
1000 after applying 100 voltage sweeping cycles. This device has stable resistive
switching properties even when the measurement is performed at 100°C. The retention
time of the device is longer than 10’s, and the nondestructive readout property of the
device is aso examined. The resistive switching properties of the 0.3%-V:SZO ERE
device comparison with the criteria of RRAM are shown in Table 5-1.

On the other hand, the operation voltages of the 0.3%-V:SZO ERBE device are less
than 7V, and the resistance ratio of the device is higher than 10”. This device with Pt BE
has lower resistive switching voltages and higher resistance ratio comparison with the
0.3%-V:SZO ERE device with' LNO BE. The resistive switching speed of the
0.3%-V:SZO ERBE device is-10ns, which isthe fastest speed in comparison with that of
the previous reports. The device'has stable resistive switching properties even when the
measurement is performed at 150°C. The nondestructive readout property of the deviceis
also demonstrated, and the retention time of the device is longer than 10’s. The resistive
switching properties of the 0.3%-V:SZO ERBE device comparison with the criteria of
RRAM are also shown in Table 5-1.

Consequently, the SZO-based memory device with good resistive switching
characteristics including low operation voltage, low power consumption, high operation
speed, long retention time, nondestructive readout properties, and simple structure is a

possible candidate for next-generation NVM applications.
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5.2 Suggestionsfor Future Work
5.2.1 Resistive Switching M echanisms
The possible resistive switching mechanism of the SZO-based memory devices
is proposed and investigated in this dissertation. However, the resistive switching
mechanisms in each material are not clearly understood and unified explained so far.
In order to improve the resistive switching properties of the RRAM devices, an
extensive understanding of resistive switching mechanisms in each materia is

necessary.

5.2.2 Possible Waysto Improve the Endurance

The endurance of the SZO-based memory devices is about 100, which does not
match the criterion of NVM applications;.which is possibly due to the electrical
degradation of the device. During the turn-on processes, the current paths are
formed disorderedly, and hence;the turn-on-voltages are not identical. Therefore,
applying a higher voltage is necessary to successfully turn-on the device, which
causes the electrical degradation of the device. In order to improve the endurance of
the SZO-based memory devices, two ways are possibly practicable. The first oneis
the using of plug electrode as shown in Fig. 1-17. Baek et al. had proposed that the
using of plug BE can confine the area and number of the formation of current paths
[16], which can significantly improve the uniformity and stability of the resistive
switching properties. Fig. 5-1 shows the turn-off current distribution of the plug BE
versus that of the planar BE [16], indicating that the uniformity of the plug BE is
higher than that of the planar BE. The second way is the using of series diode
(1D1R structure). Besides the avoiding of the misread as indicated in Sec. 1.3.1, the
1D1R structure aso can provide a stable current compliance for protecting of the
device [67]. In addition, the 1D1R structure can also control the LRS current of the
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SZ0-based ERBE device within the criterion of RRAM. Therefore, the use of plug
BE and 1D1R structure could possibly improve the stability and endurance of the

SZ0O-based memory device, which should be an interesting work.
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Table5-1 Resistive switching properties of the 0.3%-V:SZO ERE and ERBE devices

comparison with the criteria of RRAM.

criteriaof RRAM ERE device ERBE device
switching polarity bipolar nonpolar
operation voltage 1ov 15v 5V
operation speed 1ms/ 10ns** 5ns/ 500ps *° 10ns

current density

10°~10’ A/em?

10° A/cm? (estimated)

108 A/cm? (estimated)

resistance ratio 100 10* 10’

endurance 10°/ 10" *2 100 100
retention time 10 years 16'months (so far) 8 months (so far)
nondestructive readout 10% 10" (estimated) 10" (estimated)

thermal stability

>100°C

> 150°C

*1 1ms for replacing the Flash memory, and 10nsfor replacing the DRAM.

*210° for replacing the Flash memory, and 10* for replacing the DRAM.

*3 Bns for turn-on process, and 500us for turn-off process [23].
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