B = v i+ 7
ML g1 A8

B oL@ 2

BRIl 2 giidis 3 C R IE R I 3

Study of Magneto | mpedance for Magneto Resistive
Memory and Tungsten Oxide for Resistive Memory
Moy o4 rEag

I FEFRE O ER
AR FPR

PEA R LA E



Fhfe 5

Abstract (Chinese)
- /,J, Y N2 S A~ % ,:q', I\ ’ 2
B2 BrEdnz 3 LT IE R
3
Bl faz REFHE R R
AR K]
CERE Y
HERAFL1EF

#F &

*

AR LA iy LF» »

TARFEREIEN AP BT G 2§ Mg R
G OfE o
T

G L
{7 AP E %

BlE it A e R BFp g £k o Y

TR AR o B N A BB TRE T B SR LT Y
20 A

,Ivjl

2,
—-— =4
T o Flt
1 °
o

A

F_

» AR BT R 4
LA A R FHEIE S A e g
MR B - BAEY PR

FLH A 45 o

A RTINS - i 1
M sF 20 ,Fauj;_ {m

R R p R T R Rt
B KRR I RABE A RS ¥ AT
B39 BA FE o 2 Ru (5nm) /Cu (10nm) /Ru(5nm) /IrMn(10nm) /CoFeB(4nm) /Al(1.2nm)-oxide
/CoFeB (4nm) /Ru (5nm) 28 J 2B e i dg 5 17T 7 8 A% b~ B g IR e b
3 2ER Rzl e it v i 17000% e B R R T R it

4

B R B g e S

TG MATE CET IS TR
SRRl > £ F HEE MR Y R B F S Z A BT G - B AR
T+ 'vq TRt Ra

RN
BJ:‘& E T v e T ’UI«—K‘I’JZ\IEJ?

Ij}i!g-'}"b Or_]u"j'\'



Abstract (Chinese)

RN - BRATRE O ST e R AN ARG 2
WAz 5 - FREARS > T ¥ 220 & CMOS ®AR o A rspsd § i et @l § chg 1 48
TIENEW PR 7 ARDEEDL 2 Sl MR T - BRI
Weslgladsia 4 2 vE P g ok T o

HAF LTI ER TR APE- HFREINT R Sl ] T L
ROERH AMF IEENTRET B EBF LR LT T A UIT I ZG A &
FHSETRNTRA R IG SR & B R IR R R FRTIR
o FWETLE AP PR AR T URBEBFR AP RFI AT G EINT
g Y4 TN E BB o TR 2 A D 2 F s do it 200 B B
g TRy 2 100 BafrE it 2 AHES 8D Rk E T 0 &3t 300 & iRy

e
354 °



Abstract

Study of Magneto Impedance for Magneto
Resistive Memory and Tungsten Oxide for
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Department of Materials Science and Engineering
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ABSTRACT

This dissertation is devoted to study the magneto impedance effect of magneto resistive
elements, and tungsten oxide resistive memory extensively for providing in-depth their
physical understanding.

The magneto resistive el ements such as pseudo spin valve (PSV) and magneto tunneling
junction (MTJ) play arole for magneto random access memory (MRAM). The DC behaviors
for magneto resistive elements have been widely studied, but the AC behaviors are still rare.
Thus, in the first half of this dissertation we focus on the AC behaviors of magneto resistive
elements.

By using AC characteristics, we provide a new non-destructive analysis method to study
the nano-oxide layer effects of PSV. Besides, the equivalent circuit model is used to describe
the AC behaviors for MTJ. For Ru (5nm) /Cu (10nm) /Ru(5nm) /IrMn(10nm) /CoFeB(4nm)
/Al(1.2nm)-oxide /CoFeB (4nm) /Ru (5nm) system, a huge imaginary part of magneto
impedance ratio more than 17000% is observed at high frequency 17.7MHz. Magneto
impedance effect of the MTJ is potentially a sensitive sensor for high frequencies.

In the second half of this dissertation, tungsten oxide resistive random access memory is



Abstract

studied extensively. Although resistive random access memory (RRAM) is forecasted to be
the promising solutions to replace the electron storage memory due to its excellent scalability
and 3D possibility, up to now, the fundamental understanding is still very limited and device
performance is required to improve. Thus, we proposed a novel WOy for the RRAM system,
because it requires only one extra mask under standard CMOS process. By using rapid
thermal oxidation (RTO) for the WOx RRAM, we have demonstrated its good performance
such as low switching current, fast programming speed, good thermal stability, and high
endurance > 1M times for nonvolatile memory.

Under this study, we further find the work function (WF) of the electrode is a key
element determining the conduction mechanism for WOx RRAM. SCLC (space charge limit
current) mechanism and thermionic emission mechanism are identified for low WF and high
WEF electrodes, respectively. These studies imply that the device performance may be
significantly improved by selecting the proper electrode. With this guideline, Ni/WOx/W
device is investigated. The new Ni/WOx/W device shows very good performance that
operates at <200uA switching current, a 100X resistance ratio window, and extremely good

data retention of > 300 years at 85 °C.
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180°C, 200°C, respectively. The inset panels show the equitaiapacitor modes. 34
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CHAPTER 1

I ntroduction

1.1 Background and Motivation

Non-volatile memories have drawn much attention in the world. The applications for
portable and electronics such as digital still camera (DSC), celular phone, digital audio
machines (MP3 player), memory cards, routers, and so on are indispensable in our life. At the
present the electron storage memories like conventional floating gate flash memories, NOR
and NAND flash, are popular for non-volatile memory that drive the progress of the world
around forty years. Recently, in order to keep corresponding to the market of non-volatile
semiconductor memories, owing to its high.density and low cost, both for NOR and NAND
flash are the most important electronic devices. Up to now, flash memories could scale down to
32nm technology node. However, beyond 32nm-technology node, the flash memories face the
scaling issues due to physical limitation. Therefore, finding the way to replace the electronic
storage memory is a hot and interesting topic for memory research.

Resistive storage memory plays a key role for memory research due to its potential to
replace the electronic storage memory. For the purposes of Phase change memory (PCM),
magnetic random access memory (MRAM), and resistive random access memory (RRAM) are
considered in place of the electronic storage memory because good performance such as high
endurance, random access and high operation speed.

MRAM has been developed more than twenty years. This technology aways can find new
ways to overcome the hinder of technology issues. For instance, the spin transfer torque
technique was used to solve the scaling issue for conventional field driven MRAM. Although
the operation architecture changes a lot for MRAM evolution, the basic magneto resistive
elements are used and dominate the performance of either conventiond MRAM or STT

1
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MRAM.

The DC behaviors for magneto resistive elements such as pseudo spin vave (PSV), and
magneto tunneling junction (MTJ) have been widely studied, but the AC behaviors are rare.
This motivates usto investigate the AC behaviors for PSV and MTJ. In this thesis, the magneto
impedance behaviors of the PSV and MTJ are studied. By using the AC analysis, the
nano-oxide layer (NOL) effects of PSV could be modeled. Moreover, the equivalent circuit
model was used to describe the AC behaviors for the MTJ.

Recently, resistance-based memory has attracted much attention for high-density memory
applications because of its simple structure, small cell size, high speed, and low power
consumption. Resistance switching memories including transition metal oxides (TMO) and
programmable metallization cell (PMC), such as TiOx [72], NiOx [67], M0oOx [73], CuOx,
TaOx, CoOx [74], and Cu/WOx [75] have been studied extensively. Although alot of groups
devote to study the RRAM for its conducting mechanism, switching mechanism, and device
performance, up to now, their switching and conducting mechanisms are still not clear due to
the complexity of the many oxides.

Compatibility with the CMOS process is a major criterion in choosing the metal oxide for
RRAM design. Tungsten oxide (WOx)-based RRAM is attractive because it requires only one
extra mask without contamination issue, new equipment or new material to the standard
CMOS process. The device performances of WOx-based RRAM are further studied. The WOy
converting by rapid therma oxidation (RTO) provides the suitable performance such as low
switching current, high resistance window, fast programming speed, good thermal stability, and
high endurance for nonvolatile memory. Besides the conducting mechanism is aso

investigated by using different work function el ectrodes connecting with WOy elements.
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1.2 Thesis Organization

This thesis consists seven chapters.

At first, chapter 1 gives a brief introduction and organization for this dissertation. Chapter
2 reviews the previous literatures of emerging resistive memories such as PCM, MRAM, and
RRAM.

In chapter 3, the magneto impedance behavior of the PSV is addressed. The NOL effect of
the PSV is studied. The new non-destructive analysis method via the magneto impedance
spectroscopy for investigate the PSV with different thickness of NOL is provided. Also, the
magneto impedance behavior study for MTJ is shown in chapter 4. The equivalent circuit
model can well describe the AC phenomenon of the MTJ.

In chapter 5 and 6, the main discussion shifts to RRAM research. The tungsten oxide
RRAM by using down stream plasma oxidation (DSPO) is proposed in chapter 5. The device
analysis and performance are introduced. Chapter 6 shows the further improved WOy device
by using rapid thermal oxidation (RTO) process. The first time transient effect study for WOx
device is demonstrated, and it reveas ultra fast program speed for RTO WOx RRAM.
Moreover the performance, operation method, and conduction mechanism are explained in
detail.

Finally, the summary and future prospects will be given in chapter 7, respectively.
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CHAPTER 2

Basic of MRAM and RRAM

2.1 Magnetor esistive Random Access Memory (MRAM)

2.1.1 Magnetoresi stance Effect

In this section, we will discussion the magnet@tsice, include pseudo spin valve effect
and tunneling magnetoresistance effect.

The pseudo spin valve is composed of a hard magtegter, HM, and a soft magnetic
layer, SM, magnetically separated with a nonmagnktyer, NM. The HM has a larger
coercivity than the SM. A prototype pseudo spinveafilm proposed by Shinjo et al. is
[NiFe(3)/Cu(5)/Co(3)/Cu(5)f multilayered film [1]. NiFe is used for the SM a@ is used
for the HM. This multilayered film showed a MR @tbf ~8%. The magnetocrystalline

anisotropy energy, &for the films having cubic symmetry is given as

Es=K1/8(1-cosd)+...

M
\
(a) \ -
|
|
Il
_H — |
m— H
|~
—
— [
{b) —
_—_’ ‘-—_

Fig. 2.1. (a) Magnetization curve and (b) MR cunfethe pseudo-spimalve, where tr
magnetization directions of the SM and the HM aemaled vith gray and black arrow
respectively.
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When the magnetization rotates in the (100) plambere 6 is the angle between the
magnetization direction and the [010] axis. The iK the negative for fcc NiFe and Co.
Therefore, the NiFe and Co layers have the easy alwng the [011] direction. This is the
reason why the magnetization reversal of the NilkRed &€o layers take place. These
characteristics are suitable for the applicatiops$udo-spin-valve to MRAM devices, as the
magnetization reversal of the HM(=Co) layers isduder the data writing and that of
SM(=NiFe) layers is used for data reading, The aviiig field of SM is lower than that of the
HM layers. The schematic magnetization curve aedMR curve of the pseudo-spin-valve are
shown in Fig. 2.1(a) and (b). With the applicatioha small magnetic field that causes
magnetization reversal of the SM, but not of the HMe magnetization directions of the SM
and the HM take an antiparallel configuration. Théme pseudo-spin-valve shows high
resistance. With the application of a large magniid that causes magnetization reversal of
the HM, the magnetization directions of the SM &t take a parallel configuration and the
pseudo-spin-valve shows low resistance. Pseudevsiwe shows a symmetric MR curve with
the magnetic field direction, while the exchangasked spin valves show a nonsymmetric one
as shown in Fig. 2.2, as the HM in the pseudo-splwe has uniaxial anisotropy, while the
pinned magnetic layer (PL)/ antiferromagnetic (AR) the exchange-bias spin valve has

unidirectional anisotropy.

MR%

-
-h'q..hr-ﬁ_

H(Oe)

Fig. 2.2. MR curve for the single spin valve, whére magnetizatiowlirections of the FI
and the PL are denoted with gray and black arroggpectively.
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The exchange-biased spin valve shows a reversiBecive with the magnetic field. But the
pseudo-spin-valve shows an irreversible one. Thia disadvantage of pseudo-spin-valve for
application to MR heads. However, pseudo-spin-vabue studied for application to MRAM
(magnetic random access memory) devices [2,3].

Tunneling magnetoresistance (TMR) is observed femromagnetic spin tunneling
junctions (MTJ) consisting of ferromagnetic-insolatferromagnetic layers [4-6]. When the
insulating layer, usually referred to as the bartayer, is very thin (the order of 1nm),
electrons can tunnel through this forbidden regé@na result of the wave-like nature of
electrons for a voltage applied between the twoteldes, and can only be described in terms
of quantum mechanics. The basic principle of TMRthe dependence of the tunneling
probability on the relative orientation of magnatian in the two ferromagnetic electrodes.
The tunneling conductance is spin dependent dtleetepin dependent density of states (DOS)
at the Fermi level for ferromagnets. When the agplroltage is small enough for electrons
near the Fermi level to tunnel, the tunneling catance G in the MTJ can be written as

(2.1.1)-(2.1.2) by neglecting the spin dependeridch@tunneling probability [7],

G=R™*=Y T Dy (B )Du (Er ) o ot ittt (2.11)
)7 @XP(=25K) vttt b (21.2)
X=BPMX(B =B )2, (2.1.3)

where R, T, R(EF) are the junction resistance, tunneling probahillOS at the Fermi level
for spinc band of the i-th ferromagnet, respectively, @sdyand h are the barrier height and
thickness, electron wave vector in the barrier tiedPlanck constant, respectively. The TMR

is defined as

TMR=(Rap = Ro )/ Ro oo (2.1.4)
where B and Ry are the resistance for parallel and antiparalpd@h s£onfigurations of two
ferromagnetic electrodes, respectively. If we asstimat spin is conserved during tunneling as

shown Fig. 2.3, (2.1.1)-(2.1.4) lead to Julliem@sdel [4],

TMR=Z2PP, /(1=PP,) e e e et (2.1.5)
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Bamer

Fig. 2.3. A schematic model for spin dependent éling

Superconductor
Ferromagnet

JIU

Fig. 2.4. Probing thespin polarization of tunneling electrons from tleerémagnet to tt
superconductor
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Pi is the spin polarization of tunneling electrafigerromagnet i and given by
P=(D, =D (D, #D, ) cciiiiiiiiiiiii it (2.1.6)

TMR can vary over a wide range depending on thealBeg of ferromagnets as verified by
(2.1.5) and (2.1.6). For vanishing polarizationook of the electrodes the magnetoresistance
disappears, while for full polarization of the teting electrons of both electrodes£P,=1)

the effect will become infinitely large corresponglito a value of 1 in (2.1.5). Unfortunately,
determining the spin polarization at the Fermi ggesf a ferromagnet is not easy. A typical
transition metal ferromagnet has two componentgst@lectronic structure; narrow d-bands
that may be fully or partially spin polarized antbdd s-bands with a lesser degree of spin
polarization due to hybridization with the d-bondibe value of P is controlled by extending to
which these s- and d-bonds cross the Fermi endrtipe orbital character at the Fermi surface
of the ferromagnetic metal is primarily d-like, théhe spin polarization will be high. If the
orbital character, however, is s-like or s-d hyiaeédi, then the spin polarization can be low or
high depending on the detail of the electroniccttite. The magnetization of a material may
show that all the electronic spins associated whia d orbits are aligned but the spin
polarization at E can de depressed. On the other hand, metalliceofedomagnets, for
example, have a greater opportunity for high sgilafzation because of the predominance of
the d orbital character atE

Measuring the spin polarization requires a spectiois technique that can discriminate
between the spin-up and spin-down electrons nearsjn polarized photoemission
spectroscopy is technically capable of providing thost direct measurement of P, but lacks
the necessary energy resolution (~1meV). An effectilternative to photoemission is the use
of spin polarized tunneling in a planar junctionogeetry which does allow the electronic
spectrum near &o be probe with sub-meV energy resolution.

Tedrow and Meservey pioneered this technique by  kimgr
superconductor/insulator/ferromagnet junctions aegeman splitting the superconductor’s
strongly peaked single-particle excitation specttthe application of a magnetic field [8].
The spin-splitting of the quasiparticle densitystdites in a superconductor by the application
of a magnetic field allows probing the spin polatian of tunneling electrons from the
ferromagnet, which is schematically shown in Fig4.2The resulting spectrum of the

superconductor roughly corresponds to two fullynspolarized peaks (neglecting spin-orbit
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coupling effects) that can be used to detect tha pplarization of a current from the

ferromagnetic film. Another method of measuringnspolarization of a metal was developed
recently [9], which is a metallic point contact Wween the point contact measures the
conversion between superconducting pairs and tigdesparticle charge carriers of the metal.
The conversion of normal current to supercurrena ahetallic interface is called Andreev

reflection.

The values of P measured are shown in Table 2ot Nafious ferromagnets except for the
theoretically expected values for half metals with1l, which have an energy gap in the
minority spin (down spin) band as shown schemayigalFig. 2.5, thus only majority spin (up
spin) electrons at the Fermi level. The spin pekion of tunneling electrons seems to be
nearly proportional to the magnetic momerndf the electrode as shown for Ni-Fe alloys in Fig.
2.6 [8], while it is not always proportional toof the ferromagnetic electrode as shown in Fig.
2.7 [10], which exhibits TMR ang? as a function of the composition of Fe-Co allogcgiodes
used for the junctions.

Table 2.1.1 Spin polarization of various magnetatenals

Magnetic material ~ Spin polarization Magnetic matksri Spin polarization
Fe 0.44 NiMnSb 1,0.58

Co 0.35 PtMnSb 1

Ni 0.23 CrO2 1

NigoFex 0.25,0.45 F€O, 1

FesoCoso 0.53 (La-Sr)MnQ@ 1

Equation (2.1.5) assumes that all electrons atFémeni level have the same probability of
tunneling and also neglects the influence of theidra In fact, however, TMR depends on
tunneling barrier height for the MTJ using CoFectrlades. The TMR is larger for the higher
barrier height. The barrier height can be estimaie8immons’ expressions (2.1.7)-(2.1.10)

B =[3e(2mg)"? 1202s|exd~ AG"2 QM) oo (2.1.8)
y=(A) 1960~ A€ 132074, ... ... 0(2.1.9)
A=4n(2m)'*s/h= 1.02{A/(ei/)”2} .......................................................... (2.1.10)
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for lower bias voltage, where J; and s are current density [A/@nbarrier height [eV] and

barrier thickness [cm], respectively.

E .,
../_,_,.--—
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D/Ij:DFc
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P (%) I:J‘LCO
o !
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Atomic magnetic moment ( 4f 5)

Fig. 2.6. Spin polarization of tunneling electrons versue thagnetic momeng of the
electrode.
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Fig. 2.7. TMR and:? as function of the composition of s alloy electrodes used for
junctions.
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2.1.2 Magneto |mpedance Theory

Magneto impedance, Ml = M|Zje MR +iMX, in which X = X _-Xc, originates mainly
from the inductance and capacitance of the magiete. Z is the impedandé,s the phase
angle, R is the real part of magneto impedance, »and the imaginary part of magneto
impedance.

In 1999, X.Q. Xiao [11] shows giant magnetoimpeda(GMI) effect in films with a
sandwiched structure [12]. As compared to singlerad films, the sandwiched films have
much higher GMI ratio at relatively low frequenci@is is because of the separation of the ac
current path from the magnetic flux path. The inmghly conductive metal reduces the entire
resistance of the sandwiched film, and the outegrmafac layers form a magnetic alloy
closed-loop structure. Therefore, less power isipgéed in the films to generate the ac
transverse field. In the FeNiCrSiB/Cu/FeNiCrSiBusture, GMI ratios of 63% and 77% have
been obtained at 13 MHz in longitudinal and transedields, respectively as shown in Fig.
2.8. These values are almost twice as large a® tbbtined in single layered FeNiCrSiB

films.

80 T T 1 | I I
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Fig. 2.8. Field dependence gf | Z | / | Zs| at 13 MHz in longitudinal (filledsymbols
and transverse (hollowed symbols) field.

11



Chap.2, Basic of MRAM and RRAM

In 2000, M.F. Gillies [13] further proposed the matp impedance effect for magneto
tunneling junctions [14]. The structure is the EY&Co/AIOx /Co. Due to differing
conductivities charge collects at the interfaceveen the dielectrics as well as on the capacitor
plates (Maxwell Wagner capacitor model). This resui two contributions to the impedance.
In the case of the magnetic tunnel junctions stlidieey extend this simple analysis to more
than two layers in order to provide a model withishhthe complicated results of the
impedance measurements as shown in Fig. 2.9 (ajban8y this AC analysis, the oxide/Co
multilayer proved a very useful way of determinihg total oxide thickness as a function of
oxidation time and allowed a rough check of whatswetermined from the impedance
measurements. The strength of the impedance measore is that they provide a
“fingerprint" of the oxide, rather than definitivi@ parameters, and in so doing help to

characterize the oxide.
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Fig. 2.9. (a) Real and (b) imaginary parts of imgreze for junctions witldifferent oxidatiol
times (in seconds). In both figures the dots shHosvrheasured results and gwid lines ar
fits.
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2.1.3 Field Driven Magnetization Switching Designs

In most of today’s MRAM designs, the memory elemisna magnetic tunnel junction
(MTJ) that consists of two magnetic electrodes saciing an insulative tunnel barrier, as
shown in Fig. 2.10 [15-18]. The resistance of thesgnetic tunnel junctions depends on the
relative orientation of the magnetic moments in tthhe magnetic electrodes interfacing with
the tunnel barrier [19-22]. When the magnetic mamenf the two magnetic layers are
antiparallel, the resistance of the tunnel junci®significantly higher than when they are in
parallel. The magnetic electrodes are shaped hkellgpse to create a shape-defined magnetic
anisotropy. The magnetic moment will always beingsalong the long axis of the element,
referred to as the magnetic easy axis, as showigin2.11 [23]. Assuming we can “fix” or
“pin” the direction of the magnetic moment of thettom layer, referred to as the reference
layer, along the easy axis, the magnetic momeentaiion of the storage layer along the easy
axis will give rise to two states with distinctiyedlifferent resistance values, thereby, the two
states in binary bit. The magnetization of the nesiee layer is “fixed” via a multilayer
structure, which includes an antiferromagnetic tegtethe bottom. The reference layer is part
of a trilayer known as synthetic antiferromagnefAKE} that is free of stray field. A good
example is CoFe/Ru/CoFe with Ru of thickness ard@@/&d The antiferromagnetic layer yields
an interfacial exchange field that “pins” the matgmenoment of the bottom SAF layer (pinned
layer).

In a memory element array, each memory elemenbisected to a transistor, which
performs the read addressing for reading back temony state of an individual cell. The
memory state writing of an individual memory elemignthe array is performed by a x-y grid
of conducting wires, referred to as word lines angital lines, placed over and below the
memory elements with a memory element locateddt egoss, as shown in Fig. 2.12.

A current flowing through a selected word line (ming in the y-direction in the figure)

generates a magnetic field along the easy axis/ile a current flowing through a selected

13
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digital line (running in the x-direction) generate$ield H, in a direction transverse to the easy
axis. A simple theoretical analysis shows that fiakl threshold for resulting in a magnetic

2R often referred to as the Stoner—Wohlfarth switching

switching is given by kf’*+H,**=Hy
astroid, where His the anisotropy field of the element [24]. Aatiog to the above equation,

the switching field threshold is the lowest wherhbiteld components are equal in magnitude:
The memory state of the element at the cross oatkigated word line and digital line can be
changed. Whereas the rest of the elements alongeleeted word or digital lines, known as

the half-selected elements, shall not be affectedesthey only experience one of the two

fields, provided each field component is below H

t+ Resistance
< | - {"17) -—
orage ayler (0") = (“1%)
Tunnel barrier _—
Reference layer .~~~ SAF
Pinned layer — 1L — (*0")
AF layer — —

Magnetic Field

Fig. 2.10. Schematic drawing of a typical magnétionel junctionmemory element ai
corresponding memory states that have tdistinctive resistance values due to
magnetoresistive effect.
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Fig. 2.11. Simulated magnetic switching of an elyaped magneticelement. Th
magnetization reversal starts at the center ofetement with quastoherent magnetizati
rotation. The reversed region expands towardsrids as the reversal completes.
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Fig. 2.12. Schematic drawing of the memory elemamty. Each memorelement i
connected to a field effect transistor for readradsing. A grid of x¢ conducting wire:
known as the digital lines (wires along thedixection) and word lines (wires along
y-direction), is placed over and below the memdgments for providing the magnetic field
for the write operation. Each memory element isaled at a cross in theyxwire grid. The
lower bottom shows the switching field thresholdhtomr, known as the Stoner—Warth
switching astroid. The magnetization of the storkgyer will remain unchanged if theeld
applied is located within the enclosed region @ éistroid Otherwise, the magnetic mom
will irreversibly switch to the direction of the wabline field.

15



Chap.2, Basic of MRAM and RRAM

2.1.4 Spin Torque Transfer Driven Switching Designs

Right before the turn of the century, research@mahstrated magnetic switching of a
patterned magnetic element at deep submicromategrgiion by direct perpendicular current
injection [25-28], a phenomenon previously predicty/ theorists Berger and Slonczewski,
known as spin torque transfer [29,30]. When curremjected normally through a uniformly
and firmly magnetized ferromagnetic layer, i.ee tlference layer, acts as a “spin filter”: the
injected electrons with spin parallel to the magaion direction of the ferromagnetic layer
get transmitted and the electrons with antiparafghs get, partially, reflected. The current
becomes spin polarized in the vicinity of the refexe layer. If another magnetic layer, i.e., the
free layer, is placed within the range of the gmaharization, the spin polarized current would
result in a torque, referred to as spin torque ithato rotate the local magnetic moment away
from the equilibrium orientation direction causitige magnetic moment to precess around the
local effective magnetic field. This ‘spin torquellviae present until the local magnetization
becomes parallel to the spin polarization directibime current spin polarization is opposite in
sign at the opposite side of the reference laydh wespect to the direction of injection.
Reversing current direction, thus, reverses the sfghe spin torque, as illustrated in Fig.2.13.
If the spin torque, proportional to the injectedrent density, in the free layer exceeds the
restrain torque caused by local magnetic anisotnm@gnetization rotation occurs. The critical
current density to irreversibly reverse the magnetoment of the free layer is given by the

following [20]:

Jeo = (%) (%) (Mstr) (H, + 27Ms)

where M, t;, and H are the saturation magnetization, the thicknaess tlae anisotropy field of
the free layer, respectively. Also in the above atigum, a, known as the Gilbert damping
constant, is a phenomenological parameter measthimmgnagnitude of the damping torque

that yields a natural dissipation of the magnetiergy into other nonmagnetic energy form(s),
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such as heat. The most commonly recognized enegpipdtion channel is the coupling
between spin waves and lattice vibration, knowmagnon—phonon interaction. With a slight

manipulation, above equation can be rewritten as

Icp = (%) (%) (KuV -+ TngV)

where A, V, and K are the surface area, the volume, and the anpo#nergy constant of a
free layer, respectively, andylis the critical current amplitude. The term\Kon the
right-hand side is the anisotropy energy of the fegrer, namely, the magnetic energy stored in
the memory element or the energy barrier betweerntwio memory states. It is important to
note that the volume V in the above equation shbeldhe activation volume, which could be
smaller than the actual volume of a memory elem&he term arises from the surface
demagnetizing energy due to the out-of-plane petoesof the magnetization during the
switching. It is important to note that the surfaeenagnetizing energy is typically greater than
the energy stored in the bit. The fact that theb&@tl damping constant appears in above

equation reflects the nature of spin torque trardfi’en magnetization reversal.

free layer free layer

o Yo o

Electron flow

t 't t Al t
~e—> o> <« Il — —yn

; it ~
. 1 ' i Electron flow

reference Léyer referencé layer
(a) (b)
Fig. 2.13. lllustration of spin torque transfeljeleting a current through ferromagnetic lay
of a “fixed” magnetization, the current will bgpin polarized. Placing a free layer nearby
spin polarized current will result in a torque thétl act to rotate free-layemagnetizatio
away from the equilibrium orientation. The sighspin polarization direction outside of
“fix” layer reverses with reversing direction alrrent.
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In a free layer at equilibrium absent spin torqa@sfer, the magnetization is always parallel to
the local effective magnetic field, a direct resnfitthe existed damping torque due to energy
dissipation. When free-layer magnetization is ie thpposite direction of the current spin
polarization, the spin torque is effectively antigang: its direction is exactly opposite to that
of the damping torque. When the magnitude of spigue becomes greater than that of the
damping torque, the energy of the local magnetionemt increases with time and an
irreversible magnetization reversal could evenyuadicur. A smaller damping torque will yield
a smaller critical current for irreversible magaation reversal. When the energy barrier
between the two memory states becomes comparahileetdhermal activation energyy k
where Kk is the Boltzmann constant and T is the labsdemperature, memory state switching
can occur at a current level below switching thodsh as illustrated in Fig.2.14. The
probability per unit time for a transition betweldie memory states to occur is given as

-+
Eh

p- = foe T
where § is known as the attempt frequency and its valleeieved to be on the order of*10
10'° Hz. With an injected current pulse at a densitgl anpulse duration, the memory state

switching probability is [31.32]

AR =1 — e —EnE. avpl— 2y L
plAt) =1 .}.1’}{ folut E.‘{[J[ hT(l Im)]}

The above relationship is often used for quantigatietermination of the energy barrier [32].
Fig. 2.15 shows a schematic view of a typical STRAM memory cell along with a
representative example of a magnetic memory elerstatk [33,34]. For switching the
memory state of an element with 50nm/100nm for tdlomig axes, the injected current pulse is
typically 200uA in amplitude and 5 ns in duration, correspondmg@ switching energy on the
order of a few pJ. Compared to the toggle MRAM, s#hgwitching energy per bit is on the

order of 100 pJ, the energy consumption is sulsathntreduced. The STT-driven
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magnetization reversal offers a means to switchntlagnetic state of the storage layer by
directly injecting current through the memory elemdence eliminating the x-y grid of write
lines and half-select problem discussion in previsections.

In addition, the spin torque transfer is signifitgrmore efficient in terms of switching
free-layer magnetic moment for elements in deepmstrdometer dimensions or below.
Therefore, it could be the dream memory since & ti@ potential to replace all the existing
memory devices in a computer, maybe even the hisid diives, becoming the “universal

memory”.

(a) (b)

Fig. 2.14. lllustration of (a) thermally excited gmetization switchingand (b) thermall
assisted magnetization switching in which émergy barrier is lowered due to the presen
either a magnetic field or a spin torque transfeinipected spin polarized current.

(a) (b)

Fig. 2.15. lllustration of a spin torque transfeRIMM memory cell.(a) Schematic view al
(b) illustration of the memory cell with addressingnsistor on a Si wafer.
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2.2 Resistive Random Access Memory (RRAM)

Starting in the 1960s, a huge variety of material@n MIM configuration have been
reported to show hysteretic resistance switchinitfy & first period of high research activity
until the mid-1980s. A second, on-going periodtethin the late-1990s, triggered by Asamitsu

et al. [35], Kozicki et al. [36] and Beck et al7[3recently reviewed [38,39].

2.2.1 Unipolar and Bipolar Behaviors

In general, two switching schemes need to be djsigined. Switching is called unipolar
(or: symmetric) when the switching procedure doessdepend on the polarity of the voltage
and current signal (Fig. 2.16a). In contrast, thearacteristic is called bipolar (or:
antisymmetric) when the set to an ON-state occumna voltage polarity and the reset to the
OFF-state on reversed voltage polarity (Fig. 2.18b) both characteristics, unipolar and

bipolar, reading of the state is conducted at suw@thges, which do not affect the state.

| Unipolar‘ ON

OFF

Current
(mA range)

O

O
[
i
]
i
1
H
1
'
'

._ Bipolar ‘

ON
OFF

OFF

Current
(MA to mA range)

ce..l _~on (b)

Voltage (few V range))
Fig. 2.16.Unipolar and bipolar switching schemes. CC dentitescompliance current, oft
needed to limit the ON current
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2.2.2 Electrochemical Metallization Effect

One class within this category relies on an eletiemically active electrode metal such
as Ag, the drift of the highly mobile Agations in the ion conducting layer, their disgjeaat
the (inert) counterelectrode leading to a growth Agf dendrites which form a highly
conductive filament in the ON state of the cell][40pon reversal of polarity of the applied
voltage, an electrochemical dissolution of the cmtide bridges takes place, resetting the
system into the OFF state (Fig. 2.17). The redactrens for AgS as an Ag ion conductor

read as:

R educti
AG(AQzS) &' = Ag

Oxidation

The asymmetry of the OFF switching has been a matteome debate, because it appeared to
be unclear why the “opening” of the Ag.bridge slibatcur at a different voltage polarity than
the “closing”. Using a model system with an aqueslaestrolyte we have recently been able to
demonstrate that the asymmetry arises from the Imodogy, i. e. the needle-to-plane geometry

of the configuration as shown by electrochemicaldations (Fig. 2.18) [41].

2.2.3 Valency Change Switching Effect

In many transition metal oxides, oxygen ions defetypically oxygen vacancies, are
much more mobile than cations. If the cathode tdomn exchange reactions during an
electroforming process, an oxygen deficient regitarts to build and to expand towards the
anode. Transition metal cations accommodate thiielecy by trapping electrons emitted

from the cathode. In the case of 7i@ titanates, for example, this reduction reaction

ne’ +Ti**t — TiA-m*
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ON — OFF

Fig. 2.17.Sketch of a resistive switching effect based an dhlectrochemical metallizati
process.

& T r———y
LA g

|_|—l‘]"7—h l_}_,t'f:_yl 4 ‘:. P -i-_i'b—t_.__

Fig. 2.18. Field simulation of the fromtost Ag dendrite and the Ag electrode; (a) late
state; (b) early OFF state.
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is equivalent to filling the Ti 3d band. The reddaglency states of the transition metal cations
which are generated by this electrochemical protgssally turn the oxide into a metallically
conducting phase, such as, e. g., Ji@for approx. n>1.5. This “virtual cathode” moves
towards the anode and will finally form a conduetipath [42]. At the anode, the oxidation
reaction may lead to the evolution of oxygen gas.aA alternative, material of or nearby the
anode may be oxidized. Once the electroformingmpleted, the bipolar switching obviously
takes place through local redox reactions betwhiervirtual cathode and the anode, i. e. by

forming or breaking the conductive contact (Fid.9.

-

Pt bottom
electrode

i
resistjve
cell 2

250 nm |®
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Fig. 2.19. I-V measurement of a 100 x 100 nm?2 Byii/Pt resistive switching cell. Tl
SEM picture shows the single cell in cross juncticonfiguration (C. Kigeler et al
unpublished data).
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2.2.4 Thermochemical Effect

A typical resistive switching based on a therm&tafshows a unipolar characteristic. It
is initiated by a voltage-induced partial dielectbreakdown in which the material in a
discharge filament is significantly modified due thoule heating. Due to the current
compliance, only a weak conductive filament witlc@ntrolled resistance is formed. This
filament may be composed of the electrode metalsparted into the insulator, carbon from
residual organics [43], or decomposed insulatorenetsuch as sub-oxides [44]. Recently, the
filamentary nature of the conductive path in the-Q@&te has been confirmed. Pt/NiO/Pt thin
film based cells have been successfully integramtol CMOS technology to demonstrate
non-volatile memory operation [45]. A critical parater for this unipolar switching effect
seems to be the value of the current compliancg@absive arrays the storage cells need to
incorporate diodes in series to the switchablesterss in order to avoid signal bypasses by cells
in the ON-state. For oxide-baFsed unipolar cellsaadwich concept has been proposed to
integrate the diode function (Fig. 2.20) [46].

Resistive switching cells offer application oppaities, which go beyond mere
high-density memory devices. In particular, them & employed as reconfigurable switches

in field-programmable gate-array (FPGA) type logic.

10"
_i Lower layer NiO
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~.<.- I o, ‘-':'v
0%
o : |f
E 10° = #+ o (memory) |
5 : i: :fz”; (switch) |
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o 10° 3 .. iz (switch) 3#
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Fig. 2.20. 2-stack 1D-1R cross-point structure witide diodes as switch elements.
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CHAPTER 3

M agneto | mpedance Sudy for Pseudo Spin Valves

3.1 Introduction

Since the finding of the giant magneto resista@®@R) effect in a magnetic multilayer,
the pseudo spin valve (PSV) has shown great profoisapplications in Magnetoresistive
Random Access Memory (MRAM), pick-up heads, and me#ig sensors [47,48]. According
to a previous report [49], the growth of PSV films nano-oxide layers (NOLS) has led to an
enhancement in GMR. A corresponding reduction inimum film resistance by over 10%
confirms that this enhancement originates from acrease in the mean free path of
spin-polarized electrons due to the resultant @csfar reflection on nano-oxide surfaces.
Regarding thermal effects of a PSV with NOL, itwell known that formation of another
NOL in the interface between spacer and magneyierlaegenerates the differential spin
scattering. Therefore, the DC MR ratio of the PS&trdases with treatment at higher
annealing temperatures [12]. In a non-metallic @ystthe impedance (Z) is comprised of
resistance (R), inductance (L), and capacitancgt(@jefore, equivalent circuit theory can be
used to analysis the AC behavior [51,56]. In ouevpus work [52], we utilized the
impedance technique to investigate the NOL behand?SV. In this study, we extend the
impedance technique to report on the frequencyorespfeatures of the magneto impedance
(MI) behavior of PSV in more detail and use impemanspectroscopy to conduct
nondestructive analysis of a PSV with an NOL adtemealing.

Magneto impedance, Ml = M|Ze MR (real part of magneto impedance) +MX, in
which X = X -X¢, of the PSV originates mainly from the inductaacel capacitance of the
device [13]. It may also contain a small amounpafasitic inductance and capacitance from

the wire [54]. For a metallic multilayer such asw%, usually dominates, with Xnegligible.
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The hysteresis loop of the PSV, and the correspgnidehaviors of each component of the
impedance, i.e., |Z),(phase angle), R, and X, have been carefully exaahi

As usual, the Ml ratio is defined as 100 % x44E[) / |Zf, where the subscript P (AP)
stands for the parallel (anti-parallel) magnet@matorientation state of the PSV. The magneto
phase ratio, MP, magneto reactance ratio, MX, amagneto resistance ratio, MR, are all

defined similarly.

3.2 Experiment

A PSV with an NOL of NOL/PSV/substrate was grownebgun evaporation atRon a
thermally oxidized Si (100) wafer with a size ofcih x 1cm. The NOL was obtained by
oxidizing the thin magnetic layers of Co for tennoties naturally. The PSV was Ta
0.6/Co-NOL/Co 3/Cu 5/Co 1/Py 3, where Py denotagHdio and all thicknesses shown in
brackets are given in nanometers. The base pregstire growing chamber was lower than 5
x 10® Torr, and during the growth, the pressure neveeea 10 Torr. The sample was
subsequently annealed fromy B 200C for 30 minutes below the pressure 1 xIlDrr.
The AC behavior was determined by using an HP4&gzedance analyzer with the 16047D
fixture. A two-point contact was used in a frequemnange from 100 Hz to 40 MHz with a
fixed oscillating voltage o#0.5 V. During the characterization, the ac sensioljage and
external applied field of up t©100 Oe were applied along the easy axis of the B8hple,

I.e., a longitudinal configuration.

3.3 Magneto | mpedance Behavior and Its Equivalent Circuit Analysis of a
Co/Cu/Co/Py Pseudo Spin Valve with a Nano-Oxide L ayer
3.3.1 Equivalent Circuit for Pseudo Spin Valve

Figure 3.1 shows the frequency dependence of |An& X for the PSV at zero applied
fields. The X curve was negative at low frequertyurned positive at the frequency=
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476 kHz, indicative of the resonance frequengydf the circuit. This is in agreement with
the simulated equivalent circuit consisting of ajuigalent resistance R (=103.71Q),
inductance ks, (=79.85 nH), capacitancep&y (= 20.83 pF) and a parasitic inductange L
(=627.8 nH), capacitance,G=225.04 nF) and resistance;R=1.72 Q), Re> (=12.86Q),
respectively, as shown in the inset panel in Fig). 3

The impedance of the equivalent circuit of the RSV

Z:1/[1/(Rasv+i27‘L‘prg\)‘|'(i277:prg\)]+Rp1+i27‘L‘pr+l/(1/R>2+i277:pr),

(3.3.1)
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Fig. 3.1 The frequency dependences of |Z|, R and X foPth¥ at zero field. The resona
frequency (f) is found at 476 kHz, where X vanishes. Experimental data (open symb:
are very close to the theoretical result (solidves) calculated from the equivalent cir
shown in the inserted panel.
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The solid line in |Z| shown in Fig. 3.1 represeahtsbest fit with the experiment data based on
ed. (3.3.1). The solid line and the data pointseaactly on top of each other, indicating that
the PSV is well represented by the equivalent dir@ased on this observation, we elaborate
on the impedance behavior of PSV under various idond. The frequency behavior of the
PSV, being metallic, is dominated by ¥t high frequency, andx{s significant only at low
frequency. Note that X changes from negative tatpesas the frequency is swept from

100Hz to 40 MHz. X vanishes atf476 kHz.

The real part and imaginary parts of the equivalapedance of the PSV are

Reit = Rpsv/ [(1 - 4n%f “CpsyLpsy) + 4n°f °Cps\/Resy] + Rp1 + Rpo / (1 + 47°f 2Co?Rey)

Xet = 2 7 f {Lp + (Lpsv — 42°f “Cpsv Lpsy’ — GpsvResv) / [(1 — 42°f > Cpsy Lpsy)’ + 4rf

“CpsvRpsv] — Cp Rey” 1 (1 + 4*f °Co* Re))} (3.3.2)

Note that R decreased very slowly at low frequeacy] then dropped at a relatively faster
pace at higher frequency. This was confirmed byeolaion. Furthermore, the |Z| value
would have shown a minimum atiffithe real part of the impedance R had remaired@nt.
In fact, this was not the case. Consequently, tmenmum value of |Z| drifted to somewhere
between 476 kHz and 5 MHz (smooth range), as itelicen Fig. 3.1. For the present case,
the minimum value of |Z| took place at a frequenegr 2.4 MHz, where the slope of the |Z|
curve is flat. Beyond this point, the impedanceeased rapidly as Xbecame dominant. As
noted, the capacitance contribution from the edentacircuit was minimal. Most of the
capacitance effect shown in the equivalent cirbai its origin from the parasitic effects of
the wire itself.

With the above-mentioned Eq. (3.3.1) and (3.312¢, simulation value of thepky is
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79.85 nH. Let us make a rough order of magnitudienase of the L value. By definition, L =
BA / I, where B is the magnetic field; A (7.94x10m?) is the cross section area of the
magnetic multilayer through which B passes, and.B{ mA) is the current through the
sample. The Ms of the PSV measured by VSM is 58&u / cri. By simple relation, L is

roughly 13.6 nH. This is of the same order of magte as observed.

3.3.2 Magneto Impedance Behavior for Pseudo SgireVa

Figures 3.2 (a) and (b) show the low frequencyaasp of MI, MP, MR, and MX effects
of the PSV at 100 Hz. The behavior of the PSV maydgarded as DC-like at this frequency,
and both MX and MP may be treated as frequencypiaggent. On closer inspection,

however, the value of the MX at anti-parallel staité = 476 kHz is clearly non-zero.
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Fig. 3.2. (a),and (b) magneto impedance at 100 Hz. At this losgdency, the magne
transport property can be regarded as DC. (c)sainance frequency (476 kHz), MX shag
of loop reverse to MR loop. (d) The value of MXnisgative at f <,f and switches to positi
atf>f.
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Fig. 3.3. (a) The frequency dependences aofp|ZNZ and MI ratios. (b) The frequer
dependences of MR and |[MX ratio|.

30



Chap.3, Magneto Impedance Study for Pseudo Spin Valves

Interestingly, it shows an inverted negative MRelibop behavior, as shown in Fig. 3.2 (c).
These results are agreement with a previous r¢pdft An MX ratio of more than 1700%
was observed. This is due to the fact that the inaeg part of Z at parallel state crosses zero
at f.. Figure 3.2 (d) shows that the MX values changefnegative (at f <)to positive (at f

> f;) at 400~500kHz. The bf the PSV is therefore bordering between 4000@ KEHz in the
present sample.

Figure 3.3 (a) shows the frequency dependencé (| and |ZJ» and the Ml ratio. The
behavior of |Zr is nearly the same as that of |Z|, as shown in &y As the frequency
increases beyond the smooth rangepp|4fcreases steeply as the Xncreases. It is
remarkable that/\|Z| decreases slowly but steadily before reachmegsimooth range, and
then decreases sharply upon passing that smoajk.r&mce the Ml ratio was defined ds
|Z| divided by |Zp, it was predictable that the MI ratio would deseasteadily with
increasing frequency, as observed.

Based on these observations, it is reasonabl@te dhat the variation of the impedance

/\|Z| of the PSV can be simplified as compoundedhkypiarallel and anti-parallel states of

the moments of the PSV. We have

NZ| = Zp- Zp= 1 (URsvad)’ + (2 1 f Crsvap?) - 1 (M/Resvd® + (2  f Cosvp?),

(3.3.3)

Since the Rsy and Gsy depend upon the magnetization state, the behatithre /\ |Z] is
sensitively influenced by the existence (or, effady, the vacancy density) of the capacitance
of the NOL in the PSV, and decreases as the frexyuecreases. The frequency dependences
of the MR and the absolute value of the MX ratios shown in Fig. 3.3 (b). The MR ratio
changes only slightly as the frequency changesomtrast, the |[MX ratio| is sharply peaked at
the f. The value of |MX ratio| is very small at a freqog away from the,fbut shows an

31



Chap.3, Magneto Impedance Study for Pseudo Spin Valves

astounding peak whenaXis close to zero. A small change inpX{vould bring about a great

change in the [MX ratio| (~ 1793% in the presentda).

3.3.3 Annealing Effect

The DC MR ratio of the PSV decreased as the amgepédimperature increased, which
occurred because NOL formed in the interface betvsgacer and magnetic layer. For this
reason, we used the impedance technique to an#ihysisapacitance effect, which is caused
by oxidation. Figure 3.4 shows that the resistasfche PSV increased from 21.80 to 28.98
ohm and the DC MR ratio of the PSV decreased froAl 50 0.48 % as the annealing

temperature increased fromg B 200C, which indicates that oxidation occurred in tigv/P
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Fig. 3.4.The DC MR ratio and resistance (R) of the PSV faretions of the anneali
temperature.
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Therefore, the effective capacitance was measwdchaginary part of impedance (Im (2))
curves, as shown in Fig. 3.5. Im (Z) reached a mimn at roll-off frequency ). The plot
of fronas a function of annealing temperature is showrign 3.6; foincreased linearly from
345 to 465 kHz between annealing temperature®R00°C. It is quite interesting to analyze
the effective capacitance effects with changesnnealing temperature. According to the

effective capacitance calculatiopy tan be shown as:

fron =1/ ( 27 RetCetr), 3.3.4)
2.0
15 EHHDC
i 180°C
1.0L 16300
pe—— i 140°C
E 0.5 L 120°C
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: as deposited > /
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0.0 500.0k 1.0M
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Fig. 3.5. Imaginary part of impedance curves fo¥R&th different AT temperatures rangi
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Fig. 3.7. The hysteresis loops of the PSV with &mperatures R 140C, 160C, 18CC,
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The effective capacitance is in reverse propottiothe f,; and estimated values, and it varies
from 21.8 t011.8 nF as annealing temperatures ase from Rto 200°C. One possible
explanation is that the effective capacitance desge as annealing temperature increases by
hysteresis loops, as shown in Fig. 3.7. The cogyc{{ic) of Co is 20 Oe, and thedtbf
Co-Py coupled is 12 Oe in the PSV, which was dépdsat R. When the annealing
temperature was increased to %@0the K of Co was apparently incoherent in the PSV,
indicating that the oxidation effect occurred ire t6o layer. The oxidative thickness is in
proportion to & and in reverse proportion ta£}52]. The result of §; which increased as
annealing temperature increased to°@40ndicated that the oxidative thickness of Ccelay
was increasing. This increase in thickness causedesistance to increase and the DC MR
ratio to decrease slightly. Above the annealing perature of 140°C, it is difficult to
distinguish the Hc of Co or that of Co-Py, implyititat the oxidation effect occurs in the
Co/Cu or Co-Py/Cu interfaces. They could be reghrite two capacitors in series, thus
causing a decrease in effective capacitance, agrsimothe inset panel in Fig. 3.7. Therefore,
the for increases and effective capacitance decreasé® ashealing temperature increases,
indicating that the increase in annealing tempeeatauses the oxidative thickness to increase

and oxidize more than one layer.

3.3.4 Conclusion
In conclusion, the AC behavior in the Pseudo spilvey led to interesting MR and MX

loops, with the MR loop a reversal of the MX lodfhe magneto impedance effect of PSV
has been investigated at.Rt is found that the PSV can be regarded as abowtion of
resistances (v, Re1, Rp2), inductances (ksv, Lp), and capacitances g&, Cp), and
equivalent circuit theory can be used to analyseés AC behavior of this system. It is quite
interesting that the [MX| ratio is more than 170@t% = 476 kHz. This suggests strongly that
PSV is potentially a very sensitive frequency sensbe magneto impedance behavior in the
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Co/Cu/Co/NiFe pseudo spin valve with a nano-oxalet after annealing treatment has also
been studied. Its roll-off frequency increases fr@4b to 465 kHz, and the effective
capacitance decreases from 21.8 to11.8 nF as tieakmg temperature increases fromt®
200°C. We can utilize the equivalent capacitor cirdoitexplain the NOL behavior with
annealing temperature. This study shows that impezlanalysis is a useful technique, and its

nondestructive measurement should be more widglyeamated.

3.4 Characterization of a Nano-Oxide Layer in a Pseudo Spin Valve by
Complex M agneto-I mpedance Spectr oscopy
3.4.1 Magneto Impedance Study for Different Thiskref Bottom Nano-Oxide Layer

The different thickness of the bottomghfie,o NOL in PSV was obtained by deposited
different thicknesses of the bottomghffie,g layer to undergo the same oxidation procAss
shown in Fig. 3.8, the resistances for PSV witlfiedent thickness bottom pFexo NOL are
almost the same and the MR ratio increase from & 2dr the sample without Fe;0 NOL
to its maximum value of 7.1 % for the sample withrh of NiggFexo NOL. Further increment
of the NoFexo NOL thickness did not bring MR ratio any enhancetmehis indicates that
the oxidation stopped at ~ 1 nm of the bottorgN&o. The inset panel in Fig. 3.8 shows the
magneto impedance of the PSV with d = 1 nm, whases of the real and the imaginary
parts of impedance at zero frequency (the frequency at which the Im (Z) was closed to
zero, under this definition; £ 415 kHz for d = 1 nm) are 3.4 % and -1300%, eespely.
Such a huge M4 ratio was due to the fact that the imaginary p&# crossed zero a.fThe
reverse loop of Im (MZ) with respect to that of fRe (MZ) meant they were 90 degrees out
of phase. The M4 loop mainly came from the capacitance effect & MOL layer in the
PSV. That the magnetocapacitance was larger inptrallel state and smaller in the
anti-parallel state was silimar to Ref. [55]; tHere, the M4, behavior is reversed to M<£

The most basic capacitance model is the Maxwelli\Wagapacitor, which consists of two

36



Chap.3, Magneto Impedance Study for Pseudo Spin Valves

dielectric materials. The charges collect at thierface between the dielectrics as well as on
the capacitor plates due to different conductisitiEhe frequency dependence at zero filed on
the Im (2) of the PSV with the bottom d§fe,o NOL whose thickness was ranged from 0 to 1

nm is shown in Fig. 3.9.

‘- /D ——— 76
L ]
i ././Q .\././&A I
°] e e |57
S Py
8\/ 27.6- o, -0.00 %.
O I !ﬁ o
§ 51 B X [ d=1nm 3 L3g %
@ o 2721 f,=415kHz }-005 N 3
= = = @
N o O
8 4 5 E E
26.81 o0~ £1.9 2
’ T % 0 S 1
31 H (Oe)
T a1 aa 0.0
0.0 0.4 0.8 1.2 1.6

Thickness of bottom Ni_ Fe_ (d) (nm)

Fig. 3.8. Thedependences on MR ratio, resistance, and thiclofebg bottom NjoFexin the
structure of Ta 0.6 / NOL/Co 3/ Cu 4/ Co 1 éRen3/ NOL / NigoFex(d) / substrate, in
which the bottom NpFe, was naturally oxidized for ten minutes. The ins@tel shows the
magneto impedance at frequency 415 kHz for PSV avithl nm, the shape of Mdoop is
reversed to that of M«
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Obviously, the different bottom ByFeo NOL thicknesses made shifts inThe positive Im

(2) at high frequency came from the parasitic irtdoce of the measurement circuit. It was
necessary and hard to subtract during the measuravgever, it did not influence the M«
loop due to it was magnetic filed independent. Géygacitance of the PSV originated from the
top and the bottom NOLs. Fig. 3.10 (a) shows theeddence of d on the dénd calculated

capacitance.

' ot ' AR L RN
2 5| Ta0.6/NOL/Co3/Cu4/Col/Nigfe,3/NOL/Ni,Fe,(d)/sub. |

Im(Z) (Ohm)

10k 100k IM
Frequency (Hz)

Fig. 3.9. The imaginary parts of impedance cuneesPfSV with different thicknesses tife
bottom NioFexo NOL ranged from O to 1 nm at zero fields. Excéyg PSV without NigFex
NOL, the rol-off frequencies increases as the thickness oiths#-e,, NOL increasing.
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The Gg was derived from the general definition of the f

fr=1/ (27 RCe) (3.4.1)

As described in Eq. (3.4.1), the roll-off frequenesyreverse proportion to the capacitance.
Since the parasitic inductance was hard to subtitaetequivalent circuit of the measurement,
as shown in Fig. 3.10 (b), was used to calculageGlp.. As seen from Fig. 3.10 (a), thesC
and Gyo. have very the same trend as d increasing, whéGthwas almost the same. The f
increased linearly as d increasing to 1 nm; howewdren d was larger than 1 nm, the

un-oxidized NgoFeo brought out an additional interface then made @he and Gov

increased.
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Fig. 3.10. (a) The roll-off frequencand calculated effective and NOL capacitance
functions of the thickness of the bottomsdRie,o NOL thickness. (b) The equivalent circui
the measurement is a complex RLC combination.
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The well known definition of capacitor plates is=Ce oA / d. Thus, the increasing of d
caused the capacitance decreased. Since the tdgQLohad fixed thickness, the thicker

bottom NgoFe,o NOL implied larger Go. and then larger.f

3.4.2 Double Nano-Oxide Layers Effect

Fig. 3.11 shows the frequency dependence of th&)rnfor the PSV with different NOL
structures. The bottom NOL of Tal /Co3 /Cu4.5 /@NikFen3 /NOL /Col /substrate and
top NOL of Tal /NOL /Co3 /Cu4.5 /Col / rep3 /Col /substrate have similar structure,

and only the position of the Co NOL was different.

2.5 Tal/Co3/Cu4.5/Col/Ni_Fe, 3/Col/sub.
2.0-
g |Bottom NOL (Co) + Top NOL (Co)=—;
6 1.5- :
N
~ 1.0+
E
05 Bottom NOL (Co)
Top NOL (Co)
0.0d4%

0.0  200.0k 400.0k 600.0k 800.0k 1.0M
Frequency (Hz)

Fig. 3.11.The imaginary part of impedance curve for PSV wdiffierent NOL structures
zero fields. The film structure is Ta / (Co NODOU /Co /NgoFex / (Co NOL) /sub.
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The Im (Z) curves were indistinguishable due to shee thickness of the oxide Co layers,
and hence, they have a similar reactance effed. Iith(Z) curve of the PSV with double
NOLs, the top Co NOL and the bottom Co NOL, is diedifferent from that of the PSV with
only one Co NOL. The, fof the PSV with double NOLs is smaller than thiathe PSV with
only the top Co NOL or the bottom Co NOL. This désmas agreed because of that two

NOLs in the PSV brought out the larger capacitance.

3.0

| Tal/Co3/Cu4.5/Col/Ni_ Fe, 3/Tal/sub.

2.5 ey
{Bottom NOL (Ta) + Top NOL (Co)—" "
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0.0 -;::;'_';‘;',';'f.fl—f"'
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Fig. 3.12. The imaginary padf impedance curve for PSV with different NOL sfiures &
zero fields. The film structure is Ta / (Co NODOU /Co /NgoFex / (Ta NOL) /sub.
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It is interesting that the obvious change of the(Z)hcurves was found when the bottom
NOL and the top NOL were different oxidized matksjasuch as Co and Ta, with the same
oxidation process, as shown in Fig. 3.12. ThatlthgZ) curves were separated obviously
indicated that these PSVs with different capac#andhe fof the PSV with the bottom Ta
NOL and the PSV with the top Co NOL is 30 kHz 3Kz, respectively. This indicates that
the capacitance effect of the bottom Ta NOL isdatfan that of the top Co NOL. In general,
Co is more easily oxidized than Ta because the axmsetl Ta® on the surface of Ta would
prevent the Ta under the Ta@om following oxidation. Then, during the sameidation
time, the thickness of the top Co NOL is thickearththat of the bottom Ta NOL. Therefore,
the { of the PSV with the top Co NOL is larger than tbithe PSV with the bottom Ta NOL.
The fof the PSV with double NOLs is 7.6 kHz. Obviouglye double NOL has the largest
effective capacitance, which is contributed frora tbp NOL and the bottom NOL, and thus

the smaller f

3.4.3 Conclusion

In conclusion, the impedance spectroscopy to clieekcapacitance effect of the PSV
with different NOL structures was introduced. Th&W with NOL brought out an
enhancement on capacitance, and this was easihatbazed by the shifts of the roll-off
frequency. The roll-off frequency is linear to th©OL thickness, and showed the reverse
proportion to the ¢ and calculated (. when the bottom NyFe layer was fully oxidized.
By this non-deconstructive impedance spectroscamfyais method, the properties of the

NOL in PSV could be easily distinguished.

3.5 Summary
Magnetoimpedance behaviors and thermal effects ©@b/&€u/Co/Py pseudo-spin-valve
(PSV) with a nano-oxide layer (NOL) were studiecheTPSV can be regarded as a
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combination of resistances, inductances, and capaes. In addition, equivalent circuit
theory can be used to analyze the ac behavior isfsystem. The imaginary part of the
magnetoimpedance (magnetoreactance) ratio is rmare1700% at the resonance frequency
(f)=476 kHz at room temperaturBrj. The dc magnetoresistance (MR) ratio decreas#dsas
annealing temperature increases because the N@drneed at the interface between the
spacer and the magnetic layer. The NOL deteriorttesdifferential spin scattering and
reduces the dc MR ratio. Impedance spectroscopyutibzed to analyze the capacitance
effect from NOL after annealing. The effective capmnce of the PSV was 21.8 nFRif and
changed to 11.8 nF after annealing at 200 °C. Beéuliequivalent capacitor circuit not only
Is a nondestructive measurement technology buaisamexplain the experimental results and

prove the formation of the NOL.
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CHAPTER 4

Magneto | mpedance Study for Magneto Tunneling Junctions

4.1 Introduction

The magnetic tunnel junction (MTJ) is an excellaystem for investigating the
spin-polarized electron coherent tunneling effext both theoretical and experimental studies
on the MTJ are interesting topics of current rese$0,53,55,57,58]. However, the studies of
impedance as a function of magnetic field on MJsill rare which motivated us to study the
impedance as a function of magnetic fields on arJ lgjistem.

Inverse MR behavior has been reported in the MTudcstre with a DC measurement
[59,60], but the inverse magneto impedance (MZperties have not been studied yet. Most
research on the hysteresis properties of MTJ foauBC measurement and low frequency AC
measurement, which show low resistance in the learatate and high resistance in the
anti-parallel state. In this study, the frequencgswaised to 40 MHz, and the magneto
impedance, Z = |Zfe= R+iX in which X = X -Xc [63-55], of an MTJ device was studied. The
MZ ratio is defined as 100 % x {(&Zp) / Zp, where the subscript P (AP) stands for the pdralle

(anti-parallel) magnetization orientation statehe MTJ.

4.2 Experiment

The MTJ structures of Ru(5) /Cu(10) /Ru(5) /IrMn 1CoFeB(4) /Al (1.2)-oxide
/CoFeB(4) /Ru(5) with DC-MR of 14.3% were deposited Si/SIO wafers using the
Magnetron Sputtering System, where all thicknessesgiven in nm, with the junction area
6um x 6um as shown in Figure 4.1. The AC behavias @etermined by using the HP4194
impedance analyzer with the 16047D fixture. A twmAb contact was used in a frequency
range from 100 Hz to 40 MHz with a fixed oscillaivoltage of 0.5V, together with an
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electromagnet which supplied a dc field ug5®0 Oe.

4.3 Enhancement and Inverse Behaviors of Magneto Impedance in a
Magneto Tunneling Junction by Driving Frequency
4.3.1 Equivalent Circuit for Magneto Tunneling Junction

Figure 4.2 shows the frequency dependence of @ilepeet of impedance @R, Rp) and
the imaginary part of impedance A Xp) for the MTJ in the parallel and anti-parallelteta
The Ry and R curves decrease with increasing frequency, whichcates that the MTJ

includes a significant capacitance effect.

___________________________

Ru S nm i
CoFeB 4 nm AN

.
: ; :

| A12nm+ Oddation
i ! ,
1 F b
!

CoFeB 4 nm \,

.._ wire
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Ru S nm

Cu 10 nm 5
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Fu & nm 1
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Fig. 4.1. (a) The structure of the magneto tungefunctions is Ru (5nm) /Cu (hén)
/Ru(5nm) /IrMn(10nm) /CoFeB(4nm) /Al(1.2nm)-oxidéCdFeB (4nm) /Ru (@m) an
equivalent circuit with contributions from magnétmneling junctions.
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Therefore, a Maxwell-Wagner (M-W) model capacitonsisting of dielectric material [53]
with the equivalent circuit (EC) theory could beeddo analyze our sample.

The EC consists of two parts, the MTJ and the sgrsrcuit as sketched in Figure 4.1. In
the MTJ part, the circuit contains not only theisesce (Barie) @and capacitance {Grie) from
the barrier but also has contributions from therifisice, R and G, respectively. In the other
part, the circuit components contain a resist@aacitor, and an ignorable inductor however,
this part does not respond to the variation ofrtiaginetic field. According to the EC theory, Z

= Re + iXgt can be expressed as follows:

Ref = Rbarrier/ {[1 + (2 xf Cbarrieerarriel)z]} + Rint/ {[1 + (2 nf Cint Rint)z]} + Ruyire t I'_\>'wire—1/ {[1 +

(2 7  Cuire Ruire-))°T} eq.(4.3.1)

Xet= 21 f {l— wire = (CbarrieerarrierZ/ [l + (27Tf Cbarrieerarrier)z] + Cint Rintzl [l +

(2 rf Cint Rint)z] + Cuire Rwire—12/ [1 + (27Tf CWireRWire-l)z]} GQ-(4-3-2)

4.3.2 Frequency Dependence for Magneto Tunneling Junction

The solid line of these equations as a functiorireduency is displayed in Figure 4.2,
which shows good agreement with experimental regdibt). The simulated values ofRer
Rint, Goarries @nd Gy in the parallel state are found to be 153%83.60Q, 54.21 pF, and 38.16
pF, respectively, and those ofaRes Rint, Coarries @aNd Gt in the anti-parallel state are 204 @2
69.37 Q, 45.35 pF, and 43.45 pF, respectivaDn closer inspection of the real part of the
impedance value at the crossover frequency of BAIHE, as shown in the inset panel, it
emerges that the real part of the impedance inptallel state is equal to that in the
anti-parallel state, and after the crossover fraqguel1.1 MHz, the real part of the impedance
in the parallel state is larger than that in théi-parallel state. This is due to the different

frequency dependence of the resistance and capeeitaf the MTJ in the parallel and
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anti-parallel states. Therefore, with an AC currentMTJ, the magnetic behavior can be
switched by the driving frequency.

The imaginary part of the impedance of the MTJh@a parallel state Xshows zero at a
resonance frequency of 17.7 MHz. This means tleatdhctance effect is zero at the resonance
frequency in the parallel state, but the reactaeffect of the MTJ in the anti-parallel state at
17.7 MHz is not zero. According to the ratio caftidn, it must have a high reactance ratio at
17.7 MHz. Therefore, we tried to take the hystergdots of R, X and Z of MTJ at the

interesting frequencies.
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Fig. 4.2.The frequency dependences of the real part ofrtipedance (R) and the imagin
part of the impedance(X) for the magneto tunnejungctions in the parallel or anparalle
states. e inset panel shows the crossover frequency ofeiflepart of the impedance, wh
indicates that the magnetic behavior of MTJ is geaby the driving frequency.
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Figures 4.3 (a), (b), and (c) show the real part(iRjaginary parts(X), and total
impedance(Z) of the tunneling magneto-impedancel(B¥frequencies of 100, 17.7M, 21.1M,
and 40 MHz, respectively. The real part of the idgee decreases from 12.48% at 100Hz to
1.85% at 17.7 MHz. It is very small (0.37 %) atraguency of 21.1MHz, and the MR ratio
changes signs after crossing the 21.1 MHz line. NIReratio becomes -3.63% at 40 MHz, as
shown in Fig. 4.3 (a). The frequency dependentrsevddehavior in the MR loop around a
certain frequency is due to the competition amorgng C parallel modes in the circuit. At a
low frequency ( f < 21.1 MHz ), the effective impedte in this model, gZis smaller than &
the R dominates, and most of the current goes giwrdhe R circuit. On the contrary, at a
higher frequency (f > 21.1 MHz)rds larger than &, so the C dominates, and the reverse MR
loop occurs. The imaginary part of the impedana®ischanged by the applied magnetic field
at 100 Hz. However, the imaginary part of the imgrez exhibits the maximum value in its
parallel state and the minimum value in its antiaial state at frequencies of 17.7 MHz, 21.1
MHz, and 40 MHz, as shown in Fig. 4.3 (b). The d¢resf the MX loop is mainly the
capacitance effect in the MTJ. The capacitancargerl in the parallel state and smaller in the
anti-parallel state [52, 55-56]. The magneto impedgaMX shows maximum and minimum
values oft 17,000 % near a frequency of 17.7 MHz. This is tuthe fact that the imaginary
part of the impedance crosses zero at this reserfaeguency. The frequency dependence by
the total magneto-impedance effect MZ loop is samib that of the MR loop behavior, as
shown in Fig. 4.3 (¢). MZ = MR + i MX, and the MRRdp reverses the shape while crossing
the crossover frequency 21.1 MHz. Consequently, fé\Zerses its shape with quite similar
behavior of the MR. Apparently, Fig 4.3 shows ttiet magnetization reversal depends on the
driving frequency of the sensing current. Howevhis is not true, as shown by carefully
examination by magneto-optical Kerr effect (MOKEg¢asurements, since the hysteresis loops
extracted by MOKE at the same time of Ml measuramelid not show any difference at

different frequencies even around the f
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Fig. 4.3. (a) Thaeal part of the impedance (R) curves at frequenofel00Hz, 17.7MHKH
(resonance frequency), 21.1MHz (crossover frequenapd 40MHz for the magnel
tunneling junctions. (b) The imaginary part of tingpedance (X) curves at frequencie:
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4.3.3 MR, MX, and MZ Ratios

The frequency dependences of the MZ, MR and M>osatire shown in Fig. 4.4 (a). The
ratios of MZ and MR at 100 Hz are close to 13%dtiAesfrequency increases, the MZ and MR
ratio decreases, approaching zero near 21.1 MH®. i§hdue to the difference between the
parallel and anti-parallel states of Z and R balimginished as frequency increases. However,
beyond the crossover frequency (21.1 MHz), the Md MR ratios change their signs and
become negative values, as shown in Fig. 4.4 (@&.MX ratio shows a divergent behavior at
the resonance frequency (17.7 MHz). The value efMIX ratio is small at frequencies father
away from this resonance frequency, since the valluo& is very close to zero and changes its
sign at the resonance frequency. Therefore, a sthalige in Xp would bring about a great
change in the MX ratio (~ 17000% in the presentajn The MX ratio changes the sign near

the resonance frequency as shown in Fig 4.4 (b).

4.3.4 Conclusion

In summary, the AC behavior in a magnetic tunnefugction has been studied. We
observed a huge enhancement of magneto impedadcaramversed MZ loop in an MTJ
system. The MTJ can be regarded as a combinatioaseftances {Rries Rint, Rwire, Rwire-1),
inductances (kire), and capacitances {&ier Gt Cuire), and equivalent circuit theory can be
used to analysis the AC behaviors of this systeme. ianishing-point of Xwas found near the
resonance frequency 17.7 MHz. The MX ratio changes its sign from negatt f < f to
positive at f > f of the frequency dependence behavior. A huge @haigmore thant
17,000% has been observed in the imaginary patieofmpedance between the magnetically
parallel and anti-parallel states of the MTJ. Femhore, the inverse behavior of the magneto
impedance loop occurs near 21.1 MHz, which is duthé crossover effect of the magneto
capacitance between magnetically parallel andartidlel states. Our study suggests that MTJ

is potentially a sensitive sensor for high freques.c
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4.4 Oscillating voltage dependence of high frequency impedance in Magnetic

Tunneling Junctions

4.4.1 Oscillating Voltage Ver sus Effective Capacitance

Fig. 4.5 shows the resistance and capacitance eddoy barrier effect at parallel and

anti-parallel states are functions of thesVObviously, the trends of thepRieror Goarrier at

parallel and anti-parallel states are the same. édew the Barier decreases as theqy

increases and darier iNCreases as the oV increases. With the 3£ increasing causes the

electrons to get the higher energy over the bapweential. Therefore, thepyRrierdecreases as

the Vos increases. The capacitancegsfer iS inverse proportion to effective thickness o th

barrier which is thin as Ruyier is small. Therefore, the Rrier and Garrierhave opposite results

with increasing Vs Fig. 4.6 shows the resistance and capacitanceeddoy interface effect

at parallel and anti-parallel states to be fundiohthe \bs. The trends of thejRor Gy at
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Fig. 4.5. Theresistance and capacitance reduced by barrier teHfiecparallel an

anti-parallel states are functions of the osciligtvoltage.
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parallel and anti-parallel states are similar gs4i5. But the R; increases as thepyYincreases
and G, decreases as thepdVincreases that the result is opposite to the dragifect. The
disorder and defects on the interface between raathinsulator are known with the ability to
trap electrons. As the increasing obsVthe electrons become hard-trapped such that the
capacitance effect of the interface part will daseewith the ¥s increases. According to the
capacitance is inverse proportion to the resistatiee capacitance of the interface decreases

cause the resistance of the interface increasésnateasing s

T T T T T T T T T T T 86
72 = - — O —
interface-AP (] L
O Riertacep —
’é\ o interface-| . |84 E
- o—
e / O L O
O N
x ) / g2
m 68 i /D/D -
57——./ L
m T T T T T T
o\
46 = { ]
-39
_ - \g ﬁ:
= \ S
N— N - O ()} I U
@] 44 o Cinterface-AP .\ﬁ\
—o—C _ — 38
interface-P \;
42 I T I

' I ' I '
0.1 0.2 0.3 0.4 0.5 0.6
Oscillating voltage (Volt)

Fig. 4.6. The resistance and capacitance reducednteyfece effect at parallel al
anti-parallel states are functions of the osciligtvoltage.
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4.4.2 Oscillating Voltage Veersus Ml Ratio

Fig. 4.7 shows the frequency dependence of thealid of the MTJ with different s
0.1v, 0.2V, 0.3V, 0.4V, 0.5V, and 0.6V. At lowerefluencies (below 22MHz), the MI ratio
decreased gradually with increasings\as shown in the inset panel in Fig. 4.7. This ltesu
accords with general cognition that the TMR ratioick is usually measured with DC circuit

will decrease with DC bias increasing.
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Fig. 4.7. The Ml ratio of the MTJ with differeonscillating voltage ranged from 100Hz tc
MHz. The inset panel shows the Ml ratio at 1IMHz 40§/1Hz.
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As disorder or defects in the tunnel barrier areviim to increase the 34 dependence through

increased contribution from the spin independenispaf the two step tunneling or other spin
flip processes [61]. When the frequency is over B2Mf,), the MI ratio becomes negative
from positive, which implied that the Ml loop isversed [51]. At higher frequency (over the
f,), the Ml ratio increased gradually with increasiigs as shown in the inset panel in Fig. 4.7.
This is due to the fact that the Ml ratio is negatj51]. If using the absolute value of the Ml

ratio at high frequency, the result is the sam#hasin previous discussions.

4.4.3 Conclusion

In summary, the ¥s dependent of the magnetoimpedance effect of tlgmater tunneling
junction has been studied. The MTJ can be regaadedcombination of resistances4Rs
Rint, Ruires Ruire-1), iInductances (lie), and. capacitances gSies Gt Cuire), @and equivalent
circuit theory can be used to analysis the baamer interface behaviors of this system. We find
the Vos (AC bias) behavior of the MTJ that the behaviasimilar to that of DC bias. The MI
ratio decreases asyincreases. However, it is very interesting to find Ml ratio becomes
negative at higher frequency. Consequently, outysisi useful for MTJ characterization

research and for MRAM fabrication.

4.5 Magneto impedance study in magneto tunneling junctions with different
thicknessof itsbarrier layer
4.5.1 Magneto Impedance Sudy for Different Barrier Thickness

The MTJ structures of Ru(5) /Cu(10) /Ru(5) /IrMn(10CoFeB(4) /Al (x)-oxide
/CoFeB(4) /Ru(5) were deposited on Si/SiO wafeiagishe Magnetron Sputtering System,
where all thicknesses are given in nm, with thecjiom area 6um x 6um. The thickness of the
barrier layer Al-oxide is changed to 0.8, 1.1, &r@Inm.

Fig. 4.8 shows the hysterisis behavior of the MTth whe barrier layer AIOx 0.8nm at the
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frequencies 100Hz and 40MHz, respectively. At loagtiency 100Hz, the MR ratio is 3.08%
that closes to the DC MR ratio 3.15%. At high freqcy 40MHz, the both inverse MR ratio
and MX ratio occurs [51]. Fig. 4.9 shows the freggye dependence of the real part of
impedance (R, Rp), and the imaginary part of impedancea¢XXp) for the MTJ in the
parallel and anti-parallel states. ThgeRand R curves decrease with increasing frequency,
which indicates that the MTJ includes a significeapacitance effect as shown in Fig. 4.9(a),
(c). Therefore, a Maxwell-Wagner (M-W) model capaciconsisting of dielectric material
with the equivalent circuit (EC) theory could beedgo analyze our sample. The EC consists
of two parts, the MTJ and the sensing circuit astcled in Fig. 4.1. In the MTJ part, the

circuit contains not only the resistance{R,) and capacitance {grie) from

L2 | MRratio = 3(E%1m'_lz‘3
12101 IMXratio=0%
i 40

1200} AN
~ 1190| - 13
& —
< T T T T T %
3 8.8} =
m I}ra N—r

8.6+

&4} ,

-6(1)-4'(1)-2'03 0 2CD4CDGD
Megnetic field (CB)

Fig. 4.8. It shows the hysteresis behavior of MieJ Ru(5) /Cu(10) /Ru(5) /IrMn(1(
/CoFeB(4) /Al (0.8)-oxide /CoFeB(4) /Ru(b) at fremeies 100Hz, and 40MHz, respectively.
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the barrier but also has contributions from therifisice, R and G, respectively. In the other
part, the circuit components contain a resist@aacitor, and an ignorable inductor however,

this part does not respond to the variation ofrtiagnetic field. According to the EC theory, Z

= Re +iXgt can be expressed as follows:
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|
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Fig. 4.9. The frequency dependences of the raalopghe impedance (R) and the imagir

part of the impedance (X) for the magneto tunnejungctions in the anti-parallel (a), (b), and
parallel states (c), (d).
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Re = Rbarrier/ {[1 + (2 nf Cbarrieerarrier)z]} + Rint/ {[1 + (2 nf Cint Rint)z]} + Ruire t Rwire-1/ {[1 +

(2 7 f Cuiire Ruire-1) ]} (4.5.1)

Xet= 21 f {L wire ~ (CbarrieerarrierZ/ [1 + (27Tf CbarrierRbarrier)z] + Cint Rintzl [1 +

(2 7 f Cint Rint)z] + Cuire Rwire-12/ [l + (27Tf CwireRwire-l)z]} (4-5-2)

The solid line (red line) of these equations asrection of frequencys displayed in Fig. 4.9,
which shows good agreement with experimental regdibt). The simulated values ofRer
Rint, Goarrier @nd Gy in the parallel state are found to be 93@55.54.94Q, 125 pF, and 47.1
pF, respectively, and those of:Rer Rnt, Coarries @nd Gy in the anti-parallel state are 964 Q5
159.86 Q, 126 pF, and 47.1 pF, respectively. Thge Bs the 1215.30Q at 100 Hz in
anti-parallel state, and 1178.69at 100 Hz in parallel state as shown in Fig. 4,9@. It is
obvious to see that the low frequency behaviongéssame to DC behavior.

For the Fig. 4.10 (a)~(c), it demonstrates theuesgy dependences of the MR, MX, and
MI ratios at the barrier layer thickness 1.2nmpesesively. The ratios of MR and Ml at 100 Hz
are close to 13%. As the frequency increases, tRealhtl Ml ratios decrease, approaching zero
near 21.1 MHz. This is due to the difference betwtte parallel and anti-parallel states of R
and Z being diminished as the frequency increadesever beyond the crossover frequency
(21.1 MHz), the MR and MI ratios change their sigmsl become negative values, that mean
the inverse hysterisis behaviors occurs as showign4.10(a), and (c). The MX ratio shows
the divergent behavior at the resonance frequeRgW 7.7 MHz as shown in Fig. 4.10(b). The
value of the MX ratio is small at the frequenciagtier away from this resonance frequency,
since the value of Xis very close to zero and changes its sign at th@Hherefore, a small
changes in Xpwould bring about a big change in the MX ratio (8Q@@%). For the Fig. 4.10
(d)~(f), it demonstrates the frequency dependeatdse MR, MX, and Ml ratios at the barrier

layer thickness 1.1nm, respectively. The trenchef MX ratio is the same to the barrier layer
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thickness 1.2nm sample, but thechanges to 25.5 MHz as shown in Fig. 4.10(e). Hewnet
is very interesting to notice the MR and MI behasiof the barrier layer thickness 1.1nm
sample as shown in Fig. 4.10(d), and (f). The valighe MR and MI ratios also decrease,

approaching zero near crossover frequency 1.6 Mhi,change the sign beyond the crossover

frequency.
20K
101 MR ratio . 104 Ml ratio
AlOx=1.2nm) 10k MXratio _
i ( ) (AIOX=1.20m) 5| AlOx=1.2nm)
0
D N r (o] .
@ -10k{ (b) : 51 (c)
0 10M 20M 30M 40M 0 10M 20M 30M 40M 0 10M 20M 30M 40M
o
> , \ 400 4
~— ! MRratio 0.0 i Miratio
20 % _ . H
@) :  (AOx=11nm) MX ratio 20/ (AIOX=1.1nm)
— ol d -200.0; (AIOx=1.1nm)
(qv]
X -0/ @) -4000] (g)
0 10M 20M 30M 40M 0 10M 20M 30M 40M 0 10M 20M 30M 40M
4 4,
P
MR ratio 00 * Ml ratio
2 (AIOx=0.8nm)  _500,0/ MX ratio 2 (AIOx=0.8nm)
(AIOx=0.8nm)
1.0k
@ asby )
0 10M 20M 30M 40M 0 10M 20M 30M 40M 0 10M 20M 30M 40M

Frequency (Hz)

Fig. 4.10.shows the frequency dependence of the MR, MX, lihdatio behaviors wit
different barrier layer AlOx thickness 0.8, 1.12Am.
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But at higher frequencies the MR and Ml ratios d®athe trend, approaching the zero again as
the frequency increases. In order to investigadsdlbehaviors, we manufacture the thin barrier
layer 0.8nm sample. It is obvious to find that trend of the MX ratio behavior is equal to
others sample as shown in Fig. 4.10(h). ThesFR32.1 MHz. Furthermore; the Fig. 4.10(g)
shows the trends of the MR and Ml ratios are keldtfferent to the barrier layer 1.1nm sample.
The curve of MR ratio passes through the zero ttinees, which means that the there are three
crossover frequencies in the barrier layer 0.8nmpda The crossover frequencies are 1.5, 3,
and 22.8 MHz, respectively. The trend of the Mladtehavior is the same to MR ratio, but it

just passes through the zero one time as showigi LO().
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Fig. 4.11. The resonance frequency) @f the MTJ is a function of the thickness of I
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The Fig. 4.11 shows the comparison with the resomdrequency (§ and the different
barrier thickness 0.8, 1.1, and 1.2 nm. From teguency dependence of the imaginary part of
impedance ratio (MX ratio) for the MTJ, the decreases from 32.1 to 25.5 and 17.7 MHz as
the barrier thickness increases from 0.8 to 1.1 &dnm. Further, the roll-off frequency
(Froiot) that defined as the minimum value of magneto wapee (Z) of the MTJ has been
investigated. The (F.ox increases from 1.3 to 1.9 to 10.9 MHz as the bartickness
increases from 0.8 to 1.1 and 1.2 nm. Accordintipéoeffective capacitance calculatiopny b

can be shown as:

Froioft = 1 / ( 277 ReftCetr) (4.5.3)

Al (0.8nm)-oxide

1.5MHz 3MHz 22.8MHz

0 10M  20M  30M 40M
Frequency (Hz)

Fig. 4.12. The resistance difference between thepanallel sate and the parallel st
(Rap-Rp) as a function of the frequency between 100H2MdHz for sample with x = 0.8 nm.

61



10 |

20

10

Chap.4, Magneto Impedance Study for Magneto Tunneling Junctions

(a)
AlOx=1.2 nm

40

20

Z%10 410" £ w1’ =10 °

(b)
AlOx=1.1 nm

%107 4107 Ex10 ’ ax10’ g el B

(c)
AlOx=0.8 nm

-2

|

Frequency {Hz)

Fig. 4.13. Simulation results foraRRp with different barrier thickness 0.8, 1.1, andntat
the frequency ranging from 100Hz toOMHz.
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The effective capacitance is reverse proportiaihédsq.o and estimative values, and it varies
from 184.9 to 168.81 and 64.1 pF as the barriektigss increases from 0.8 to 1.1 and 1.2 nm,
respectively. This means that the effective thislnef barrier increases which cause the
effective capacitance decreases.

On closer inspection the relation between the wahfethe different of the real part of
impedance R--Rp and frequencies dependence ranging from 100HD&HEZ as shown in
Fig. 4.12. Interestingly, it shows behaviors likedamping oscillating, and its amplitude
decreases as frequency increases, which is quisstent with the calculated value based on
the Maxwell-Wagner model due to the reduction efblarrier thickness.

The simulation results following to Eq. (1) fopdRpe with different barrier thickness 0.8,
1.1, and 1.2nm are demonstrated in Fig. 4.13. Thend frequency is simulated to high
frequency 100MHz. All samples show:the damping liadizig behaviors. For thin barrier
thickness 0.8nm, it shows the obvious damping lasiciy behavior corresponding to our
experiment result as shown in Fig. 4.12. The depbysics for this oscillating behavior is still

need to further study.

4.5.2 Conclusion

In summary, the AC behavior in a magnetic tunnejurgction with different barrier layer
thickness has been studied. The MTJ can be regaisiledcombination of resistances Ry
Rint, Ruwirer Ruwire-1) iNductances (lire) and capacitances f&ies Cnt, Cuire), and equivalent
circuit theory can be used to analysis the AC brnga\wf this system. We observed a huge MX
ratio at the resonance frequency, and it decrdes®s32.1 to 25.5 and 17.7 MHz as the barrier
thickness increases from 0.8 to 1.1 and 1.2 nmaM& found the inverse hysterisis behaviors
due to the negative MR and Ml ratio beyond the swusr frequency. For the thin barrier layer
thickness, the trend of the frequency dependencéf and MI ratio like a damping
oscillating, and its amplitude decreases as freqpa@ncreases. Thedroi increases as the
barrier thickness increases, which means the eféeciapacitance decreases. Consequently,

our study is useful for MTJ characterization reskand for MRAM fabrication.
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4.6 Summary

The magnetoimpedance effect was employed to stuatynetotunneling junction (MTJ)
with the structure of Ru(5 nm)/Cu(10 nm)/Ru(5 nmiWih(10 nm)/CoFeB(4 nm)/Al2
0O3/CoFeB(4 nm)/Ru(5 nm). A huge change of more than 000% was observed in the
imaginary part of the impedance between the magpitiparallel and antiparallel states of the
MTJ. The inverse behavior of the magnetoimpedaiM® lpop occurs beyond 21.1 MHz;
however, the normal MI at low frequency and theense MI at high frequency exhibit the
same magnetization reversal as checked by thedfiect. The reversal in Ml was due to the
dominance of magnetocapacitance at high frequency.

Oscillating voltage (¥, which depends on the frequency dependence of the
magnetoimpedance (MI) effect, was applied to stadyagnetic tunneling junction (MTJ) at
frequencies up to 40 MHz. The MI ratio decreasedhasVos was increased. The MI ratio
turned from positive to negative at a certain feagey. An equivalent circuit model was
employed to analyze the results. The fact that Mad be regarded as the composition of a
resistance component and two sets of parallelteesis (R) and capacitance (C) components in
series has been utilized to describe the individogdedance contribution from the lead of
cross pattern, barrier, and interface. The resistdRarrie) and capacitance (Griep Of the
barrier effect are functions ofod The Ruamier decreases as thesMncreases, However prier
behaves the opposite way. The tendency is forfadiad resistance iRerace and interfacial
capacitance ferfacet0 have opposite results with increasingsV

As the thickness of the barrier layer increaseshim range of 0.8 to 1.2 nm, the F
decreases from 32.1 to 17.7 MHz. The frequencipemtence of the MR and Ml ratio show
the damping oscillating behavior at thin barrieyela The effective capacitance decreases as
the barrier layer thickness increases. This wokviples a detail investigation of frequency

behavior with different barrier layer thicknesgpesally useful for MTJs characterization.
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CHAPTER 5

WOx RRAM Using Down Sream Plasma Oxidation

5.1 Introduction

Recently, resistance-based memory has attractedh naitention for high-density
applications because of its small cell size, simpteucture, high speed, low power
consumption, and potential for 3D stacking [62]. \WWiaased RRAM requires only one extra
mask, no new equipment and no new material fromstaedard CMOS process and is thus
especially attractive [63]. In addition, W@evices have demonstrated the possibility for
MLC operation [64]. However, past efforts had vditile margin because the R-V curves
were very steep and provided no operational platé&ihave improved the WOprocess
significantly and thus have achieved an R-V cunithvextended linear range. This has
increased the resistance and voltage window byX; ttius allowing stable MLC operation.

In other region, memory with unipolar operationngsia diode isolation device is an
ideal way to achieve 3D high-density storage. Havedata retention for unipolar operation
of metal oxide RRAM is far worse than Flash menwaead their cycling endurance is < 100
cycles [65-67]. Recently, we reported a self-aldyjngraded oxidation WORRAM that
shows excellent performance and reliability undepolar operation conditions. The
characteristics of the WORRAM suggest that the LRS and HRS are caused fbgreit
ability of hopping conduction behavior [63]. Prewsty, it was suggested that Joule heating
effect may play a role for the unipolar switchingRRAM, noting the high current density
passing through the interface [68]. However, ncedirevidence for unipolar switching
mechanism of the W@based RRAM is understood up to now. In order thuce the design

complexity, we further improved the operation antbcess of the graded oxidation
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WOy.device.
5.2 Device Fabrication

Fig. 5.1 shows the cell structure and cross seatidBEM image of graded Wbased
resistive memory. The fabrication process flow \aaproximately the same as previously
reported [63,64] but we have shrunk the plug fraBut to 0.17um and refined the W CMP
and other processes. The down stream plasma madatis done in a mixture of nitrogen

and oxygen at 26&, for 1600s.

5i0,

Si0,

NIL
=
NIL

TiN
TiN
Al

Substrate

Substrate

50 nm

Fig. 5.1. Cell structure, cross-sectional TEM imagéd the process flow of the WO
RRAM
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5.3 Bipolar Switching Characteristics for Sdf-Aligned DSPO WO,
Resistance RAM (R-RAM) with Multi-L evel Operation
5.3.1 Cell Operation

A modest forming step (4V 50ns) is used to redheegprogramming voltage [69]. Before
the forming step, relatively high voltage is neediedeset the device, but after the forming
process the reset voltage is reduced (Fig. 5.29. ysteresis loop after the forming step is
shown in Fig. 5.3. The resistance is increasedppyyang a positive voltage, and is decreased

by applying a negative voltage.

o0 After forming process
14.0 —@— Before forming procslis |
— 12.0- ] :
100/ ,./"‘- .
8 8ol . ]
= 50l Initial state - ...0° _-
o ] 2.1kQ . ° _
§ 4.0r | . o :
2:0¢ Fixed 50ns]
00 ~~—Onstate0.85kQ -

1.0 15 20 25 30 35
Voltage (Volt)

Fig. 5.2. RV characteristics using fixed pulse width (50nsfobe and after formir
process. A forming process helps reducing the RE&#age.
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Fig. 5.4 shows the readout resistance at diffemogramming voltages at &5. It is
interesting to note that between 1.5V and 3V tlsstance increases smoothly and linearly
with the applied voltage both at room temperatund at 85C. This represents an ideal
characteristic for multi-level operation. Fig. SBows the operation algorithm used to achieve
MLC. A simple verification routine helped achievingpre than 1,000 cycles of P/E in 4 level
MLC operation, as shown in Fig. 5.6. Fig. 5.7 shadistributions for 100 cells in four
well-separated levels. Fig. 5.8 shows 8 distingedstevels after 40 cycles that show promise

for 3-bit/cell storage if total window can be egied.

10.0t i LI
8.0t ]
6.0t ]

4.0+ -
2.0+ ! -
0.0+ Fixed 50ns

4 3 2 1 0 1 2 3 4
Voltage (Volt)

Resistance (KQ)

Fig. 5.3. Hysteresis loop between 3V argV-with a fixed pulse width of 50ns. T
resistance increases gradually and linearly froBV 1to ~3V, but decreases sudde
at-1.2V.
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L @ 85°C programming behavior

6 " Fixed 50ns LI
cor 5 !
<, .!"
© 4r i
o
89 '
0
22t _
G) L
X1l 1

ol 1

10 15 20 25 30 35
Voltage (Volt)

Fig.5.4. Resistance dependence on pulse voltade fixiéd pulse width 50ns at 5. It
again shows a well behaved linear region suitai&fLC programming.

Yes

Fig. 5.5. The MLC operation algorithm. Two operatimethods may be selected to control
the resistance states of the WRRAM: (1) varying the pulses voltage, (2) changing

pulse number. R-V plots (Fig. 4) are used to dethiéanitial parameters. If the resistance
does not reach the target value, the programmitigg@is increased.
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7t v _ v State 11 2.5V 50ns
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Fig. 5.6. 4-level cycling test of the WW{ARRAM. 1,000 cycles are achieved. 3 RESET s
(01,10,11) are programmed by different voltage pasipulses and the SET level (00
programmed by a negative pulse.

AT e ]
40+ -

35 [ State 0G State 10 i
30 '
25
20}
15§ ]
10 ]

5 i

. _

State 11]

Number of cells

1 2 3 4 5 6 7 8
Resistance (KQ)

Fig. 5.7.100 cells are programmed into 4 levels using tmeesprogramming conditions
Fig. 5.6. The levels are well distinguished.
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Fig. 5.8.Cycling test for 8 levels. Although there was namaow closing after cyclin
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Fig. 5.9. Read disturb test for WARRAM. The states 10, and 11 are not affected b
read bias ranging from 0.2V to 0.6V. The states 0GJ & are immune to read dist

under 0.4V.
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5.3.2 Device Reliability

Fig. 5.9 shows the read disturb behavior for applieltages from 0.2V to 0.6V for all 4
states. The devices are immune to read disturb apaut 0.4V, adequate for all applications.
The temperature dependence of resistance is showig. 5.10. High resistance states show
significant temperature dependence while the |lasistance state (00) is relatively insensitive
to temperature. Below 180 the four MLC levels are clearly separated. Altijowstrong
temperature dependence is undesirable, yet ouitgese well behaved and controllable and

thus still leave sufficient margin for circuit dgsi
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— e
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Fig. 5.10. Device resistance dependence on temperiiom 25 to 20UC. The resistancesf
RESET states 01, 10, and 11 decrease with incigeésmperature. The strong tempere
dependence may limit application ra.
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Fig. 5.11 shows activation energies for higherstasice states 01, 10, and 11. Activation
energies are not constant and tend to increasiglaritemperature, as in previous literature
[70]. Figs. 5.12 and 5.13 show data retention ahrdemperature and at €5 respectively.

At 85°C the resistance window is reduced after heating aiu states are stable with
reasonable windows between levels. The originalré@mperature resistances for all states
were restored after cooling down. Fig. 5.14 shdwesexcellent thermal stability for all MLC
states at 15WC. The resistance of state 00 increased slowlyenthié states 10, 01, and 11

remained almost constant. A 2k resistance window maintained throughout the baking.
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Fig. 5.11. The log R vs. 1K plot for states 01, 10, and 11. The activatioargies ar
not constant but are similar for all states.
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Fig. 5.12. Resistance stability of the WAQRAM at room temperature. All 4 states sl
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5.3.3 Conclusion

By improving the characteristics of our \W@evice we have demonstrated stable MLC
operation of 2-bit/cell (4 levels) RRAM. The reliaty of the MLC operation has been
examined in detail, showing good data retentionglent thermal stability and so far the best
cycling endurance reported for MLC operation. Thigrk is the first demonstration of a

promising MLC operation for RRAM.
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Fig. 5.14. Thermal stability test for WORRAM at 150C. Each state survives w
beyond 16 sec.
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5.4 Unipolar Switching Characteristicsfor Self-Aligned DSPO WO,
Resistance RAM (R-RAM)
5.4.1 Sample Preparation and Analysis

Fig. 5.15 shows the schematic process flow of & a@ned WQ RRAM. The top
surface of the W plug in a via after CMP is oxidizey downstream plasma oxidation for
1600s in a mixture of nitrogen and oxygen at ‘@630nly one added mask is required to
remove the WQ from the W plugs outside of the memory array. Ansiard metal

TiN/AICU/TIiN stack is then deposited directly orptas the top electrode (TE).

erlphery,

(©.ML2DEP

Fig. 5.15. Major processes for self-aligned WRRAM: (a) CMP of W plugs, (b) plasr
oxidation, (c) photolithography to expose peripheaiecuits, (d) remove WQ from W
plugs in periphery, (e) top electrode depositiod patterning.
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Fig. 5.16 shows the TEM image of the Wi@yer. Fig. 5.17 shows the binding energy change
in XPS analysis. It shows that the tungsten oxsdeomposed of various valences of the WO
and its structure is graded. Fig. 5.18 shows thg Wiokness as a function of oxidation time.
The total thickness of WQincreases slowly with oxidation time, the compositof WG,
evolves with oxidation time. Fig. 5.19 shows th&ema400s of oxidation, only the surface
becomes W@while after 1600s of oxidation the W@ayer penetrates into the bulk of the

oxide layer.

T6HS2 TN #24)

LI -
| —1

Fig. 5.16. Cross-sectional TEM for the WARAM cell. HR-TEM (inset) shows that the
WOy is amorphous.
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Fig.5.17 XPS spectra for WOfabricated by 1600s of oxidation. The film thicksei
about 140A.
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Fig. 5.18 Thickness of Wfilm as a function of oxidation time. The film tkines
increases slowly after a d& initial growth. However, the film composition nes
considerably with the oxidation time.
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Fig. 5.19 Comparison of WOcomposition after short (400s) and long (1600sjiaton
The 400s oxidation produces steeply graded;W@table for bipolar switching (Ref.
After 1600s of oxidation, the W{penetrates through the oxide and film is suitdbh

unipolar switching (See Fi5b.21).
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5.4.2 Unpolar Switching Characteristics

Fig. 5.20 shows the initial switching behavior whepositive voltage is applied to the
top electrode for various oxidation times. The aalbietween HRS and LRS increases
significantly as the oxidation time increases. Ef@re, longer oxidation time is

recommended for unipolar operation.

Pulse Voltage : 4V
—0— 200 sec
—0O— 400 sec
800 sec
—Vv— 1600 sec

0O

Resistance (Q)

Pulse Time (nsec)

Fig. 5.20Unipolar switching for fresh devices with variomsdation time. Short oxidatic
time gives poor unipolarvstching capability, while long oxidation time praces film:
with good unipolar switching property.
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Fig. 5.21 shows the switching behavior of 1600s $0Om LRS to HRS and back to low
resistivity state (LRS) by 3.3V unipolar pulsesoBipulses (20-50ns) increase the resistivity
while longer pulses (200-500ns) decrease the nagistig. 5.22 shows the resistivity change
when negative voltage pulses are applied to theskegtrode. Although resistivity decreases
after short pulses, it does not recover once settcfihe temperature dependence of LRS and
HRS states are shown in Fig. 5.23. The conducthatyboth the LRS and HRS increases as
temperature increases.

Fig. 5.23 is well described by the Fermi-Dirac wlmition function for semiconductor
f(E)=1{1+exp[ (Ec-EF)/KT] }~exp[ - (Ec-Er)/KT] . This suggests that both LRS and HRS of the

WOx RRAM obtained bv unipolar switchina are semidactina in nature.

1.2-
£ it~ O
I = \
g O
2 081 / \
= 0O
2 \
)
e

0.44—

10 100 1000

Pulse time (nsec)

Fig. 5.21 Unipolar switching characteristics of@d@s device. A short (20-50ns) positive
pulse switches the resistivity from LRS to HRS, elhong positive pulses (200-500ns)
switch the resistivity from HRS back to LRS. Botbeoations are fully reversible.
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Fig. 5.22Negative pulses, however, do not produce reversibipolar switching on 160
samples. At higher voltages, negative pulses cdiclsthe WQ device from HRS to LR
once, but the device cannot be switched back to BiR&ore.
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Fig. 5.23 Temperature dependence of the conductiorents for both th& RS and HR
indicating semiconducting behavior.
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5.4.3 Device Reliability

Fig. 5.24 shows more than a thousand times cydaingurance with 10X resistance
window. The RESET (LRS to HRS) condition is 3.3@n2ec and SET condition (HRS to
LRS) is 3.3V, 500nsec. Fig. 5.25 shows excelleatrttal stability at 150 over 2500 hours.
Although there is an initial resistance drop, thsistivity decreases only slightly with time
afterward. Fig. 5.26 shows the read disturb bemawedween 0.2 to 0.6 V of applied voltage
for both LRS and HRS. The HRS shows essentiallydisturb and the LRS shows good
immunity to read disturb up to 0.4V. These are @iy the best performance and reliability

demonstration for any unipolar resistance memory.

5.4.4 Conclusion
By engineering the WEXiIm and using variable pulse duration, we demiatsta highly

reliable WQ RRAM. This new device is promising for post-Flasta scaling of NVM and

3D storage.
10¢
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- : \D-D’E\j/
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Fig. 5.24 Cycling characteristics of the W@emory cell. RHS/LHS resistance winc
keeps well separated up to > 1000 cycles.
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Fig. 5.25 Thermal stability test of WGnemory cell at 1590C. The HRS decreases slo
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Fig. 5.26 Read disturb test on W@evices. The HRS is not affected by the read oi
0.2-0.6V. LRS is immune to read disturb under kié@s4V.
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5.5 Summary

Both bipolar and unipolar operations for WOresistance memory with good
performance and reliability are demonstrated. Hpolar operation, it demonstrated stable
MLC operation of 2-bit/cell (4 levels) RRAM. Theliability of the MLC operation has been
examined in detail, showing good data retentionglent thermal stability and so far the best
cycling endurance reported for MLC operation. Foipolar operation, a short (20-50ns)
positive pulse switches the WOx film from low rearsce state (LRS) to high resistance state
(HRS), while a longer (200-500ns) positive pulsatdwes the film from HRS to LRS.
Negative pulses, on the other hand, do not prodewmersible resistivity changes. Despite the
low energy switching, both LRS and HRS are venplstacapable of withstanding 2,500
hours of baking at up to 18D. Furthermore, the WOx R-RAM can withstand > 1,0890les
of LRS/HRS switching, and the device:is'also higintynune to read disturb. This unipolar

device is promising for future 3D high-density N\&tbrage.
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CHAPTER 6

WOx RRAM Using Rapid Thermal Oxidation

6.1 Introduction

Resistance-based memory [85-103] has attracted naitdntion for high-density
memory applications because of its simple structsmeall cell size, high speed, low power
consumption, and potential for 3D stacking [71]sR&nce switching memories including
transition metal oxides (TMO) and programmable thiggdion cell (PMC), such as Ti©
[72], NiOx [67], MoOx [73], CuQx, Tal, CoO [74], and Cu/WQ [75] have been
investigated extensively and significant improvetsdrave been reported. Compatibility with
the CMOS process is a major criterion; in- selecting metal oxide for RRAM design.
WOyx-based RRAM is attractive because it requires amig extra mask without new
equipment or new material to the standard CMOSqa®{63]. We applied a new RTO (rapid
thermal oxidation) process to form the W{ayer [76]. By replacing the down stream plasma
oxidation (DSPO) with this RTO process, a largesistance window (RESET/SET,
50kQ/10kQ for RTO device; RESET/SET, B¥1kQ for DSPO device) and lower switching
voltage (RESET/SET, 1.4V/-1.2V for RTO device; RHBEET, 2.4V/-1.2V for DSPO device)
have been achieved by bipolar operation for theXWRRRAM devices [76,77]. Morover,
bipolar operation, however, is complex in a CMO&uwi. Thus, we also demonstrates the
unipolar operation behavior suitable for 3D applmawith a diode access device [78]. RTO
RRAM devices by using unipolar operation show geogdliing endurance up to i@imes,

and operation as 2bit/cell up to 9,000 times.
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6.2 Device Fabrication

The fabrication process follows the conventionatksand-of-line W-plug process and
the active area is located between the W bottorwtrelde and the TiN top electrode. The
WOy was prepared by RTO for 60 seconds in oxygen arhlaie500C. The temperature
ramping rate is 1T/sec and the cooling rate is°C#sec. To implement the device in the

CMOS process, only a high throughput RTO procedsaanextra mask are needed.

ﬁnm- . 200.0 nm Ewm' '

(b) AFM imagel ©

Wsi0, | CAFM image

1: Height F2A5rm g 2 TUNA Cuiren! FEA5nm

Fig. 6.1. (a). Cross-sectional TEM image for WRRAM. (b) and (c). AFM and
Conductive-AFM images of Wgcell surface.

86



Chap.6, WOx RRAM Using Rapid Thermal Oxidation

Figure 6.1 (a) shows the cross sectional TEM imaigéghe WQ resistive memory with
0.18um diameter. The thickness of W®y RTO is about 660A that is thick than by DSPO
(140 A). The AFM image of the fresh Wplug without the top electrode with Q%
diameter is shown in Figure 6.1 (b). A conductiEMAmapping is achieved by applying a
0.1V bias, as shown in Fig. 6.1 (c). The dark amgaresents the local conducting paths
detected by Conductive-AFM (C-AFM). The existent¢hese conductive paths explains the

low initial resistance (50Q) of as-processed WQlevices.

6.3 High-Speed M ultilevel Resistive RAM Using RTO WOy
6.3.1 Basic Electrical Characteristics

Figures 6.2 and 6.3 show the intrinsic pulse R-¥rahteristics by positive and negative
pulses. Positive pulses reset the device to higistesce states, and negative pulses set the
device to a low resistance state. However, theiredjypulse amplitudes are relatively high.
Similar to the WQ fabricated by plasma oxidation [63], after applyia forming step
(3.5V/50ns) to the cells, the programming voltages dramatically reduced (Fig. 6.4), and
the cells are stable for normal operations. Théresistance is then checked after different
50ns programming pulse§he resistance increases from the low resistaiate €. RS) to the
high resistance state (HRS) as the pulse ampliucteases. The resistance window of our
RTO WQ is 10X of the plasma-oxidized sample [69]; thidigates the performance of WO

RRAM is strongly dependent on the oxidation process
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6.3.2 Device Performance

Figure 6.5 shows the R-V curves from cells withfediént contact sizes after forming.
With a smaller contact, the cell shows a lagerstasce window, which is beneficial for
scaling. Figure 6.6 shows programming voltages iredqufor successful SET and RESET
operations for 50 cells. The tight distributionsandhe contact size and the RTO Ware
both uniform. More interesting is that the RTO W@evice presents excellent cycling
endurance—a resistance window (from IDKo 50KQ) is maintained very well even after

10 cycles (1.4V, 50ns for RESET and -1.2V, 50ns f&8§ as shown in figure 6.7.
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Fig. 6.6. Voltage distribution for HRS and LRS & emory cells.
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6.3.3 Transient Effect

For high speed testing, the pulse IV charactesastit the RTO sample are collected
through a customized high-speed tester [81]. Tdmestent I-V characteristics for both RESET
and SET operations are shown in figures 6.8 andTt® RESET pulse width is only 2ns, and
the equivalent current density is about 3.£416m?. Successful SET is achieved by a 2ns
pulse with an equivalent current density of 3.34I6m?. The transient currents for RESET
and SET operations with different pulse widths raggrom 2ns to 100ns are shown in Fig.
6.10. Both SET and RESET currents show slight pwiskh dependence. Short pulse width
can reduce the SET and RESET currents. Figure 6lidvs the cell resistance after
programming pulses with different pulse widths. @amed to Fig. 6.10, the RESET
resistance remains at the same level but the SEiStaace decreases as the pulse width

increases.
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Fig. 6.7. Cycling characteristics of the W@emory cell. RHS/LHS resistance window is
well separated at 50R /10kQ up to > 16 cycles.
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6.3.4 Multi-Level Operation

Excellent 2-bit/cell operation to more than*Iycles is shown in Fig. 6.12. A 10K
resistance window is maintained for all adjaceatest. The state 00, which is the LRS, is
achieved by a —1.2V, 50ns SET pulse. The HRS 0lard® 11 are obtained by applying 50ns

of 1V, 1.2V, and 1.4V pulses, respectively.

SOF T <« 'Staté 11, 1.4V50ns ]

40 + .
(o) State 10, 1.2V 50ns
X30f _
3 —=— State 01, 1V 50ns
c
G20 SRR oA
1%
) —e— —v— —— State 00, -1.2V 50ns
1o} _
o

0 |

0 2500 5000 7500 10000
Cycling times

Fig. 6.12. 4-level cycling test beyond4lé)ycles with verification. Three RESET st
(01,10,11) are programmed by different voltage pasipulses and the SET level (00
programmed by a negative pulse.
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Figure 6.13 shows good immunity to read disturb dtirstates up to 0.5V. Figure 6.14
illustrates a 3-bit/cell operation RTO WORRAM using a carefully designed P-V
(program-verify) algorithm. The resistance windavore than 3R for all adjacent states

while cycling endurance is more than 8,000 times.
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State 00 —=— 0.25V —o— 0.5V
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Fig. 6.13. Read disturb test. All states show atzad®e read disturb up to 0.5V.
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6.3.5 Switching Mechanism Supposition

The forming and switching behavior can be undestopoxygen vacancy diffusion near
the interface, as shown in Fig. 6.15. After RTO Wi®x has low resistance due to oxygen
vacancy VO near the interface between the top electrode faadransition layer as shown in
Fig. 6.15(a). Electrons can hop easily through llb&om to the top electrode. After the
forming operation, oxygen is attracted by the pesivoltage and fills the vacancies, as in Fig.
6.15(b). This breaks the conduction chain and isvedent to filament rupture. During the
SET operation, a negative voltage is applied angyex is repelled again and the vacancies
are resumed, forming the conductive path againshesvn in Fig. 6.15(c). But this SET
process just repels a small amount of oxygen fioenvacancies with lower energy barrier. As
shown in Fig. 6.15(d), these “shallow” vacancies te& readily filled by applying a low

positive RESET voltade.

50
45

W W b
o O 01 O

Resistance (K Q)
o1

R P DN DN
o

(@)

o O

0 2000 4000 = 6000 8000
Cycling times

Fig. 6.14. 8-level cycling test of more than 8lkcleg with verification. Well distinguishat
resistance windows are maintained for each states.
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In order to understand the switching mechanism T RVOx RRAM, the conductive
AFM (C-AFM) mapping is utilized as shown in Fig.16(a). The dark area represents the
local conducting paths detected by Conductive-ARBAAFM) with 0.1V bias as shown in
Fig. 6.16(b). The existence of these conductivagakplains the low initial resistance (550
of typical WO devices. After bias 1.5V, the dark area is eliredavhich means the RESET
process as shown in Fig. 6.16(c). The possibleoreasthat the oxygen ion generating from
air by local high electrical field penetrates toGQRWOx film and transfers to W©Owith low
conductivity. Figure 6.16(d), and (e) show the Sfdcess. In contrast to RESET process, the
dark area could be recovered by negative pulseV-5Bns. Meanwhile the reduction
behavior of WQ occurs and transfers to W@ith high conductivity. According to this result,
the switching mechanism of RTO W@RRAM is proposed to the redox behavior of tungsten

oxide.

O Oxygen Oz

@ Oxygen Vacancy Vo +
Tungsten

@ Depletion (O 2 inserts to Vo *)

Fig. 6.15. Schematics for proposed WRRAM switching mechanism. (a) Righttarf the
RTO WO formation and top electrode process, many oxyg&ancies are present in
WOy film leaving easy electron hopping paths. Thaahitesistance is below Ik due tc
these conduction paths (sometimes referred to lamdnts). (b) During the formi
process, the positive voltage drives oxygen inttawnaies near the top electrode. This
off the conduction paths and the resistance inesedsamatically. (cWhen a large enou
negative voltage is applied, oxygen is separataoh shallow vacancy traps. Thus som
the conduction paths are reconnected and thearsesdrops (SET). (d) A positive volt:
drives oxygen back into shallow vacancies and gisthe conduction paths (RESET).
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6.3.6 Conclusion

Excellent cycling endurance (up to®1fimes) and low voltage (1.4V) operation are
demonstrated by RTO W((RRAM. The new device exhibits a 10X larger resiseawindow
than plasma oxidized device and provides a betise lfior MLC operation. The switching
speed is extremely fast (~2ns), and the equivalgmigramming current density is
~3x1FA/cm?. Two-bit/cell operation with 10K cycle enduranaela3-bit/cell operation with
more than 8K cycle endurance are demonstrated. Rh3 WO RRAM is promising for

high-density memory applications.

Switching Mechanism

CAFM Mapping for
WO, Via Hole

Pt probe

(a) -]

Gro_und

Voltage

Initial

LIMA Cuisart

Fresh RRAM — current mapping

RTO 500°C WO,
()

T -pars D4E2100 um, . 0305248 0 ulage 0V

()

RESET

—ui| 700 rm
i

After V  =1.5V erase —(d) - After -2.5V 50ns programming

Fig. 6.16. C-AFM images of the Well surface.
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6.4 Unipolar Switching Behaviorsof RTO WOx RRAM
6.4.1 Pulse Voltage and Pulse Width Dependence

Figure 6.17(a) shows the pulse R-V curves for fogr[ir6] and RESET processes (All
electrical results are measured on Qrh8iameter devices). The program voltage ramps up
with a fixed pulse width of 50ns. The SET voltagefiked at 3V while varying the pulse
width (Fig. 6.17 (b)). The resistance value is mead with a read voltage of 0.25V after
programming. The resistance is increased from rheli (~50Q2) to the RESET statex(
40kQ2) by applying a positive voltage for the formingpess, similar to the behavior of the
DSPO devices [69]. The resistance is then decrems8&T state £ 10kQ) by applying an
electrical field of the same polarity with a longlge width (300ns) in the SET process. The
SET state is controlled at about fHkmuch higher than the SET state we published befor
[63, 69, 77]. It is because once the. device ig-QFT to below 1R, the programming
current is high and the endurance is sacrificederAthe SET process, the resistance is
increased to the RESET state by applying a posudieage. It is interesting to note that for
unipolar operation, both forming and RESET voltage comparable, whereas the forming
and RESET voltages for bipolar operation are gdiferent [76]. This discrepancy suggests
that the mechanism of unipolar programming is dfe from that of bipolar programming.
The current density and relative power of unipaperation are very high, ~10° A/lcm?
and ~ 75mW, respectively, thereby indicating artarchemical effect where conducting
paths in the top electrode and Wibterface are formed and ruptured during operaftfdn
79]. Reproducibility of unipolar operation is denstiated by three test rounds of the same
RTO sample.

The resistance dependence on the pulse width gjogre pulse (2.25V to 3V) is
shown in Figure 6.17 (c). The resistance decreasethe pulse width increases. The SET
pulse width can be reduced to 300ns with a vol@g8V. The resistance as a function of
voltage with pulse width ranging from 50ns to 25@shown in Figure 6.15 (d). With the
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50ns pulse, the resistance increases to the REBET & 3.3V. However, it is difficult to
increase the resistance to the RESET state with poirse width (150ns and 250ns), because

such long pulse is operating the device in the alamthermal-chemical SET regime.

50 —m— Forming process' I
\—e— Round 1 (RESET)
Round 2 (RESET) ?"

40 - ¢ Round3(RESET)¢(| T ¥, |
~=~  |Fixed 50ns - -
o ; ~
5 30| / 1 ‘.}. i
Q _ | . ]
0 N |
8§20 ] T |
N = & ]
o 10| )".‘ T \ |
oY L f |+ Round1(SET) \* |

Round 2 (SET)  ®
oL —— -+—4— Round 3 (SET)
| | .(a) | Fixled 3V . (b)
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Pulse voltage (Volt) Pulse width (ns)
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50| =3V & 2.5V |
2.75V - 2.25V 40
=40 A g ] E‘ Unipolar RESET
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~ w30+
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B20) 18
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0 o [=e—Fixed 150ns —a_Fixed 250ns
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Fig. 6.17 (a). Unipolar RESET for pulse R-V cunaesl (b) SET for pulse R-t curves.
(c) Pulse width dependence of unipolar SET withiedarpositive voltage and (d)
voltage dependence of unipolar RESET with variddegwidth.
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6.4.2 1V Characteristics
In addition to the programming properties, the reladracteristics are also investigated.
Figure 6.18 (a) shows the IV characteristics atith§j results for SET and RESET states.

Non-linear behaviors for both SET and RESET stateobserved.

045 O RESETNV
O SETIV
< - —— Fit for RESET
£ Fit for SET
010} -— _ . |
o @ Low E field @ High E field
2 oV la V2
h :
: :
©0.05} |
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&
0.00 | (e ( _
a)

00 04 02 03 04 05
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@v, 0.1V
.'.. RESET/SET (b) ‘__‘40 I
& =geKkBKQ @Vrao 025V o
00 + RESET/SET @v  o.4v { X
b - read Ll -
= =46KOBKQ o B o 830 | Pulse read: 0.25V 50ns (C) |
2 . R € o RESET state
o L Wopl —o— SET State
@10 ;@
o o
-a— RESET
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00 01 02 03 04 05 0.0 500.0k 1.0M
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Fig. 6.18 (a) The IV curves and fitting results for SET and RHSstates. (b) Re:
dependence for RESET and SET states. (c). 1 Mthead for 0.25V pulse read voltage.
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For both RESET and SET operations, the currenraopgrtional to the electrical field for

voltage below 0.15V, indicating Ohmic conductionama&nism. For voltage between 0.15V
and 0.5V, the current is proportional to the squarthe applied voltage, suggesting that the
SCLC (space charge limited current,=9suv?/8d*) is the dominant conducting mechanism.
The fitting is divided into two regions because exeht E field is needed to generate the

uncompensated electrons near the interface betw@érand WQ, to perform the SCLC

mechanism.
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Fig. 6.19 (a). Program-verify algorithm for cyclingst of RTO WQ RRAM (b). Cycling
characteristics of the RTO W(RRAM cell with unipolar operation. RESEJET resistanc
window of 40K2/10kQ is well maintained up to i@:ycles. (c). 4-levelsycling test for 90C
cycles. Three RESET states (01,10,11) are prograhioyp@ositive pulsesf different voltag
and the SET level (00) is programmed by a posipuse with long pulse width(d).
Retention test for RTO WQORRAM with 100C baking. The resistance values are Ic
indicating the semiconductor behaviors.
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On the other hand, below the critical bias the IMve is Ohmic [80]. Figure 6.18 (b)

demonstrates the strong read voltage dependenite afevice resistance. As shown by the
non-linear behaviors of the RESET and SET |-V csyvithe read voltage affects the
resistance window for RTO samples. Therefore, aread voltage improves the resistance
window. A read disturb test is performed using ¥/&®ns read pulses up to 1 million times
for both the SET and RESET states (Fig. 6.18 @pth the SET and RESET states show

good immunity to read disturb without observablgrddation after 1M read pulses at 0.25V.

6.4.3 Performance

Figure 6.19 demonstrates good cycling enduranceMir@ (Multi-Level Cell) results
of the device. To obtain tight resistance distidout program-verify algorithm is used (Fig.
6.19 (a)) [77]. There are two parameters to coritrel resistance states of the RTO WO
RRAM. Pulse voltage is varied to tune the RESETU@akhile the pulse width is varied to
adjust the SET value. A resistance window of Q& 40k2 with RESET condition of 3.3V
and 50ns, and SET condition of 3V and 300ns is ta@iad up to 10cycles (Fig. 6.19 (b)).
Furthermore, an excellent 2-bit/cell operation vathOK) resistance window between states
with > 9,000 cycles is shown in Fig. 6.19 (c). Fg®.19 (d) is the further retention test of

the four states at 100. It shows stable resistance during 10000 secohiaking.

6.4.4 Conclusion

Unipolar behavior of RTO WORRAM is studied. The RESET and SET resistance can
be manipulated by varying the pulse voltage andhwigkspectively. With the program-verify

algorithm, cycling endurance up to1€ycles and 2bit/cell operation over 9,000 cycles a
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demonstrated. With its robust unipolar behavione RTO WQ RRAM is a promising

candidate for future memory applications.

6.5 A Study of Top Electrodes Effect for WOx RRAM

6.5.1 Conduction Mechanism
Figure 6.20 shows the structure and the processdidhe WG cell. The contact size is
0.18im and a 50 RTO (Rapid thermal oxidation) process is usedféoming the WQ

[76]. Different top electrodes (TEs) are formed®yD deposition.
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Fig. 6.20. WQ RRAM structure and process flow.
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As shown in Fig. 6.22, the initial resistance of Wd&vices strongly depends on the WF
of the TE material. A low WF TE has low initial refance, and a high current is needed
during forming to bring the resistance from lowhigh (type 1) [76]. In contrast, a high WF
TE results in high initial resistance and in thase the forming process (type Il) brings the

resistance from high to low.

' SCLC equation: |
: =26V Eq !
i o 8T |
' Thermionic emission: !
1 [ 1
1J =(A*)*T2exp(q GE /47 _quB) :
| kT keT *
1 |
') = 108E7* exp@/V -b)..Eq(2) !
| A* =Effective Richardson constanht
1 |
' =120AcnPK? !
'T = Absolute temperature !
\®; = Barrier height=b*—2~..Eq.3),
iai =Insulator dynamic permittivity

Fig. 6.21. Formulas for SCLC arthermionic emission
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Fig. 6.22.The initial resistance increases with the WF of Tt Two types of formin
process (I and Il) are observed.
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Furthermore, the conduction mechanism of TiN, Mig &t top electrodes WWORRAMSs is

studied. For a low WF TE, TiN, the IV curve of timéial state follows the SCLC mechanism
[Figure 6.21, Eq.(1)]. For high WF TEs, Ni and Poth of the I-V curves are well matched
with thermionic emission [Figure 6.21, Eq.(2)] &®wn in Fig. 6.23. The barrier heights of

Ni device, 0.18eV and Pt device, 0.44eV are obth[Reure 6.21, Eq.(3)].

_1x10k Nwow
N e FittiNG ]
E 1X1O6 ;_ / SCLC -
&) E
> J=79192849+ 25890E7*V?
—1x10° ' —
> E O NIV W Therm|on|c emission
g = Fitting . )
8 1x10° E = Barrier Height 0.18eV 3
= J = LOGET*exp (5. 19206N 700084
g 1x10° E PUWO /W Thermionic emission .
S f— Fitting ]
O 1x10° Barrier Height 0.44eV _
J=108E7*exp* (11.15023V —1697937

01 02 0.3 0.4 0.5
Voltage (Volt)

Fig. 6.23. IV curves and fitting results for inltiatates of P/WQW, Ni/WOx/W, anc
TiIN/WOx/W. Thermionic emission describes the behaviorsPioand Ni/'WQ/W well, bu
not TiN TE.
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Figure 6.24 demonstrates slight temperature deperdef the initial state for TIN/WQW
device from room temperature (RT) to°80 The current versus square of voltage is further
plotted, that the linear trend indicates the SCLEchanism. Temperature dependence of
initial states for Ni/WQ/W and Pt/WQ/W from RT to 86C are shown in Fig. 6.25 and Fig.
6.26, respectively. The IV curves can be descritnedhe thermionic emission. Figure 6.27
further supports the thermionic emission mechari@niNi/WOx/W and Pt/WQ/W cells [83].
The schematics of conduction mechanism of WRRRAM with Pt, Ni, and TiN are shown in

Fig. 6.28.
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Fig. 6.24. IV curves and J versus atrves for TIN/WQ/W at different temperatures RT,
60, and 8€C. J is proportional to %ﬁndicating the SCLC behaviors.
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Fig. 6.25. IV curves and thermionic emission figtiresults for initial state of Ni/WQW at
different temperatures RT, 40, 60, and@0
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Fig. 6.26. IV curves and thermionic emission fatiresults for initial state of Pt/ M@W al
different temperatures RT, 40, 60, and@®0
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Fig. 6.27. In (J/%) versus 1/KT curves for Ni/WQ/W and Pt/WQ/W with bias between
0.15V to 0.5V. The linear trend indicates the thiemt emission behaviors
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Fig. 6.28. Schematics for conduction mechanisniPtoiNi, and TiIN/WQ/W.
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The resistance window is important to memory ajpilon, thus the impact of WF is further
studied. Figure 6.29 shows the resistance window asction of the WF of the TE. The
devices with Ni and/or Pt TEs show good resistanmoedows larger than 2 orders of
magnitude, indicating that TE plays an importarie rfor electrical properties. From the
experiments above, we may conclude that a high &trede such as Ni and Pt is needed to
get a large resistance window. However, Pt eleetigddifficult to process and expensive.

Therefore, we choose the Ni/WOV RRAM for further investigation.
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Fig. 6.29. High WF TE produces large resistancedain Both PYWQ/W and Ni/WQ/W
show 100X window and higher RESET resistance.
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6.5.2 Device Performance

Figure 6.30 shows the cross-sectional TEM of th0®0nm)/WQ(70nm)/W cell. For
bipolar switching of Ni/WQ/W RRAM, positive pulses are used to RESET the agvand
negative pulses are used to SET the device as simkig. 6.31. The transient I-t curves for
RESET and SET processes are shown in Fig. 6.32 RH®ET (2V/50ns) current is about
180uA, and SET (-1.8V/ 50ns) current is about 150kiyure 6.33 demonstrates the cycling
endurance for 10k times. To obtain tight resistatis&ibution, a program-verify algorithm is
used [76]. Both the SET and RESET states show gooaunity to read disturb without
observable degradation after 0.6V stressing fo0 ,Seconds, as shown in Fig. 6.34. The
retention results after baking at £60are shown in Fig. 6.35. Both RESET and SET aré we
separated after two weeks of baking, and the dswoatinue to function normally after
baking. Further retention studies are shown in Big6. An activation energy of 1.34eV is
deduced from the Arrhenius plot, and retention tereapolated predicts > 10 years at°15

and > 300 years at &5.

Fig. 6.30. Cross sectional TEM image of Ni/\yW&/ RRAM.
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Fig. 6.31. RESET and SET pulse R-V curves for NiX® after reverse forming process.
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Fig. 6.32. Transient I-t curves of RESET and SE@&rapon of Ni/WQ/W cell. The RESE
current is about 180uA, and SET current is aboOQuR5
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Fig. 6.33. Cycling characteristics of the Ni/\W@/ cell. RESET/SET resistance windov
well separated at 18 /10kQ for > 10k cycles.
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Fig. 6.34. Read disturb test. Both RESET and SEfestshow good read disturb resistance
up to 0.6V.
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Fig. 6.35. Thermal stability test for Ni/WON cell at 150C. Bath RESET and SET sta
survive well beyond 10sec with at least 10X resistance window.
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Fig. 6.36. Arrhenius plot for retention test of WiDy/W cell. Ea is ~ 1.34eV. The reten-tion
time is 10years @116, and 300 years @ &5. The retention criteria is <100kfor SET .
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A comparison of different electrodes is shown ig.F8.37. Both Ni and Pt TEs reduce the
operation current from the previously proposed WiQy/W device. The Ni/WQ/W cell
shows excellent thermal stability with large remigte window. The reason for good thermal
stability may be due to that the free energiesooimftion of W (-2.7eV) and Ni (-2.6eV)

oxides are similar [82,84] therefore the drivingc®for degradation is low.

6.5.3 Conclusion
The WF of TE plays an important role for WQRRAM. The high WF Ni/WQ/W
structure shows low operation current, large rasist window, suitable endurance, good read

disturbance, and excellent thermal stability.

Forming Type | Forming| RESET | SET Resistancgq Enduranceg Thermal
current | current current | window (times) stability
(Alem?) | (Aler?) | (Alcm?)
Forming 1*108 3.4%105 | 3.3*10° | 10k/100k | 10° Fair,
(TypeI) (10X) 85°C
Years

Forming 5.6*10° | 10k/1M Excellent,
(Typel) (100X) 85°C
Centuries

Forming 10k/1IM Paoor,
(Typell) (200X) 85°C
Months

Fig. 6.37. Comparison for TiN, Pt, and Ni/WV cells. Ni/lWQ/W cell shows promisir
performance for memory application with low opewaticurrent, larg resistance windo
and excellent thermal stability.
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6.6 Summary

The microstructure and electrical properties of\WW®yx based RRAM are investigated in
this work. The WQ layer is formed by converting the surface of the phig with a
CMOS-compatible rapid thermal oxidation (RTO) prsseThe conductive atomic force
microscopy (C-AFM) result indicates that nano-saaeducting channels exist in the WO
layer and result in a low initial resistance. Bath bipolar and unipolar operations are
observed for WQ RRAM. For bipolar operation, it shows excellentlayg endurance (up to
10 times) and low voltage (1.4V) with a 10X largesistance window. The switching speed
is extremely fast (~2ns), and the equivalent pnogning current density is ~3x3&/cm?
Two-bit/cell operation with 10k cycle endurance &bit/cell operation with more than 8k
cycle endurance are demonstrated. For unipolaratipar the low programming voltage for
RESET (3.3V/50ns) and fast SET speed (3V/ 300ns) ahieved along with cycling
endurance greater thanttimes. In addition, the device is immune to readuwb. 2-bit/cell
operation is also demonstrated for high densityiegions.

Furthermore, the electrode effects for WRRAM are studied. In WQ-base ReRAM,
top electrode (TE) materials control the conductieechanism and the forming process. In
devices with a low work function (WF) top electrodgace charge limit current (SCLC)
dominates the conduction mechanism, and the fornprggess changes the low initial
resistance to high resistance. On the other hame, conduction mechanism shifts to
thermionic emission for a high WF TE, and the cgpmnding forming process reversely
alters the high initial resistance back to low ddased on the findings, we proposed using Ni
as TE material for the W)OReRAM and found the new Ni/W@N device has <200uA
switching current, a 100X resistance window, andresmely good retention at high
temperatures. The novel Ni/WQV ReRAM is very promising when comparing to other

ReRAMs.
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CHAPTER 7

Conclusions

7.1 Summary of Findingsand Contributions

The first part, the magneto impedance behaviors of pseudo spin valve and magneto
tunneling junction are studied. The equivaent circuit theory can be used to anaysis the AC
behaviors of both PSV and MTJ. The imaginary part of magneto impedance ratio shows the
huge value in the resonance frequency in PSV device 1700% at 476kHz, and MTJ device
17000% at 17.7MHz, respectively. The nano oxide layer plays arole to enhance the resistance
ratio of PSV device. Thus the magneto impedance behavior for PSV device with different NOL
thickness is investigated. By using this impedance analysis, the NOL property could be
predicted. So, the impedance anaysis is a useful technique to do non-destructive analysis for
PSV device. Moreover, the bias dependence of MTJ is observed. The bias is strong affecting
the resistance ratio of MTJ. Our study suggests that MTJ is potentially a sensitive sensor for
high frequencies.

Tungsten oxide resistive memory had been studied, extensively. WOx-based RRAM is
attractive because it requires only one extra mask without new equipment or new material to
the standard CMOS process. We applied a new RTO (rapid thermal oxidation) process to form
the WOy layer. By replacing the down stream plasma oxidation (DSPO) with this RTO process,
a larger resistance window, high endurance, fast programming time and lower switching
voltage have been achieved by bipolar operation for the RTO WOx RRAM devices. Moreover,
RTO WOx RRAM is controlled not only by bipolar operation but also by unipolar operation.
Using unipolar operation behavior of RTO WOx RRAM is suitable for 3D application with a
diode access device, and it also show good performance with good cycling endurance up to 10’
times, and operation as 2bit/cell up to 9,000 times.
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Besides, the study of top electrodes effect for RTO WOx RRAM isinvestigated. We found
that the behavior of WOx ReRAM is a strong function of the top electrode (TE) material. The
work function (WF) of the top electrode determines both the conduction mechanism and the
behavior of the forming process. For a low WF electrode conduction is space charge limited
(SCL), while current from a high WF electrode is dominated by thermionic emission.
Thermionic emission is indicative of an interface potential barrier, and this subsequently
reduces the switching and forming currents, as well as providing a larger resistance ratio.
Based on these insights we have proposed and characterized a novel Ni top electrode WOy
ReRAM. The new Ni/WOx/W device operates at <200uA switching current, a 100X resistance

ratio window, and extremely good data retention of > 300 years at 85°C.

7.2 Suggestions for Future Works

Although the WOx RRAM shows the acceptable performance for memory application, the
switching mechanism of WOx RRAM is still unclear. Therefore, study and finding the
switching mechanism is more important thing in order to further improve the RRAM
technology. The switching mechanism should be divided three parts. According to the WOy
RRAM could be controlled by both bipolar operation and unipolar operation, thus it may not
only one face of the switching mechanism for WOx RRAM. What is the switching mechanism
for bipolar operation, and what is the switching mechanism for unipolar operation should be
considered. In last part, keep studying the top electrode effect for WOx RRAM is useful to
further clear of the conduction and switching behaviors of the WOx RRAM. The end of the
target of WOx RRAM s finding the very good performance that could be utilized as universa

memory. At the present, the performance of the WOx RRAM isrequired to further improved.
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