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Abstract

In this thesis, we demonstrate inorganic resistasedom access memory (RRAM)
using sputtered Sixhin films, and investigate .the.influences of &leal characteristics
of the devices with various post=annealing condgioThe results show that devices with
RTA treatment can exhibit betterelectrical charestics, especially in the significant
improvement of endurance. We also analyze carn@nsport behaviors in the high
conductance state of devices and propose caraasgprt mechanisms under different
RTA treatments.

In addition, we fabricate two different structures organic RRAM: AIQ/AIq;
bi-layer and Alg/MoO3/Alqgs tri-layer structures. It is found that interfacefetts at the
AlO,/Alqs interface dominate the resistive switching of migdRRAM using the bi-layer
structure, and the high ON/OFF current ratio neirid obtained; the switching behavior
of organic RRAM using the tri-layer structure ongte from carrier confinement barriers
produced by the difference of energy bands betwiemano-structure Mofand Alg
layers, and this devices exhibit a high ON/OFF entrratio about Dand provide many

write-read-erase-read cycles.
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Chapter 1. Introduction

1.1. Introduction

Nonvolatile storage device of flash memory is ohthe most famous memories
in recent years due to the advantages of fast aea€éss time, robust, portable, and
high density of data storage. However, a tremendeunsand for large amount of data
and information storage is necessary, becauseeavia #éne information explosion and
a rapid development of computer and electronic asviof times. Therefore, the
nonvolatile memory (NVM) for next generation hagaaits extensive attention due to
the conventional flash memory approaching its sgalimits. The memories with
capacity of three-dimension (3-D): stacking have inpagential for high density data
storage.

Fig. 1.1 depicts the schematic structure of a cotiweal flash memory, and this
transistor-based structure is complicated and tedslei for 3-D stacking. Moreover,
when the tunneling oxide thickness is below 10rtm, ¢harge stored in the floating

gate will be lost.
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Fig. 1.1: Schematic structure of a conventionatflanemor
The potential nexgeneration memory such as phatenged memon
ferroelectrical random access memory, magnetic random access merand
resistive random access memary-has been wistudied Among thos, resistive
random access memory is mgpromising  due- to the simplstructur, simple
fabricationprocess, fast read access'tiflow operation voltage, and especially

capability of 3D stacking

1.2. Resistive Random Access Memory (RRAM)
1.2.1. Inorganic RRAM

The change of resistivity iinsulatorhas been discovered in the early 1962 y
by T.W. Hickmoot [1] After that, variousinsulators such as AD3[2-4], NiO [5-6],
TiO2 [7], Nb2Os [8], and Zr(; [9-11] have been extensively investigated due to

simge compositions which are e: to control during the fabrication proces



However, the mechanism of resistive switching prgpés not clearly understood

until now. So far, the formation and fracture dafnentary paths are most acceptable

to elucidate the resistivity switching occurringaxide films.

It has been proposed that filamentary paths comdisixygen vacancies and

oxygen-related defects monstoichiometryoxide [2], and penetrated metal particles

[3], metal ions in solid electrolyte [12]. For expl®, Tseung-Yuen Tseng et al

propose a structure of PUTIA/PUTI/SIO/SI, where resistive switching is

dominated by filamentary paths formation in,@4 layer. Because of the strong

oxygen-gettering ability of Ti, the oxygen-ions Makcape from AlO; and getter with

Ti under a suitable applied voltage, called formiaitage. Therefore, the oxygen

vacancies and oxygen-related defects are genesatbdhodified to form conducting

paths in A}Oj3 thin film.

Fig. 1.2 displays the typical electrical charastiees of Pt/Ti/AbOs/Pt structure,

and its mechanism is dominated by filamentary pa@lasnpliance current is set in the

writing process during the electrical measuremBetause the joule heat of a large

current in erasing process (where arrow pointsign E2) may burn the conducting

filamentary paths, the devise will be changed filagh conductance state (ON state)

to low conductance state (OFF state). In their wéhky also discover the forming

voltage decreases with increasing post-annealimpéeature, and the device with



600°C postannealing treatment do not need a formirocess due to thpenetration

of Ti into Al,Os thin film which connect two electrod:

2

Current (A)

as-deposited

10° 400°C annealed device
10° A—500°C annealed device ]
' —2—600°C annealed device
10-9 1 N i ! . 1 " 1
-2 0 2 4 6
Voltage (V)

Fig. 1.2:Electrica characteristics of Pt/Ti/ADs/Pt structure

In the other hand, some researches of metal doxidd as theinsulator layer
in MIM structure & RRAM have been manifested. For example, W. Guaal
propose an RRAM with Cu doped Z. As shown in a lineadinear plot of Fig. 13,
the electricalcharacteristic exhibit a linear relation between current and \g®tan
ON-state. This ohmic conductin is ascribed to the formation of condng
filamentary paths, which origini from Cu ions diffusion. Moreover, other stud

such as Cu doped Ma@13] and Cu doped SiKJ14] are also proposed due to 1



great diffusion ability of Cu ions in oxide film$his kind RRAM with metal doped

oxide can provide better memory performance.

10 = -~ Positive Set
o -m- Positive Reset
" A b | =2 Negative Set
< 8 ' al i
g i -#—- Negative Reset
=% ¥ |
[=
52 { |
— P .
< |
£ L |
S
bt - a
: 0 = N1 1111
e 4
—
=
O
—5 - I Slope=1
d 0.01 LlJf1 " 1
0g
_1 0 | [ IR IS U N R L

5 4 3 21012345 6
Voltage (V)

Fig. 1.3: Electrical characteristics of CulZrOu/Pt memory devices.

1.2.2. Organic RRAM
In recent years, there has been an increasingesitigr organic electronic devices
such as OTFT [15], OPV [16], OLED [17]...etc, owirgglbw cost, simple fabrication
process, massive production, low power driving, &iedibility. Therefore, many
researchers in nonvolatile memory field have wididyeloped RRAM devices using
organic materials, for instances, nano-structurgetbadevices, donor-acceptor type,

and charge-transfer complexes based devices havedreposed to demonstrate the

organic RRAM.



The nano-structure based devices can be classfiedrding to the organic
materials. One is organic small molecular materiblended with core-shell
nano-particles/nano-clusters [18], and the othex mnpolymeric material blended
with metal nano-particle [19-20]. Yang Yang et abgoses a more promising device
with sandwich structure of organic/ core-shell nahwters/ organic [21]. In their
study, they use AIDCN as matrix and interpose a #ili layer which is oxidized
during thermal evaporation and formed Al nano-@tsst The device structure and
resistive switching characteristics are shown i E4. According to measurements
of electrical characteristics and AEM-image of Alno-clusters as shown in Fig 1.5,
they evaluate that the mechanism of resistive &witcis ascribed to charging and
decharging of carriers in Al nano-clusters.”Duethie charging of carriers in Al
nano-cluster, the organic thin films will be potad and then a built-in electrical filed
is formed. This built-in electrical filed inducedrje amount of carrier pass through
thin films, and this device is switched to high dootance state (ON state) from
initial low conductance state (OFF state). In addit this device with sandwich
structure can exhibit high on/off current ratio abasix orders in magnitude (30

which can avoid reading error between ON and O&test
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Fig. 1.4. Current-voltage characteristics of AID®@N/ nano-clusters/AIDCN

sandwich structure.

Fig. 1.5: AFM image of Al nano-cluster

In the other hand, some research groups have pdpbsit organic RRAM

with nano-structure can also be fabricated by chbaimsynthesis of polymeric
7



material with Au nano-particles. H. T. Lin et alynthesized PCm

(4-Cyano-2,4,4-trimethyl-2-methylsulfanylthio- cariylsulfanyl-poly (butyric acid

1-adamantan-1-yl-1-methyl-ethyl ester) with Au ngoaoticles as the active layer of

the organic RRAM [22]. The current-voltage chardstes with/without Au

nano-particles and the TEM image with Au nano-pkes in PCm are shown in Fig.

1.6 and 1.7, respectively. Au nano-particles sgsitted with parylene-C by B. Park

et al. [23] and Au nano-particles are blended irKRdY P.Y. Lai et al. are also be

demonstrated successfully as memory devices [2d\veder, these materials need

specific techniques to synthesize and are-morensie
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Fig. 1.6: Current-voltage characteristics of Al/PCAu nano-particles/Al sandwich

structure.



come from its organic mat
m-NBMN/DAB, DC-BDCP complex...etc have been demorsttaas the active
layers of the organic RRAM. Y. Ma et al. investggthe arrangement of the donor
and the acceptor unit in molecular structure affédthe device performance [25].
They classify that the devices based on thertBA—7z—D molecule exhibit better
write—read—erase characteristics with a high ON/@dt® than devices based on the
A— 1 —D—7m —A molecules.

Charge transfer  complexes such as  copper 7, 7,

8 -tetracyanoquinodimethane (Cu-TCNQ) are usedamdttive layer of the organic

8,



RRAM. According to the current research results;T@QNQ acts as solid ionic
conductor (SIC) providing mobile Cu cations, indesathat the mechanism originates
from growth and dissolution of conductive Cu filamery paths [26]. In order to
improve the electrical properties of Cu-TCNQ-baskedice, a porous oxide layer
need to add in thelevice architecture. R. Muller et al. report anerigd device
structure which improves the possible damage ofTCMQ layer during the oxide
deposition, and they also investigate the devicdopeance with various porous
oxides such as S AIl,O3, HfO,, and ZrQ. The mechanism of Cu-TCNQ-based
organic RRAM is interpreted by growth-and dissantiof conducting filamentary
paths, and it provides another-chaice for nextg@ims memory device. However, it
needs complicated device architecture and/or exgemsocess equipments such as

atomic layer deposition (ALD) to grow the dedicatagker.

1.3. Moddsof Carrier Transport
1.3.1. Fowler-Nordheim Tunneling

As depiction in Fig. 1.8, when applied a bias owicks the barrier potential will
drop. If we increase the applied bias, the bap@ential will reduce dramatically that
cause carrier tunnel through the triangle barrfdre current through the device in
case of F-N tunneling is given by [27]:

I=C V?exp{[-4d(q®)3/2(2m*)1/2])/3ghV}  (Eq. 1.1)
10



where® is the energy barrr height,q is electronic charge, V is applied bid is the

tunneling distance, m* is the reduced masthe charge carrier, and C is a cons

barrier height © barrier potential

\A
— tunneling

A 4

x: distance from the surface

Metal
Fermi sea

Fig. 1.8: Depiction of F-N tunneling

1.3.2. Poole-Frenkel Emission

If the dielectricallayer contains lots of defects, carrier transpsrthoppinc
between defects under a t as shown in Fig. 1.9. Thaurrent through the device
case of P-F emissida given b [27]:

I=C V expl-a/kT(@-(qV/ze)*d]  (Eq. 1.2)
where® is the energyarrier heigh q is electronic charge, k Boltzmann consta,

V is applied biasg is the permittivity, T is the temperaturand C is a consta

11
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Fig. 1.9: Depiction of P-F emission

1.3.3. Schottky Emission

Schottky emissions also -called thermioniemission.The kinetic energy c
carrier increases due to the absorption of thegnatgy which caus carriers inject
across the barrier as shoin Fig. 1.10. The device in case $thottkyemission is
given by:

I=A* T 2exp[-q@s-p V*)/KT]  (Eq. 1.3)
where® is the energy barrier heig q is electronic charge, k Boltzmann consta,
V is applied biasg is the permittivity, T is the temperature, amt is effective

Richard son constant.

12
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Fig. 1.10:Depiction of Schottky emission

1.3.4. SpaceChargeLimited Current (SCLC)

Following aresome asumptions:

1. The distribution of thelectric.is uniform

2. Neglect the diffusion of charge carr

3. No recombination choles and electrons (monopolar injection)

4. Neglect the thermal equilibrium chargeriers
The current through the device in cas trap-free is given by [28]:

lsp=(9/8) & £, nVZL®  (Eq. 1.4)
, and for the trap case given b [28]:
1sp=(9/8) (n/ne+ny)e g, uVIL®  (Eq. 1.5)

wherep is mobility, L isthicknes, V is applied biasge, is the dielectrica constant,

n; is thedensity of free carri, and nis density of trapped carrier.
13



1.4. M otivation

In recent years, the demands of cost down in proatudines and products are
becoming most important for device production. Shkection of materials and design
of device structure are two of the key points tduee cost. Therefore, we want to
demonstrate a potential resistive random access onyefRRAM) with cheap
materials and simple fabrication process which d¢aregrates with the well
developing process in semiconductor industry nowsd®loreover, we expect the
RRAM can apply to organic electronic products amn@ne manifest the flexible
property.

In this work, we demonstrate :an inorganic RRAM witlv cost materials and
simple MIM structure of Ag/Siglp’-Si. Furthermore, we improve the endurance of
device by post-annealing treatment'‘on Siin film. The performance and
mechanisms of devices are also investigated. Laefabricate organic RRAM with
bi-layer and tri-layer structure, respectively amath devices exhibit high ON/OFF
current ratio. Moreover, we observe the endurang@avement by substituting the

metal electrode for the tri-layer structure.
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Chapter 2. Inorganic RRAM Using Sputtered
SO, films
In this chapter, we focus on the research on Ag/BIEBi structure with
different post-annealing Sg&onditions. We observe that the device with RTA80
exhibits the best performance of a memory deviagrthEérmore, we observe a
transition of mechanism for the high conductanegestwhich are different from the

filamentary mechanism dominated RRAM with MIM stiwre.

2.1. Fabrication of the RRAM-with/Ag/SiO./p*-Si Structure

The metal-insulator-metal (MIM) device structuretioé inorganic RRAM in this
study is shown in Fig. 2.1. First;=pype silicon substrate is cleaned according to a
standard RCA clean process. Then, silicon diox8i©/) is deposited onto cleaned
p'-type silicon substrate at 5x¥0Otorr using sputter at room temperature. The
sputtering power is at 100W, and the thicknessxisdfat 100nm. After deposition,
two samples are treated as post-annealing usingd tiagrmal annealing (RTA) with
600°C and 808C, respectively. Finally, an Ag electrode, 100nntkhis evaporated
through metal mask with 2mm x 2mm square pattetio as-deposited, 600 and
800°C RTA treated samples. The parameters of fabricaiiocess are shown in Table
2.1.

15



as-deposited : :
Sio, 600°C SiO, 800°C SiO,

p+ Si p+ Si p+ Si

Fig. 2.1 Schematic diagram Al/SiO,/p’-Si structurewith different RTA condition

on SiG thin film: (a) asdeposited, (b) RT/600°C, (c) RTA 806C.

Table 2.1The parameters of fabrication procesAl/SiO./p’-Si devices

Device Sample A Sample B Sample (
SiO; thin film 100nm
RTA temp. as deposited 600 800C
Electrode (AQ) 100nm

2.2. Electrical Characteristics of Ag/SiO./p*-Si RRAM Devices

In our experiment, thelectrical characteristics of devices aneasured usina
Hewlett Packard 4156A (HP 4156A) semicondu analyzelin ambient environmer
The p-silicon substratés grounded and all bias conditions are applied on silver
electrode.In addition, the scanning interval of voltais set to 100mV per step
sweeping modeFig. 2.2shows the electrical characteristics ofdaposited, 6(°C

and 800C RTA treated samples, respecti\. Initially, this device keps at low

16



conductance state with low current level. Howewdren sweeping voltage exceed to
threshold voltage, 4V, 4V and 4.5V, which are indibally corresponding to
as-deposited, RTA 600 and 806C treated samples, an abruptly increase of cuisent
observed. Then, devices keep at high conductaate with a high current level. The
sweeping process switches the device form low cctatige state (OFF state) to high
conductance state (ON state), which is called mgifprocess (green squares line).
When the sweeping voltage from 0V to 5V is apphgain, these devices still hold at
high conductance state with high current level, awhis called reading process
(magenta circles line). At third sweeping proceiss,reverse voltage from 0V to -4V
is applied. A noticeable drop "of current from higbonductance state to low
conductance state is observed. ‘After the redudirayiwent, all devices are turn back
and kept at low conductance state with a low cartewvel, which is called erasing
process. The parameters of performance of as-dedpRTA 606C and 806C
treated samples are listed in Table 2.2. Thé/y, and ON/OFF current ratio increase

with increasing RTA temperature.

17
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Fig 2.2: The current-voltage characteristics ofSiDb/p*-Si structure with different

RTA conditions on Sigxhin film: (a).as-depésited, (b) RTA 6%, (c) RTA 806C.

Table 2.2: The parameters of electrical measuresyaiil/SiOy/p*-Si devices

Condition ON/OFF ratio Transition Voltage Threshold Voltage

as-depositec 10° ~2.5V 4V
600°C RTA 10° ~3V 4V
80°C RTA 10° ~4V 4.5V

Fig. 2.3 shows the long retention time over 500008ds of samples with
different RTA conditions, and exhibited quite s&al@®N/OFF current ratio without

any degradation during the retention time measuménide current level of ON and
19



OFF states for samples with different RTA condision retention time measurement

are shown in Table 2.3.
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Fig 2.3: The retention times of Al/Sip’-Si structure with different RTA conditions

on SiG thin film: (a) as-deposited, (b) RTA6UD, (c) RTA 806C.

Table 2.3: The measurements: of retention time ofSi&/p*-Si structure with
different RTA conditions

Condition ON current OFF Current Retention time

as-depositec 10* 10° over 5000s
600°C RTA 10° 10° over 5000s
80°C RTA 10°~10* 101°%~10%3 over 5000s

The cycle times of (operation), also called endceatest, is one of the most
important properties about the performance of a argndevice. For investigation,
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the writing, reading, erasing and reading processesxecuted in sequence by 5V,
1V, -4V, and 1V AC pulse for devices with differeRTA conditions. To ensure the
consistence of measurement, here we apply the saitieg, erasing, and reading
voltages on all devices. As shown in Fig. 2.4, ¢heles of as-deposited, RTA 6D
and 800C treated samples are 80, 90, and 280 times, r@gglgc\We observe that the
cycles increase with increasing RTA temperature, tae high and low conductance
currents are becoming more stable with increasimg ®mperature, especially at
80C°C. Obviously, the as-deposited device shows a laagéurbation between the
high and low conductance current;'and-device witlA BO’C treatment shows the
most cycle times and best perfarmance: In; shog, ehdurance of Ag/SiIp’-Si
structure is improved by increasing RTA temperatmeSiQ thin film. The current
levels of ON and OFF states with different RTA cbieds in endurance

measurement are shown in Table 2.4.
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Fig 2.4: The write-read-erase-read cycles of AIBOSi structure with different

RTA conditions on Sigthin films: (a)as-deposited, (b) RTA 6@ (c) RTA 806C.

Table 2.4: The measurements of_ehdurance of AYBICSI structure with different
RTA conditions

Condition ONcurrent  OFF Current Cycles

as-deposited 10 10°~10° 80
600°C RTA 10°~10° 10'~10° 90
800°C RTA 10°~10* 10'~101° 280
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2.3. M echanism and Discussion
2.3.1. Mechanism

At first, we investigate the optical properties SO, thin film using Raman

scattering measurements. As shown in Fig. 2.5rttensity of the peak at 610nm

increases with increasing RTA temperature, anddicates the 3-fold ring defects are

produced by thermal compressive stress [29]. Thezgive know that the properties

of SiO, thin films are varied after RTA treatment, andtresult may affect the carrier

transportation and mechanism of resistive switclmnipe SiQ thin films.

1.0}
—=>RTA 600°C
0.9}
g osk ——=> RTA 800°C
>
2 0.7F
S
= 0.6p ——@s-deposited —L= as-deposited
— RTA600°C
0.5F —RTA800°C
400 450 500 550 600 650 700

Wavenumber (cm'l)

Fig. 2.5: Raman spectrum of Sip'-Si structure with as-deposited, RTA 630 and

RTA 80C°C treatments on SiQhin films.

The formation of conductive filamentary paths inidex films dominates the

resistive switching has been widely discussed anpgsed. To verify the mechanism
25



of resistive switching of the -deposited Si@thin film, we use theonductive atomi
force microscope (&FM) to scan the Si, thin film, which keeps at ON sta. Fig.
2.6 shows the &FM image of the e-deposited Si@thin film, a few conductive
channels are observedhis result indicais the as-deposited Si@hin film may have
similar conductive filamentary property in the higbnductance state. However, si
few conductive channels are probably not the oolyre, which isdominating the

resistive switching.

40.0 pA

20.0 pA

0.0 fa
0 2.5 5.0 7.5 10.0

pm
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Fig. 2.6: The c-AFM images of Sip’-Si structure: (a) 2-D, and (b) 3-D.

If the conductive filamentary:property originate®rh silver cations, we can
expect the current in high conductance stateagitldase with increasing temperature
due to the metallic property. To verify the poibbae mentioned, the current-voltage
measurements of as-deposited, RTA%6Q@&nd 806C treated samples under different
temperature are investigated. As shown in Fig.tB& current-voltage relation versus
temperature shows a clear independence, it suggestsarrier transport in high
conductance state isn't dominated by metallic féatary path. In addition, the
temperature-independent property also implies igd bonductance current, in the

as-deposited sample, isn’t dominated by Poole-Fieskission.
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Fig. 2.7: The current-voltage measurements of assited, RTA 608C, RTA 800C

treated samples under various-temperatures frod R9898K.

2.3.2. CurveFitting of I-V°Currents

Mechanism of filamentary path formation and ruptiigs been proposed to
explain the resistive switching. According to thiarhentary model, the high
conductance current exhibits an ohmic conductiapgnty, it also means that current
(1) will proportion to biased voltage & Therefore, we investigate the transport
characteristics by analyzing the |-V relationshipig. 2.8 illustrates the I-V
relationship of the high conductance state in aldggscale for the various treated
samples. As can be seen, all of the curves arefittetd with the linear form, meaning
that, space charge limited current (SCLC) in thespnce of traps is responsible for
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carrier transport at the high conductance statevdder, the slopes of the fitting curve
are about 1.6 and 1.8 for as-deposited, and RTAGO@ated samples, respectively,
suggesting not only SCLC properties but also nesigiroperties in both samples. In
addition, the slope of the fitting curve for RTAGQC treated sample is close to 2. Due
to the results of the curve fitting about the higinductance state, we observe a
transition of carrier transport mechanism from SCkGmbined with resistive

property to pure SCLC property with different RTéndlitions. The results of curving

fitting are sorted out and displayed in Table 2.5.
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Fig. 2.8: Curve fitting of the I-V curves of theghi conductance state of Al/Sip’-Si

structure in a log-log plot: (a) as-deposited,R3)A 600F°C, (c) RTA 806C.
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Table 2.5: Fitting results of the high conductastates of Al/Si@p’-Si structure
with different RTA conditions

Condition Slope (S) Indicated M echanism

as deposited 1<S<2 SCLC and ohmic property
600°C RTA 1<S<2 SCLC and ohmic property
800°C RTA S~2 SCLC

In order to confirm the probable~mechanism for ieartransport in the high
conductance state, the device-with RTA at°80& compared with the as-deposited
and RTA at 608C ones. Since a‘large amount-of defects exist@ 8iin films, the
defects should be very close to each other. Wheappéed a suitable bias on device,
the defects will form some localized filamentarythsa providing carrier transport
through the device, since that, an ohmic condudtitirbe observed, as shown in Fig.
2.9 (a). On the other hand, some carriers are éddyy defects but through the
filamentary paths, and the other carriers can parighrough Si@thin film without
any influence by defects, as a result, it showsramsport property of SCLC.
According to the previous analyses, we suggestdéhaeces with as-deposited and
RTA at 600C exhibit a mixing property by SCLC and ohmic coctittn. However,
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the device with RTA at 8(°C is more condensed and contains a fewer defec
causes aignificant increase on the average distance céatief Hence, the carrie
trapped in defects coultdrtunnel through defects, and then, it exhibitsueepSCLC

property, as shown in Fig.10.

)

(b) K >

Fig. 2.9: Pathef carrier transport for ~deposited and RTA 606G treated samples: (:

pathl: conductive filaments, and (b) path2: S
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Fig. 2.10: Depiction oMechanisms of carrier transp in the high conductance st

for RTA 800°C treated samp.

To elucidate the results of curve fittingthe high conductance st in different
samples and theroposed mechanisnthe C-<V characteristicare shown in Fig. 21.
It depicts thathe flat band voltage (gg) shifts from about -7V to -1With increasing
RTA temperature meaning that, the total defects in , thin film decrease witl
increasing RTA temperature and the quality of , thin film is improved by RTA
treatment. Such resultse well corresponding tahe previous suggestion abcthe

carrier transponnechanismunder various RTA conditions.
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Fig. 2.11: C-V characteristics of Ag/Sip-Si/Au structure of the as-deposited, RTA

600°C, and RTA 808fC treatments.

Furthermore, the low conductance currents of deviegth various RTA
cinditions are fitted with Shottky emission model log (1) versus E? plots,
respectively. As shown in Fig. 2.12, a linear lielaghip is observed, meaning that,
the carrier injection of the low conductance cutses limited. Unsurprising fitting
results of low conductance currents are obtainedtduhe existence of a large barrier

height between silver and Si@hin film.
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Fig. 2.12: Fitting of the |-V curve of the low camctance state of Al/SiIp’-Si

structure under different RTA conditiohsin.a ldy { EY plot: (a) as-deposited,

(b) RTA 606C, and (c) RTA 80T
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2.4. Summary

The RRAM device performances are list in Table Zite memory properties of
Ag/SiO)/p*-Si structure with different RTA conditions are @stigated and the RTA
800°C device shows the better performance. Moreoveririnsition of mechanism in

the high conductance state is also proposed andsdied in this study.

Table 2.6: The performance of Ag/Si®-Si structure under different RTA
conditions

As-deposited 10° Over 5000s 80 ~2.5V AV,
RTA (600°C) 10° Over 5000s 90 ~3V AV,
RTA (800°C) 1P Over 5000s 280 ~4V 4.5V
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Chapter 3. Organic RRAM Using Metal Oxide
3.1. Introduction

In this chapter, we fabricate two different struetiof organic RRAM. One of
them is Al/AIQ/Algs/n™-Si  bi-layer structure, and the other one is
Al/Alg s/MoOs/Algs/p*-Si tri-layer structure (sandwich structure). Batbvices of
bi-layer and tri-layer structure can achieve higtioff current ratio about six orders
and four orders in magnitude, respectively. Attfinse propose a simpler device
structure exhibiting the high on/off current ratih@n tri-layer structure. Therefore, the
Al/AIO/Algs/n*-Si bi-layer structuretis-fabricated. However, theposition of AlIQ
needs a high temperature process, and we dep@3itbdl e-gun system in this work.
In addition, this bi-layer structure is.subjectedycling problem which is that device
can't be written and erased for many times. Theegfto demonstrate an organic
RRAM with low temperature process fabrication foppkcation of electronic
products, we fabricate Al/AlgMoOs/Algs/p’-Si tri-layer structure to manifest this
ideal. Moreover, we investigate the electrical pres and the electrode effect on

Al/Alg s/MoOs/Algs/p*-Si device.
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3.2.  Fabrication of the Organic RRAM
3.2.1. Al/AIO,Algs/n*-Si bi-layer structure

The device structure of the orgarRRAM consistingof organic/meteoxide
bi-layer structure interposed between anode and catimatthis studyis shown in Fig.
3.1 (a). First, frtype silicon substratis cleaned according to standard RCA cl
process. Then, tris-(Bydroxyquinoline) aluminum (Als), whose structural formul
is given in Fig. 3.1 (b)js evaporated onto cleaned-type silicon substra in a
vacuum below 3x1Btorr at room temperature. The deposition rate and teiskmof
the Alg thin film areabou 0.1nm/s @and-45nm, respectiveNfterwards, 10nm thic
aluminum oxide (AlQ) with depaosition rate of 0.01nm/s ideposited by -beam
evaporation at pressubelow 4x1°.torr at roem temperatur€inally, 200nm thic}
Al thin film is evaporated through metal mask with 2mm x 2mm sqgpatern onto

devices as top electrodéhe parameters of fabrication process are showhabie

- ®¢ 'N A

3.1.

)

N

N

~

|

=

Alq,

Fig. 3.1 (a) Schematic diagram of Al/A,/Algs/n*-Si structure. (b) Structur.

formula of Alg.
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Table 3.1: The parameters of fabrication procegd/8iO ,;Algs/n*-Si device

Bi-layer
AlOx Alqgs Al electrode
structure

Vacuum Value | 4x10° Torr 3x10° Torr 6x10° Torr

Thickness 10nm 45nm 100nm
Evaporation
0.01nm/s 0.1nm/s 0.2nm/s
Rate

3.2.2. Al/Algy/MoO5/Algs/p*-Si tri-layer structure

The organic RRAM consisted of an AlgMoOs; nano-clusters/Alg tri-layer
structure interposed between anode and cathodkoisnsin Fig. 3.2 (a). First, a
p’-type silicon substrate is cleaned-according téaadard RCA clean process. A 50
nm thick Alg thin film is evaporated onto-the cleanedtype silicon substrate at
pressure below 3x10torr at room temperature. Then, 5 nm thick Mpénd 50 nm
thick Algs thin films are evaporated in sequence onto they@lesi. The average
deposition rate of the Ajghin film and that of the Mo®layer are about 0.1nm/s and
0.01nm/s, respectively. Finally, 100nm thick AlrtHilm is evaporated through metal
mask with 2mm x 2mm square pattern ontos:AMoO; nano-clusters/Algp’-Si as
top electrode. Furthermore, Standard device of @DQhick Alg layer is also
fabricated, and device structure is shown in Fig.(B). The parameters of fabrication

process are shown in Table 3.2.
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(@)

MoO,
Nano-clusters

(b)

Fig. 3.2: Schematiadiagram o ‘ nano-clusters/Alg structure. (b)

Standard devices of Algingle laye.

Table 3.2The parameters of fabrication procesAl/Alq 3MoOsy/Algs/p*-Si device

Tri-layer
Alqgs MoO3 Alqs Al electrode
structure
Vacuum 5 5 5 5
3x10° torr 3x10° torr 3x10° torr 6x10° torr
Value
Thickness 50nn 5nm 50nm 100nm
Evaporation
0.1nm/: 0.01nm/s 0.1nm/s 0.2nm/s
Rate

41



3.3.  Organic RRAM with AlOx/Alq;Bi-layer Structure
3.3.1. Electrical Characteristics

In our experiment, the electrical characteristitsl@vices are measured using a
Hewlett Packard 4156A (HP 4156A) semiconductor yr&alin ambient environment
The n-silicon substrate is grounded, and all bias camut are applied to the
aluminum electrode. In addition, the scanning wdepf voltage is set to 100mV per
step in sweeping mode. Fig. 3.3 shows the curreltége (-V) characteristics of the
fabricated device with AI/AIQAIgs/n*-Si Structure. First, when a negative bias from
0V to -5V is applied on the Al electrade-with. 100mérrent compliance, the current
is in the low conductance state with a current llefel0'*~10°A (red solid sphere
curve). As the bias is applied at:about -5V, ‘theran abruptly increase in current.
Then the current of the device keeps at high caiathge state with a current
compliance (100mA) for the applied voltage abow (&ed solid sphere curve). This
device undergoes a resistive switching from low demmtance state to high
conductance state which is called writing procésgthermorethe device always
maintains at a high conductance state no mattevahage sweep from -10V back to
OV or from OV to -10V. As can be see, this devizhibits two different conductance
states with an ON/OFF current ratio close td. IQevertheless, when applied a
reverse bias from OV to 10V, this device is in tbe&r conductance state. Then the
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device undergoes a resistive switching. This simékectrical transition is called
erasing process (blue open square curve). In addithis device can be turned to
high conductance state again when a sweeping twas @V to -10V is applied on
device again (green open circle curve). Due tootteerved electrical characteristics,

this device exhibits memory properties which agahility and re-writability.
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Fig. 3.3: Typical |-V curves of the AlI/AI@Algs/n*-Si structure. The red-«-) and
green {o-) curves are 1st and 3rd voltage sweepings fromidOM OV, respectively.

The blue {o-) curve is reversed bias sweeping from OV to 10V.

Retention time is the important property of theamig RRAM. The retention
time of Al/AIO,/Algzn’-Si structure is measured at -0.5V in a period@®&8&conds in
ambient environment. As shown in Fig. 3.4, an ayera&urrent level of high
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conductance state is 1A at -0.5V, while the average current level of low
conductance state is 1% at -0.5V. In spite of a fluctuation in high coradance state,
there is no significantly degradation for both esabver 1500 seconds. This reveals
that the AI/AIQ/Algs/n*-Si structure can maintain quite stable ON/OFF entrratio.

Such large ON/OFF current ratio can reduce readimgrs and increase the device

reliability.

10°
< [ |
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8 3

-13
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Fig. 3.4: Retention measurement of the reportedl®//Algs/n*-Si structure.

3.3.2. Mechanism
The mechanisms of organic RRAM has been widelyshgated and proposed.
Charging and decharging of carriers in charge frappenters, formation and fracture
of metallic filamentary paths and oxygen vacanamressulator films, and oxidation
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and reduction of solid electrol...etc are addressed to interpfetr their work.
However, the exact mechanisms are still not cleanjeustood and under dek yet.

According to theelectrica characteristis observed in this work,’s totally
different from electrica characteristics of filamentary paths dominated.
mechanism ofilamentary paths formaticis described in seicin 1.2.2

To further investigate the mechanism electrical characteristics of th
Al/AIO ,/Algs/n*-Si structur, we also fabricate two kinds of samples with sirglye
AlOy or Algz as shown in Fig 5. The fabrication parameters atescribed in <ction

3.2.1.

(@)

Fig. 3.5: (a)Schematic diagram the Ag/Alg/n*-Si structure, (bjhe Ag/AIO, /n*-Si

structure.

The electrical characteristics olAg/Algs/n*-Si structure and Ag/AlO,/n*-Si
structure are shown iRig. 2.6 and Fig. 3.7, respectively. As cb@ seen, the are no

resistive switchingroperties observed in boof the Ag/Alg/n’-Si structur and the
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Ag/AlO, /n"-Si structure. These results indicate that neifi@ments in AIQ layer
nor Algs single layer is the origin of resistive switchintherefore, we suggest that

the resistive switching is attributed to charg@piag and detrapping in the interface

defects between the AjJgnd AIQ, thin films.

-=1° sweeping'process
—0— 2" sWeeping.process

Current (A)

-12 2 2 N ' 2
10 10 -8 “‘ie 4 -2 0

Voltage (V)

Fig. 3.6: Current-voltage (I-V) curves of the Agl\n*-Si structure.
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Fig. 3.7: Current-voltage (I-V) curves of the Agfain’-Si structure.

Fig. 3.8 depicts the energy band diagram of thal®l//Algs/n*-Si structure and
the corresponding defect states. Fig. 3.9 showshiha resistive switching happens.
As sweeping bias is applied from 0V to -5V, at Odftkte, transportation of charge
carriers is limited by shallow defect states in Al@in film [4], localized trap states
in Algs thin film, and interface defects between Alanpd AlQ. At low voltage bias
less than -5V, electrons are injected into AlBin film, and then hopped through
shallow defect states in AjGhin film (see Fig. 3.9 (a)). Most of them arethar
trapped by the interface defects betweenzAlgn film and AIQ, thin film, and the
remains hops through localized trap states in; Attdp film. As a result, the device
stayed at high resistance. By applying a voltagevab5V, numerous electrons are
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injected into the devicand theinterface defects can be filleggee Fig. 9 (b)).
Accordingly, electronsar transport easily into Algthin film by thedipoles induced
internal electricafield (see Fig. 9 (c)).

However, when a reversed polarity bis applied, a large amount of carrieian
be released from the interface defe(see Fig. 3.9 (d))and then most cinjected
electrons from 1+Si substrateare trapped by the interface defeatmin,while others
hopped through AlQthin film. Therefore, the device & high resistanc As soon as
the reversed polarity sweeping volteis larger than 2.5Vinterfacedefects will be
filled with numerous electrons and:otlelectrons can agaimansport easily throug
the device without being blockedthe interface defectsee Fig. 9 (e) (f)). This

means that the AlI/AI@AIgs/n*-Si structures abipolar switching memory devi

2.2eV

300V
FaYa
11ev e © e

4,30V

Al

nt-si

Shallow

Localized !
detect

trap center
Alg, 5.80V [nterface

defect

AlO. 8.4ev

Fig. 3.8: Shematicband diagram of the Al/AI@Algs/n*-Si structure.
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Fig. 3.9:Depictions of roposed mechanisms for the Al/AlBIgs/n*-Si structure.

Furthermoreto support the proposed mechaniswe investigate the transpc

characteristics by analyzing the¢V relationship. Fig. 3.10illustrates the I-V

relationship in a log (I\AV

1/2

scale for the high conductance stéttean be seen he

that the high conductance current folloa linear relationship, meaning the

Poole-Frenkeémission dominates ttcarrier transport.
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Fig. 3.10: Fitting of the W curve of the high conductance stateAl/AlO ,/Alga/n*-Si

structure in a log(I/V)-V¥2 plot.

3.34. Summary
In this section, wénvestigat the IV characteristics of the Al/Al/Alga/n*-Si
structure, and propodbe fossible mechanism aksistive switchin. The resistive
switching of the Al/AIG/Algs/n*-Si structure can be attributed to theerface defect
between Algand AlQ,thin films Bipolar switching behavior is alsabservecin this

structure. Furthermorehé stabléhigh ON/OFF current ratio ~£@s obtainec
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3.4. Organic RRAM with Algs/M oOs/Algs Tri-layer Structure

3.4.1. Introduction

In order to demonstrate a low cost organic RRAMhwat low temperature
fabrication process, we propose a new structurdl/@fiq s/MoOs/Algs/p*-Si. In this
structure, Mo@ providing many advantages is utilized as the pused layer
between Alg layers. The advantages of Meg@re listed below.

a) High transparency

b) MoOs; is insensitive to moisture and oxygen.

c) Low melting point of MoQ

d) Charge trapping property (when M interposed between Altpyers)

e) The nano-structure can-be grew byvery low evajoraate

First of all, even though the most Al nanostruetis utilized as the charge
trapping center in organic RRAM, Al is sensitivemoisture and oxygen which make
device hard to guarantee its performance. Mo@not meet the oxidation problem.
Moreover, due to the low melting point of MgQt can be evaporated by heating
crucible in thermal coater. Therefore, we don’t tvére vacuum necessary for this
new structure of AlgMoOs/Algs/p*-Si in our fabrication process. The device yield

can improve significantly.
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As shown inFig 311, Valance band ([t of MoOs is about 5.3eV, and tf

highest occupied molecular orbital (HOMO) level Aig; is about 5.8eV. Henc

there exists an energy difference betwe, of MoO; and HOMO of Ale, which can

capture charge carriertn additior, it is very important to grow a thr-dimension

(3-D) structure to provide a better confinement ofrgbacarries. Fortunately, Mo(

can form a nanaluster structure with a low evaporationte during thin film

deposition.
3.0eV 3.0eV
Al 4.3eV
p*-Si
5.2eV
MoO; 5.3eV
Alq; 5.8eV

Fig. 3.11: Shematicband diagram of the Al/AlgMoOs/Alqs/p*-Si structure.

3.4.2. Electrical Characteristics

Different to the electrc-only device of Al/AIQ/Algs/n*-Si structure, th
Al/Alg s/MoOs/Algs/p*-Si structure is a bipolar device, which means thales anc
electrons cannject into the device from differe electrodesat the same tim
Therefore, we can expect that the electrical characteristic of

Al/Alg 3/MoOs/Alga/p*-Si structure are dissimilar to Al/AIDAIg3/n*-Si structur.
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The aluminum electrode is grounded, and all beeglitions are applied on the
p'-silicon substrate. Fig. 3.12 shows the electridaracteristics of Al/AlgMoOs3
(5nm)/Algs/p*-Si. The 5nm-thick thin film of Mo@layer is the optimized thickness.
At first sweeping process, the sweeping voltagenf@/ to 10V is applied. Initially,
this device is kept at low conductance state woth turrent level. However, when
sweeping voltage exceeds to threshold voltage neaniaably increase of current is
observed. Then, this device is kept at high corahee state with high current level.
This sweeping process switched the device formdomductance state (OFF state) to
high conductance state (ON state), which;calledivgriprocess (red circles line).
When the sweeping voltage fromQV to 10V is appheain, this device is still hold
at high conductance state with high currentewdlich called reading process (blue
triangles line). At third sweeping process, theerse voltage from 10V to -10V is
applied. A noticeably drop of current from high dootance state to low conductance
state at -5V is observed. After the decreasinguofent, this device is turn back and

kept at low conductance state with low current lewdich called erasing process.
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Fig. 3.12: I-V characteristics of an organic RRAMittw an Al/Algs MoOs;
nano-clusters (5nm)/Algp’-Si structure. The red circles, the blue triangksy the
green diamonds represent thet writing, reading, enasing sweeping biases,

respectively.

Fig. 3.13 shows the measurement of retention tiftbedevice, and the long
retention time is over 4000 seconds. Despite thetudhtion is observed in the initial
2000s at low conductance state, the current ofildiveconductance state is getting
smaller and more stable with time, and the ON/Otrfrenit ratio becomes larger with
time. This large ON/OFF current ratio can reducadireg errors and increase the

reliability of the device.
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Fig 3.13: Retention time measurement of the orgRR&M. The blue and red circles

represent the high and low conductance statesgctgely.

To investigate the endurance ofi-the Al/AlgMoO; nano-clusters
(5nm)/Algs/p*-Si structure, the writing, reading, erasing, apdding processes are
executed in sequence. Fig 3.14 shows eight wréd-ezase-read cycles. Although the
current level of low conductance state varies widebhn high conductance state, it

still exhibits an interval without overlapping bet@n both states.
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Fig 3.14: Write-read-erase-read cycles measurefoetl/Alq 3/ MoO; nano-clusters

(5nm)/Algs/p*-Si structure.

3.4.3. Mechanism

The mechanism of resistive switching from low coctduce state to high
conductance state is ascribed to holes trappeda@s;Nhano-clusters, owing to the
confinement of energy level difference between;Admpd MoQ nano-clusters. As
shown in Fig. 3.15 (a), when holes are trappedchéMoG nano-clusters, it acted as
space charges and induced an internal electriedl, fivhich enhanced a large amount
of carriers to transport through the device. Ondtieer hand, as a reverse polarity
voltage is applied, more electrons inject frofaSd than holes inject from Al due to
the lower injection barrier of electrons (1.2eVarhholes (1.5eV). In addition, Alas
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well known as electron transportirmaterial with a higher mobility for electron

Accordingly the trapped holewill be neutralized byelectrons during the erasii

process as shown in Fig15 (b).

3.0eV 3.0eV
Al 4.3eV
p*- Si
5.2eV
MoO; 5.3eV
Algs- 5.8eV
3.0eV 3.0eV
A Al 4.3eV
1.2eV
f N
v MOO3 5.3eV 1.5eV
p*- Si
5.2eV
v

Alg; 5.8eV

Fig 3.15: (a) Thedepictior of the writing process for therganic RRAM (b)The

depictionof the erasing process fthe organic RRAM.
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To verify the importance of the nano-clusters Mo&tandard device without
MoOs and samples with 3nm, 5nm and 8nm of Ma® Al/Algs/MoO3/Algs/p*-Si
structure are fabricated.

As the |-V curves shows in Fig. 3.16, no resistsveitching is observed for
standard device. The Al/A¥MoOs/Alga/p*-Si structures with 3nm-thick and
8nm-thick MoQ exhibit resistive switching property as shown ig.R.17 and Fig.
3.18, respectively. However, 3nm is too thin taricat continuous film, which caused
a large current in low conductance state and arpparant resistive switching
property. On the other hand, 8nm M@®too thick, hence both the ON state and OFF
state currents are suppressed with a low curreml.ldo further investigate the
structure of Mo@, we utilize atomic force/microscope (AFM) to measuhe
morphology of 3nm and 5nm Ma®hich grown at Alg (50nm)/g-Si structure,
respectively. As shown in Fig. 3.19 and Fig. 3\®Batever the Mo®is 3nm or 5nm,
the nano-clusters Mofare clearly observed in the AFM images. The ndosters of
MoOs; can provide a 3-D confinement of charge carribtsreover, the most height
difference of morphology in 3nm MaQOs 1nm and for the 5nm MaQs about 4nm

which correspond with the electrical charactersstbserved.
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Fig. 3.16: |-V characteristics of the standard dewvith an Al/Alg (100nm)/g-Si
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Fig. 3.17: |-V characteristics of the sample witte tAl/Algsy MoOs; nano-clusters
(3nm)/Algs/p*-Si structure. The green squares and the red ssjuamesent the
writing and reading sweeping processes, respegtivel
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Fig. 3.19: Surface morphology of the 3 nm-thick Md@&yer deposited on

/p*-Si.
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Fig. 3.20: Surface morphology of the 5 nm-thick Md@&yer deposited on
/p*-Si.
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3.4.4. Electrode Effect on Re-writing Characteristic

The resistive switching of the Al/A#MoOs/Alga/p’-Si structure is ascribed to
holes trapped in Mo nano-clusters, due to the confinement of energelle
difference between Aljgand MoQ nano-clusters in this study. However, some studies
report that the Al-O compound is probably relatedhe resistive switching property
[30-32]. Unfortunately, the Al-O compound is haal guarantee reproducibility of

device performance. As the XPS results shown in &igl, the Al-O compound is

generated in the interface between Al andsAdgers.

T

Al-O colmpound
6000 Al metal T

5

s ¢

2 4000 ? i

) o

2 0

£ 2000 o '
0 1 1 |

70 75 80
Binding energy(eV)

Fig. 3.21: Al (2p) XPS curve of the Al/Alq interface of the

Al/Alg 3/MoOs/Algs/p*-Si structure.
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To avoid the extra element, Al-O compound to woren performance of the
device, the Al electrode is substituted for Ag @lede in Alg/MoOs/Algs/p’-Si
structure. As shown in Fig. 3.22, the resistive telwng is observed in
Ag/Algs/MoOs/Algs/p’-Si structure. Moreover, the cycling process o§ ttievice by
pulse is demonstrated. Fig. 3.23 shows the fivéewdad-erase-read cycles. A 4V
pulse is applied to switch the device from OFF i €ate, and 1V pulse is applied to
read the ON state current (about*A); a -7V pulse is applied to switch the device
from ON to OFF state, and then 1V pulse is apphgdin to read the OFF state
current (about 1€°A). The resistive,switching of device can be prelgisontrolled
by applying an appropriate voltage pulse and- wegd-erase-read cycles can be
repeated more than 35 times as'shown in Fig. 3.24.

In conclusion, it is worth to mention again that@lcompound may relate to the
resistive switching property but not definitely. Bgomparison the electrical
characteristics between Ag/AlyloOz/Algs/p’-Si  structure and Ag/Algp’-Si
structure in section 3.4.2, it suggested that &séstive switching is originated from
nano-clusters Mo Furthermore, after replacing the Al electrodehwAig electrode
in Alga/MoO4/Algs/p™-Si structure, the resistive switching behaviors abserved

obviously, and the reproducibility of device is iraped significantly.

63



107}
-5 i
< 10 :
c X
o
S 10°} y
| —@—\Writing process
| =9@=Reading process
| —&=—FErasing process
10'13 [l [l [l
-5 0 5
Voltage (V)

Fig. 3.22: |-V characteristics of an organic RRAMitlw an Ag/Algs/ MoOs;
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Fig 3.23: Write-read-erase-read cycles measurefoemtg/Alqs/ MoOs; nano-clusters
(5nm)/Algs/p*-Si structure. The 4V, 1V, -7V, and 1V pulses cspand to write, read,
erase, and read AC processing voltages.
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Fig 3.24: More than 35 cycles of,write-read-eraesmdr measurement for Ag/Alq

MoOjs nano-clusters (5nm)/Akp”-Si structure.

345 Summary

The electrical characteristics of an organic RRA&Ig a MoQ nano-clusters
layer are reported. The bistability of the Al/Alg MoOs; nano-clusters
(5nm)/Algs/p*-Si structure is a consequence of the charge mgpgfiect of the Mo@
nano-clusters layer interposed betweenzAkgn films. The surface morphology of a
nano-structure Mo®layer makes a great influence on the electricalatteristics of
organic RRAM. Furthermore, the electrode effectdenice is also investigated. The
Ag/Algs/ MoOs nano-clusters (5nm)/Aip’-Si structure exhibits a capability of
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re-writing characteristic by programming with pulsd@his Ag/Algs/ MoOs;
nano-clusters (5nm)/Al¢p*-Si structure has great potential for low cost and

high-density data storage in the near future.
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Chapter 4. Conclusion and Future Work
4.1. Conclusion

We introduce the scaling down problem of the memouyrently and the
advantages of resistive random access memory (RRANIEh is one of the potential
memory devices for next generation. Also, some jBmm RRAM structure and
mechanisms of resistive switching and carrier farnsare also mentioned in the first
chapter.

In the second chapter, we propose a RRAM with AQ®i'-Si simple structure,
and investigate the electrical characteristics efices with different post-annealing
temperature by RTA. The device'with RTA 8Q0treated Si@thin film exhibits the
best memory performance. In- addition, we discusd propose the possible
mechanisms of the devices with as-deposited, RT&¢Gareated, and RTA 860
treated SiQ thin film, respectively. The cost of Sis more economic compared to
metal-oxide. Therefore, this Ag/Sip*-Si structure provides a great potential for low
cost and mass production.

To reduce the cost, to improve the mass produatfomemory devices, and
even to integrate with organic electronic devicathvilexibility, we propose the
organic RRAM structure of Al/AIQAIgs/n*-Si and Al/Algg/ MoOs nano-clusters
(5nm)/Alge/p™-Si.  The electrical characteristics, mechanisms arale of
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nano-structure Mo layer are also discussed. Furthermore, we denaiasthe
re-writing characteristic of Ag/Ald MoOs nano-clusters (5nm)/Alp*-Si structure
successfully by substituting the Ag electrode fdrefectrode. The more than 35
write-read-erase-read cycles are manifested. Filmmabove results, this Ag/Aq
MoOj3 nano-clusters (5nm)/Akp’-Si structure provides a great potential for lovstco

and mass production with capability of applyingtastic substrate.

4.2. Future Work

We demonstrate a flexible organic-RRAM with Ag/&ldMoOs; nano-clusters
(5nm)/Algg/AU/PET structure as“shown in Fig.- 4.1. The eleatricharacteristics
exhibit resistive switching as shown'in Fig. 4.2aweéver, after bending the device for
ten times, the Vand M, decrease, and it is easy to breakdown during tasirg
process as shown in Fig. 4.3. We use AFM to ingatt the morphology of PET
substrate as shown in Fig. 4.4. The surface ofPB& substrate is very rough that
may degrade the electrical characteristics. It ieneworse after bending stress.
Therefore, a future work with deposing an additldager is necessary to reduce

surface roughness of PET substrate.
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Fig. 4.1: Schematic diagram cAg/Alqs/ MoOs; nano-clusterg5nm) /Algs/Au/PET
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Fig. 4.2: Typical IV curves of theAg/Algs/ MoOs; nano-cluster§snmy/Alqs/Au/PET

structure before bending.
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Fig. 4.3: Typical I-V curves of the Ag/AMoO; nano-clusters (5nm)/AMAU/PET
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Fig. 4.4: Surface morphology of the PET substrate
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