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Abstract:
  

Vanadium
 

oxide
 

(VOx )
 

has
 

garnered
 

significant
 

attention
 

in
 

the
 

realm
 

of
 

resistive
 

random-access
 

memory
 

( RRAM )
 

owing
 

to
 

its
 

outstanding
 

resistive
 

switching
 

characteristics.
 

However,
 

the
 

ambiguous
 

mechanisms
 

of
 

resistive
 

switching
 

and
 

inferior
 

stability
 

hinder
 

its
 

practical
 

applications.
 

Herein,
 

an
 

RRAM
 

named
 

Cu/ VOx / TiO2 / n
++

 

Si
 

device
 

is
 

prepared.
 

It
 

displays
 

bipolar
 

resistive
 

switching
 

behavior
 

and
 

shows
 

superior
 

cycle
 

endurance
 

( > 200),
 

a
 

significantly
 

high
 

on / off
 

ratio
 

( > 102 )
 

and
 

long-term
 

stability.
 

The
 

tremendous
 

improvement
 

in
 

the
 

stability
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

compared
 

with
 

the
 

Cu / VOx / n
++

 

Si
 

device
 

is
 

due
 

to
 

the
 

p-i-n
 

structure
 

of
 

VOx / TiO2 / n
++

 

Si.
 

The
 

switching
 

mechanism
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

is
 

attributed
 

to
 

the
 

growth
 

and
 

annihilation
 

of
 

Cu
 

conductive
 

filaments.
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0　 Introduction
The

 

novel
 

non-volatile
 

resistive
 

random-access
 

memory
 

(RRAM)
 

boasts
 

features
 

of
 

the
 

remarkably
 

low
 

power
 

consumption,
 

high
 

density,
 

fast
 

speed,
 

facile
 

manufacture
 

and
 

coherence
 

with
 

the
 

complementary
 

metal-oxide-semiconductor
 

( CMOS )
 

technology[1-3] .
 

Consequently,
 

RRAM
 

stands
 

as
 

a
 

promising
 

frontrunner
 

for
 

the
 

next
 

epoch
 

of
 

memory
 

storage
 

technologies[4-5] .
 

The
 

current-voltage
 

( I-U )
 

characteristics
 

of
 

metal-
insulator-metal

 

( MIM )
 

structures
 

undergo
 

significant
 

change
 

between
 

the
 

high-resistance
 

state
 

(HRS)
 

and
 

low-
resistance

 

state
 

(LRS),
 

mirroring
 

the
 

on
 

and
 

off
 

states
 

of
 

logic
 

signals[6] .
 

Being
 

a
 

member
 

of
 

the
 

transition
 

metal
 

oxides,
 

vanadium
 

oxide
 

(VOx)
 

demonstrates
 

outstanding
 

resistive
 

switching
 

( RS)
 

characteristics
 

with
 

an
 

easily
 

adjustable
 

composition[7-8] .
 

VOx
 is

 

now
 

utilized
 

in
 

non-

volatile
 

memory[9-10] ,
 

photoelectric
 

detection[11]
 

and
 

other
 

areas,
 

and
 

it
 

holds
 

broad
 

research
 

prospects.
 

VOx-based
 

RRAM
 

has
 

made
 

significant
 

progress
 

in
 

the
 

fabrication
 

technology,
 

memory
 

performance
 

and
 

prospective
 

applications[10,12] .
 

However,
 

a
 

significant
 

challenge
 

in
 

employing
 

VOx-based
 

RRAM
 

as
 

a
 

memory
 

lies
 

in
 

the
 

instability
 

of
 

the
 

device
 

within
 

the
 

memory
 

states[12-13] .
 

The
 

instability
 

of
 

RS
 

parameters
 

in
 

RRAM
 

can
 

potentially
 

result
 

in
 

programming
 

errors
 

and
 

misreading
 

logic
 

signals[14] .
 

Reducing
 

the
 

instability
 

of
 

RS
 

parameters
 

has
 

become
 

a
 

significant
 

issue
 

in
 

RRAM.
 

The
 

double-layer
 

structure
 

can
 

enhance
 

the
 

performance
 

of
 

manufactured
 

devices,
 

and
 

it
 

has
 

been
 

extensively
 

studied,
 

such
 

as
 

ZrOx / HfO2
[14] ,

 

HfO2 / TiO2
[15] ,

 

MnO / CeO2
[16] ,

 

MnOx /
HfO2

[17] ,
 

AlOx / HfOx
[18] ,

 

TiO2 / ZnO
[19] ,

 

rGO / ZnO[20]
  

and
 

ZnO / ZrO2
[21] .

 

Compared
 

with
 

single-layer
 

RRAM,
 

double-layer
 

RRAM
 

exhibits
 

distinct
 

advantages,
 

such
 

as
 

long-term
 

stability,
 

significant
 

RS
 

performance
 

and
 

data
 

retention
 

properties[22-23] .
 

TiO2
 is

 

a
 

typical
 

wide-gap
 

oxide
 

semiconductor
 

with
 

low
 

electrical
 

conductivity
 

and
 

can
 

be
 

considered
 

an
 

intrinsic
 

semiconductor.
 

TiO2
 emerges

 

as
 

one
 

of
 

the
 

most
 

prospective
 

candidates
 

in
 

RRAM
 

due
 

to
 

its
 

thermal
 

stability
 

and
 

high
 

CMOS
 

compatibility[24-26] .
In

 

this
 

work,
 

we
 

demonstrate
 

that
 

the
 

Cu / VOx /
TiO2 / n

++
 

Si
 

device
 

displays
 

bipolar
 

RS
 

behavior
 

with
 

a
 

superior
 

cycle
 

endurance
 

( > 200),
 

a
 

significantly
 

high
 

on / off
 

ratio
 

( > 102 ),
 

and
 

long-term
 

stability.
 

The
 

tremendous
 

improvement
 

in
 

the
 

stability
 

of
 

the
 

Cu / VOx /
TiO2 / n

++
 

Si
 

device
 

compared
 

with
 

the
 

Cu / VOx / n
++

 

Si
 

device
 

is
 

attributed
 

to
 

the
 

p-i-n
 

structure
 

of
 

VOx / TiO2 /
n++

 

Si,
 

which
 

effectively
 

increases
 

the
 

width
 

of
 

the
 

space
 

charge
 

region.
 

Furthermore,
 

we
 

also
 

investigate
 

comprehensively
 

the
 

conductance
 

and
 

switching
 

mechanism
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device.

1　 Materials
 

and
 

Methods
1. 1　 Materials

The
 

metals
 

copper
 

( purity:
 

99. 999 5%),
 

titanium
 

( purity:
 

99. 995%)
 

and
 

vanadium
 

( purity:
 

99. 9%)
 

242



were
 

purchased
 

form
  

ZhongNuo
 

Advanced
 

Material
 

(Beijing)
 

Technology
 

Co.,
 

Ltd.,
 

China.
 

Heavily
 

doped
 

n-type
 

Si
 

wafer
 

( n++
 

Si )
 

was
 

purchased
 

from
 

Suzhou
 

Crystal
 

Silicon
 

Electronics
 

&
 

Technology
 

Co.,
 

Ltd.,
 

China.
　 　 　

1. 2　 Fabrication
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
The

 

schematic
 

illustration
 

of
 

fabrication
 

and
 

characterization
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

is
 

depicted
 

in
 

Fig. 1.

Fig. 1　 Schematic
 

illustration
 

of
 

fabrication
 

and
 

characterization
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device

Firstly,
 

n++
 

Si
 

was
 

etched
 

in
 

hydrofluoric
 

acid
 

for
 

3
 

min
 

to
 

remove
 

the
 

natural
 

silicon
 

dioxide
 

layer.
 

Then
 

the
 

VOx / TiO2
 double-layer

 

structure
 

was
 

prepared
 

on
 

the
 

etched
 

n++
 

Si
 

by
 

using
 

a
 

sputtering-oxidation
 

coupling
 

method,
 

which
 

could
 

be
 

divided
 

into
 

four
 

steps:
 

sputtering
 

of
 

metal
 

Ti,
 

oxidation
 

of
 

metal
 

Ti,
 

sputtering
 

of
 

metal
 

V,
 

and
 

oxidation
 

of
 

metal
 

V.
  

The
 

base
 

vacuum
 

level
 

in
 

the
 

vacuum
 

chamber
 

was
 

below
 

1. 7 × 10-3
 

Pa,
 

and
 

then
 

the
 

chamber
 

was
 

filled
 

with
 

Ar
 

atmosphere
 

to
 

maintain
 

the
 

bias
 

pressure
 

at
 

1. 0×10-1
 

Pa.
 

Subsequently,
 

Ti
 

and
 

V
  

were
 

deposited
 

onto
 

the
 

n++
 

Si
 

substrate
 

via
 

144
 

W
 

direct
 

current
 

(DC)
 

power
 

at
 

room
 

temperature
 

with
 

the
 

deposition
 

time
 

of
 

8
 

min
 

for
 

Ti
 

and
 

5
 

min
 

for
 

V,
 

respectively.
 

Before
 

each
 

experiment,
 

a
 

pre-sputtering
 

of
 

5
 

min
 

was
 

conducted
 

under
 

the
 

same
 

conditions
 

to
 

clean
 

the
 

target
 

surface.
 

Secondly,
 

the
 

obtained
 

samples
 

were
 

put
 

into
 

rapid
 

thermal
 

processing
 

(RTP)
 

in
 

a
 

vacuum
 

annealing
 

furnace
 

(Beijing
 

East
 

Star
 

Labs, China ),
 

and
 

oxidation
 

was
 

performed.
 

The
 

Ti
 

film
 

sample
 

was
 

oxidized
 

at
 

800℃
 

for
 

80
 

s
 

in
 

air,
 

and
 

the
 

V
 

film
 

sample
 

was
 

oxidized
 

at
 

470℃
 

for
 

230
 

s.
 

The
 

prepared
 

VOx
 and

 

TiO2
 were

 

both
 

approximately
 

60
 

nm
 

thick,
 

as
 

shown
 

in
 

Fig. 2.
 

Fig. 2 　 Scanning
 

electron
 

microscopy
 

image
 

of
 

double-layer
 

structure
 

consisting
 

of
 

60
 

nm
 

VOx
 grown

 

on
 

60
 

nm
 

TiO2
 

buffer
 

layer

Finally,
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device,
 

a
 

circular
 

top
 

electrode
 

of
 

600
 

nm
 

in
 

diameter,
 

was
 

achieved
 

on
 

the
 

VOx
 layer

 

employing
 

the
 

DC
 

magnetron
 

sputtering
 

approach,
 

with
 

the
 

aid
 

of
 

a
 

mask.
 

For
 

comparison,
 

the
 

Cu / VOx / n
++

 

Si
 

device
 

was
 

fabricated
 

by
 

using
 

the
 

same
 

method.
1. 3　 Characterization

 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
A

 

semiconductor
 

characterization
 

system
 

( 4200A-
SCS

 

Parameter
 

Analyzer,
 

Keithley,
 

USA)
 

on
 

a
 

probe
 

station
 

was
 

applied
 

to
 

evaluate
 

the
 

device’s
 

I-U
 

characteristics
 

throughout
 

testing
 

at
 

ambient
 

temperature.
 

The
 

crystalline
 

structures
 

of
 

thin
 

films
 

were
 

recorded
 

by
  

employing
 

X-ray
 

diffraction
 

(XRD)
 

(Rigaku,
  

λ= 1. 540 56
 

Å,
 

Japan) .
 

X-ray
 

photoelectron
 

spectroscopy
 

(XPS)
 

data
 

of
 

the
 

VOx
 thin

 

films
 

and
 

TiO2
 

thin
 

films
 

were
 

obtained
 

by
 

a
 

spectrometer
 

( Escalab
 

250Xi,
 

Thermo
 

Scientific,
 

USA ) with
 

an
 

excitation
 

source
 

of
 

Al
 

Kα
 

radiation.

2　 Results
 

and
 

Discussion

2. 1　 Bipolar
 

RS
 

characteristics
The

 

I-U
 

characteristics
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

were
 

measured
 

using
 

a
 

- 3
 

V
 

to
 

3
 

V
 

round-trip
 

voltage
 

sweep.
 

As
 

depicted
 

in
 

Fig. 3 ( a) ,
 

the
 

device
 

exhibits
 

typical
 

bipolar
 

RS
 

behavior.
 

Notably,
 

the
 

current
 

undergoes
 

a
 

sharp
 

increase
 

at
 

a
 

certain
 

voltage
 

during
 

the
 

sweep
 

from
 

0
 

V
 

to
 

3
 

V,
 

indicating
 

that
 

the
 

device
 

is
 

“ set” [27]
 

from
 

HRS
 

to
 

LRS.
 

Subsequently,
 

the
 

voltage
 

sweeps
 

back
 

from
 

3
 

V
 

to
 

0
 

V,
 

and
 

the
 

LRS
 

is
 

maintained.
 

Conversely,
 

when
 

the
 

reverse
 

bias
 

sweeps
 

from
 

0
 

V
 

to
 

-3
 

V,
 

a
 

similar
 

sharp
 

decrease
 

in
 

current
 

at
 

a
 

certain
 

voltage
 

indicates
 

that
 

the
 

device
 

is
 

“ reset” [28-29]
 

from
 

LRS
 

to
 

HRS.
 

Upon
 

returning
 

from
 

-3
 

V
 

to
 

0
 

V,
 

the
 

HRS
 

is
 

sustained.
 

Remarkably,
 

the
 

RS
 

characteristics
 

remain
 

consistent
 

over
 

100
 

switching
 

cycles,
 

mirroring
 

those
 

of
 

the
 

initial
 

sweep,
 

as
 

depicted
 

in
 

Fig. 3 ( b) .
 

The
 

cycle
 

endurance
 

of
 

the
 

Cu / VOx /
TiO2 / n

++
 

Si
 

device
 

demonstrates
 

high
 

reliability
 

(on / off
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ratio
 

> 102 )
 

and
 

superior
 

cycle
 

endurance
 

( > 200 )
 

(Fig. 3(c)),
 

which
 

is
 

superior
 

to
 

that
 

of
 

the
 

Cu / VOx /
n++

 

Si
 

device
 

(Fig. 4(a)) .
 

Specifically,
 

the
 

resistance
 

in
 

LRS
 

measures
 

around
 

103
 

Ω
 

and
 

the
 

resistance
 

of
 

HRS
 

exceeds
 

105
 

Ω.
 

However,
 

the
 

on / off
 

ratio
 

exhibits
 

sweep-cycle-number-dependent
 

degradation.
 

Cu2+
 

is
 

usually
 

concentrated
 

in
 

some
 

local
 

areas
 

in
 

HRS,
 

while
 

it
 

redistributes
 

in
 

LRS.
 

After
 

multiple
 

formation
 

and
 

annihilation
 

processes
 

of
 

Cu
 

filaments,
 

Cu2+
 

may
 

gradually
 

redistribute
 

in
 

HRS.
 

The
 

redistribution
 

leads
 

to
 

excessive
 

diffusion
 

and
 

a
 

resistance
 

decrease
 

in
 

LRS
 

and
 

HRS.
 

At
 

a
 

voltage
 

of
 

0. 5
 

V,
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

shows
 

narrower
 

dispersion
 

in
 

HRS
 

and
 

LRS
 

cumulative
 

distributions
 

compared
 

to
 

the
 

Cu / VOx / n
++

 

Si
 

device
 

( Fig. 3 ( d)) .
 

The
 

RS
 

performance
 

of
 

the
 

Cu /
VOx / TiO2 / n

++
 

Si
 

device
 

is
 

notably
 

enhanced
 

compared
 

to
 

the
 

Cu / VOx / n
++

 

Si
 

device.
 

Concurrently,
 

the
 

power
 

consumption
 

is
 

reduced
 

owing
 

to
 

the
 

comparatively
 

elevated
 

resistance
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

in
 

HRS
 

and
 

LRS,
 

thereby
 

contributing
 

to
 

enhanced
 

stability.

Fig. 3　 Performance
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device:
 

(a)
 

typical
 

bipolar
 

DC
 

I-U
 

curve;
 

(b)
 

I-U
 

curves
  

in
 

100
 

cycles;
 

(c)
 

cycle
 

endurance
  

at
 

0. 5
 

V;
 

(d)
 

comparison
 

of
 

cumulative
 

distribution
 

in
 

HRS
 

and
 

LRS
 

for
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

and
 

Cu / VOx / n
++

 

Si
 

device

Fig. 4　 Performance
 

of
 

Cu / VOx / n
++

 

Si
 

device:
 

( a)
 

cycle
 

endurance
 

at
 

0. 5
 

V;
 

( b)
 

cycle
 

endurance
 

at
 

-0. 5
 

V;
 

( c)
 

typical
 

bipolar
 

DC
 

I-U
 

curve

442 WANG
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al.
 



2. 2　 p-i-n
 

junction
 

effects
 

and
 

RS
 

mechanism
To

 

deeply
 

investigate
 

the
 

switching
 

mechanism
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device,
 

we
 

fabricated
 

and
 

characterized
 

the
 

VOx
 thin

 

film
 

field
 

effect
 

transistor
 

(FET)
 

with
 

metal
 

contacts
 

serving
 

as
 

source / drain
 

electrodes
 

and
 

a
 

silicon
 

substrate
 

as
 

the
 

back
 

gate.
 

Figure
 

5(a)
 

shows
 

the
 

output
 

characteristics
 

( IDS-UDS )
 

at
 

various
 

back-gate
 

voltages
 

of
 

VOx
 FET,

 

where
 

UDS
 denotes

 

the
 

drain-source
 

voltage,
 

IDS
 denotes

 

the
 

drain-source
 

current,
 

and
 

UG
  

denotes
 

the
 

back-gate
 

voltage.
 

Figure
 

5 ( b)
 

depicts
 

the
 

transfer
 

characteristics
 

at
 

three
 

different
 

UDS
 of

 

VOx
 thin

 

film
 

FET,
 

clearly
 

indicating
 

a
 

pronounced
 

p-type
 

electrical
 

conduction
 

behavior[30] ,
 

thereby
 

demonstrating
 

the
 

p-type
 

semiconductor
 

properties
 

of
 

VOx .

Fig. 5　 VOx
 thin

 

film
 

FET
 

testing:
 

(a)
 

output
 

characteristics
 

at
 

different
  

back-gate
 

voltages;
 

(b)
 

transfer
 

characteristics
 

at
 

different
 

drain-source
 

voltages

The
 

VOx / n
++

 

Si
 

structure
 

forms
 

a
 

p-n
 

junction[31] ,
 

with
 

its
 

energy
 

band
 

diagram
 

illustrated
 

in
 

Fig. 6,
 

where
 

Ec
 represents

 

the
 

conduction
 

band
 

edge,
 

Ev
 denotes

 

the
 

valence
 

band
 

edge,
 

and
 

Wd
 indicates

 

the
 

width
 

of
 

the
 

space
 

charge
 

region.
 

Upon
 

the
 

application
 

of
 

a
 

positive
 

bias
 

U+
  to

 

the
 

top
 

electrode
 

of
 

Cu,
 

the
 

p-n
 

junction
 

undergoes
 

forward
 

bias
 

( Fig. 6 ( b )) .
 

The
 

external
 

electric
 

field
 

reduces
 

the
 

width
 

of
 

the
 

space
 

charge
 

region
 

and
 

lowers
 

the
 

interface
 

barrier,
 

promoting
 

diffusion
 

current
 

through
 

the
 

junction.
 

The
 

decrease
 

in
 

the
 

width
 

of
 

the
 

space
 

charge
 

region
 

may
 

lead
 

to
 

a
 

greater
 

acceleration
 

of
 

electrons,
 

increasing
 

the
 

possibility
 

of
 

electrons
 

crossing
 

the
 

energy
 

barrier.
 

If
 

the
 

electric
 

field
 

strength
 

is
 

too
 

high,
 

a
 

breakdown
 

may
 

occur.
 

This
 

explains
 

why
 

instability
 

in
 

the
 

cycle
 

endurance
 

of
 

the
 

Cu / VOx / n
++

 

Si
 

device
 

at
 

0. 5
 

V
 

is
 

discerned
 

in
  

HRS
 

( Fig. 4 ( a)),
 

leading
 

to
 

a
 

conspicuous
 

uneven
 

distribution.
 

Conversely,
 

applying
 

a
 

negative
 

bias
 

U-
  to

 

the
 

n++
 

Si
 

bottom
 

electrode
 

reverse-biases
 

the
 

p-n
 

junction
 

( Fig. 6
( c )),

 

expanding
 

the
 

space
 

charge
 

region
 

width
 

and
 

elevating
 

the
 

barrier
 

under
 

the
 

external
 

electric
 

field.
 

This
 

curtails
 

the
 

diffusion
 

current
 

through
 

the
 

junction,
 

significantly
 

improving
 

the
 

uneven
 

resistance
 

distribution
 

in
 

HRS
 

(Fig. 4(b)
 

and
 

Fig. 4(c)) .

Fig. 6　 Energy
 

band
 

diagram
 

of
 

p-n
 

junction:
 

(a)
 

zero
 

bias;
 

(b)
 

positive
 

bias;
 

(c)
 

negative
 

bias

To
 

eliminate
 

the
 

uneven
 

resistance
 

distribution
 

in
 

HRS,
 

we
 

introduced
 

rutile
 

phase
 

TiO2
  (TiO2(R))

 

as
 

a
 

buffer
 

layer
 

to
 

form
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device.
 

XRD
 

pattern
 

of
 

TiO2 ( R)
 

is
 

shown
 

in
 

Fig. 7.
 

At
 

room
 

temperature,
 

TiO2
 is

 

a
 

typical
 

wide-gap
 

oxide
 

semiconductor
 

with
 

low
 

electrical
 

conductivity
 

and
 

can
 

be
 

considered
 

an
 

intrinsic
 

semiconductor[32] ,
 

so
 

the
 

VOx / TiO2 / n
++

 

Si
 

structure
 

is
 

regarded
 

as
 

the
 

p-i-n
 

junction.
 

The
 

p-i-n
 

structure
 

effectively
 

increases
 

the
 

width
 

of
 

the
 

space
 

charge
 

region
 

and
 

tremendously
 

improves
 

the
 

reliability
 

and
 

stability
 

of
 

the
 

VOx / TiO2 / n
++

 

Si
 

device.

　 　 　

Fig. 7　 XRD
 

patterns
 

of
 

TiO2(R)
 

thin
 

film
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The
 

X-ray
 

photoelectron
 

spectroscopy
 

( XPS )
 

spectrum
 

of
 

the
 

V
 

2p
 

area
 

was
 

analyzed
 

to
 

study
 

the
 

RS
 

mechanism
 

in
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device,
 

as
 

illustrated
 

in
 

Fig. 8(a) .
 

All
 

values
 

were
 

aligned
 

with
 

respect
 

to
 

C
 

1s.
 

To
 

minimize
 

the
 

binding
 

energy
 

gap
 

across
 

O
 

1 s
 

and
 

V
 

2p
 

core
 

levels,
 

the
 

tailoring
 

technique
 

required
 

a
 

simultaneous
 

analysis
 

of
 

the
 

entire
 

spectrum
 

range
 

for
 

both
 

core
 

levels.
 

XPS
 

probed
 

on
 

VOx
 grown

 

on
 

a
 

silicon
 

substrate
 

revealed
 

a
 

set
 

of
 

binding
 

energies
 

at
 

517. 8
 

eV
 

and
 

516. 5
 

eV,
 

which
 

were
 

indicative
 

of
 

V5+
 

and
 

V4+
 

within
 

the
 

V
 

2p3/ 2
 peak,

 

respectively[33] .
 

The
 

positions
 

of
 

O
 

1s
 

peaks,
 

corresponding
 

to
 

the
 

oxide,
 

O—Si
 

bonds
 

and
 

H2O
 

species,
 

are
 

fixed
 

at
 

530. 0,
 

532. 3
 

and
 

533. 6
 

eV,
 

respectively[33] .
 

The
 

relative
 

concentrations
 

of
 

V5+
 

and
 

V4+
 

are
 

quantified
 

as
 

90. 4%
 

and
 

9. 6%,
 

respectively,
 

through
 

XPS
 

peak
 

area
 

integration.
 

According
 

to
 

XPS
 

results,
 

the
 

x
 

value
 

of
 

approximately
 

2. 45
 

in
 

VOx
 suggests

 

V2O5
 is

 

the
 

main
 

component
 

of
 

the
 

VOx
 dielectric

 

layer,
 

with
 

little
 

VO2
 

content[34] .
 

Therefore,
 

the
 

RS
 

mechanism
 

of
 

the
 

device
 

is
 

not
 

related
 

to
 

the
 

threshold
 

of
 

VO2
[35-36] ,

 

but
 

rather
 

to
 

the
 

RS
 

of
 

V2O5
[34,37] .

 

Besides,
 

the
 

content
 

of
 

high-
valence

 

vanadium
 

is
 

dominant,
 

indicating
 

the
 

presence
 

of
 

a
 

small
 

number
 

of
 

oxygen
 

vacancies[38] ,
 

which
 

is
 

consistent
 

with
 

the
 

results
 

of
 

XRD,
 

as
 

shown
 

in
 

Fig. 9,
 

further
 

demonstrating
 

that
 

the
 

p-type
 

VOx
 is

 

attributed
 

to
 

a
 

relatively
 

low
 

internal
 

concentration
 

of
 

oxygen
 

vacancies.

Fig. 8　 XPS
 

narrow
 

scan
 

spectra:
 

(a)
 

V
 

2p
 

and
 

O
 

1s
 

spectra
 

of
 

VOx
 thin

 

films;
 

(b)
 

O
 

1s
 

spectra
 

of
 

TiO2
 thin

 

films;
 

(c)
 

Ti
 

2p
 

spectra
 

of
 

TiO2
 thin

 

films

Fig. 9　 XRD
 

pattern
  

of
 

VOx
 thin

 

film

In
 

the
 

realm
 

of
 

oxide-based
 

RRAM,
 

the
 

RS
 

mechanism
 

can
 

be
 

ascribed
 

to
 

either
 

metal
 

conductive
 

filaments
 

(CFs) [39-40]
 

or
 

oxygen
 

vacancies[15] .
 

To
 

delve
 

into
 

this
 

inquiry,
 

we
 

scrutinized
 

the
 

XPS
 

spectra
 

of
 

O
 

1 s
 

and
 

Ti
 

2p
 

of
 

TiO2,
 

as
 

depicted
 

in
 

Figs.
 

8(b)
 

and
 

8(c),
 

respectively.
 

In
 

Fig. 8( b),
 

the
 

main
 

peak
 

at
 

530. 0
 

eV
 

corresponds
 

to
 

the
 

Ti4+—O
 

bonds
 

within
 

the
 

TiO2
 

lattice[41] .
 

The
 

shoulder
 

peak
 

at
 

532. 3
 

eV
 

corresponds
 

to
 

the
 

O—Si
 

bonds[42] .
 

The
 

shoulder
 

peak
 

at
 

531. 4
 

eV
 

corresponds
 

to
 

the
 

Ti3+—O
 

bonds,
 

indicating
 

the
 

minor
 

concentration
 

of
 

oxygen
 

vacancies[43] .
 

Meanwhile,
 

the
 

binding
 

energy
 

of
 

Ti
 

2p
 

appears
 

as
 

a
 

sharp
 

peak
 

in
 

Fig. 8(c) .
 

The
 

peaks
 

at
 

458. 7
 

eV
 

and
 

464. 4
 

eV
 

correspond
 

to
 

the
 

Ti4+
 

2p3 / 2
 and

 

Ti4+
 

2p1 / 2
 orbitals,

 

respectively[44] .
 

The
 

low
 

shoulder
 

peak
 

at
 

457. 5
 

eV
 

corresponds
 

to
 

the
 

Ti3+
 

2p3/ 2
 orbital,

 

and
 

the
 

shoulder
 

peak
 

of
 

the
 

Ti3+
 

2p1/ 2
 orbital

 

was
 

not
 

found,
 

confirming
 

the
 

low
 

concentration
 

of
 

oxygen
 

vacancies
 

in
 

TiO2
[43] .

 

Furthermore,
 

the
 

XPS
 

spectrum
 

analysis
 

of
 

VOx
 also

 

reveals
 

the
 

presence
 

of
 

a
 

small
 

number
 

of
 

oxygen
 

vacancies[38] .
 

Consequently,
 

the
 

RS
 

mechanism
 

of
 

the
 

double-layer
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

is
 

primarily
 

ascribed
 

to
 

the
 

presence
 

of
 

Cu
 

CFs.
Figure

 

10
 

illustrates
 

the
 

RS
 

process
 

facilitated
 

by
 

Cu
 

CFs
 

in
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device.
 

When
 

a
 

positive
 

bias
 

is
 

applied
 

to
 

the
 

top
 

electrode
 

of
 

Cu
 

in
 

Fig. 10(a),
 

Cu
 

atoms
 

oxidize
 

into
 

Cu2+
 

ions
 

(Cu-2e- →
 

Cu2+),
 

and
 

Cu2+
 

ions
 

eventually
 

migrate
 

to
 

the
 

bottom
 

electrode
 

of
 

n++
 

Si.
 

Subsequently,
 

Cu2+
 

ions
 

undergo
 

reduction,
 

transforming
 

back
 

into
 

Cu
 

atoms
 

(Cu2++
 

2e-→
 

Cu),
 

and
 

forming
  

Cu
 

CFs.
 

These
 

Cu
 

CFs
 

establish
 

a
 

connection
 

between
 

the
 

bottom
 

electrode
 

of
 

n++
 

Si
 

and
 

the
 

top
 

electrode
 

of
 

Cu,
 

resulting
 

in
 

the
 

device
 

switching
 

to
 

LRS
 

as
 

depicted
 

in
 

Fig. 10(b) .
 

Conversely,
 

under
 

a
 

negative
 

bias,
 

the
 

Cu
 

atoms
 

near
 

the
 

n++
 

Si
 

electrode
 

are
 

oxidized
 

into
 

Cu2+
 

ions,
 

and
  

then
 

they
 

migrate
 

towards
 

the
 

top
 

electrode
 

of
 

Cu.
 

Meanwhile,
 

the
 

annihilation
 

of
 

Cu
 

CFs
 

causes
 

it
 

to
 

disconnect,
 

and
 

the
 

RRAM
 

device
 

turns
 

to
 

HRS
 

as
 

depicted
 

in
 

Fig. 10(c) .
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Fig. 10　 Schematic
 

diagram
 

of
 

RS
 

process:
 

(a)
 

redox
 

reaction
 

occurring
 

at
 

the
 

positive
 

and
 

negative
 

contact
 

surfaces
 

(positive
 

bias);
 

(b)
 

Cu
 

conductive
 

filaments
 

(positive
 

bias);
 

(c)
 

fractured
 

Cu
 

conductive
 

filaments
 

(negative
 

bias)

To
 

clarify
 

the
 

RS
 

mechanism
 

of
 

the
 

Cu / VOx / TiO2 /
n++

 

Si
 

device,
 

the
 

current
 

conduction
 

mechanism
 

in
 

HRS
 

and
 

LRS
 

was
 

analyzed.
 

The
 

RS
 

mechanism
 

is
 

ascribed
 

to
 

the
 

process
 

of
 

Cu
 

CFs
 

growth
 

and
 

annihilation[45-46] .
 

In
 

Fig. 11( a) ,
 

the
 

linear
 

fitting
 

of
 

lgI-lgU
 

in
 

LRS
 

under
 

positive
 

bias
 

is
 

presented.
 

The
 

slope
 

of
 

lgI
 

vs.
 

lgU
 

is
 

around
 

1. 2,
 

indicating
 

a
 

nearly
 

linear
 

correlation
 

and
 

suggesting
 

that
 

the
 

current
 

conduction
 

mechanism
 

in
 

LRS
 

can
 

be
 

ascribed
 

to
 

Ohmic
 

conduction[47-48] .
 

As
 

depicted
 

in
 

Fig. 11 ( b) ,
 

the
 

fitting
 

result
 

in
 

HRS
 

reveals
 

a
 

linear
 

correlation
 

between
 

lg I
 

and
 

U0. 5 ,
 

implying
 

that
 

the
 

current
 

conduction
 

mechanism
 

is
 

employed
 

by
 

Schottky
 

emission
 

control[49] .
 

Based
 

on
 

these
 

aforementioned
 

conduction
 

mechanisms,
 

we
 

propose
 

a
 

switching
 

model
 

for
 

the
 

Cu / VO x / TiO2 / n
++

 

Si
 

device.
 

In
 

HRS,
 

the
 

current
 

conduction
 

mechanism
 

is
 

impeded
 

by
 

the
 

Schottky
 

emission,
 

and
 

electrons
 

surpass
 

the
 

potential
 

energy
 

barrier
 

between
 

the
 

switching
 

layer
 

and
 

the
 

electrode.
 

Conversely,
 

in
 

LRS,
 

the
 

current
 

conduction
 

mechanism
 

is
 

facilitated
 

by
 

the
 

presence
 

of
 

Cu
 

CFs.
 

By
 

applying
 

a
 

positive
 

bias
 

to
 

the
 

top
 

electrode
 

of
 

Cu,
 

a
 

continuous
 

formation
 

of
 

Cu
 

CFs
 

drives
 

the
 

RRAM
 

device
 

from
 

HRS
 

to
 

LRS.
 

During
 

the
 

reset
 

process,
 

the
 

oxidation
 

of
 

Cu
 

leads
 

to
 

the
 

rupture
 

of
 

Cu
 

CFs,
 

prompting
 

the
 

device
 

to
 

switch
 

back
 

to
 

HRS.

Fig. 11　 Analysis
 

of
 

current
 

conduction
 

mechanism:
 

( a)
 

lg I-lg U
 

curve
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

in
 

LRS;
 

(b)
 

lgI-U0. 5
 

curve
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

in
 

HRS

2. 3　 Retention
 

performance
 

analysis
In

 

our
 

study
 

on
 

the
 

stability
 

of
 

the
 

Cu / VOx / TiO2 / n
++

 

Si
 

device,
 

we
 

present
 

the
 

retention
 

yield
 

of
 

the
 

device
 

fabricated
 

at
 

room
 

temperature,
 

as
 

depicted
 

in
 

Fig. 12.
 

The
 

HRS
 

and
 

LRS
 

were
 

assessed
 

utilizing
 

a
 

read
 

voltage
 

of
 

0. 5
 

V
 

over
 

a
 

retention
 

duration
 

of
 

4 500
 

s.
 

The
 

substantial
 

retention
 

properties,
 

ensuring
 

a
 

high
 

resistance
 

ratio,
 

are
 

pivotal
 

for
 

the
 

preservation
 

of
 

stored
 

data.
 

Our
 

work
 

underscores
 

the
 

enhanced
 

attributes
 

of
 

the
 

Cu / VOx / TiO2 /
n++

 

Si
 

device,
 

including
 

superior
 

cycle
 

endurance,
 

a
 

significantly
 

high
 

on / off
 

ratio
 

and
 

long-term
 

stability.
 

These
 

findings
 

not
 

only
 

validate
 

the
 

potential
 

of
 

the
 

Cu /
VOx / TiO2 / n

++
 

Si
 

device
 

but
 

also
 

highlight
 

its
 

promising
 

prospects
 

for
 

applications
 

in
 

the
 

RRAM
 

technology. Fig. 12　 Retention
 

properties
 

of
 

Cu / VOx / TiO2 / n
++

 

Si
 

device
 

at
 

0. 5
 

V

742
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Si
 

p-i-n
 

Structure



3　 Conclusions

In
 

summary,
 

the
 

double-layer
 

Cu / VOx / TiO2 / n
++

 

Si
 

RRAM
 

exhibits
 

excellent
 

performance.
 

This
 

is
  

attributed
 

to
 

the
 

p-i-n
 

structure
 

of
 

VOx / TiO2 / n
++

 

Si,
 

which
 

effectively
 

increases
 

the
 

width
 

of
 

the
 

space
 

charge
 

region
  

and
 

results
 

in
 

tremendous
 

improvement
 

of
 

reliability
 

and
 

stability.
 

The
 

bipolar
 

RS
 

behavior
 

can
 

be
 

ascribed
 

to
 

the
 

dynamic
 

processes
 

of
 

growth
 

and
 

annihilation
 

of
 

Cu
 

CFs
 

occurring
 

within
 

the
 

oxide
 

layer.
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构建 VOx / TiO2 / n++
 

Si 的 p-i-n 结构提高钒氧化物基

阻变存储器的可靠性和稳定性

王　 泽, 周　 鑫, ASAD
 

Khaleeq, 王春瑞∗

东华大学
 

物理学院, 上海
 

201620

摘　 要: 氧化钒 (VOx ) 由于其出色的电阻开关特性, 在阻变存储器 ( resistive
 

random-access
 

memory,
 

RRAM) 领域受到广泛关注。 然而, 模糊的电阻开关机理和较差的稳定性阻碍了其实际应用。 该文制备了

名为 Cu / VOx / TiO2 / n
++

 

Si 的阻变存储器。 该阻变存储器具有双极性电阻开关特性, 表现出卓越的循环耐久

性
 

(>200), 显著的高开 /关比 (>102) 和长期稳定性。 VOx / TiO2 / n
++

 

Si 的
 

p-i-n
 

结构使
 

Cu / VOx / TiO2 / n
++

 

Si 器件的稳定性比
 

Cu / VOx / n
++

 

Si 器件高。 该阻变存储器的开关机制源于铜导电细丝的生长和湮没。
关键词:

  

氧化钒; 双极电阻开关; p-i-n
 

结; 阻变存储器; 二氧化钛; 双层结构
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