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Motivation

Understand ing switching phenomena in
titanium di - oxide and graphene oxide

Connect people working on oxides with graphene
community

-
S <
<

(
Voltage
(few volt range)

1

Voltage (V)

Leon Chua Rainer Waser R. Stanley Williams
Memr/:s-S/hg Nano/om”’stive Memr/s'ss/hg
cir switc, Cir t
(1971) (2007) (2008)
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non -volatile

Fast, dense,
non -volatile

dense

fast
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Resistive switching

scaling process in memory devices
(new physical phenomena)

ferroelectric

FRAM

resistance phase

magnetoresistnce
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Resistive switching

Inductor

Chua, IEEE Trans. Circuit Theory (1971), 18, 507

Inductor
dy = Ldi

Memristor
dey = Mdg

Memristive systems
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Resistive switching

Flow of current through an element changes its resistance

s R :

memristor

few volt rz

High resistance (OFF) and low resistance (ON) states are well distinguile

L O g I C al 0 © mm— L] K. Szot, M. Rogala, W. Speier, Z. Klusek, A. Besmehn, and R. Waser
Nanotechnology 22 , 254001 (2011).

M. Rogala, Z. Klusek, C. Rodenb ¢ c hWaser, ald K. Szot

L 1 I l Appl. Phys. Lett. 102 , 131604 (2013).
ogica o— I
M. Rogala, G . Bihlmayer, W . Speier, Z . Klusek, C. Roden b ¢ ¢c h&at, K

Adv. Func. Mat. 25, 6382 (2015).

Matrix composed out of such elements can be used as a memory (ReRAM)
rt1Tt1r1111rrrr L
SARRRRRRRERRRRE
S S S S R S Y T S T T S S S S
1 d 1 1 g ad 1 1 a 1 1 a 1 1 a 1
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Resistive switching

0
v 'I.E'll._llI

Electronic devices comprising a Langmuir-Blodgett molecular monolayer sandwiched between

tal electrodes functioned as switches and tunable resistors

planar platinum and titanium me
over a 107-10% () range under current or voltage control. Reversible hysteretic switching and

resistance tuning was qualitatively similar for three very different molecular species,

indicating a generic switching mechanism dominated by electrode properties or

electrode/molecule interfaces, rather than molecule-specific behavior.

D.R. Stewart, D. Ohlberg, P. Beck, Y. Chen, S. Wiliams at al.
Nano Letters (2004), 4, 133
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Resistive switching

natllr e International weekly journal of science

The missing memristor found

-
=
7-/0 % 0 __‘E’
ON-

Pt

=1.0 0.0 1.0
Voltage (V)

D. Strukov, G. Snider, D. Stewart, , S. Williams
Nature (2008), 453, 80.
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D. Strukov, G. Snider, D. Stewart, S. Williams
Nature (2008), 453, 80.
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Problems to solve

vV T/OZ—X .
©—
< b >
U=M(q) K
M (o) = Ree 2 02 o8

Whether electric current can change
chemical stoichiometry ?

Faculty of Physics and Applied Informatics Z. Klusek



Titanium dioxide  T10,

710, as a model material for
memristive stuadies

Oxygen

Rutile TiO

(001)

P o) (011)

(110) (110)

(100)
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STM/STS - Tersoff -Hamann theory

Tip wave function

.

6‘J

1 n i e L .
Y =——c HORG® g %l
SN A7,

— ®

Y =

JWs s

3 A€ 2k? +%f dikcd)

surface wave function

Perturbation theory

Wydziag Fizyki

/

Tunnelling current expression

2,0

af(E,)e -f(E e)[av,[d(E, E)

2
I~ a

n

Y, (r) d(E

{iE)

I nformatyki

St osowanej

Uni wersytet ZaKludek ki



STM/STS

710,(110)
(Ix1 )/(1){2)




Ti0,(110) -(1x1) & (1x2)

Readuction

»

§ N

7

. STM e

Faculty of Physics and Applied Informatics Z. Klusek




L LT Ti0,(110) ~(1x1) & (1x2)

|

® ®

® ®

® )

- ® )

0.296 nm :I
- . ()
. > <
L I I
STM image, sample bias=+2V (unoccupied states )

top view
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Electronic structure of TiO

K. E. Smith, V. E. Heinrich , Phys. Rev. B. 38, 5965, (19 88).
H. Nakatsugawa, E. lguchi, Phys. Rev. B. 56, 12931, (1997).
A.l. Poteryaev, A.l. Lichtenstein, G. Kotliar, Phys. Rev. Lett. 93, 86401 -1, (200 4).

7-/'02 7702-b b<<i

7i-0 qf 7i- 0 qf
7i-0 nf 7i- 0 nf
o d
E - Tj 3*

(@) Pn
o,
— 7i-0 n
7i-0n
Ti-0 -0 q

d - defect state related to Ti 3+
1.4 71.0 eV belowE

Faculty of Physics and Applied Informatics

Reduction

2

710,

O Pn

77-0 N

Ti-0

Qg T

D - defect state related to clusters of Ti 3+

0.7-0.4 eV below E
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7-/02 7-/203 EF
7i 3+
d
. ( egs —] l
7i-0 ( £
Ti- 0 Nl IS
-
a;", S,
& S =
e r+e =
g9 g S~
6 5 £ 3
o on 2 [
77-0 N
Ti-0 q
III|I|I|II|I|III|I
. small -gap -25-20-15-1.0-050.0 0.5 1.0 1.5 2.0 25
insulator semiconductor bias [V]
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Electronic structure heterogeneity

[nm]

f ; ; ; i [mj
0 5 10
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Influence of STM tip on  TiO,




Influence of STM tip on  TiO,

STM before modification Modlffication process STM after modification

JIOPIIIVVY

U %2V, 121 nA

Lt ‘- '. H ‘b

Us=+2.5V, 0.1 nA U=+2.5V, 0.1 nA
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Coe S Influence  of STM tip on TiO,(1 10)

0,10
0,08 -
0,06
0,04 4
0,021
0,00

-0,02

-0,04 1

-0,06 1 - Intact area

-0,08 -

-0,10-: - Modlified area

'0| 1 2 M I v I M I I M 1 '
300 x 300 nm 2 STM image of TiO , (110) surface -3 -2 -1 0 1 2 3

showing 150 x150 nm 2 modiification bias. V

I, nA

0,3 1

LDOS(E)

0,2

0,1

LDOS map showing
different electronic
structure of intact and

modified areas E R S

0,04
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e Come 2 Influence  of STM tip on TiO,(1 00)

Z. Klusek, A. Busiakiewicz, P.K. Datta, Surf. Sci. 600, pp. 1619 -1623, (2006).
Z. Klusek, A. Busiakiewicz, P.K. Datta, etal. Surf. Sci. 601, pp. 1 513-1520, (200 7).

| ‘! :
\ . g -
¥ B
. i ‘ x
EyY e i
| . ;
4 L
i ) ‘

STM topography - 69 nm x 69 nm STM topography i 68 nm x 68 nm

Heaing 7= 1070k &= 735n e
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Lo SRR Ti0,(100) - (1x7) reconstruction  CITS results
Z. Klusek, A. Busiakiewicz, P.K. Datta, Surf. Sci. 600, pp. 1619 -1623, (2006).
Z. Klusek, A. Busiakiewicz, P.K. Datta, etal. Surf. Sci. 601, pp. 1 513-1520, (200 7).
TiO,(100)-(1x7) LDOS map LDOS curves

bias [V]

.
2 3

.

1
3*

7

Q 0
1 4 5 6 7 8 9 ]
distance [nm] Z "
0.3 £ J#s
- / ) g
L] ) § -
E 02 \\ 2 T
£
_g, 0.1 145
< 0.0 / Cross -section line 4
“of[n] 2 [3|4 5 6 7 8 9 #2
distance [nm] ]
#H2HIHA #5  #6 HT B ape
.
-2.0 ' -17.5 ' -1l.0 ' -0l.5 ' DTO ' OTS ' 1?0 ’ 115 ) 2.0
bias [V]
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Influence of STM tijp on TiO,(100)

0.10

< 0.05 -
=
<

o

/®/

©

c

c
2 -0.05

‘010 T I T I T I T
2.0 -1.0 0.0 1.0 2.0
bias [V]
0.10

<

=)

1=

D

5

o

o -

=

()

c

=

=

'010 T I T I T I T
. ) 2.0 -1.0 0.0 1.0 2.0
400 x 400 nm 2 STM image of TiO , (100) surface (Us=+3.0 bias [V]

V, 1=0.1 nA) showing 150 x150 nm 2 modlfication obtained
with Us=+5.0V and /=2 nA
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Coesn Y Influence  of STM tip on TiO,(001)

A. Busiakiewicz , Z. Klusek , M. Rogala etal. J_Phys. Cond. Matt. 22, 395501 (2010).

100 nm x 100 nm STM image of the
TiO,(001) surface after sputtering

STM, 150 nm x 150 nm after 1173 K STM, 20 nm x 20 nm
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JEIWERSYTET Influence  of STM tip on TiO,(001)

300 x 300 nm 2 STM image of TiO , (001) 300 x 300 nm 2 STM image of TiO , (001)
surface (Us=+2.8V, I=0.1 nA) I surface (Us=+2.8V, I=0.1 nA) after
topography obtained before modification 150 x 150 nm 2 modification attempt
attempt (scanning parameters:

Us=+50V. I=3.0nA)

No significant STM induced changes on TiO » (001) surface
were observed even for high bias voltages and big values of
tunneling current.
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Comee U Modlification  stability

TiO (1 10)

TiO (1 00)

V=S VT=STM. VT-STIV

An in -situ HT -STM topographies
recorded at different temperatures.

The total time in which temperature was
raised from 293 K to 573 K was 24 h.
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Influence of STM tip on TiO,

g\
7iO, (110) - (1x1) 7i0, (100) - (1x3)
TiO, (110) - (1x2) TiO, (100) - (1x7)

Ti0, (110) - (1x1) Ti0, (100) - (1x3) 7i0,, (001)
TiO, (110) - (1x2) 70, (100) - (1x7)
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STM versus LC -AFM

We do not observe hysteretic behavior on I/V curves

Topography in STM is strongly affected by LDOS
The IV s affected by LDOS . dI/dV is measure of LDOS

Faculty of Physics and Applied Informatics Z. Klusek



Resistive switching in 710,(110)

Use AFM and pass current
between tip and  TiO, layer

LC-AFM

®

4
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Modlfication of TiO

topography [nm]

Faculty of Physics and Applied Informatics

resistance

current [nA]

L by LC-AFM
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Resistive switching in 710,(110)

ggraniczenie @

pradowe

current
.II)Un m [/7/4]

voltage [V]

ograniczenie ]

@ pradowe -1000-

(a) (k)

thery ot :
wiarstea ﬁ Frag gl e fi¥] I
je—
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Resistive switching in ~ TiIO,(1 10)

/4@4747’ ]

SLNTOC RS Of felerE
O 7PN/ O

K. Szot, M. Rogala, W. Speier, Z. Klusek, A. Besmehn, R. Waser Nanotechnology 22, 2540001 (2011).
M. Rogala, Z. Klusek, K. Szot,  Appl. Phys. Lett.  (2013).
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Physics of graphene

Electron properties Optical properties

a 0 px-ipyoaOp 0
H=v . S V'S
§)X+|py 0 - (;p V( R %-p/) F

A ak 4
y — ? BK E-
Y
§/ BK' "///\\\///_
pseudospin conservation
->
lack of backscattering P= % -‘; ec pe T=1954° 1 pa9rr
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Graphene and graphene derivatives

Z. Klusek
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Graphene and graphene derivatives

Graphene oxide I XPS results

Binding Ensrgy (=V)
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Graphene and graphene derivatives

Reduced graphene oxide I XPS results

thermal reduction
chemical reduction
light reduction

Binding Ensrey (&)
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Resistive switching in GO

Teoh, et al., APL 98, 173105 (2011)

Mativetsky, et al. JACS 132, 14130 (2010)
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Resistive switching in GO

3 _ :
Thickness of GO film: ~ 6005nm ’
20 7 100 nm o _—

N X > ~|
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Resistive switching in GO

Use AFM and pass current
between tip and GO layer
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e Lopzki o GO reduction ->rGO

AFM LC-AFM

Electrical and

4, OHm 4, OHm optical changes

GO rGO
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Resistive switching in GO
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Resistive switching in GO

Resistive switching I 7i0, Resistive switching i GO

current

[nA]

4

polarisation [V]

2 4
polarisation (V)
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c Lo T Resistive switching in GO
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£6DZKI Resistive switching in GO

topography conductivity

—
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600 nm
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c Lo T Resistive switching in GO
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GO reduction

RH =14%

RH = 30% RH =63%

60 70
1 L 2500

Size of the modification [nm]

— 2000
— 1500
— 1000

— 500

T - T - T - -500

Humidity [%]
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£6DZKI GO reduction ->rGO

2500 : ' : L . ' . ' . ' : ' : 2500

2000 % — 2000

1500 — 1500
1000 i @ 5um x 5um - 1000
500 @ 7 - 500

HEH d

Size of the modification [nm]

0 1 HEH L0
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0 10 20 30 40 50 60 70
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A Lopzki o GO reduction ->rGO

2H,0 -H,O" ©H"-
GO+ H,O" 4+ -rGO .:

H,O overlayer
GO 2 y

GO

Intercalated H,O L

Weeks et al.; Langmuir

21 8096 (2005 ) GO
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Resistive switching moadel in GO

RS — restricted to GO/H,0 interface
Negatively biased tip starts reduction proces
e are transfered to GO in H,0O S +5V/
reduced GO — new electrode K4

Possible role of H+ ions
Q 2H,0 > 4H " +4e” + 0,

Q GO+ aH*+be™ - rGO + ¢ H,0

r-Go

\\
N
€10, Sse ’
-,

Rogala et al., Appl. Phys. Lett. 106 263104 (2015)
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GO reduction ->rGO

XPS el
:  modification size
Sample preparation : 05/ 0. 5 20m

$

407 40 ©Om

reduced regions
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GO reduction ->rGO

Decrease of carbonyl  group
sp? larger then sp 2
GO is further reduced

XPS

291 288 285 282
Binding Energy (eV)
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Resistive switching

+©
+@+

A GO is modified during standard experiments

A Literature dose not give coherent description of method of chemical composition
measurement in the case of GO
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Before preparation After heating
- _~C0Cl_.3 2 . __cocl_ .3 .2 ]| . i ! |
O=COHC-0C 0 sp’ sp” | | @=COHc-0_ O sp’ sp’ | < 60
[ ] - i ] = 50} —a— sp° .
GO -RT { GO - 120°C S
| | 120AC | 1 2. o _
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- 1 30min | 1 o
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Binding Energy (eV) Binding Energy (eV) Annealing temperature (°C)
Before irradiation Alfter irradiation ———————
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_ i L i © 50r 3
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D band position (cm™)
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