Resistive switching with chalcogenide thin layer

By

Bo Zhang

Supervisor: Prof. Ing. Tomas Wagner

A Dissertation Submitted to the Faculty of Chemical Technology
Department of General and Inorganic Chemistry
In Partial Fulfilment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY

UNIVERSITY OF PARDUBICE

2017



ACKNOWLEDGMENTS

First, 1 would thank to prof. Wagner and all my colleagues. Without their help I could not
finished this thesis. And I also feel lucky to be sponsored by the project “KONTAKT Il (CR-
USA) LH14059”, in which it covers the payments of all necessary expense. During my four
years Ph.D. study, the experiment environment has been improved a lot from the new
magnetron sputtering to the newly installed transmission scanning electron microscope, which
is attributed to the founder of CEMNAT. | should express my gratitude to my colleague Dr.
Jakub Kolar, who led me to the world of resistive switching. 1 also thank to Dr. Jan Macak for

offering great help regarding with the reviewing my work.

In the moment of graduation, there are so many moments | will not forget, especially the
exchange study in Japan, NIMS. | learned so many things from Dr. Terabe, which in turn

improves my research in resistive switching.



Contents

(ST AT 1o o PP P R RTOP 11
ADDIEVIBLIONS ... e 11
AADSTIACT ...t 13
INEFOAUCTION ...t b et 13

The principle material in resistive SWItChING........c.coooiiiiiiiiiic e, 15

2.1 Material SEIECLION .......cviiieiicie e 15
2.2 Algorithm of MEASUIEMENT ........cccviiieie et 19
2.3 Mechanism Of resistive SWILChING .........cccoviiiiiiiniieeeee e 20
2.4 ChalCOgeNIAE GIASSES .....cveiiieiiiieiieiti sttt 22
2.5  Photo and thermal diffuSion ..........ccooviiiiiiiiie e 23
2.6 Photo-surface depoSitioN.........ccccciiiiieiiiii i 24
2.7  Application of chalcogenide glass in resistive SWItChing ...........cccccocvvvriniinieienennn. 25
2.8 The geometry of Memory Cell ... 27
2.8.1  CroSSDAr SIIUCTUIE .......ouiuiieeiicieie bbb 27
2.8.2  VIa-N0IE SIIUCLUIE ... 28

2.9  The parameter for MeMOIY UEVICE ........ccoviiiierieieriesie e 29
2.9.1  WIITE OPEIALION ...t 29
2.9.2  REAU OPEIALION ..ottt 29
2.9.3  RESISIANCE FALIO .......cvvieciiicee bbb 30
2.9.4  ENAUIANCE ..ottt 30
2.9.5  REIENTION ...ttt 30
2.10 The observation of conductive fillament.............ccooiiiiiiiiciee e 30
2.10.1  The exX-Situ 0BSEIVALION........ccciiiiiiiicc e 30
2.10.2  The IN-Situ ODSEIVALION ..o 31
2.10.3 Observation of filament in chalcogenide thin layer ..., 32



211 NANOSCAIE FESISTIVE UBVICE ... e 34

3 EXPErimental PArt ........coo o s 36
3.1 Preparation of thin [aYerS .........coveiiiieece e 36
3.2 Photo doping and diSSOIULION .........cccueiieiiiiie e 38

4 Characterization MELNOGS .........ccoiiiiiiiii s 38
4.1  Electric pulSe MEASUIBIMENT.........cceiiiiiiiiiiii et 38
A2 SEM s 39
A3 AR e 39
4.4 OPUCAl MICTOSCOPE. ... ittt bbb nb bbb 40

5 Main results and their dISCUSSION .........cccoiiiiriiiiieieie e 40
5.1  The resistive switching with SpOt gEOMELIY .......cccocovviiciiiiiicce e 40

511 INEFOGUCTION ..o 40
5.1.2  EXPerimental FESUITS.........ccoiiiiiiiris s 41
5.1.3  SUMMAIY ..ottt 41
5.2 CroSshar GBOMELIY .......ecoiiiie ittt 42
5.2.1  EXPerimental FeSUILS.........cccociiiiiiecc e e 42
5.2.2  SUMMAIY ..ottt bbb 46
5.3 Needle CONACT GEOMELIY ......oviiiiiiiiitisieeiie et bbb 46
5.3. 1 INEOGUCTION ..o 46
5.3.2  The resistive SWItChING CUMNVE...........ccovviiiiiicccceeee e 47
5.3.3  The observation of SAMPIE ... 48
5.3.3.1 The front side image of SAMPIE .........cceiiiiiiiiiie e, 48
5.3.3.2 The back side of the SaMPIe..........ccoveiiiiiii i 49
5.3.3.3 Electron induced particle Creation............cccccovivieiiiiic v 51

S TRC 2T S 11 0 011 T 1Y PS 56
5.4  Tip (conductive AFM) gEOMELIY .....ocuiiiiiiiiieiiesie sttt 57



54.1 I OAUCTION <.ttt ettt ettt et e e et e e e e e et et eeete e et e eeeeeeeeeeens 57

5.4.2  The maps of surface morphology and distribution of spread current................... 58
5.4.3  Theexplanation of data ..........cccoeoiiiiiiiiiiicccc s 62
5,44 SUMIMAIY ..ottt ettt sttt ettt bbbt b et et e e enennns 64
5.5  ViIa-NO0IE GBOMELIY .....oiiiiiiiiiee e 64
COoNCIUSION OF tESIS ... 67
RETEIEICE ...ttt 68
Graphic illustration of sample Preparation .............ccccveveiiieieeie s 75
Publications and CONTEIENCES ..........coiiiiiiiieie s 77



LIST OF FIGURES
Figure 1: The Ag dendrite Dridge [2].......cccooiiiriiiieee e 15

Figure 2: Resistive switching cell (a) the scheme of operation, (b) the I-V curve of resistive

switching With 4 different Stages [7].....ccovveieeieiieii e 18
Figure 3: Switching scheme (a) unipolar switching, (b) bipolar switching [19]. ..........c.......... 19
Figure 4: AFM MEASUMBMENTS. . ...veeiiiieitieieeiesiee e see sttt sttt e sseesteeseesseesbeeseesseesreeneesseenaeens 20

Figure 5: Schematic sketches of electroforming in air. The geometry of a conducting phase

resulted from (a) applied positive bias, (b) applied negative bias [16]..........cccccvvverivevriiennenn, 21
Figure 6: The dynamic images of air bubbles in PUTiO2/Pt cell [17]. ...cccooviiiiiiiiiieieee, 22

Figure 7: Schematic illustration of composition profile in (Ag/AgAsSS2/AsS,) after photo

doping. (a) Ag concentration profile, (b) band diagram, and (c) schematic atomic structure. .23

Figure 8: Glass-forming regions of Ag—As-S system (left) and estimated free energy curve
along As—S and Ag—S 1ines (rght) [26].........coormiiii e 24

Figure 9: SEM images of radiation-induced Ag surface deposition at various radiation doses:

(@) 1.58 Mrad, (b) 3.19 Mrad, (c) 7.59 Mrad, and (d) 14.82 Mrad [28]. .......c.ccovevvevverreiiennnnn, 24
Figure 10: The basic structure of memory cell and Ag atom bridge [30]. ......ccccoevveviriiennenn, 25
Figure 11: The structure of multilayer Ge,Sey memory cell [33]........ccccoovieiiiiiiciniiin, 26

Figure 12: Current density-voltage characteristics of the electroforming process in (a) Ag/Ag-
Ge-Se/Pt and (b) Cu/Cu-Ge-Se/Pt cells with varying cell diameter [34]. ......cccccoevvviviiiiienen, 26

Figure 13: (a) Variation of Ge concentration in GeyxTe;g0—« alloys as a function of Ge RF

power, (b) Ag concentration in Agx(GeyTe;-y)i00-x alloys as a function of Ag RF power [35].

Figure 14: Schematic views for the combined phase change material and resistive switching
filamentary conduction model ((a) without and (b) with GST layer) [36]......c.cccccevvivvevvenenne. 27

Figure 15: Schematic diagram of (a) an unit vertically-defined ReRAM cell, (b) horizontal
cross-point architecture, and (c) vertical cross-point architecture [39]. .......cccovvviiiiiicnenn, 28

Figure 16: Cross-sectional TEM image of the TiN/HfO./Pt device [42]. ......cccccovvrvvviiiniinnnn, 29

Figure 17: Conventional TEM observation for conductive filaments in the Ag/ZnO:Mn/Pt

memory cell that has been switched ON[43]........oooiiiiiii e 31



Figure 18: In-situ TEM observation of conducting filament growth in vertical Ag/a-Si/W
memories. (a) Experimental setup. (b) 1-t characteristics recorded during the forming process
at a bias of 12 V. (c—g) TEM images of the device [43].......cccoeiiiiieiieii e 31

Figure 19: The evolution of conductive filament in ZnO thin layer and its corresponding I-V
CUIVE [20]. ettt bbb bbb bbbttt b et b et e e nr s 32

Figure 20: Dendrite growth between a W probe spot and a Ag electrode on the surface of Ag-
Ge-S with -4V applied to the W eleCtrode. .........cooviiieiieiiie e 33

Figure 21: The in-situ TEM image from the Cu/Cu-GeTe/Pt-Ir system [44]......c.ccccevrrrennnn. 33

Figure 22: A single memory cell is formed at the cross-point of a Si (blue)/a-Si (cyan)
core/shell nanowire (metal nanowire (grey)) [45]. ..o 34

Figure 23: (a) 1-V characteristics of MgO/Co30,4 nanowire device (b) the endurance data of
MQO/C0304 NANOWITE [AB]. .eeveeiieiieeiee ettt sttt e e st re e s reenneens 34

Figure 24: (a)-(f) Structural images of the fabricated W/WO,/Au resistive switching devices

Figure 25:(a) Schematic illustration of devices and measurements setup (b) I-V curve of

resistive SWItChing deVICE [48]. ...vvovi i 35

Figure 26:Comparison of resistance data between the AAO device (CELL AAO) and the
plane Ag electrode (CELL THIN) [7]. .oovooeiiiiiiieiee e 36

Figure 27: (a) GeSe; and (b) AsS; thin layer before and after photo diffusion and dissolution.

.................................................................................................................................................. 38
Figure 28: The parameter of pulse MeasUreMENt. ........ccooeiiiiieniiiiieee e 39
Figure 29: The eXPeriment SETUP. ......couoiiiiieieii ettt 40

Figure 30: (a) The I-V curve of resistive switching, (b) the dependence of Roy and Roke. .....41
Figure 31: The planar view of crossbar geOMELrY. .........ccceoveieeii i, 42

Figure 32: (a) The cross section view of INERT BUFFER device, (b) the cross section view
of ACTIVE BUFFER device, (c) the atomic force microscope image of ultra thin Al,O3 layer
(2nm) deposited onto W layer, (d) ellipsometer result of Al,O5 layer for calibration. ............ 43

Figure 33: The impedance measurement of sample and the equivalent circuit is presented in



Figure 34: 1-V curves: (a) INERT BUFFER (b) ACTIVE BUFFER sample...........ccccccvennen. 45

Figure 35: The schematic picture of mechanism in (a) the INERT BUFFER sample and (b)

ACTIVE BUFFER SAMPIE. ...eiiiiiiiieiiieese ettt 46
Figure 36: (a) The schematic picture of experiment setup, (b) the pulses of algorithm. .......... 47
Figure 37: 1-V loop curve of Ag/Ag doped ASS; Sample. ..., 48
Figure 38: The surface morphology of thin layer memory cell ..., 49
Figure 39: The SEM image of Ag electrode from the back side after switching. .................... 50
Figure 40: Cross section of multilayer thin layer (AGASS2/AQ). ...ccevveieiieieeie e, 50
Figure 41: The selected SEM images (20,000x) of Ag CIUSEErS. .......ccoereriieninininiecee, 52

Figure 42: The statistic data obtained form SEM image with x20,000 magnification. (a) The

number of clusters developed with time (b) The maximum diameter of clusters developed

WD TIMIE. Lt bbbttt e 53
Figure 43: The enlarged SEM image (x20,000) of Ag cluster formation .............c.cceceeevenennen. 54
Figure 44: The selected SEM image (x100,000) of Ag clusters and rich regions.................... 55
Figure 45: The statistic data obtained form SEM image with x100,000 magnification........... 55

Figure 46: SEM image of AsS,/Ag sample illuminated by electron beam at 5kV at x1,000...56

Figure 47: (a) SEM image of Ag particles grown on the AgxAsS; layer by OIDD (The inset
shows the Ag particle size distribution on the layer), (b) an enlarged SEM image showing Ag

particle in detail, (c) the scheme of experimental SEtup. ........cccccvvveiieii i, 59

Figure 48: Optical image of conductive AFM and its tip, which shows tree branching after
applied With 2.5V FOr 1 SECONM. ......eoiiiieiiee et enes 59

Figure 49: 2D and 3D topological maps (left column) and spread current maps (right column)
OF the AGuASS2 TAYE. ..ot et b et e e be e e sre e enes 61

Figure 50: (a) The sum of current flowing through the thin layer, (b) the volume change of

LT P S SPPRUPPPR 62

Figure 51: The mechanism of Ag particle and filament formation on and within AgxAsS;
=] ST PR PR PPRPP 63

Figure 52: The profile dimension of fabricated device after photoresist lithography. ............. 65



Figure 53: 1-V curve in sample (Pt/AgGeSe,/Ag) with via-hole geometry



LIST OF TABLES

Table 1: List of material for resistive SWitChing [3]. ... 16
Table 2: The SET and RESET voltage of switching device. ...........ccccoovvvviveiieii i 29
Table 3: The electrodes and electrolytes of of different configurationsgeometries. ................ 36
Table 4: The deposition parameters of thermal evaporation. ...........cccocceveveveneninnesie e 37
Table 5: The parameter of experiment With SEM ... 51

10



Keywords:
Resistive switching, chalcogenide thin layer, conductive filament
Abbreviations:
DRAM: dynamic random access memory
ROM: read only memory
RAM: random access memory
FRAM: ferroelectric random access memory
PRAM: phase change random access memory
MRAM: magnetoresistive random access memory
AFM: atomic force microscope
OIDD: optical induced diffusion and diffusion
SEM: scanning Electron Microscope
RRAM: resistive random access memory
CBRAM: conductive bridge memory
PVD: physical vapor deposition
PECVD: plasma-enhanced chemical vapor deposition
AAQO: anodic aluminum oxide
GST: germanium-antimony-tellurium
RF: radio frequency
RS: resistive switching
PLD: pulsed laser deposition
ALD: atomic layer deposition
UV: ultraviolet
AIDCN: 2 - amino - 4, 5 - imidazoledicarbonitrile
TCNQ: 7, 7, 8, 8 - tetracyanoquinodimethane

NPB: N, N’ - Bis ( naphthalen - 1-yl) - N, N’ - bis ( phenyl ) benzidine



Rose bengal: 4, 5, 6, 7 - Tetrachloro -2’ ,4°,5°, 7 - tetraiodofluorescein disodium salt
MEH - PPV: poly [ 2 - methoxy - 5 - (2 - ethylhexyloxy ) - 1, 4 - phenylenevinylene ]
P3HT: poly ( 3 - hexylthiophene - 2, 5 - diyl )

PARA: poly ( o - anthranilic acid )

Parylene - C: poly - p - xylene

PEDOT: PSS: poly ( 3, 4 - ethylenedioxythiophene ) polystyrene sulfonate

PFN - C: poly [ (19, 9 - bis ( 3ethylenedioxythiophene ) polystyrene sulfonatet - 2, 7 - ( 9,
93ethylenedioxythio ]

PFO: polyfluorene

PI: polyimide

PMMA: poly ( methyl methacrylate )
PS: polystyrene

PVA: poly ( vinyl alcohol )

PVK: poly (9 - vinylcarbazole )
PVP: poly vinyl pyrrolidone

WPF - oxy - F: poly[( 9, 9 - bis( (6 "- ( N, N, N - trimethylammonium) hexyl) - 2 , 7 -
fluorene) -alt- (9,9 - bis( 2 - (2 - methoxyethoxy) ethyl) - fluorene) ] dibromide

LSMO: lanthanum strontium manganite

PCMO: Pri.«CayMnO;

1T1R: one - transistor one - resistor

1D1R: one - diode one - resistive switching memory

1BJT1R: one - bipolar junction transistor one - resistive switching

12



Abstract

Resistive switching memory technology shows promising future to replace the traditional
flash-disc or disk memory. Ag or Cu doped chalcogenide thin layer is typical electrolyte and
the high and the low resistance is adjusted due to the formation and dissolution of conductive
filament. More specifically, AsS; and GeSe, were selected as electrolyte and Ag was doped in
the electrolyte layer by photo doping and dissolution from the top or bottom of electrolyte
layer. In addition, the geometries of device also influence the parameters of resistive
switching behaviour. Therefore, five different geometries were discussed in the context and
the electrodes sizes ranges form from 1 mm to Sum. In order to obtain graphic electrode with

various size, stencil mask and photoresist lithography was applied to the sample.

I-V test was done by DC sweep mode, which the threshold of SET bias can be obtained. The
scanning electron microscope and atomic force microscope were utilized to locate the
filament and characterize the outline of filament. The conductive atomic force microscope
was only used to characterize the distribution of conductive region, which equals to the
distribution of filament. As Ag doped chalcogenide thin layer is vulnerable to electron beam,
the observation of filament was accomplished by scanning electron microscope and outline of

the filament is clear.
1 Introduction

With the development of microelectronic devices, Information technology becomes one of the
most important areas. John von Neumann pointed out the basic five parts of computer: Input
Unit, Output Unit, Storage Unit, Central Processing Unit and Control Unit, in which the
memory device belongs to the storage unit [1]. Two basic states are adopted for data storage,
which is “1”” and “0” in binary code. Based on the different mechanisms, the memory devices
can be divided into two parts: volatile and nonvolatile memories. The volatile memory cannot
save data without the power supply. Therefore, it is only used for short term data storage, for
instance dynamic random access memory (DRAM) [2]. In contrary, the nonvolatile memory
is capable of maintaining the data with or without the power supply, for instance flash disks.
Based on the method of reading and writing data, the memory devices can also be attributed
into two categories: read only memory (ROM) and random access memory (RAM). ROM is
only for reading. Whereas RAM can be used for both reading and writing [3]. Nowadays,
many different approaches have been employed for data storage. Researchers focused on

several special material fabricated device, such as ferroelectric RAM (FRAM) [4], phase
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change RAM (PRAM) [5], magnetoresistive RAM (MRAM) [6] and resistive switching RAM
(RRAM) [5].

Resistive switching relays on the reversible resistance change of the medium layer, realizing
the data memory. The advantages such as fast response speed, low energy consumption, long-
time data storage, long term usage of resist and the semiconductor process compatibility
makes the RRAM memories a promising next generation of data memories [5]. The scope of
resistive switching comprises the microelectronics, materials, physics and chemistry, thus, it
is a new interdisciplinary field [7]. However, the detailed mechanism of switching is still
unclear [8]. According to the switching behaviour of resistive switching, the RRAM can be
described as two types: unipolar and bipolar. The unipolar resistive switching relies on the
amplitude of applied bias with the polarity, and bipolar switching relies on the amplitude and
the polarity of applied bias [9]. From the materials in PRAM point of view, oxide and
chalcogenide thin layers are dominant. The conductive filament can be either metallic
filament or oxygen vacancy filament in oxide layer, compared with only metallic filament in
chalcogenide thin layer [10]. The main aim of this thesis is discussion of the switching

behavior and observation of filaments in chalcogenide layers.

The Ag or Cu doped chalcogenide electrolyte is mostly fast ion conductor. The memory
device usually comprises an inert electrode, a diffusive Ag or Cu electrode and a chalcogenide
electrolyte layer in-between. The mechanism of filament formation involves the reduction-
oxidation reactions of ions leading to the formation or dissolution of metallic filaments [11].
Such memory cell is referred as programmable metallization cell (PMC) [12] or conductive
bridging RAM (CBRAM) [13] . PMC cell owns excellent storage performance, for instance,
low operative voltage, low operative current, fast response and long-time data storage. In
2005, Terabe et al. [14] reported the atomic switching in Ag/Ag,S/Pt structure showing

potential application in logic gate, which is promising to be applied in computer science.

In this thesis, five different geometries of switching devices are presented: spot geometry,
crossbar geometry, needle contact geometry, tip (conductive AFM) geometry and via-hole
geometry (See the section “graphic illustration of sample preparation”). Each of these
geometries has different advantages and drawbacks and offers alternative view to understand
the switching mechanism. More importantly, the scanning electron microscope and atomic
force microscope images partially exhibit the outline of conductive filament, providing solid

evidence for filament study.
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2  The principle material in resistive switching
2.1 Material selection

The first experimental observation of resistive switching can be dated back to more than half
a century ago. The first observation of conductive filament was done in 1976 in Ag/Ag-
As,S3/Au device (Figure 1) [15].

Figure 1: The Ag dendrite bridge [15].

The urgency to find the appropriate alternative to/for flash memory increases the demand for
searching the resistive switching electrolyte material, especially in the past few decades. The
list of resistive switching materials is presented in Table 1 [16]. One can observe a large
number of high-k materials exhibiting the resistive switching, which can be categorized into
chalcogenides, oxides (binary, ternary and more complex), nitrides, amorphous silicon, and
some organic materials with flexible substrate. Among these materials, binary oxides have
been extensively investigated due to their relatively good compatibility during the fabrication
process (photoresist lithography, etc.) and desirable reproducibility [16].
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Table 1: List of electrolyte materials for resistive switching [16].

Binary oxides Chalcogenides

MgO, | Unipolar | Bipolar | Cu,S Bipolar

AlO, | Unipolar | Bipolar | GeS, Bipolar

SiO, | Unipolar | Bipolar | Ag,S Bipolar

TiO, | Unipolar | Bipolar | GeSey Bipolar

CrO, | Bipolar Nitrides

MnOy | Unipolar | Bipolar | AIN Unipolar | Bipolar
FeO, | Bipolar SiN Unipolar | Bipolar

CoOy | Unipolar | Bipolar | Small molecules

NiO, | Unipolar | Bipolar | AIDCN Bipolar

CuO, | Unipolar | Bipolar | AlQ3 Unipolar | Bipolar

ZnOy | Unipolar | Bipolar | Cu:TCNQ Bipolar

GaOy | Bipolar NPB Bipolar

GeOy | Unipolar | Bipolar | Rose bengal | Bipolar

ZrOy | Unipolar | Bipolar | Polymers

NbO, | Unipolar | Bipolar | MEH-PPV | Unipolar | Bipolar

MoO, | Unipolar | Bipolar | P3HT Unipolar | Bipolar

HfO, | Unipolar | Bipolar | PARA Unipolar | Bipolar

TaOy | Unipolar | Bipolar | Parylene-C | Bipolar

WO, | Unipolar | Bipolar | PEDOT:PSS | Unipolar | Bipolar




CeOy Unipolar | Bipolar | PFN-C Unipolar
GdO, Unipolar | Bipolar | PFO Unipolar
YbOy Unipolar | Bipolar | Pl Unipolar | Bipolar
LuOy Unipolar | Bipolar | PMMA Bipolar
Ternary or quaternary . .
) PS Unipolar | Bipolar
oxides
LaAIlO; | Bipolar PVA Bipolar
SrTiO; | Bipolar PVK Unipolar | Bipolar
BaTiO; | Unipolar | Bipolar | PVP Bipolar
LC(or ) WPF-oxy- |

Bipolar Bipolar
S)MO F
PCMO | Bipolar Others
) ) ) Graphene )
BiFeO; | Unipolar | Bipolar ) Bipolar

oxide

lonic conductivity occurs in liquid electrolytes, crystalline and amorphous solids. While in
liquids, the conductivity is contributed from both anions and cations. In solid electrolytes,
only cations or anions can move, and the conjugate species are fixed into lattice positions.
lons can move inside a solid, if sites are available for them. The reason for higher ionic
conductivity in amorphous material might be related to the low density and flexible structure
containing more free volume, through which ions can move freely [17]. The basic movement
is described as a sequence of discrete jumps of an ion from an occupied site to a near
unoccupied one through an energy barrier. In order for ions to move through a solid, they
must possess a sufficient energy to overcome the energy barrier. Further, an equivalent lattice
site next to a given ion must be empty in order to occupy by ion. Cationic conductors are also

known as "superionic” or "fast ion" conductors [18].

The common used resistive switching electrolyte material is Ag or Cu doped chalcogenide

thin layer, with inert and diffusive electrode, referred as PMC (programmable metallization
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cell) or CBRAM (conductive bridging RAM) [19]. Figure 2 schematically shows the basic
principle of the resistive switching [20]. The setup for electrochemical metallization memory
cells is very similar to the electrochemical cells with a liquid electrolyte, where the conductive
filaments are formed in a solid electrolyte [21]. In electrochemical metallization cells, the
solid electrolyte is sandwiched between an inert, e.g. Pt or W, and a diffusive, e.g. Ag or Cu,
electrode (Figure 2(a)). At least two stable states are expressed by the formation and
dissolution of a metallic filament between the electrodes. Under application of a positive bias
to the diffusive electrode, diffusive electrode is oxidized into ions which migrate through the
solid electrolyte. These ions are reduced at the inert electrode, where they form an
electrodeposited filaments [22]. When the filament reaches the diffusive electrode, the
initially highly resistance of cell switches to a low resistance state (ON state after SET
process) due to a short circuit between top and bottom electrode (shown in Figure 2(a) 11.).
Under reverse bias the filament is electrochemically dissolved and the cell is switched back to
the high resistance state (OFF state after RESET process) (shown in Figure 2(a) I11. and IV.).
The memory state can be kept without external electric supply, which is known as non-

volatile state.

_ Al electrode I.
v |~
Ag-photodoped e
~ AsS, T

r J,,—’ |. Voltage (V)

_ Ag electrode

Figure 2: Resistive switching cell (a) the scheme of operation, symbols “+” and “—show the

plus and negative polarity, (b) the I-V curve of resistive switching with 4 different stages [20].

Various materials are known to allow metal ion migration and filament formation and
filament rupture [23]. Resistive switching based on metal filament formation and its rupture is
also shown in Ag,S [24] and Cu,S [25]. In this context, especially Cu-doped SiO, is an
interesting material combination, because Cu as well as SiO, arwe already present in standard
semiconductor processes. Therefore, memory cells based on these materials will allow for an

easy integration into current semiconductor process lines [15].
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Oxide can also form conductive filament via oxygen vacancies. Most of binary and complex
oxides can form oxygen vacancies, for instance TiOy, HfOx. Due to the migration of oxygen
vacancies, the conductive filament is able to form at the defect positon or it might be possible

to form low valence state oxide filament [26].

2.2 Algorithm of measurement

Depending on the type of resistive switching, the measuring algorithm can be different. Under
appropriate current or voltage application, various materials show a change in resistance, but
the switching mechanisms are different. Two main switching schemes can be distinguished as
polarity dependent bipolar switching and polarity independent unipolar switching, as shown

in Figure 3.

Current T Current4

Compliance on

Ve Ve off } Ve j

Compliance

Voltage Voltage
—» —

(a) (b)

Figure 3: Switching scheme (a) unipolar switching, (b) bipolar switching [19].

In case of unipolar resistive switching, switching to the low resistance (ON) state, i.e. writing
the cell, occurs under the same voltage polarity as switching to the high resistance (OFF) state,
i.e. erasing the cell. Mostly, the absolute value of the voltage for writing, Vurit, 1S higher than
the voltage for erasing, Vense. Unipolar switching is schematically shown in Figure 3 (a).
There exist some models, for instance ‘Thermal Dissolution Model’, which can be used to
explain the phenomena. In most of the cases, it is understood as a thermal assisted process. A
current compliance during writing is typically used to control the low resistance state [8].
Typical device of unipolar cell is shown in Figure 4. The conductive AFM (C-AFM) shows
the conductive channel before and after RESET process. The current density decreased after

RESET process, indicating the fracture of filament [27].
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o

Current (A)

100nAI

LRS after forming

HRS after Reset

Figure 4: AFM measurements. (a) Schematic diagram of the C-AFM measurements. (b) I-V
curves using the conducting AFM tip as a top electrode, clearly show the forming, RESET,
and SET operations. As all biases are in the same polarity, this is a unipolar switching. (c)
Mapping of the current flow through the surface right after the forming operation with Vj, = 8
V shows locally distributed conducting regions. (d) After the RESET operation with applied
bias 1 V, the current in conductive channel decreased [27].

In case of bipolar switching, writing and erasing occur under different polarities. A typical
bipolar current-voltage characteristic is shown in Figure 3 (b). The bipolar switching device
shows a notable different asymmetry structure from unipolar switching device. The
asymmetry structure consists of inert and diffusive electrode. Electroforming is typically the
first switching cycle, which is an electric breakdown of memory cell to the low resistance
state. In addition, the electroforming voltage is commonly larger than the following SET

voltage.
2.3 Mechanism of resistive switching

The model of metallic conductive filaments is created for explaining the resistive switching
phenomena in fast ion conductor, which is called electrochemical metallization, conductive
bridging cell, or programmable metallization. Resistive switching in chalcogenide materials

doped with Ag or Cu has been explained by this model, as described in previous chapter.

The resistive switching in chalcogenide relies on the redox reaction and migration of cations
(Ag*, Cu®"). There is another type of resistive switching in oxide devices working with

migration of anions, which involves the oxygen vacancies. Such devices consist of an inert
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electrode, for instance Pt or Au and a relatively active electrode, for instance Al, Ti Ta, or Nb.
However, neither electrode is able to induce formation of the metal conductive filament, in
contrast to Ag or Cu electrode. In general, during the first switching cycle, an electroforming
process is needed to ‘SET’ the low resistance State, in which enough oxygen vacancies are
produced under bias, in order to guarantee the following switching process. In this process,
oxygen gas is emitted, sometimes forming bubbles on the topmost of thin layer. The typical
device is Pt/TiO,/Pt, as shown in Figure 5 [28].
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Figure 5: Schematic sketches of electroforming of conductive filament in air. The geometry of

a conducting phase resulted from (a) applied positive bias, (b) applied negative bias [28].

As described above, the electroforming process produces oxygen gas, causing the
morphology change of topmost electrode. Yang et al. [29] studied the morphology variation
in Pt/TiO,/Pt device, proving the existence of oxygen ion exchange at the interface. As shown
in Figure 6, during switching process, it can be observed the appearance of air bubbles under
—4 'V (Figure 6 (a) and (b)) and remained without applied bias (c). Under +4 V, more bubbles
emerged (Figure 6 (d) and (e)). After the test, all bubbles disappeared (Figure 6 (f)). AFM
images show the permanent deformation of electrode after the switching process (Figure 6
(9)). Figure 6 (h) depicts the creation of air bubbles under large bias. All the images prove
that migration and electrochemistry reaction determine the resistive switching in Pt/TiO,/Pt
device [29].
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Figure 6: The dynamic images of air bubbles in Pt/TiO,/Pt cell [29].

Besides bipolar resistive switching, unipolar switching devices are mostly prepared with
oxide thin layer, which the conductive filament mainly consists of oxygen vacancy or defects.
In such devices, the joule heat is the main driving force for dissolution of conductive filament.
Commonly, such device consists of a symmetric structure, for instance Pt/NiO/Pt [30],
Pt/CoO/Pt [31] and Pt/ZnO/Pt [32]. During resistive switching process, a current limit is set to
avoid the breakdown of device. However, a large current is needed in RESET process, as it is

described in Figure 3 (a).
2.4 Chalcogenide glasses

Chalcogenide glasses consist of the chalcogenide elements S, Se, and Te alloyed together
with other elements such as Ge, As, Sh, Ga, etc. [33]. We can classify the amorphous
chalcogenide into the elemental (S, Se, Te), binary (As,S3, As,Ses, etc.), ternary and more
complicated (As-S-Se, Ge-Sb-Te, etc.) systems and the alloys can be divided into

stoichiometric (As,S3, GeSe;) and non-stoichiometric compositions (S—Se, As—Se) [34].

Chalcogenide bulk glasses are prepared by quenching of the corresponding melt. The
composition of bulk is prepared by weighing of the elements in required concentrations and
then sealing them in quartz ampoules under high vacuum. The sealed ampoules are kept in a
rocking furnace at a temperature to keep the melt homogeneous. Fast cooling is done in iced
water, liquid nitrogen or even in the air depending upon the required cooling rate. The glass
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formation depends on many of factors, e.g. Kinetic, structural and chemical factors. Some of
the materials can be made in glassy form at the faster cooling rates, for instance splat cooling.

The chalcogenide thin layers can be prepared by physical vapor deposition (PVD) method
such as thermal evaporation, flash thermal evaporation or sputtering. PVD: Thermal
evaporation is common for the simple compositions, such as pure Se. The evaporation of
chalcogenide compounds depends more on the kind of materials, for example As,S; is more
suitable for slow evaporation and GeS; can only be prepared by sublimation methods. Flash
evaporation technique is similar to thermal evaporation, except that the material is dropped on
a filament or boat which has been heated. Thus, allows the deposition of more complex
materials than common thermal evaporation. Sputtering Technique: Sputtering is based on
bombardment of a target material by the energetic ions from low-pressure plasma, causing
erosion of material, either atom by atom or as clusters of atoms, and subsequently deposition
of layer on the substrates. Simplest way to induce sputtering is to apply a high negative
voltage to the target surface, thereby attracting positive ions from the plasma. However, DC

sputtering process is feasible only when target is sufficiently conductive [35].
2.5 Photo and thermal diffusion

Ag" or Cu®" ions can be introduced into the chalcogenide material by various methods, for
instance by evaporation, co-sputtering, photo diffusion, thermal diffusion, and by pulsed laser

deposition.

Photo diffusion or doping was found by Kostyshin et al. [36] and mostly used for Ag doping.
The Ag profile of Ag/AsS, bilayer is in a step shape with a concentration of 25% (i.e.
AQASS,), as shown in Figure 7. Accordingly, the structure gradually changes from Ag/AsS;
to Ag/AgAsS,/AsS; during photo dissolution of Ag in AsS; [37].

Ag fraction

energy
1
~03 %
—Ag doped undoped __
0 layer layer

(a) (b) (c)

Figure 7. Schematic illustration of composition profile in (Ag/AgAsSS,/AsS,) after photo
doping. (a) Ag concentration profile, (b) band diagram, and (c) schematic atomic structure, in
which the black circles are Ag atoms, the big open circles are As atoms, and the small open

circles are S atoms [37].
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Experiments suggest the dissolution of Ag ion into chalcogenide thin layer is closely related
with the flow of holes. From the thermodynamic aspect, it can be found an interesting region
with free energy minimum where the composition near of AgAsS, corresponds to the glass

forming region in Ag-As-S system, which displays minimum energy in the Figure 8 [38].
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Figure 8: Glass-forming regions of Ag—As-S system (left) and estimated free energy curve
along As-S and Ag-S lines (right) [38].

2.6  Photo-surface deposition

Photo-surface deposition is the opposite phenomena against the photo doping effect, which
was found by Maruno and Kawaguchi [39]. In short, it is a segregation of Ag particles on the
surface of the chalcogenide thin layer, due to the exposure of illumination. The mechanisms
of the photo-surface deposition can be understood as follows: the counter flow of Ag® ions
and holes is resulted in forming the glass composition (AgxAsS,, x>1). The photo-electronic
force tends to separate Ag from AgAsS; (Figure 9) [40].

Figure 9: SEM images of radiation-induced Ag surface deposition at various radiation doses:
(@) 1.58 Mrad, (b) 3.19 Mrad, (c) 7.59 Mrad, and (d) 14.82 Mrad [40].
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2.7 Application of chalcogenide glass in resistive switching

In 1976, Hirose et al. [15] found the first Ag/Ag-As,Ss/Au resistive switching device, and
observed the filament. Terabe et al. [14] announced a quantized conductance atomic switch,
based on Ag/Ag,S/Pt structure. The mechanism is based on the formation and dissolution of
Ag atom bridge (Figure 10). In 2007, Dietrich et al. [41] published a test of 2 Mbit microchip
made by Ag-doped chalcogenide thin layer. However, chalcogenide thin layers are not, so far,
compatible with the present microelectronic technology, in which it could compete with

metal-doped oxide thin layers, e.g. by WOy or SiO, [42].

Figure 10: The basic structure of memory cell and Ag atom bridge [42].

In detail, the binary sulphide and selenide compounds are the most common chalcogenide
materials. The device structure is the same as discussed above. In binary sulphide thin layers,
for instance GeS, and As,Ss, the Ag ions are doped by photo doping in an inert environment
and Cu ions are introduced into thin layer by thermal doping. Ag” ions are more mobile than
Cu?* jons. Cu®* ions show the tendency to strength the network connectivity of glass [43]. In
binary selenide thin layer e.g. GeSe,;, Ag photodissolution is very fast, due to thermally
activated diffusion of Ag® ions [44]. Therefore, a resistive barrier of device or a pre-set
electroforming process should be preformed before switching. In order to eliminate an extra
loss of active metal electrode, oxide thin layer is typically used for selenide thin layer, for
instance GexSe,/SiO, multilayer structure (Figure 11) [45].
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Figure 11: The structure of multilayer Ge,Sey, memory cell [45].

Another method is to preform an electroforming process before the first SET operation. It
should be stressed the difference of electroforming in selenide thin layer and oxide thin layer.
In oxide thin layer, the filament is firstly created under relative forward high bias, which is
referred as electroforming. Nevertheless, the electroforming in selenide thin layer means Ag*
ions are driven out off the thin layer under reversed voltage (Figure 12) [46].
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Figure 12: Current density-voltage characteristics of the electroforming process in (a) Ag/Ag-
Ge-Se/Pt and (b) Cu/Cu-Ge-Se/Pt cells with varying cell diameter [46].

Except for Ge-S and Ge-Se, Ag or Cu doped Ge-Te binaries are also a common materials for
resistive switching. The preparation of Ag doped Ge-Te thin layer can be carried out by the
co-sputtering of different components (Figure 13) [47].
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Figure 13: (a) Variation of Ge concentration in GeyTe 00—« alloys as a function of Ge RF

power, (b) Ag concentration in Agy(GeyTe;-y)100-x alloys as a function of Ag RF power [47].

Ge-Sb-Te (GST) thin layers were recently studied as a material for phase change memory
[48]. However, the combination of GST and conventional ionic switching layer (CuOy) can
result in an improvement of device behavior. The main reason is the creation of local

conductive filament in GST thin layer. Thus, it decreases the randomness of metal filament in
CuOx thin layer (Figure 14) [48].

(a) (b)

Figure 14: Schematic views for the combined phase change material and resistive switching
filamentary conduction model ((a) without and (b) with GST layer) [48].

2.8 The geometry of memory cell

2.8.1 Crossbar structure

The persistent increase of memory integration density expressed by Moore’s law illustrates
the demand for ever smaller structures. Therefore, crossbar arrays are widely investigated [49].
Non-volatile and resistive switching materials with two stable states such as TiO, have been

integrated as two terminal memory devices to efficiently create a resistive switching bit
pattern [50].
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The vertical cross-point architecture presented in Figure 15 can extremely enhance memory
density by extending the space for memory cells in the same chip area. Compared to the
simply stacked horizontal cross-point architecture, it could be more effective by processing

multilayer cell stacks at one time [51].
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Electrode

" 2.ReRAM .
N Outer

Electrode

—

ReRAM
Material

Figure 15: Schematic diagram of (a) an unit vertically-defined ReRAM cell, (b) horizontal

cross-point architecture, and (c) vertical cross-point architecture [51].

However, undesirable sneak current can arise from nearby array, causing the ‘cross talk’
effect [52]. This problem is solved by connecting a diode in series as a selection circuit in

unipolar resistive switching [53].
2.8.2 Via-hole structure

The via-hole structure contains an insulating thin layer with holes defined by photoresist
lithography. The resistive functional layer is deposited into the holes, which is free of external
disturbance. Thus, a better stability of device can be achieved, compared with crossbar

structure.

It is necessary to stress it is difficult to completely fill the holes by sputtering or electron
beam evaporation, due to smaller size of holes In this case, atomic layer deposition (ALD)
can be used to control the deposition of atoms in the atomic level resulting uniform functional

and electrode layer (Figure 16).

28



Figure 16: Cross-sectional TEM image of the TiN/HfO,/Pt device [54].

2.9 The parameter for memory device

2.9.1 Write operation

Write DC voltages Vy, should be in the range of a few hundred millivolts. The related

parameter differs from the material and structure of switching cells, as listed in Table 2. It can

be clearly seen that the binary chalcogenide thin layer has lower threshold voltage.

Table 2: The SET and RESET voltage of switching device [55].

System SET and RESET | System SET and RESET
voltage (V) voltage (V)

Cu/Geg3Seq 7/SiO,/Pt 0.2 Ag/Ge,Sh,.,Tes/Mo 15

Ag/TiO,/Pt <0.4 Al/CuO,/Cu 1.5

AQ/SITiO,/Pt 0.56 TiW/InSbTe/ TiAIN 24

AU/ZrO,/Ag 1 Cu/Ta,0s/Ru 3.5

Cu/TaO,/Pt 1 Ti/Cu/ZrO,/Si 4

W/Cu/WOQO3/Cu 1

Cu/Mn:ZnO/Pt 0.4

2.9.2 Read operation

Read DC voltages Vi need to be significantly smaller than write voltages V., in order to

prevent a variation of the ON state resistance during the read operation. Because of

constraints by design requirement, V.4 should not be less than approximately one tenth of V.
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In the crossbar geometry, two voltage levels are used, which is 1/2 V,, and 1/3 V. The read
time t,g must be in the order of write time t,, or preferably shorter.

2.9.3 Resistance ratio

The resistance ratio is the ratio of resistance between ON and OFF states (Ron and Rorg).

Mostly, the resistive switching memory has from 10 to 10** resistance ratio.
2.9.4 Endurance

Endurance is the number of repeatable cycles during the writing and the erasing. As the next

generation of memory device, it should be at least 10° cycles.
2.9.5 Retention

Retention is the holding time of resistance, which is a key parameter for evolution of memory
cell. For the safety of data, the endurance of memory chip must be higher than 10 years. In

addition, the memory chip should also be functional at temperatures higher than 85 °C [26].
2.10 The observation of conductive filament

For many devices, the resistive switching effect is described by the formation of conductive
filament. Observation of conductive filaments gives a direct advantage for device
optimization. The TEM study provides fruitful images, proving the existence of conductive

filaments. The study methodology can be divided into two categories: ex-situ and in-situ.
2.10.1 The ex-situ observation

The direct observation of conductive filament is difficult, due to the small diameter and
random orientation of filament. Some researchers adopted conductive AFM to study the
conductive region from the top side of memory cell. However, the composition and valence of
conductive filament cannot be analyzed by this method. Therefore, TEM was utilized, for
instance in the Ag/ZnO:Mn/Pt device, as shown in Figure 17. The combination of TEM with

EDX spectroscopy revealed that the conductive filament mainly consists of Ag [56].
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Figure 17: Conventional TEM observation for conductive filaments in the Ag/ZnO:Mn/Pt

memory cell that has been switched on [56].
2.10.2 The in-situ observation

The existence of conductive filament has been proved by ex-situ TEM, while the dynamic of
filament growth is only studied by in-situ TEM. Yang [56], from Michigan University,
reported a study of resistive switching in Ag/a-Si/W device. The images were taken by in-situ
TEM, during the duration of applied bias. As described in Figure 18, there can be seen the

growth of the filament.
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Figure 18: In-situ TEM observation of conducting filament growth in vertical Ag/a-Si/W
memories. (a) Experimental setup. (b) |-t characteristics recorded during the forming process
at a bias of 12 V. (c—g) TEM images of the device [56].
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Chen et al. [32] reported a study of conductive filament in ZnO thin layers, in which the
dynamic images were recorded by in-situ TEM. It can be seen that the filament grows from
the anode to the cathode and the filament is proved as ZnO; 4 (Figure 19) [32].
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Figure 19: The evolution of conductive filament in ZnO thin layer and its corresponding I-V
curve [32].

2.10.3 Observation of filament in chalcogenide thin layer

As the Ag particles are possibly formed on the top of thin layer during ion milling; the
preparation of sample for TEM observation is difficult. Arizona State University published a
result with images of surface filament by using Ag-Ge-Se thin layer. Two electrodes (Ag
electrode and a W tip electrode) were placed with a distance of 370 um on the surface of
sample surface and image was obtained by optical microscope. Dendrite was observed
between the electrodes and the current variation was also recorded with large fluctuation. It is

explained by the instability of Ag filament and consumption of Ag electrode (Figure 20).
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Figure 20: Dendrite growth between a W probe spot and Ag electrodes on the surface of Ag-
Ge-S with —4 V applied to the W electrode. (a)-(c) show the morphology of dendrite and
interface of dendrite and Ag electrode. (d)-(e) show Ag electrode consumption. (f) Current-

time curve during dendrite growth [46].

The morphology of conductive filament and the direction of growth in fast ion conductor have
been studied in Cu/Cu-GeTe/Pt-Ir system with in-situ TEM imaging. In chalcogenide thin
layers (for instance, Ge-Se, Ge-S, Ge-Te, etc.), the dissolution of Ag and Cu can be obtained
in high concentrations. Therefore, the Ag or Cu ions can migrate easily under specified bias.
As a result, it can be seen that the filaments start to grow form the inert electrode side to the

active electrode (Figure 21).
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Figure 21: The in-situ TEM images of the Cu/Cu-GeTe/Pt-Ir system [57].
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2.11 Nanoscale resistive device

Lieber et al. [58] fabricated Si/a-Si core-shell structure with crossbar geometry as shown in
Figure 22. They adapted two steps of deposition processing: 1) synthesis of Si nanowire with

different metal catalyst, 2) deposition of amorphous Si shell. The device exhibits bipolar

switching and the size can be 20 x 20 nm” The Ron and Rogr difference is larger than 10,
and response time is shorter than 100 ns [58].

Figure 22: A single memory cell is formed at the cross-point of a Si (blue)/a-Si (cyan) core-
shell nanowire (metal nanowire (grey)) [58].

Nagashima et al. [59] prepared MgO/Co30O, nanowire for resistive switching. The device

shows stable bipolar switching with 10° repeatable cycles.
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Figure 23: (a) I-V characteristics of MgO/Co3;0,4 nanowire of the device presented in the inset,
(b) the endurance data of MgO/Co304 nanowire [59].

Yong et al. [60] adopted simple thermal evaporation method to prepare W13049 nanowire, and

the device structure is Au/W13049/W, which shows bipolar response (Figure 24).
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Figure 24: (a)-(f) Structural images of the fabricated W/WO,/Au resistive switching devices
[60].

Anodic Aluminium Oxide (AAO) template can assist the growth of nanowires. Lyu et al. [61]

fabricated 15-90 nm nanowires and tested the property of switching curve (Figure 25).

2
Voltage (V)

Figure 25:(a) Schematic illustration of devices and measurements setup, (b) 1-V curve of

resistive switching device [61].

Kolar et al. [7] reported an Ag nanowire array by solution-based electrochemical deposition
into AAO membrane. The Ag nanowires served as a source of Ag for photo doping and active
electrode as well. The experiment proves that the Ag nanowire array provided higher Ron and
Rorr difference, in comparison with the device with flat Ag electrode (Figure 26) [7].
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Figure 26: Comparison of resistance data between the AAO device (CELL AAO) and the
plane Ag electrode (CELL THIN) [7].

3 Experimental part
3.1 Preparation of thin layers

Table 3 shows the materials selection for different geometries of electrodes and electrolytes.
The top electrodes can be divided into two categories: fixed and floated type, in which fixed
top electrodes are prepared via thermal evaporation and floated electrodes, relied on the
equipment probe. The W and Pt layer was prepared by magnetron sputtering and Al,O3 layer

was prepared by PLD.

Table 3: The electrodes and electrolytes of different geometries.

Geometry Top Electrolyte Bottom Electrode Size
electrode electrode
Spot Al (100 nm) | Ag doped AsS; Ag (300 nm) | Diameter
(237 nm) 1 mm
Crossbar Ag (100 nm) | Ag doped GeSe, (120 | W (150 nm) | Width 0.1 mm

nm)/Al,O3 (2-3 nm)

Needle contact W  coated | Ag doped AsS; Ag (100nm) | Needle radius

needle (230 nm) 100 um
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Atomic force | Tip of | Ag doped AsS; Ag (100 nm) | Tip radius

microscope atomic force (230 nm) 20-30 nm

contact microscope

Via-hole geometry | Ag (100 nm) | Ag doped GeSe; Pt (50 nm) Diameter
(220 nm) 5 um

The parameters of thermal evaporation are presented in Table 4. Instrument UP 311-B was
used for depositions. Thickness of the layers was monitored in-situ by quartz crystal
microbalance. The chalcogenide thin layer was deposited from glassy ingot, which was
prepared in advance. W layer was prepared via magnetron sputtering under the initial vacuum
of 10 Pa and power 65 W for 20 minutes, which resulted in thickness of 150 nm. During the
sputtering process, large amount of heat was generated. In order to prevent the damage of
sample, the W thin layer can only be used as bottom electrode. The Al,O3 layer was prepared
by pulsed laser deposition at residual pressure of 3.9 x 10™* Pa and pulse energy of 215 mJ.
The Al,O3 layers deposition was preformed in two runs, in which the first run was done with
40 second deposition on silica wafer for ellipsometry measurement, in order to calibrate the
layer thickness. Based on the results from the ellipsometer, the ultra thin layer (approx. 2nm)

was made with 7 second deposition on the W surface.

Table 4: The deposition parameters of thermal evaporation.

Material Pressure before deposition (Pa) | Evaporation rate (nm/s)
Al 107 1-2

Ag 107 1-2

AsS, 107 <1

GeSe, 107 <1
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3.2 Photo doping and dissolution

The Ag® ions are commonly introduced into chalcogenide thin layer through photo diffusion
and dissolution, and the basic mechanism has been introduced above and shown in Figure 27.
In the case of Ag/GeSe, bilayer, an ultrathin layer (10 nm) is deposited onto the surface of
GeSe; thin layer. As the ultrathin Ag layer is semi-transparent, the sample can be illuminated
from the top side, and Ag ions diffuse into GeSe; thin layer from top to bottom side until the
Ag layer is completely dissolved. For AsS,/Ag bilayer, the AsS; thin layer is deposited onto
the surface of the Ag thin layer. The Ag ions are diffused from the bottom to the top side. As
the reflection of Ag layer, it can be found that the photo diffusion is much easier with
AsSy/Ag bilayer, rather than Ag/GeSe, bilayer. Therefore, UV illumination (400 nm) was
utilized with Ag/GeSe; bilayer, in order to improve the efficiency of photo diffusion.
Fluorescent illumination of the projector is used for AsS,/Ag bilayer with the CuSO, solution
to remove the infrared radiation. However, the dose of illumination is necessary to be

controlled, avoiding the creation of Ag particles at the surface of thin layer, shown in Figure 9.

(@) (b)

Figure 27: (a) GeSe; and (b) AsS, thin layer before and during photo diffusion and dissolution.
4 Characterization methods
4.1 Electric pulse measurement

The switching behaviour was tested by Keithley 2602 SourceMeter, which offers precision

DC, pulse, and low frequency AC source-measure testing [62].

The generated pulse was programed by the software Test Script. The schematic sequence of

pulses is shown in Figure 28. Several important parameters can be found, such as: the
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maximum voltage Umax, the minimum voltage Unin, the voltage step AU, the pulse length tpyse,
the delay after each pulse At and the delay after each cycle Atagter cycle.
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Figure 28: The parameter of pulse measurement.
4.2 SEM

The SEM images were taken by JEOL JSM7500F. JEOL JSM7500F provides topographical
magnifications from x25 to x1,000,000. The specimen was fixed onto the sample holder,
either by silver paste or conductive tape. During SEM analysis, the non-conducting
chalcogenide sample is irradiated with an electron beam, resulting in accumulation of static
electric charges. This static charge influences the electron signals and hence deteriorates the
image information. However, such phenomenon is not obvious in Ag doped chalcogenide thin
layer [63].

4.3 AFM

The AFM images were taken by conductive atomic force microscope (AFM Solver Pro M,
NT-MDT; Russia) with a silicon probe coated with the Cr/Pt layer. It can be applied to
measure the morphology of different varieties of material, for example thin layers, polymers,
semiconductors, and biological samples [64].

The probe was defined as the negative electrode and Ag layer as positive electrode in
conductive AFM mode. The current flow in this work was considered from the positive
electrode to the negative electrode. The tapping mode was selected to investigate the in-situ

surface morphology of the memory cell, changes or the spread currents.
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4.4  Optical microscope

The colourful low magnitude images were taken by optical microscope Olympus BX51 and

with the magnification from x10 to x100.

5 Main results and their discussion
5.1 The resistive switching with spot geometry
5.1.1 Introduction

The spot geometry was the simplest memory cell, in which the outline of electrode is defined
via photoresist lithography or stencil mask. The advantage of spot electrode is easy and cheap
to fabricate and it can be applied to almost all kinds of materials. For oxide thin layer, the
graphite electrode can be prepared via photoresist lithography, as it is compatible with
solution, for instance silicon dioxide thin layer. However, Ag doped chalcogenide thin layer is
prone to be delaminated from its substrate when it is in contact with organic solutions. In our
case, stainless stencil steel mask was utilized during evaporation of AsS; thin layer (Figure
29). The material of top electrode is considered as another important factor, due to the fragile
chalcogenide thin layer. Impropriate material or preparation method can lead to the thin layer
to be peeled off or broken. Therefore, evaporated Al is recommended as the top electrode for
its compatibility with chalcogenide thin layer. Nevertheless, Al is reactive with oxygen gas
from atmosphere. Due to this fact it is necessary to store it in vacuum.

negative probe positive probe

Figure 29: The experimental setup. (The light blue colour represents the Ag electrode, the
dark blue represents Ag-doped AsS; chalcogenide layer, and the green spots represent the Al

electrodes).
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5.1.2 Experimental results

The diameter of upper Al electrode was 1 mm, in accordance with its area 0.785 mm?. It can
be seen from Figure 30 (a) that the Ron and Rogr difference is approx. ~10. Meanwhile, good

repeatability can be found as up to 5,000 cycles.

The nature of resistance and repeatability difference reflects the key role of current density.
High current density may cause excessive Joule heating, which accelerate the aging of
memory cell. Figure 30 describes the switching cycles in Ag/Ag doped AsS,/Al (spots) device.
In AB stage, the current level is in 10 A, during which the conductive filament is not
completely formed. Atomic conductance can be found in BC stage showing discrete
resistance. The filament is formed completely at point C, which shows the resistance in 107
Q. In stage CD, the linear dependence shows the metallic conductivity. After point D, the
filaments start to be dissolved. During stage DE and EA, it is noticeable that the filament
cannot be completely dissolved. Generally, the triangle ABC is smaller than the triangle DEA,
in which the Vser (0.22 V) is lower than the absolute value of Vgreser (0.25 V). It may be
explained as the easier formation of filament than dissolution of filament. Also large electrode
might induce the leakage of current, in electric deposition of Ag particles. In summary,

although the spot geometry is simple, it offers much stable switching repeatability.
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Figure 30: (a) The I-V curve of resistive switching, (b) the dependence of Rony and Rogr.
5.1.3 Summary

The switching cell with spot geometry can be simply fabricated and the switching behaviour
is very stable. However, due to the relative large electrode, the Ron and Rogr difference is low.

Therefore, spot geometry is not suitable for application.
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5.2 Crossbar geometry
5.2.1 Experimental results

The crossbar geometry is fabricated with two line-shape electrodes (Figure 31) in crossing
and the electrolyte with buffer layer is inserted between electrodes. The electrodes are
referred as bit and word line, and cells can be selected with different bit and word line. The
purpose of buffer layer is still in debate [45] , [23]. In our study, we used an ultrathin layer of
Al;O3 (2-3 nm), as buffer layer. Two sets of samples were fabricated with different positons
of Al,O3 layer, and different I-V curves and impedance were presented, in order to investigate

the function of buffer layer.

W electrode

Ag electrode

Figure 31: The planar view of crossbar geometry.

The cross section view of INERT BUFFER and ACTIVE BUFFER are presented in Figure 32
(@) and 32 (b). The conductive filament is expected to be formed in the chalcogenide GeSe
layer rather than Al,O3 layer. Figure 32 (c) shows the atomic microscope image of Al,Os
layer deposited on the W electrode. The Al,O3 layer is expected to consist of particles or
islands, due to the short duration of laser deposition. It can be found from the AFM image of
Al,O3 layer, that the surface is formed by particles ranging from 0 to 12 nm in height. It is
much larger than the expected value of ultrathin Al,O3 layer from calibration of ellipsometry
(2 nm) (Figure 32 (d)). Therefore, such roughness might be contribution of both Al,O3 layer
and W layer.
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Figure 32: (a) The cross section view of INERT BUFFER device, (b) the cross-sectional view
of ACTIVE BUFFER device, (c) the atomic force microscope image of ultrathin Al,O3 layer
(2 nm) deposited onto W layer, (d) ellipsometric data fit for Al,O3 layer used for calibration
(14 nm, with duration 40 s).

The impedance spectroscopy of the sample was measured with W/AI,O3/GeSe/W stacking,
which the resulting spectrum is shown in Figure 33. The resistance is 7.4 x10° Q. Only one
semicircle can be identified, which indicates the Al,O3 layer does not completely cover the W
electrode [65].
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Figure 33: The impedance spectrum measurement of sample and equivalent circuit is

presented in Figure inset.

Figure 34 shows the I-V curve of resistive switching, in which the bias range and current limit
are set differently between two samples. INERT BUFFER sample (see Figure 32) shows
typical resistive switching cycle with SET bias approx. 1.2 V and RESET bias approx. —0.4 V,
which is comparably higher than that described in literature [66]. Such difference is possibly
caused by the buffer layer in reducing the leakage current and therefore, improving the SET
bias. The linear independence of I-V curve proves the existence of metallic conductivity
filament in INERT BUFFER sample. On contrary, the 1-V curve in ACTIVE BUFFER
sample (see Figure 32) exhibits diode behaviour and fluctuates from 1.0 V to 3.0 V and the
corresponding threshold bias for current ramping up is 1.2 V. Moreover, the current limit is
not set for ACTIVE BUFFER sample and current shows the increasing tendency up to the
maximum bias of 3.0 V. Therefore, it can be assumed that no metallic filament is formed in
ACTIVE BUFFER sample.
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Figure 34: 1-V curves: (a) INERT BUFFER (b) ACTIVE BUFFER sample.

R. Soni [45] reported buffer layer as an intermedia for filament growth and C. Schindler [23]
reported that it limits the diffusion of Ag ion. In our case, we put forward a different opinion
that the function of the buffer layer is to separate the contact area of electrode into several
small independent regions. Thus, ultrathin island-like Al,Oz layer is designed as buffer
material for its selective possibility to form Ag filament and Ag concentration is kept almost
constant between the INERT BUFFER sample and ACTIVE BUFFER sample through photo

doping process, in order to prove its influence.

As described above, the positon of buffer layer determines the behaviour of device (resistive
switching or diode), and the mechanism is explained in Figure 35. As the buffer layer may not
complete cover the underlying thin layer, it would be more reasonable to assume that the
filament is not able to be formed within buffer layer as is schematically shown in Figure 35(a).
As the result of that, the Ag ions tend to nucleate in the uncovered regions, under bias, which
finally results in formation of the conductive filaments. Figure 35 (b) shows the situation of
buffer layer lies at interface of Ag electrode and Ag doped GeSe layer. Under bias, the Ag
ions are less likely to be nucleated either at the Ag or W electrode. Instead, Ag ions might be

accumulated at the Ag electrode and causing polarized distribution.
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Figure 35: The schematic picture of mechanism in (a) the INERT BUFFER sample and (b)
ACTIVE BUFFER sample.

Furthermore, the redox reaction of Ag species does not proceed; instead, the cell is turned into
a capacitor. The increase of the device capacitance would lead to large charging current. In
summary, the creation of filaments highly depends on the nucleation, which can be facilitated
by inducing isolated regions of inert electrode. Moreover, it also proves the growth of
filament is started from the inert electrode towards the active electrode, which fits the TEM

observation result described in literature [56].
5.2.2 Summary

Two samples (INERT BUFFER, ACTIVE BUFFER) are designed to study the function of
buffer layer. Due to the different stacking sequence of buffer layer, the resistive switching
behaviours of devices are completely different, which the current increase in INERT
BUFFER and ACTIVE BUFFER might be caused by metal filament and capacitance change,
respectively. The main function of buffer layer is to facilitate the nucleation of filament.

5.3 Needle contact geometry
5.3.1 Introduction

The device fabrication with needle contact geometry is similar as the spot geometry: The
300 nm Ag thin layer over coated by 237 nm AsS, thin layer was carried out onto silica glass
substrate without mask. Insulating AsS; thin layer was then modified into ion conducting
AgxAsS; by photo-induced dissolution and diffusion of Ag due to exposure by a mercury

lamp illumination for 30 minutes under pure N, atmosphere (4N purity).

The measurement was carried out by Keithley 2602, in which the positive W needle probe
was contacted with the Ag electrode and negative W probe needle was contacted with the

sample surface. Therefore, the negative probe needle behaves as a floating electrode, and the
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size of needle tip (radius 100 um) determines that of negative electrode. In contrast to spot
geometry, needle contact geometry is simpler (without preparing top electrode), and contact
region can be observed under SEM for further analysis. Meanwhile, the disadvantage is the

risk of thin layer penetration by needle probe.
5.3.2 The resistive switching curve

Figure 36 shows the schematic picture of experiment setup and the pulses. It can be clearly
seen that the maximum voltage and minimum voltage was not set with the same value, in
order to facilitate the dissolution of filament. The surface morphology was observed by
optical microscope Olympus BX51 and by scanning electron microscope JEOL JSM7500F

with secondary electron mode.
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Figure 36: (a) The schematic picture of experiment setup, (b) the pulses of algorithm.

The experimental result contains electric testing (I-V and I-t curve) and observation of surface
morphology. The algorithm provides the SET voltage (Vset). The double voltage algorithm

provides formation of conductive filament below SET voltage (Vsgr).

Figure 37 (a) describes the 1-V curve in one cycle. The SET voltage is 0.35 V, which can be
understood as the conductive filament formation within single pulse length (0.1 s). It can be
seen that SET voltage (Vser) is much smaller the RESET voltage (Vgreser), and the filament
after RESET process is not completely dissolved. The conductivity of filament is not linear,
demonstrating the “leakage” of current. The term “leakage” means the current do not only

flow via filament but takes part in the other process, for instance redox reaction of Ag ions.
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Figure 37: 1-V loop curve of Ag/AgAsS,sample.
5.3.3 The observation of sample
5.3.3.1 The front side image of sample

The direct observation of conductive filament in chalcogenide thin layer has been reported by
the help of in situ TEM in many papers [32]. The conductive filament was also observed in
Ag/H,0/Pt structure under optical microscope [21]. As discussed above, our floating
electrode facilities the observation of sample surface before and after creation of the filament.
The filament was set as “ON” state, before surface observation. After surface scanning, the
sample was broken by diamond tip impact and the cross section was prepared for SEM

observation.

Figure 38 shows the surface morphology of the Ag-doped AsS, thin layer After SET
operation. In Figure 38 (a), Ag particles with different size are apparent that were deposited
near to the contact point (labelled as “b”). Figure 38 (b) shows SEM image of this
corresponding region highlighted in Figure 38 (a), which shows more details about the Ag
particle precipitation induced by the tip of pin probe. The imprint of a tip has a diameter of
approx. 20 um. Figure 38 (c) and Figure 38(d) shows the SEM image of silver particles with
different sizes corresponding region marked in Figure 38 (a), which might be induced by

leakage of current.

The cross-sectional view presented in Figure 38 (e) shows several Ag filaments in the
AsS,:Ag thin layer, and Figure 38 (f) shows the enlarged image of the box of Figure 38 (e).
On the top of thin layer, a layer consisting of series of Ag particles is shown. As the Ag layer

was bonded with the chalcogenide layer, it is impossible to distinguish each component. It has
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been reported that the filament itself could increase the mechanical stress to the thin layer [67].

However, no mechanical delamination of the layer was observed in the filament region.

Substrate

Figure 38: The surface morphology of thin layer memory cell, (a) Optical image of pin probe
contact region, (b) SEM image of pin contact point, (c) SEM image of surface particles, (d)
SEM image of tree branching, (e)-(f) cross-sectional images by SEM showing Ag filaments in
detail.

5.3.3.2 The back side of the sample

As described in reference [20], the decay of memory cell can be due to the contact loss of Ag
electrode. Thus, the SEM image of back side electrode is an important evidence. The memory
cell was “scotch taped” to another glass substrate and peeled off, in order to observe the back
side of Ag electrode. As shown in Figure 39, the Ag electrode was porous, and multiple
islands can be identified. The loss of Ag can be explained either by Ag dissolution during
photo doping or the oxidation and migration under external voltage. The further development
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of Ag “etching” might cause the completely loss of electrode contact, resulting in a constant

high resistance at last.

Figure 39: The SEM image of Ag electrode from the back side after switching.

From Figure 40, it can be seen that cross section of multilayer thin layer, in which photo
doped AsS, layer, Ag layer and silica substrate are stacked from the top to the bottom. Due to
the distribution of electric field, the “etching” of Ag thin layer shows different tendency. The
Ag reduction marked on the right side is much heavier than the left side and a “hole” in Ag
layer can be identified. The contact loss happened between the silica substrate and Ag layer,
rather than the Ag layer and chalcogenide thin layer. In the other words, even though the Ag
layer converted into Ag ions and migrated into the chalcogenide thin layer, the conductivity
was still maintained with Ag layer. However, the memory cell would be fragile, after Ag layer

reduction.

Figure 40: Cross section of multilayer thin layer (AgAsS,/AQ).
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5.3.3.3 Electron induced particle creation

It is worth to mention an electron beam induced particle formation was observed, during SEM
imaging. Photo surface deposition has been known for chalcogenide thin layer, on which Ag
particles are deposited during the light exposure. Photo illumination provides main driving
force, in comparison with electrons emitted from SEM [39]. During imaging, we found a
similar effect, which an Ag deposition caused by electron beam emitted form SEM gun. A
test was designed with different exposure time and accelerating voltage on photo doped AsS;
to clarify the phenomena. The similar effect was also observed in TEM, in which the
accelerated voltage is much higher than that in SEM [68]. However, it is still interesting to
know the dynamic for Ag particle growth, as it may affect the SEM observation of Ag doped
AsS; thin layer.

The SEM image was taken by JEOL JSM7500F and the relevant parameters are shown in
Table 5. The JEOL JSM7500F is an ultrahigh resolution field emission scanning electron
microscope (FE-SEM). The improved overall stability of the JSM7500F enabled us to readily
observe our specimen at magnifications up to x1,000,000 with the guaranteed resolution of ~1
nm. It can be seen that the exposure time was 300 s under x100,000 magnifications

(compared with 600 seconds under low magnification).

Table 5: The parameter of experiment with SEM.

Magnification Time for image | Voltage (kV) Mode
(seconds)

x20,000 0, 30, 60, 90, 120, | 15 Secondary electrons
180, ..., 600

x100,000 0, 30, 60, 90, 120, | 15 Secondary electrons
180, ..., 300

Figure 41 shows the generation of Ag clusters, under the exposure of electron beam emitted
from electron gun of SEM. In Figure 41 (a), there were some Ag nuclei deposited on the
surface, which were developed from photo doping and photo surface deposition. From Figure
41(b) to Figure 41(f), most of Ag clusters were grown from nuclei and the growth dimension

was along three dimensions. The situation was similar as heterogeneous nucleation of crystal
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[69]. Nevertheless, the morphology of Ag clusters do not share any common geometry and

the scale of Ag clusters varied from approx. 1 um to 100 nm in Figure 41 (f).

Figure 41: The selected SEM images (x20,000) of Ag clusters; (a) 0's, (b) 90 s, (c) 180 s, (d)
360 s, (e) 480 s, (f) 600 s; the nuclei are highlighted with yellow circle.

Figure 42 shows the static data regarding with total number and the maximum diameter of Ag
clusters obtained from SEM image (Figure 41). It can be seen that the number of Ag clusters
was quite stable in the time from 0 to 600 s, which increased only from 6 to 8. During this
time, the maximum diameter of Ag clusters increased from approx. 450 to 800 nm in the
initial 200 s, then kept stable at 900 nm till 600 s. Therefore, during 200 s, the growth of Ag
clusters was the rate dominating process, and the equilibrium size of Ag clusters was obtained
from 200 s to 600 s. As discussed above, the total kinetic of the process resembles
heterogeneous nucleation [69]. Clearly, most of Ag clusters grew up from photo-induced
nuclei. However, infinite dimension growth did not continue under prolonged exposure of

electron beam.
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Figure 42: The statistical data obtained from SEM image with x20,000 magnification. (a) The
number of clusters developed with time per area of approx. 1.2 x 1.2 um? (b) The maximum

diameter of clusters developed with time per area of approx. 1.2 x 1.2 pm?.

Apart from the ‘heterogeneous nucleation’, a weak homogenous nucleation process can also
be observed from Figure 43 (a) to (f), in which the embryos formed under electron beam from
SEM. Figure 43 shows the enlarged image of Figure 41 creation from 0 seconds till 360 s
under x100,000 magnification. From Figure 43 (a) to Figure 43 (b), the Ag ion started to
agglomerate and several small nuclei, shown in yellow circles, had formed. Nevertheless, it
can be found the initial nuclei did not overcome a critical size, i.e. they were not developed
into clusters. In next step they were replaced by a new large single nucleus which overcame
critical dimension of crystal formation in Figure 43 (c). And in Figure 43 (d), the larger
nucleus had developed into an Ag cluster. Only the nuclei comprising the enough size of

dimension can grow into Ag cluster.
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Figure 43: The enlarged SEM image (x20,000) of Ag cluster formation; (a) 0 s, (b) 360 s, (¢)
480 s, and (d) 600 s.

Figure 44 shows the image of Ag cluster growth under high magnification (x100,000). The
region for observation was selected without nuclei, as shown in Figure 44 (a). All the Ag
clusters were induced by the electron beam form SEM. It is noticeable the Ag cluster in red
circle, which appeared in 150 s in Figure 44 (b). At 180 s, Ag cluster in yellow circle
appeared and the dimension of Ag cluster in red remained unchanged. However, in Figure
44 (d), the Ag cluster in yellow circle grew up, while the Ag cluster in red circle was partially
dissolved back into thin layer. The similar phenomenon was also observed in transmission
electron microscope with accelerating voltage 120 kV [68]. The bilateral behaviour offers a
possibility of new type of ionic memory, if a regulation method is utilized to control the

growth and dissolution of Ag clusters, such as modification of electron beam intensity.
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Figure 44: The selected SEM image (x100,000) of Ag clusters and Ag-rich regions; (a) 0's, (b)

150's, (c) 180 s, (d) 300 s.

Figure 45 shows the statistical data obtained from SEM image (Figure 44) with x100,000

magnification. As the higher magnification was used, the exposure time was shortened to be 5

minutes, compared with 10 minutes in Figure 39. The number of clusters in Figure 42 (a)

exhibits a saturation value, since 240 s. And their total number is below 10. The maximum

size of clusters shows an increasing trend up to 500 nm, as shown in Figure 42 (b). The total

process can be summarized by two parts: 1) the nucleation of Ag embryos between 30 s and

240 s, and 1) the growth in diameter after 30 s.
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Figure 45: The statistical data obtained from SEM image with x100,000 magnification: (a)

The number of clusters developed with time per area of approx. 700x 700 nm?® (b) The

maximum size of clusters developed with time per area of approx. 700x 700 nm®.
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Figure 46 shows the SEM image of AsS,/Ag bilayer prepared without photo doping, which
was irradiated by electron beam at 5 kV at x1000 magnification. The grey rectangle presents
the irradiated region and the white background is the AsS, thin layer. It can be clearly found
that no Ag particles were deposited on the top of the thin layer sample. Therefore, no electron
beam induced Ag doping was existed. That might be explained by the nature of photo doping
effect. The initial state of AsS, layer after deposition is the polymerized and relaxed in the
photo doping process. It is a photochemistry process, involving both photo and thermal
influence. Therefore, electron beam cannot induce the polymerization of the AsS, thin layer,

which is properly the perquisite for Ag doping.

Figure 46: SEM image of AsS,/Ag sample irradiated by electron beam at 5 kV at x1,000

magnification.
5.3.4 Summary

In this chapter, we demonstrated a resistive switching measured with a needle contact. The
cross section of thin layers was observed by SEM and the Ag filament was identified. In

addition, an electric beam induced surface deposition was also discussed.
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5.4 Tip (conductive AFM) geometry
5.4.1 Introduction

Conductive atomic force microscopy belongs to the group of scanning probe microscopy,
which offers not only image of surface morphology but also the spread current map under
bias. Therefore, the resistive switching can be studied via the biased AFM tip, which can be
realized by either stationary or scanning mode. Stationary mode can be understood as biasing
via immobile tip, which would output I-V curve. The biasing of scanning mode is done by
mobile tip, taping the surface, which output is a spread current map. In our study, we adapted
scanning mode, in order to obtain the distribution of conductive filament. The sample
preparation is exactly the same as the needle contact geometry sample.

Morphology of the thin layers (cells) was investigated by a scanning electron microscope
(JEOL JSM 7500F), and further analysed by ImageJ software. The resistive switching of the
cells was evaluated by a conductive atomic force microscope (AFM Solver Pro M, NT-MDT;
Russia) with a silicon probe coated with the Cr/Pt layer, scanning first from 10 mV to 100 mV
and then from —10 mV to —100 mV with bias step 30 mV. The tapping mode was selected to
investigate 1) the in situ surface morphology of the memory cell, in particular volume changes
and 11) the spread currents. The screened area had a size of 3 x 3 um® The optical images
were measured by optical microscope (Olympus BX51), in which reflected mode and
transmission mode can be selected. However, the measurement of chalcogenide thin layer,
especially as-prepared Ag-doped thin layer, could be problematic, due to the photo induced
phenomena. Moreover, focused light beam could induce surface oxidation, turning AsS, layer
into poisonous As,0s-based oxides. In addition, the Ag doping could also happen during

photo accumulation, in which yellow AsS, layer was switched into red AgAsS; thin layer.

Specifically, Ag deposition on to the surface is intrigued after photo doping, during prolonged
illumination. Observation of resistive switching by conductive AFM is not a new topic [70].
Resistive switching in oxide and chalcogenide thin layer can be studied by conductive AFM.
In general, there are two methods: 1) scanning of specific area with different voltages by

taping mode, I1) another is applied voltage at a fixed point with a stationary tip.

The resistive switching scanning with a stationary tip was widely used [71]. As the small size
of AFM tip (20-60 nm), the Ron and Rogr difference can be as high as the sample with
electrode prepared photoresist lithography. The area after switching was taken for AFM

scanning with tapping mode to find out the conductive region However, the leakage of current
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for such mechanical contact is also very high, in creating Ag particles on the surface of thin

layer.

In our case, we used area scanning with tapping mode to induce filament and dissolve
filament. Spread current map and morphology map were recorded with changing of applied
bias. As Ag ions were doped through photo doping, the sample can be influenced by the
external illumination. Specifically, the photo induced electrons and holes at interface would

affect the filament distribution.
5.4.2 The maps of surface morphology and distribution of spread current

Figure 47 shows the surface morphology of the cell. As one can see, the surface consists of
Ag particles (with different dimensions) grown on the AgxAsS; layer by the OIDD process.
Based on the particle size evaluation, shown in Figure 47 (a), it can be seen that number of
surface particles decrease (from more than 30 to less than 5) with the increasing diameter of
particles (from less than 200 nm to more than 650 nm). Moreover, the particles are uniformly
distributed over the surface of whole cell. Figure 47 (b) shows an enlarged image of the Ag
particles. From these observations, it can be deduced the Ag particles grow up with a different
speed or different growth time upon the illumination (using OIDD). Figure 47(c) shows a
scheme of the C-AFM measurement of the thin cells. The positive electrode consists of the
Ag layer and the negative electrode consists of the C-AFM tip utilized for analysis.
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Figure 47: (a) SEM image of Ag particles grown on the AgxAsS; layer by OIDD (The inset
shows the Ag particle size distribution on the layer), (b) an enlarged SEM image showing Ag
particle in detail, (c) the scheme of experimental setup.

Figure 48 shows the optical image of the tip above the Ag doped AsS; thin layer before and
after applied voltage. It is noticeable that the bias was applied in relative high and long time
with stationary tip. And Ag precipitation was observed as branching structure, initiated from
the AFM tip. That situation should be avoided by applying short pulse of bias and gradually

increase the bias.

Figure 48: Optical image of conductive AFM and its tip, which shows tree branching after

applied with 2.5 V for 1 second ((a) before voltage applied, (b) after voltage applied).
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Figure 49 shows a sequence of topographical maps and spread current maps recorded on the
surface of AgxASS, in various periods of the switching cycle. In the 2D topological map
shown in Figure 49 (), it was recorded before any external bias was applied to the cell. Three
extra-large spots can be distinguished that represent Ag particles created on the AgxAsS; layer
by OIDD. The corresponding spread current map in Figure 49 (a) revealed an interesting
phenomenon that can be entitled “inversed current flow”. In this case, the current flows in the
opposite direction (than expected considering the polarities given in Figure 49(c) ) due to
some kind of surface charge, in the same way as xerographic photoreceptor within coping

machines [72].

Figure 49 (b) corresponds to the case, when a bias of 70 mV was applied to the cell. It can be
seen that almost no volume change occurred under this bias. However, the cor