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Research Title: Fabrication and characterization of flexible memory device from poly(9-
vinylcarbazole) (PVK):silver (Ag) nanoparticles composite thin films prepared by spin coating
technique

Researcher: Assist.professor Dr. Korakot Onlaor

College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang

Abstract

Multilevel memory devices were achieved using silver nancparticles (Ag NPs)
embedded in poly(9-vinylcarbazole) (PVK) with a structure of ITO/PVK:Ag NPs/Al on g¢lass
substrate. The current-voltage (I-V) curves of the memory devices at low reading voltages
showed different states of current (OFF-, ON- and INTERM-state). The memory devices
exhibited non-volatile rewritable ~memory  characteristics. The carrier transport
mechanisms of the devices in each state were analyzed by theoretical models based on
the experimental |-V data. In addition, retention time measurements showed clearly
different current states with good data retention properties. In addition, the optimal Ag
NPs concentration at 6 wit% was used to fabricate the flexible multilevel memory device
on polyethylene naphthalate (PEN) substrate. The device showed clearly multi-switching
behavior. To explore the influence of bending on flexible device performance, the
substrates were bended during operation. However, the number of cycle test showed
that the fabricated flexible multilevel memory device could retain conductivity in the

OFF-state, ON-state and INTERM-state without much detericration.

Keywords: Memory, Flexible, Silver nanoparticles, Ag, Polymer, PVK, Composite
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A15190 2.1 fgsuazauviingveIgadyagudmiumneAILT a9 [10]

Cell Element Type Non-volatility Retention Time
1T1R or 1D1R [A] MRAM Non-volatile > 10 years
Phase Change Memory Non-volatile > 10 years
Polymer Memory Neon-volatile > 10 years
Molecular memaory Non-Volatile > years
Insulator Resistance Change Memaory Non-Volatile > years
1T1C [n] DRAM Volatile ~ seconds
FeRAM Non-volatile > 10 years
1T [n] FB DRAM Volatile < seconds
Flash Memory Non-volatile > 10 years
SONOS Non-volatile > 10 years
Nano Floating Gate Memory Non-volatile 7 > 10 years
Engineered Tunnel Barrier Memory Non-volatile > 10 years
FeFET Memory Non-volatile > years
Multiple T [] SRAM Volatile large
STTM [] Volatile small

[(A] 1T1R-1 transistor-1 resistor 1D1R-1 diode-1 resistor 1T1C-1 transistor-1 capacitor 1T-1 transistor FB DRAM-floating
body DRAM FeFET-ferroelectric FET Multiple T-multiple transistor SONOS-silicon/oxide/nitride/oxide/silicon
[¥] STTM-scaleable 2-transistor memory



A15199 2.2 magnvsavalulagnihaanudiuiagig q [10]

Insulator
Polymer or
Nano-floating Ferroelectric Resistance
Properties organic
Gate Memory FET Memory Change
Memory
Memory
larization on a
Charge on Multiple
Storage Mechanism ferroelectric Not known
floating cate mechanisms
gate dielectric
Cell Elements Jde 1T 1T1R or 1R 1TIR or 1R
1 M-I-M
2 Solid
Electrolyte
1 Nanocrystal
FET with FE gate 3 FE M-I-M (nc)-I-
Device Types 2 Direct
insulator tunneling M
tunneling
4 FE Schottky
diode
5 RE-I-FE
Minimum
<15 ns <15 ns <15 ns <15 ns
required
Read Time
Best projected 25ns 25ns <10 ns <10 ns
Demonstrated 20 ns 20 ns 2ms ~10 ns
Minimum Application Application | Application
1 ps/10 ms
required dependent dependent | dependent
Write/Erase
Best projected 1 ps/10 ms 2.5 ns <20 ns Not known
time
W: 1-10 pis
Demonstrated 500 ns 25 ns <10 ns
E: 10-100 ms
Minimum
>10y >10y >10y >10y
required
Retention Time
Best projected >10y >ly >10y Not known
Demonstrated >200 hours 30 days ly 6 month
Minimum
>1E5 >1E5 >1E5 >1E5
required
Write Cycles
Best projected >1E5 >3E16 >3E16 >3E16
Demonstrated >1E4 ~1E12 ~1E5 ~1E6
Write Minimum Application Application Application | Application
Operating required dependent dependent dependent | dependent




Insulator
Polymer or
Nano-floating Ferroelectric Resistance
Properties organic
Gate Memory FET Memory Change
Memory
Memory
Voltage (V) Best projected >3V <09V <05V Not known
Demonstrated 6V +6 V 0.24 v ~+2 V
Minimum
25V 25V 25V 25V
Read Operating required
Voltage (V) Best projected 0.7V 0.7V <0.2V ~1V
Demonstrated 25V 25l 0.2V ~1V

2.1.1 whemuswiadgunnudiumuaniy

Tassarsfiugiurasmisenassiinndoummdumuaufelassadauuy Tave/
awu/lave (metal/insulator/metal: MIM) Svarffandnnisaanssuannlasadrudainnseuash
Pfisnvan JuBanoita %uamuﬂngﬂa%ﬁamﬂ TiO,, NiQ, Al,O; %39 SrZrO, ﬁgmimﬂﬁm’lms
wWu Cr mstuiindeyasnsanszyililasmsteudiriusising Tiunlerseadas MM Gsanansa

b7

MlimuAunsUasuLUaIAEaunIus Y elasE T EnIIEA AL UM WA A g dle

Wy nameastinAnseuanazuswusulATAI Au/SrZrOsCr/SrRuO; (1] Fakanslugud
) 1 < a O 1% ' & s
2.1 oy Au Aoulavsemuuy luuaey SiRuO; Aetulansmiuany wag SrZr0; Aetuauluiign

lavdne Cr  dwdunisduteyansevitalaanisteudndluirlussauiisn nigaiiinldinnis

WaguwUaImnUR UL ASIES MULAINNSIAANSELE [12]

b N g L e s o 100 E
40 f 3 : 3
20} ] 10} '
g_ Ot b B = ]
g iy !
-20 ¢ 1® :
0.1 4 “;E E

-0.5 0.0 0.5 -0.5 0.0 0.5

Voltage (V) Voltage (V)

(n) (%)

= o @ a w )
UM 2.1 anwauzlanzraInssualazlsiny (n) Wadu way (1) aanany



Current (A)

{ 2 i i

2 3 4 | 5
Voltage (V)

l:‘ . </
SUY 2.2 aNWUELANIEVDINTLUALASLIIAU

u

2.1.2 wiheanudainnedues

wiagAudiainwodiaes TuariuidussaudfansAssdr duniduaraviadiinun
ymsAnwiazdnedlumhemusszond flesadrefivoe dtunsdmesviatuaisiaih
fagsewindlany lnsensadauunlfifulassed it uiisnaslnssadaiuvaiudu @y
Tssaauvuautuildansisiaia 2-amino-4, 5-midazole-dicarbonitrile (AIDCN) [13] Fauans
Tusut 2.2 foumnseszninamhsrmdadindfunihsmmdrdaudsumafuniuauiude

& o e A o o e - - &
Fulavzun q AAunansevIntuiday Ingdidiauedinalanisiivusyyuadassadtilifetulutu

¢ Aa 1 v =3

fdulanzune 9 wieauainvuiawiluluduidaniidneandunguioudn q Ansyareded

q

avavanarlulidouroduiuifeniusgiawmaiiiad [12]

& , 4

2.2 Tassa¥eiugiuvesgunsainmizzamudnuily
dmivlasaiavesgunsslmhemudawuvaesanugiidandunuimlugiavans Ui

11 warlafinasfnwiimurSesudauisoudseanliibuausuuuinuiulaveslumaiy 9

UL UBEAINIAI5N
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TAseasawuutuLRen (10)

Y a

fvidlulassasraidunediostuien

87
s

- E@shuvSavsaansatunsaTuULRe

- sdavuveslavizesnlun

InaandRvoseyniavunnunly (nanoparticles) nsgatefly

A o vy &
- aynrvuauluimhunlginseunrvedlansuazeynia
vagsiediih
- 19 BUNATDY WY, WU, CdSe, ZnS, C60, PCBM uaz

DU

anfvauifanzvasiuiiduudans Ngnunsnagniely

< gulangazviawmdnlunisinuaziiulsey Fainlven

gunsalansasdsuanuzlunisinlninle

2.3 nalnn15119IUaIgUNIAINYIBAUITUUEBSRRUE

gunsaimhon e dueunsailannsoaenaisiainibdunis, efluvis, wedles
wazlavzoonluslulassaieilidudou dwmiunsiufinuazsrudeyaatnsnvlalagnislini
ssfndunsgunsal dlsiAaniswSsuudasmusunufatuneluiardmaiigunsaiuans
audRvamhomnudieenin Tnerussnssuafiaanzgaions “aousia (ON state)” uagi
anugAFendn “anuzln (OFF state)” Tnelidhndiuvesminsiafidorusdnfuaniuzla

Juegiuvlinvesgrsismifidunlduaz juiuulassainwvesiiaUnsal Fansaulasasene

2
)

2 & o & = 2 ¥ da
laseasuuutuien, lassasuuviuifesinauayniruinauily waglassadauuvanutuiiiy

Tanguns 9 Wudunans Feazdinalnlunmsihaufiuansneiu [12]




2.3.1 lAseasauuutuLhen

Current (mA)

Pristine

Reformed

g o i

5UN 2.3 (n) dnuazianizuaeniziatasiaeny waz (1) nalnnsvinauvasgunsaimheniud

wuvdasan Uz d s ulaAs IS 9 TuLAa [14,15]

Iﬂaﬁ"ﬂﬂqﬂﬂiniwﬂwmm'«iwLLUU%"M%ED%L"‘fJuImqa%mew Tang-an3fiedilaves (MIM)
Feordundnnsinnssiariulasiaisesiguniniudrinnszua dwdunalnmsvhaudenalnd
Anannidulelavs (metallic filaments) 913Ut 2.3 WovhmswSauifleusening 5U (1) uag (v)
TuthaSudu (pristine) Aussiulniin 0 Fe+2 Taadnrsdnaiiandi sdmndudedn gl
Qaﬁumﬂﬂ’h +2 Tad meluduansissieziinnsiedeufivemnue Judumaanizauadn
(formed) sihl¥nslnavasnszuadululiing Sufnnsdeuanusananuzlaluganue da
nrnduiladndlniufisgeiutszann +4 Taad nszuasrSuanauiosainidunmandeud
gaawmzdudumaanizowadn fduilldfundnuiinnduldasildifannudouiy
meludunmnsindouiivemive uagileaumginmeludunsivuinadradsdimiumn i
fufiaerldumamariiianisuanasn (rupture) Sewildianuanmnselunmsihnsyudanas waz

lugurasansisitaiusaaituduniinisiadeufiveswveunnlalviilloguvganas

(reformed)



2.3.2 lassadrauuutufenfinauouninvuinuily

107 /

! @
104 ITo @
TO/PVK-0.2% CNTIA!
4 a3 2 A @ 1 2 3 4
Voltage, V (V)

s
(3

N

Al

10"

Current Density, J (Atcmzj

ITO

o] _ITOIPVK-1% CNTIAI
YFE I I 3D A

Voltage, V (V)

Current Density, J (Ncmz)
3
&

o
8
<
-
2
w
=
@
[a}
‘;é; ! y
E el T ITOPVK-2% CNTIAI
3 P53 alNEFY T R

Voltage, V {V)
<«
§ ..
a 107 -
5 /—‘ o e n_..__.e Al
=i 2 &7 @
[ 1o —Neemsemt o
3 104 = = = &2
< ITO/PVK-3 % CNT/Al

1

gw‘ ; . - : ; - - .
(4] 4 -3 -2 -1 9 1 2 3 4

Voitage, V (V)

(n) ()
A e ot o ¢ o .
JUN 2.4 () dnuazawzrsnszualassiu  uay (0) nalnnisihnuvasgynsaldmsy

lassadauuutuRginadeynATuInuIly [16]

gunsalniiganudlasEsawuutuRgNnaneyarvInun luaslidnwusuazisluns

o o s o n’j = =l ] o o Vo 3 ] o 1 I I
asneansiulassadsuuTuee gaugansimhunlsidutuyingu (active layer) drulugauiu
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weAwesidosmndedimsuansyaiavuinuiluadiluasfimudniunasdowilveuniamaiu

nsyanefagsaiaue wu lassairdilduriearsvouvuiaunlu (CNT)  wauasldly poly-(N-
= P ' =

vinylcarbazole) (PVK) [16] @1ngu# 2.4 WevimsiTauifigusening U (n) wag (v) wimaw

2/

34 ! e = & oo
bUNYUYBY CNT 0.2% %"L:uL,Lamafuummﬂw%Lmuaa&amuxLuaqﬁ]’maqmﬂmm@uﬂﬂu‘uumu
Ao o v o A da i ) s & tar o § o =
nlanwzilunguiowdn q wisfidunindawes (clusten) dusgvinsiusnniiinisindeuiives
BldnasounAumlmisldBnsunumis (electron hopping) lalanunsainduldvinlinisi
Idnduldldenn whdleaududures ONT  WiuanTuiie 1-2%  viliAanisnszanedng

| | a a &£ uyw A [ v ol &
wangaunnsiAuivesdidnaseuiansaietuld lae PVK fiagseu 4 CNT agvihmthiduty
Andidnnsou Fuilbisnunsaliiamsiasuantuzatnaniuzlaluganusdn lunanssiudu
winUSunawes CNT SuafiulUauvldnguioues CNT eglnaniumnn fagvhldnisindeun

a a =i I g o o ° daym 1 a s =f i v
yaedidnasouilmnunasssigailiianisualivhnalifen1sdulsey Jaliuwansandfnuaes

anuz ity [12]

2.3.3 TassadsrauvarutunitulansJutunans

%
¢ i Do A Ty B die i i

[ @

A o o gl
JUN 2.5 (n) dnumzawizveInszualasuswiu waz (v) nalnnisviheauvesgunsaidmiy

Tassaseanutuniitulanguns 9 unsn [17]
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9 [y & 1 o

AU UNTAUVU8ANUR

1
1% '

SEUINeTUUeE1ThesnUn Feividnunznstiluinuuanuins @rvtadeany) warldauuing

wuvassanurlulassafuuvanudunlduveslangunsnog

(Grsheniinny) lulassadnamduiinalniiviildifnaudfinlniuuuasanugaziinainnisen
JuuezUanUdssnivedelidnvasduieiulasahauutuse inaueynavuiauly i
] o o i - o (Y 9/ ) o wa = =
snsiuasumldunisdndunine dmivlulassaduvvautuasldnuaudfivesmudundn

yunuluiuauEsTRveteynAarumuluiingulunediwes 91n5UR 2.5 uraaweiiweaiandu

2s ]
v =l

Fudvimifitnnveldeglutuves ns1iiu (graphene) [17] Feawsaduldvisleauazdifnaseu

3
as

Fuegiuszaundanuuesasivihtiuazduagiuilaidunuvastalafidiwnly

2.4 AuauliRwIzvsInssuatazaud1adng

lumsimsgiianyammranandlTusTasnsZiawasmuaedng () fadudu
drfglunsasisseunalnnisvuesgunisintheaus leednvazvaansaw 1V azilunis
wansmuduRussenindinsziaiinaiugUnsal fusussiulwindld wezesgoldifuduys
Srdnlunistmuansfweifiugiuvessunsaliar suuuungiinasalussasiafin vy useduild
Tuns 91w 13ey

upnndanwazian iz aandusinnunodserIndeI i i ra s sadn Ul

U

=

TunsUsaidiuamaudavedangunisimaiil, msiedouiivesnvzuasUsz@vsamaainis
annme [18]
dnwaslanizan 1V vesnunsaindlasasiantu lave/asiwai/lane azgamuauleg

NSTUIUNSTURUGIU 2 NSEUIUNIT AD

- msaawangnda iU Suuesa sl

- NISLARDUNVESNIVE I UTUUBIANS NNRILN

InguniFnszuazgnimuualagndniavedn1slnniviense Indnfinveansinaeuives
wWinzliasanmuldnsaiurDIsEAUNa 1 Us Tl TuII Ut LA LA SEAUNE 99T UNIT
LAADUNUBINI UL VDIETITNIFIUN SIUDIAIUARDINIVBINTNL LAY NITANIUNIAL TUTUVIE15NY

L7 dl

) v & A a I a & v o = o = =] ] o & [
A1 sadunususose lavzdvaisndidl Jaluntisludseimudrdgisndulunisinau

latlenalnuagdnumgnisiwasgunsel

a ar s A s (-]
2.5 sagdudalansnuasnadaiii
segdudaszrInlaveiuansnisndiaglvanuuzantALswsulwiiuueanlmdu 2 ngdl

fa soedudaleviufln (ohmic contact) uaysosdunadoni (schottky contact) Ineunfinisldau
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WeolweussgUnsaineusnaziludnwazvossosduialovulia Fwzlddnaneanuiinmanislva

woenszud leenszuagnananivalavisansiinme wazilusesdudandauilniige

2.5.1 Tavigruans-Neiath luansaugariufounsunisdula

o W et

= n? L n:!! ar a = =3 1 [ -J i

Rsanfuaundauvaslanziazarsnsiindunaunisduda adugduuuiily

dwiumsfinuiml uanslugud 2.6 lnedsefundsnuiitends sedugeaanie (vacuum level
= s [ o v & [V = = ) = = s s 1 1

. Ep) vansdaszaunasunliduszausnsds weidunsiIsudisuseAundsanuseninedsang

VUANU 5(1\‘1L‘ﬁuiﬂﬂm‘uWa@QTU%QQBL&HW?BU%VIQ@@@ﬂVL'U?\]'mLu@ﬂ']‘ﬁslla\‘i‘ll@ﬂl,l,‘?dj\? LEsRERUIBEVIUILIN

as

Aanguenillaans luiulansavissiulailvealans (B 08a9nTIA1TEAUNANIUMEATDS

'
= 1 I

waud W (E) B9AIAINUUANATTIEMINTEAUMBITNAL SEAUAIRINIA (Sani TAtusuYes

[

lane Avauni1sf (2.1 Gawuneds amasnuiosandidnsseudosnisiievilididnnsoulu

AusoviqAeanuIMgniliegidanuuenaslay

_metal n
U S SRV | 1 ......... & VN SRl L, wt o, EO
qax
qds
d
qPm ,L_
................ " EFS
E;
metal=, Ev
n
d L2 L E!" al [:] 1 al s
E‘U‘I’I 2.6 58ﬁ]‘UWﬁNTU‘EJ8\‘115‘1/13LLE%ﬂWiﬂ\iﬁ]’JﬁWﬂ@Uﬂ’?‘iﬁMNﬂ
99y =E,—Ey, (2.1)
Q¢S = Er) - E]—S (22)

drumuasishihviadussiumoifzagludorirmdsnu lnvegainiissduinans

o

V09889INNEIU () erfsidunurasasisihddvindurnuuanssvesszduaggyinie
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s ad

uaysyAuiesivesansisiih (Ex) Maunsi 2.2 dumdidnnseuleni-URvesasndid ()
Al ANUANANYBINdIusERUgyInAfussaun s Fuduafdidnasouainsedu

9 & ° v 4 o a P~ a ada & o o a
wasnumanvawauthnissansiienvindeuiluveniiinnguenvesasieing lngaydl

i i e - & o o | aa a ) & w
ALBNANAUAUTLAVDIEITAWIUT LUU FEADU UAT 4.03 eV L TuURY

2.5.2 sovdudalavzivansnsinilunmvaunaniusaunasnsauda

et s o P oL \’
R . i i 5 Eo
N L= a(d-)
q Pon=q(Pu-) T+ 44 Ec
Erm . “ ...... T NG —Egs
- ._: . \.._‘_ ............. _Ei
Cmetal N Ey
n
& W 4
Depletion width

5UN 2.7 szrunaeiuuedlansiazasnsnuinainisdauda

Sovlanguazarsisinianduiaty uandusuil 27 1dosminafisitusuvesisaedl
wiritu Tneflasdusuvaslanzdnnandnilaidusmuvoansiai (g,>d) vlvsidnasau
annsawrdsufinnansissndiiiusesdudaludlany audaulessuuinniednuansiesg
Laziinlossuaunedulany uazvihlfAraunuinihduiu hasesdulalnedifanasediunis
\naeuiivasdidnasoulalliunsiilululane Feaunilwindnlfioundsnuuiinnsesdusiae os
asiasiAnnsTaetu Tnefinislfueveiaundinuduasisnihuinasodudatulane
fAunieInldnddula (contact potential : Vi) wsadiunsdndatalu (potential barrier)

a & Y s o o o v al Y = o a d ° =
Lﬂﬁ]‘uuiumuaﬁmm’m’wLLaSWW‘lﬁuW“ﬂﬂmﬂuﬂﬁLﬂaauwumaLaﬂm‘iaﬂul,,LﬂUquWﬁwmaﬁm

s ladlmdnluludulane  dawindusasieserneilanduauanla velasian U 1ans g

AdReaNnIg

aV,, =q(8y, —45) (2.3)
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E‘hummqaﬁﬂLquﬁnéwaa&é‘ﬂmauﬁmiam%a%Lﬂﬁauﬁlﬂéfmaﬁﬁqﬁ'aﬁ'l L3UN7N

Sunsnddend (Schottky barrier: G fiendsaunisit (2.4)
@V =ald —2 ) (2.9)

2.5.3 Ushiuvasanive

P (¥ a a & @ o =Y =] s =
sUN 2.8 LLE@%LLNUﬂWWiSﬂUWﬁGQ’]U‘U@QIﬂW%ﬂUﬁ’]iﬂﬁ@’JU?ﬂUﬂLﬂu Lhae Iﬁ‘lﬂ%ﬂ‘Uﬁ’]‘iﬂ‘ﬂ

U

v o oA v o & W - 1 i o 1
shdefinelifeulunsludadiuvandreiu Tuguil 2.8(n) sesseagluanizaunaniuioulid
nsbusa wazillalinistouussiuludansevifiusesseuandusun 2.8mw) uwazdmiunisleu

uwswiulusadounaduliiusesseuandlugui 2.8(m) Tuvnyludansdvifusessosdudalane fuans

87 L3

Aadnidadu (U7 28@)]  seeiuesisulaneavanmaenitduarsiadani dawalddng
NV INEITaRaI A M IzaNvRINTsUNS W e insAsuuUadlneBldnasauas
whsanEeansisinnludalanenadnnunsainlane lWdwnsnsiiuazilvdnszuauinilva

HusesrelagiflaunudndNnuia (Vy) udluragluoadoundulvnusesdudalaveiuansiein

= o o 1

yiludu [JUN 2.8() sedumesisndansazgnenglundiduarsiadinga dawalidndniwinu

U

(7

24 o o a X 4 ) o a 1 v =
?ﬂiﬂ*ﬂﬁ]’luqLWEJ?JULLﬁ&UﬁL?m‘iJa@@W']W%ﬂUﬂu']lllﬂﬁ']”ﬂﬂsnmiaamaﬂ?’]ﬁﬂu

al o £y o 2 Qs a =) =~
a3 neA e (n-type) MIfeantiad (p-type)

gV +Vy)

=] ) o @ = o o A v s W o & A
JUN 2.8 seAuwasuees landuansisiiwdadu (n-type) wazvodlanziuaisnsintuini
(p-type) nelaReulunisludanuandieniu (n) aunaaiiusou () ludanss uay (A) luds

Joundu
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2.6 N3RAWIizYRUNIRIUIBAITUT

d o 1 o
AN519Y 2.4 M19819NTTUIUNTUIVRIN Y [14]

Conduction Temperature Voltage
Expression
process dependence | dependence
Schottky —qlp, —JeTd) a7z, [ J ) |
J=A*T?¢ In| —|~= V2
emission & kT '] T n(J) ~¥
Poole-
- — gV ld)ze,
Frenkel J = Kexp 1@y el Dz, In(J) ~ L ln(i) ~ P12
- d kT T v
emission
Thermionic —(p—q.qV /4mde [ F J 1
J=Te ’ n| — [~ ~ Y2
emission e kT T:d T () ~F
Fowler-
2 3/2
—4d~\2m*
Nordheim LA B o 25 N/A In(Js) ~
d 3ghl Ve
tunneling
Space 5
charge J = 2 A N/A J V2
bt 8 d’
limited
Ohmic V —AE 1
J=—c¢ L In(J)~ =
conduction d xp[ kT J ( ) T J~V

A*=effective Richardson constant, ¢i3= barrier height, €= insulator dynamic permittivity, k = Boltzmann's constant, m* =

effective, d = insulator thickness, M = charge carrier mobility, AE,.= activation energy of electron, and AE,; activation

energy of ions

‘=l o l&‘ d’ ol L) o ot
A9 2.4 LEPINIIZUIUNITUINUTTULDIATNIAUD ﬂ’]ﬂEULLUUﬂixU?UﬂTiU?@Qauﬂﬂi

Tumsrsduanunsasnsieealaeadl

i '
o

fhadnagy Weatianszuiunismed-lulefdadliadunusiimsasss (Thermionic emission)

MInaannsINTEninesenIng In(J) ~ V' 2 agldnsnidsnwasi dudunse
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2.7 msanduninsluansneaanindunsd

Uszgwiveiignanagluansnemihtussgniandasgeanumdmnssesinaidiuly vie

u

2 a’s

a o 1A v W o v o & @
Aensnusilniferedssgwivenssinu lngaaugdnduoaimihniduisaauganiunie

gamugIiliAnnM T lnesstusdivgumiuagdnsdiuvasUSunammsdanniasnive

U L]

L

dretioy nansznuiiiulddaainnisindunineluansieauife dwansenusienuaudinis
whoulvaswng sizwivzazgninuasllausafidusalunisinaveanszua wisgralsinnu
wineiignivaziinasienisnseareaundlnirlutuvesaisiiedid wayvinantugdnduiinng
1 = ﬂl CI) Ei‘ o L d EJ 1
UanddegwnglulSuuadwefgiinlmiinfisan ngauganisinieud uazmnnislanuaes
& 1 17 3 &y 1 ¥ 1 o wa = ad & 2/
wivzulUagnetn o Tneansaviilviiniswinald fezdealminauauiRuuuiane3datu ie
= = a de o 4 o v o ° | 2 2
wena ol duanufgrunddayiinevihanudilatieiugusazilldnisussandldninugann

o a 4 ar [ & | ]
anuglunsandunmsiienvzimuanlugunsalmbeaiydsell

2.7.1 MSfinanuLAndY
1 A ot a d! @ o
wrasivesanIuandulug s Ae:
(1) ANUUIENS (impurities) [20]:  Wasnnufduiusseminsluanaiuluianaluansia

siihlaemivezdiruunwssannindedisunuugdunusanusenissluluanaios
Wieasivhildfianuigns @luanaunndmilasle) | szdundeuaninnis

}%
=3

dousiuiy vinliluteinsvesseaundsuinduan U fnduaiu

=

(2) daunnsasuasndn (structural defects) [20]: BausinansAssazdanuuSanslned

4
'

Tuanautgsyindeainig uiluardusdssiundsnuiniuouresansisiail
anunsafuualanlassEmsAiiiissedufen sgratulunsalusswediuainig
Bousafuresaitldasiinansenunosiundsany HOMO tay LUMO Janaialéd
anulilanysafvedlassaiiseanansad lugnmsidsuuuamesseAundanuld nely

nsflvamedllasAremINE U@ sl auRaf Ut dusulundndaunnsasd

2
=t

RTUazN1INUIIUVDUYDINEN (grain boundaries) TnetaunwiasveslasIasnaf

2 '
=y

WU EINARDAD UL AN UTILNN YU

= A

(3) MsYuAreINIME (geminate pairs) [20]: s nansisnifinuduawiuiisndad
wasugaouUnlus Ineleauazdidnasaunsfimuddyromsiiandsugaouy
\Wuedraunn fawddeeivanslulanafignuenesnainlsauazdidnaseuiniu Tnog

A = s 1 !
YDINMETAANI N IUARDNUILIFTENTT | geminate



At veduanal NZaNINAIAANTEIR

17

(@) M3induraasaes (selftrapping) (20]: Uszawmedruiulinazuilgnisidaglvas
TuanalagaghliAnmsanaswamdsay Fawmednanidlesufunsidousives
Tuanaudinaredudnwuzfseyninazgnizanit Inanseu (polaron)  uazdmn
Uszawmie 2 Useiimmsidfsuudaandouduagifondt lulwaiseu (bipolaron) Tng
Tumnandusdaudiinanseuiayluwarseulildanugdnduidominifuanunsondey
fuvsld usagslsfnumaindeuiivasinarseuuarlulnatsouasdaiundoaei
niwasszanmeasutitenn JulugUassadonsiadouivesiug Tngunindsny
druiussiidanadliinlunirdunsdlannseuliasisldfonsaninduaniugdndu
usdmsuluneiurasueasie 19U polythiophene %39 polyacetylene n1siinlwan
sounazludnansauaziinainnisanasuasnasulussaunaigios unzdlannsou
T lunsdidUssgnimeasgniuisanslsvosianodiuetios Tasnalndsnanas

BYNIINISHNIUAILFLDY

Y = A a ¢
2.8  MannN15LAIDIUDIALATISN

2.8.1 N@BIYANITIAUBIANATOULUUADNTIA (SEM)

o a a

ndewanssAidiinmaseunuudeinsinendeddidnaseududiunuvoanasiunisvihla

o a &

wdloudueuiunm laedBildnasouvaindesgansimifidnaseunuudonsinazgnaugulnd

[ '
= = 2 =

Wins1e (awnu) luvafiunfisesnisnsisaey Weduadidnasouliufduiusiuiuau fazfianis
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(% =

giiendasu wasuimeldozgnuvadluidundenugduuudu wwu aufeu nsddes

a a = a w

@nnsounfondl wio Bldnnsouazfioundu wis nsUaseuas wien1siassadiend wawu

u

G
U
G

anunwar i udygameoyaieifuauaudfvesiuinveiuey WusUsimazasdusenay

@t r.v(' 2/ A 1 ar o i al a oo o d
o3y A1nTkanslae SEM azwlaradnaduiuandrsiuuuiuniile g Miinufduiusves

o v l o oA 1Y o o ' o a P
Fyyradidunmfieglusumiiaenadosiuiumiasddidinaseuuuiuny

2.8.2 ndosgavssAudidnasouluudaiiu (TEM)

5UT1 2:10 ndesgavssAudidnasaunuudasiu

a o

ndesyanssAldidnas st uLdeviuanduddidnasouduiuvureuaddunisile

y o

i | Y 1o t gt @ 1 el N Yo =i
floutuaaiun iRty SEM wideiinandneiufe fegiiesfnwezsedianuaeiiLuy
waruenn iliianisnisdwesddidnaseu Wedlbnasounsgriusedisluazgnu Sulnia

s ulaelaudlnding JezUsnguuainilasas I LN

2.9  MIRTIRERUANENUATEIRUNTAINLIEATUT
mevdmsaiigunsainheanudiuuvassany Gdudusdrmanaeddlaife nns
naasunuautRvessagunsal lumnulusiwdinisvasevanauddifioguinuievwaionis
[ < aaa ' s < =3 <
waaeu Liinanlugamginduadennaudfivesgunsal Anudilunismavaussesgunsal vunm

¥ 4o =] ' ¢ - i o v A o | aa
#uivhauiiinasennudugunsaluuudssaniuy uazdu q uwilukidedazunfogisnns

pyaeunnaNTRinuiulianeuidenll Sdimsesedeundney 4 wuufe
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29.1 anuludameida

= ad ! l 1 v ¢ ° o al o o

Fawe3ta Ao nasregegavesanseuaiidnuliainaunsal Tagvinisiafiauseiuluda
dendu dmsulugunsaimhemusinfedmiuaadiiiuauuanansseninaausisdedauz
et lneaiinldiasioniiAdnndiunseuaiiaausilaseaoiusln wanadagun 211 Tu
lassadund PET/ITO/PMMA/graphene/PMMA/AL Fasnsalvadnsdiunszuananuzilase

anuzlnlagatia 10’ [21]

8
' reppsngup———————

102 ON» state "1

10
10*

10*

CURRENT (A)

1 a»‘!ﬂ

.ﬁ ‘4 . -2 : 0 = 2 ......... 4
VOLTAGE (V)

d 1 @ 1 " L3 1 o
JUN 211 msmimonsaEunsld ON/OFF vadgunsalmhennusiiuugdesdnuy

29.2 nalansinssud
dwiunalnmsiinsziaasidunisyafainszuiumsdanszualusaUnsalsesiuediu

'
a v o

TEAUNANUVRIAS NI 9l warentusuvaata i Felivatsauivedilaeduiais
nalnlunsaanszuarosingunsol frediadunalamsiinssuainnanailavisa (211, wesly
loflndifladu [22], Pool-Frenkel 8fadu way MIneguIuWUY Fowler-Nordhem uanasiagud

2.12 (M) ua1ea
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N— v 218 . pr— "
102k : pild * Thermionic emission conduction
— 10‘ 3 M - ' :
é — 2l
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& -+ pnx i 3 o o
g Wy Gk 28f e
9 48 / u-O
L o oFF — J - Pra s
-
10 2 . 222 L i i P
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VOLTAGE (V) yii2
(n) (v)
=3
3x10° 073
g H
;g,g 2x10° "‘%
5 &k <inte = 1074 ON state
s 2
g s
t E ol
8 Pool - Frenkel emisslon 3 Fowler- Nordheim tunneling
10" ey . y ooy 10° v s .
04 0.6 0.8 1.0 1.2 554 0.0 4.5 1.0 1.5 2.0
{Voltage)2 (V172 1/Voltage (V1)
(M) ()

UM 2.12 dwnliswesnalnansdilugUnsainheaudikuuassaniug (n) sy (@) mesla

@

lefindladu () Pool-Frenkel 8ty Lag (1) N1snzauILluy Fowler-Nordhem

293  ENUAIWIS UMY
o 'é' o u’j s A v = i-u:'i -

AUAILNSOIUNISNIGIA D TIUIUATIVRINITATIInTASeE e R un e Tsdauludy
dwivlugunsalmhemuiuuvaesaniugasiionit audRluniseudeudt 3o switching

QL! o v 1 s s ar 3 le = 1 1 2 (=1
cycles Hutas lngunfazltnasdeunnuandnduuuwadnlalunis \Weu-a1u-au-81u udunu
Joyamnivsuniinseualauasla Wagauannsavesgunsal dmsusiadananisnagdey
WARRagUN 2,13
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e
write. read (O
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%

=
>

§
s i .yo
10"k e | ?ﬂﬂgi Ff)

ot
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CURRENT (A)
=

TIME (s)
(n)

o

1d

CURRENT (A)
3

"5)
Xy gt @ Ry Xiﬁ‘gﬁi@? *w% 0 Bk &
0.0 5.0¢10° 1.@13‘ 1.5%10°

Cycles
(@)

=:I e 1 = !o’ @ o < o 3
JUN 2.13 mMsvedavauuans aau-Waudh (n) anwasad wag (1) 3aunde [21]

2.9.4 @RYINN

anufiaiosnamdunisinaniuzvasdneimmvasgunsalnhammsinielidouluns
Houdndlnidermaiduszasnainu lnsunieernnisdoumntanefng Maluns oy i
au nilseds uarndiennduazsnisiloulswuilddmiunissuafiovinis sudisease §
qmﬂagaaﬁlﬁa@LLmIﬁmaammmmsﬂlum‘iLﬁu%’ﬂm%’agaw‘%aamumaa@hqﬂmnﬁ

VEAIUIN LARIIgUR 2.14
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10°F | op.omast ‘3
g’ 10k
£ “‘"g ) i 9 t;‘
; ~4.9 %
¥ F |
P R i, -
W ¢ OFF
07 Stk btk ek it bl it il i
10" 10° 10° 10° 40° 0% w07 10° | 10°

TIME (sec) 10 years

5U# 2.14 mavegeudBesn wvesgunsaimiigmudmuvassaniue [21]

2.9.5 auUAmslase
AuaulaEnddryvesianiildwaliffenuanunsalunisliaengud 2.15 Sudlaunisild

AUDLNUNTUANEAIANNTS [23,24)

(substrate thickness) + (total film thickness)
2x (bending curvature radius of the substrate)

strain = %100% (2.5)

LA ' al = ' TR =) ¢ FYR [
Strain A9 AMANAATER MT0BNINEIlAITuA AN TN UnsainuladiainisTAwe
Substrate thickness fia AI1UWUNTBIFTUIEITU
Total film thickness A9 ANUNUITBIIURALUN

Bending curvature fig SedimulAsngiinnisinge

(b) (g
g A /-"‘..
101 L Sy
- s~ HRS @ 0.2V
8 19‘ ~o- LRE@ 0.2V
?‘f 10
10
g
WE oo o
\\(}Mwﬂ:mwfwmc
10" Lot *

0 500 1000
Bending number (#)
JU# 2.15 nsveaaulatissnmnsiAsaragunsaimihenusuuulAseld 23]
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2.10 wadlatian1sulaa w3e Poly (9-vinylcarbazole) (PVK)

s Ao

wodliflansutlaa wse Poly (9-vinylcarbazole) (PVK) flaillutanwediuesdunid il
auasRirufonisirdouiiveslea (hole transport) [25) BsldinsAnwiathanirarndughy
gunsniBidnnselinduazeanind [26,27) nnandRlagiluvomedhidanduilea  fszdiu
WA HOMO 4az LUMO Uszanad 5.5 waz 2 Bidnmsoulias auddu [28,29] lasdnwauy

2/ = al o g A
lassadananivemeilifanisuilvauansisgui 2.16

N

4

n

3UN 2.16 lnssgsemandivasnedlaliansuilea

=

= wa ! 1
A1919% 2.5 AruaLURres PVK Aldlunuided

related categories Hole Transport (HT) & Hole Injection Layer (HIL) Materials,
Hole Transport Materials, Host Materials, Materials
Science, OLED and PLED Materials,

Organic and Printed Electronics, Phosphorescent Host

Materials
form powder
mol wt avérage Mw ~1,100,000
refractive index nz20/D 1.683
transition temp 1 220]C
density 1.2.¢/mL at25°C(lit.)
Orbital energy HOMQC 5.5-5.8 eV

LUMO 2.0-2.2 eV

2.11 aymauluRy [30]

symeuluiudvaynafidnegiunguoyneuililavs synauiluiutiogiuldtun
avlalunsfnwidadudnnunnn iesaneynadndniauautivats q Usenisiidaula
anmnsntiluusegndldlduainvane wu lumsnisunng ansnsatlulddmsvendouasnan

wiosiladmiunisiagie [31] nveramnssuldoymeulududuansiseUfjisen [32) venanil
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whdsamnsatheuniruludululdlugeavnssudiinnseing [33] 91nseauddesie q Afnw

falassadeeyniaunluidu agnuidlaseasneid

Ay Ao IAseasawuuAdn (Cubic structure)

1ng Yusheng Liu uazmnue [34] ladaasgvieuntnuiluluowin 6-30 uiluuns sewadia

gamma radiation sysAuluduliflassadraduwuudade swumes vuszuu (111),

(200), (220) uae (311) fauanslugudl 2.17

350
(111
300
250 - E @
2 (111) WMMM“ o
£ 150 -
100 {\:M
] (200
I {220) 311
L2, BT T O A T P S
40 &0 80

28

d d’l a & =
5U# 2.17 sUnuunsidgaiuusdienduatayniauntuiu [34]

a1 e‘h"’ dnUsemstlalawnaudfnisuadag S.L. Smitha wazaae [25] Tavinasinenis

nmafndaingnsallwldgliaiwudveteunnauiludu Tnslunisnaasenuitaudfniwames

symAuluiuayidaanesunsganiuvasuasaglutag 300-600 ulmans danandluzud

2.18

(b}

‘absorbiance {au)

wavelangth {nm)

‘Uﬁ 2.18 E’iLUﬂﬁ'ﬁiﬁlﬂ?iﬂﬂﬂa‘uLLﬁQ‘UE}»ﬁBUﬁ']ﬂU’I‘IMNUWUﬁﬂm@ﬁi?ﬂ’&u%@ﬁi‘wLLVI?{L%EliJﬂaE]“L'ﬁﬁ

#1199 fiu [35]
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2.12 MSNUNIUITIAUNTIY
Tugasfiiuaniinsfinegunsaimibieannudiuldfinisinwegnnitae liieuiy

= 2 o a & o vy v ou v ° @ W |
nsAnelassade ag vionalalumsdsuaaiugdsildnandluudadneiu dwmudiegied

o &
o oA ar A

draulalazdenrdasnunisived deail

Tul A.p. 2015 D.Y.Yun wazmne [36] levihnisnwaudfvesgunsainiisnnnudiiuy
gosdauzananUszneulngldoyniaunlu Cu,ZnSns, (CZTS) wauduwediuas polymethyl
methacrylate (PMMA)  Zsldmisnrusiidaaeut@idulszian nonvolatile flawnsaidoy
Foyadnld Tnenhonudssny nonvolatite daoudrwmausifiannsafudoyalulsid
sy lnenalniivhlidAndnuseromuanusduldfensdndulsegainoyniavuinun

o v W | o 9 o ar o aa =
Tuwes CZTS Tnefianuisalnaidnsain ONOFF Tauindie 10 dwsulaseddianadisniswsey

gUnIavem LT INERIRIGURN 2.19 Lagdnumensiligudoragikanimnizun 2.20

LN

sSnClz &

®)

3 waree,  Washed &
180°C.. PRI 9‘?’?%

9 L.)'Ji,d’g
CHaN:S o . . Nudemm ‘ c2TS b
. anggﬁ! Jes® and growth nanoparticles -
N -.@.,..' : . Blendingof (¢}
CaHsOz direeaawi. ;
il ,%_ S  CZTSIPUMA ( )
PMMA/DMF & :

= 1% A al 1 o
JUT 2.19 Tassaianayisniswieugunsalmheaudranayaiavuiauiluy CZTS [36]



26

—~ ()
S 3 -
5 oL ] -
& Input Voltage '
s _3 -
o ‘
> L E
-8
1 by T l ,"!:gem ¥
1o W“Wﬂ: "—v-—i T e —
= i |Write 1
£ 107| Output Current | | a -
g a
E 11 l_ i |
S 407 - - ] Eras?m —
@ - e Eradel
0 1 2 3 4
Time (ms)

JUN 2.20 dnuagmsidgu-autayatn [36]

¥ Ad. 2015 A Midya  uagae [37]  levianisdnwigunsalmiheaausininiag
Usgnausgnineunanlunediaznsmusenlualy polyvinyl alcohol 38 PVA dmsugsauly
Nuidyves Midya wagangha gunsaimbhgmiudnnlsaiasnayainisalrsela aznalnlunis

wWisuanugvesgunsainigauiwnlunalnifinainmsiududszglusymauiluveauas

oA ) o A A i Y Y o & o W a a
ﬂa‘lﬂ'ﬂLﬂﬁ’;\nﬂLﬁur{:ﬂ‘l]uqﬂLaﬂWiaVlﬁﬂﬂ'ﬂ filament IﬂﬂLaUELEJ‘UU']ﬂLaﬂUQSLﬂu’ﬁ@\‘]mqﬁtﬁuﬂﬁguﬁw

JUavsnmsiialaviatesdis Wy istuldainnissntesiivateendauluturinegu inainsives

& |

anglgwadinedios uarladedu q Sudulevwnbnmarfiazuandreannisdndulsey nanfe

Usgganunsamdsuinlunnudulevuindnliognsaiiissaninlwihmidsludnialwdmialsviud

= /1 s

s o u o s ! A = 5 1 el ol ;::
tawidnvaugantinduiiazmdaududunisindvseq uinalninaduinnanaiuy dady

o  w 1 = o

nsfinwinalnlunisivdguaniugvesiiguniainiieausfaludeddyiduiiondu Tng

|24 L3 1 o e as A
InssadngunsaimbemuduavaniBnacliiuanassgui 2.21

(a) 10 ]

goups JANSISAE

Current (A)

2 0
Voltage (V)

JUN 2.21 Tassafregunsalmbisninuduazautfnialai [37]
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Tul a.A. 2014 Q. Shi wazany [38] WAnwilassassuesgunsnimhemiudilulaseeasng
vosianUsznauszninttounirvunulugeenlen (Zno) lunwefiwes poly-4-vinyl-phenol 3o
PVP gawsuvatlassadeiifoaumavuininues Zno fignindeulivie q mesenlurvodtneu

(SI0,) v3eiianIneunIAUIlULUY core—shell lnalassaiauanssisgun 2.2

(a}

iOz modified-Zn0 NPs

SEl 100KV - XB0000  1G0em  WORBZmm

{a) Vacuum lavel
PP + ¥ Y L8 AP L (b} 5 ON stale]
[ (@) ON state ‘: o ssob ] [ s OFFstate
: . e ; 10
it \ /’/\- 3 < on .m.——-“
T * O M
g . : g g
E 10 4 : i Eﬂ‘ L g"‘ 4
- S
3 agt ¥ 3 o sl
R | OFFam:\ 0 o 1

1
[ w 1@
1e* Tims (s] E
E' - QQ”‘M
al ak L o
10 10* 10* 10
Time (s)

JUN 2.23 auddmaliti nalanisdie wazaINllanesUesgUnTalszasen [38]

Teunalnnisiadnvazesmhsanudiiunaniainnsdniuuszqlusn core-shell #

ina1n ZnO A S0, dnwaraudAmsliiuvuassaniusuaznalnmaifinuansiagui 2.23

faudiinAdnsidiu ON/OFF vaslassadndinaniveialiagwnntn Wafeuduanuidedu q feu

'
=

vl uidsihauladusenedefis mualosvesgunsalszazem

Suflenddefiiaulafldvdnnmyuwedouenuidouss CHV.Y. Ramana uasAmy
(391 1wt Aua. 2013 TngliTanusenauseninamadiues poly-[2-methoxy-5-(20-ethyl-hexyloxy)-

1,4-phenylenevinylens] #38 MEHPPV fiu ZnO Iﬂi&ﬁ%’wﬁagﬂﬁ 2.24 ﬂ'mﬁiuﬁﬁﬂﬁwﬂmwuaﬁﬂ
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2

fReltussiulnienuniaenauseruliiilunsgsunieaudeyadesnii 1 V uazldusewuly

nseudeyalies 0.2 V udnanaguil 2.25

JUN 2.24 Snuwnielasaiisvasgunsal [39]

{TOIMEH-PPV:Zn0O/Al

« ON ITOMEHPPV; ZnOJAl
e 20T\ ON/OFF tatic 10000
i e
104 W'-m
\\\ 10°] ON state
10% \ } l
- % W 10%y
< 10°4 | 51 \ E‘
=
¥ | l <
[ | Z 104
37 b, | &
= OFF ey =" OFF £ pre
A 3 1074
1074 g /n" P 1
157 i f 10* 1|. OFF state
L e e e e e e 10 B T T
-1.26 -1.00 -075 -0.50 025 000 025 050 075 100 1.25 g 500 1000 1500 2000 2500 3000 3500 4000
Voltage (V) Time (Sec)

—e— AV 16 W e 1V Lo 1Y G Blate e OFF Satal

JU# 2.25 wuldvneluih uay niseautoyaszaven (39)

2

dwmfuwediues Pk TulmsanisidedlFdnisAneiedranirswnnafefugunsal
mhoanus seghadulud aa 2012 C. Wu uazane [27] 1414 Pvk lulassadrsanudy Tay
insftusenladunsnagsewinegu PVk uazdsznunedaliil Tasordondnnmsadranuuiiay
nszandsfoviefi3uninnszuIuns laminated wanadsgUil 2.26 uaranauidonuirgunsalld

WaRAInTdIU ON/OFF Migalaednuazantinislniuaznalnnisifinuansisguin 2.27



29

Pressure
’I‘opsu‘bstgit\e' ‘I - - :
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JUN 2.27 autfnlwihuagnalnnsiinuesguniaivineaudi [40]

o Lo o=l : g -:] et ! Y o ot A 1 o A o
duiuaidslngavnenisendiagnidnaluniidenunauls durenisldianussnou

sewdaynauTunesiu PVK FuduanAdelud e, 2011 vee DI Son wazane [41] Tneidy
nsasuugIusesFunaadndia i salAsseliuanwies Ui 2.28 usedslsfimunalnlunisidn
AuauTRvemigaudnAdinadunisfnuusequeseniaunlunes Faanmuidedandn
annsauiuAndnsidiu ON/OFF uazAussiiulunsilisuteyalanauduiureseyniauiiy
vosftoglutuiduuraneduied PVK Tneflaudfivdlniiuaznalnnsidnuesgunsauheeniush

LARIAIZUR 2.29 uaganegrsadfeiinanundiutuansathuniuieuiiaulanmisen 1



30

‘(b] (a) Vacuum level

< 1

for 1

@

g / g

| ! - :

O nc AU B4 pri% Olass §
- huB.AE W PET =
~ Al GAL WP PET g

- i i R
A 0 1 &
VOLTAGE (V)

3UN 2.29 autivnsliinasnalnmsiinvesaunsalmhonindy [41]

a

= a a ¢ o
M191490 2.6 L‘LJ%‘FJUL‘ﬁ8‘Uﬂ'lWﬁ'JﬂﬂJ’eNQWH'J‘QEJ‘WNWUNTT@QQUﬂ?ﬂJWUQHﬂ?WNQ'}

360 [GERG RN nalnn1s | ON/O | n1sasns ALAY Hinw
Lin FF
A
Famusznay | 14usewnedalwih | nedndu | >10° | smuedieu | on/oFF g [36]
PMMA:CZTS Uszq A.A. 2015
Famusenou | 1 9uszwiedaliih | msdndu | 5100 | wwedeu TUsaua (37]
PVA:Au Uiz + A.7. 2015
" TAweld
ulevwm
ian




180 Taseasne nalnn1s | ON/O | n1sadns ALAY HANe
1A FF
A
SanUszneu | 1%usswhetalidh | nisdndu | ~10° | muedeu | Tdeunneunlu [38]
PVP:ZnO U5z wuudenvey | A 2014
(ZnO-Si0, (core-shell
core-shell) nanoparticles)
TaqUsznou | 19u sewiisdaliih | msdndu | >10° | wauedeu | Tdusesulii [39]
MEHPPV:ZnO Uszq M <1v) | A 2013
PVK/graphene Tnssadsanady msindu | >10" | muuedeu | 3Bnisadna [40]
szvdndalwih Usuq % (M3 A.A. 2012
PVK/grapheme/PVK N3 laminated)
laminated ON/OFF g3
Yanusznou | 1 Fu szwinsdalwih | msdndu | >10° | mpuedeu hsald [41)
PVK:Au ‘U‘Eﬁ! A.A. 2011
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NPs/Al anunsaasuilunnudsdunaunisifiuanudde Widugui 3.1

wisgansAdiuagyALar9IRUNUSINTDe5Y
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afngunIniniiamuiilulassadng ITO/PVK:Ag NPs (vary wt%)/Al Uugnuseddu glass/ITO

Y

a7 vauTRne N wazdiasizinalalunistnseia

A

AATIEVHE

Y

#angunsalmbigamudnlulassaine ITO/PVK:Ag NPs (optimal wt%)/Al uu
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Y

asdauaNURIsiiiN wazdwsnzinalnlunisuiinszua nsedEeu

PN 7
auUAnislAeee
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NATIZRLAsATUNE
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3UN 3.1 TumaunITALIUNUINY

& o a aw a Pl = = J

Juppunsaiiunudfeiuainnsnisugunesl aawndl uazaiesile Aldlunszuaunis
asngunsalmeauduaziieldnsvgevantinilniesgunsainiiemudfiad sy
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NPs  2nuuvinnsainegunsainingaudtuugusesiu PEN/TO  Galdwsla anntduvinnis

TnTeiuavagunaile

3.1 szuuszmeasaleausauluguyInie
szuustmpansdunisidlunuisilidundodiefifiogluresufiinisvedinedouily

welulaBwszaaundainnszds antumeluladwszsaesundidanmmsainnszds wanaagUd

3.2 Ingszuuazgnasnuuuadielsiannsnsameasidegnaiiusedndam Tumuddedlddmsy

sevetnlniagiiy

d Y o
JUN 3.2 szuusemegansmsnuioulugmini

3.2 STUULATEARENUNAETTNMIULATY

JUN 3.3 szuvssimeansmenuioulugaygyinis
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YOUVAIUULHUFINTBTU BAUAUFIUTRITULAR DY UULNUVBILDIAD TN UMIEAIUTITOUAT

a s

wilafeszuuiililuaiddeidannudaseuia 10,000 rpm Taeluwazvinismgu veumardiuiu

ggnIeNaenlUNuAugIuTessy nlutuiidundanuaiauefinty

3.3 AszuuMsiauHugIusasiuduhsuiiveanles (ITO)
Junsgumnsilifmgusvasiiiiedn (etching) Aduuduisuiiusanlsnuisdiuiily

o 1 at = [ s Y o= LY ) ] PN &
foanmseannunugIusesiuailiumstiosiulildiinnsaneasvostalui Tnsdruindons

° v o & e ad i
WMt Autwalus Tnedisnnseadl

- Unuslumiininasuuudugusessuluuinadlsifemisineandasuii 3.4

Ri 1 g ] =y ¥ 2/ o = = d‘ 2/
35U 3.4 wiugnusesiu ITO igndacmeminnin (wausmaneieudniduninin

- Wwsugiusesudsnaniutluansazangnsalalasaasin (HCQ) Auarsavanensalu
730 (HNO,) ludnsidu 3:1 Wunan 15 ui Wiiaviinisin ITO san
- duugusessunlsminagiiuusesudrludrwneinliusyy (O water) iavihinisdns

A178La1unInDN

3.4 MSINANNELIALHUEIUITBITU

U d‘ o -y ar O’f’ o l“ll
AeuNiagyiN1TTENAaNUI PVKiAg NPs Uugusasiuasiitunaumsinauazetsiie

andsandsn Ju wazasluuinvuleuvuiui Tnedupounsyhamweazeauislaidy

3.4.1 MIYNANNALDIALEUFIUTDITUNTZINIAGDY ITO

1. Faeiliusygluntessanileila Wunan 20 uifl

2. B19eezdlau (acetone: CH,COCH,) luipSasdanileiadiunan 20 wii
3. &19Melvuea (methanol: CHOH) lundasdanilafimdunan 20 undl
q

. denglalalnswiuea (isopropanol: (CH5),CHOH) TuiaSaadandladadiuian 20
W9 wazi v
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3.4.2 MIVNANUALDIARNUFIUTRISY PEN

1. denelivssgluesesdanialela Wunan 20 wil
v w 4 o v a

2. amgwusalunInaniladaduna 20 i

3. denalolalnswiusaluirdosdandlafiadunan 20 i wasilauia

3.5 N5IAsENEITUTENAUILWINS PVK:Ag NPs
Fupouusniinisazats PVK luaisazans chlorobenzene ludhsdiusenine PVK de
ansaraneie 30 me/ml luniesdansilaila ndmniuhnisldoyneuluduadiyineiitouls
il
PVK:Ag NPs (2 wt%)
PVK:Ag NPs (4 wt%)
PVK:Ag NPs (6 wtd%)
PVK:Ag NPs (8 Wt%)

PVK:Ag NPs (10 wt%)

3.6 N138319UNTAINLIBAIATIIBITNTUYULARDY
3.6.1 nAsad1euRdLUe PViKA NPs
gunIninthsasazUsenaulufeduihnudsido Pvicag NPs filhsidauvas Ag
NPs uansnaify Tnefdaulunsmdesiiduefininiiaseu 60 rom Wuaan 60 Sunfl wdsni

nssewiihazaelaenisvirusounionmgl 60 ssrieaded Wunal 4 43lue luduneu

l
gavievzyiimssemealniheglidilviiannuvun 100 wiluiies leellasasienwialull

- ITO / PVK:Ag NPs 2wt% /Al 100 nm
- ITO / PVK:Ag NPs dwt% /Al 100 nm
- ITO / PVK:Ag NPs 6wt% /AL-100 nm
- ITO / PVK:Ag NPs 8wt% /Al 100 nm

ITO / PVK:Ag NPs 10wt% /Al 100 nm

2.6.2 N3sEetrlwiauuumessuusemeatsmemiusauluaainia

CR > 1
[

1gusesiuiiiniswsudy PVKAg NPs afaudy uwihnissametsiniegdduierh

puAutuelng lnshwtnindmiusemetioglitiudn uandagui 3.5



1 mm

(n) ()

A ot b2 o a o o) o =f =y A v
suUvn 3.5 ANYAUERUININAINITUISLNYDHUUY (LLﬂ'LJm'wmama‘uinmmﬂuwmmﬂ) {n) vu

u

grusesiunanain (¥) vugiusesiunsean

&a

nnsszmetaliih Al meszuvszveansseauouluayyinie nedFeulaluns
seimeansdeil

- anusuussemangluszuudgn Yssuna 2.5%10 “mbar

- dmsnnssewmeaglutae 1-2 nm/s

- ANUNUY 100 UNluLLeS

- lanslimuSousnuaugiusessu

d‘l AO

gunsaluilganudniuvassaouzlulasasiiuutudien agdiuiinnu 2 a5
fafwnsTafnanmsdnduseniiaalain Mo fudenudalniegluusuuy Taelasasasly
dnwgn iR NEI sauanslaneun 3.6 aantuhaunsainiagaud iasnsluluvinig

A5 IAANU AN

1

ITO Eigctrode
[PEN

P % ¢ ° Y o
gﬂ‘ﬂ 3.6 Iﬂi\’airmsﬂ@\’q‘ﬂﬂim%ujaﬂ?quﬂqLLUU‘UULma?

3.7 MSANEANUAANIZNIIAIUAY 9

3.7.1 minvivaevandinaliiivesgunsalmiiemiuin

=

nsasasvaudinielniivesgunsalmliganudy deszuuianialviluiide
dandeuiuluiesujiRnnsiegldinTos Agilent E4980A 20Hz-2MHz Precision LCR Meter #lagy
1 3.7 dwdunisesiaindinszuaiaraudidng wasyavedeuauaunsaluns s1u-dou

109gUnIilag Keithley 2410 ﬁqgﬂﬁ 3.8 ievhmans1adn

- nszuatuALARAngvesgUnIaimheAMuT L ULaIEn UL
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- efisnmuessigunsal

Ul 3.7 idesiiodnaudfnndlaiih Agllent E4980A 20Hz-2MHz Precision LCR Meter [62]

Current meter

> LabVIEW
KEITHLEY 2410

Devce und}er test

sV
D

= 1 = =l L3
35U 3.8 gavaaauAsAInIaluNg B 1u-lleu waviafiusninvesgUnsel

3.7.2 N@BIRaNsIALLUUIAaUNTIA (Scanning Electron Microscopy, SEM)
naasgansaldidnaseuiuuiiounngnldlunisiansandnvauzfuiavesiiede iy

ae19ni19v219 IngmsdsAudridnaseulinaluuuiiuiiadagradnansnnwila anndeaiue

2
s al

M v [ o =) Ad’d} a ° 1 I 4:’5’ s o ot 1
gaflasuanamsnsevesdianasauiiuin dnawenanaus 10-300,000 11 UBgNULTUARIDENN

winn1sieuRedunsiservesdidnasaudumedisinliindidnasounfongdl  (secondary
electron) wagvhnsannindagalaesnsnindyaia wdenduidagaililveaas
aadunwm dwmiundesganssaididnaseunuuidounsiaililunisnsoinfund ssvesuion
JEOL §u JSM-7001F Faidundosqanssetiuuu Field Emission Scanning Electron Microscope

a =

(FESEM) Fadiindsuenafiunnnin SEM vinlsiaunsadnenlassadnuuisnidnseauuiluls
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sUT 3.9 ndasavissrtuuudoansiagu JSM-7001F

3.7.3 ndoeganssetluudeniu (Transmission Electron Microscope, TEM)

naesganssAudidnpsoukuudevitulagnldlunisiasandnuurseAdsznaunielu
naonvulnssaiiveznon [Wuledesilald@nwimed-ianuus Feedliseazideniigininges
qavssarindu asenfididensuasyseansnmlunisianiossoasidangan dmiu

a | 1 i @ o a @ P . |
ndegansIrdianasauuuvdemuildlunsnsaiaduniasuesu3en Philips u TECNAI 20

JUTl 3.10 ndesqamssmiuuudesHiug TECNAI 20
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3.7.4 MsvadauandinislAse

o w A = 0 v S| o v ey v o =

dwiuFeulvivanzavargninaivgunsalnheanudivugiusesiunlawela Jeasd
nsasIvingudRneniuguReriuaunsainaseuugiusasiunszan wivelinisnseinauds

9 AN [ - o PxY) = =5 2 a wa @ =
mulfnevesgunsalfiududnun Tnsyaniosflonndauladnndontuluiesufjifinisegud

3.11

= W 2
5U# 3.11 gavinaevanURnislase
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wan1saiueIuide

g 1 <= o a a w <
'LHUWUEI:;'ﬂﬁ']?ﬂQWﬁﬂTSﬂWL‘LI‘LN'l'ln’i]EELi,ﬁ“dﬁ'ﬁ'}Lﬂ?ﬂﬂﬁﬂﬁﬂ'&iﬂﬂﬁﬂ\?’ﬂ@ﬂ@ﬂﬂ’iiﬁ

' o o w =4 ' @ '
WeAUTNAT 19U Tnsulseanldiliu 2 @ As

- Han1svAassLarilATIginantTaassssgUnsalndiaaudlulasaing
ITO/PVK:Ag NPs/Al uugusasiunsean
- Han1IvaaeIkasilATIginanITuaasstaUnsalniiaaitudlulasaine

ITO/PVK:Ag NPs/AL uugIMTas3unanasin

1 - ¥ o - Ua s 4
Ingluduraanslinnginantmasdldinisfnwiaudfiamemdiedigunsali

v & A4 o a = d o v a o o )
aydutienagaursnedureinalniviliiAnnisiudeudoius kavnalnmsiinssuavesda

gunsalmbeanud neaglananiunaaziBenvemanisnaasuariinseinanismaaassiil

4.1 gunsaimieanudnlulassain TO/PVK:Ag NPs/AL Uugusassunszan
nmsAnyilasaingunsaimizaa i lulasasns ITO/PVKAS NPs/AL Uug1uTasdy
nszan lgluannnistesougusasiunsyaniedeu IO vasniuymaieedtuianUseney
PVK:Ag NPs #ag38nnsusutrdouiiaaniii3asey 60 rom 1fiuinat 60 Sunit uagildaualnaiiiy
Tavsogiiiiufimmmu 100 wiluwmsduuy
%"’amm'viuwaa%gu";’ar;}mxnaml,azé'ﬂman'ﬁnizmaﬁ’ﬂumsaxawwaaaﬂmmﬂuﬁmﬁ
dmsrdunieg lduaneiagui 4.1 Tunmuedlnsaasievesgrnsaimizenaiudlulasiade

) [y < ‘ v o a = o &
[TO/PVK:Ag NPs/Al UUZIUTBATUNTSIN WaAMIRIgUY 4.2 TnefllassainanvionisAnuisiail

- ITO / PVK:Ae NPs 2wt% /Al 100 nm
- ITO / PVK:Ag NPs 4wt% /Al 100 nm
- ITO / PVK:Ag NPs 6wt% /Al 100 nm
- ITO / PVK:Ag NPs 8wt% /Al 100 nm
- [TO / PVK:Ag NPs 10wt% /AL 100 nm
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o

il
() PVK:Ag NPs 2wt% NPs 4wi%

bt

r—

Ps 6wit% g S 8wi% PVK:Ag NPs 10wt%

T e iy

PVK:Ag NPs awt%

(ew) PVK:Ag NPs 6wi% § (f) PVK:Ag NPs gt Bl (7))

d g o dl ot 1 i ar a
gﬂ‘ﬂ 4.1 (n-a) mmuuwawmamﬂsmau PVK:Ag NPs %19@R37d7UAMNAY DIWLNTN: anyaisng

a a do ) w & o ]
NTEAEAIveeYMAUITURUTNERT @A NN Uaz (-)) dnvaisiufiavesty PVK:Ag NPs

Al
PVK:Ag NPs—
ITO/Glass=———

= 1 )
7UM 4.2 Tassassvesgunsnluugiusasiunssan
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NgUR 4.1(0-2) agwuth udmmihmisuuedeuuugusesunszanuda Sasdiusey
Yotayn1AUTIURY 2-8 wt% liflntsuamsdnuazveseynalidiuluniwdaeing agrelsfniud
ons1dIu 10 wt% aymautludugnnuldtaau Taagauszasandnd miunisnraian mdauang
ABNTIRTIERAIAT LML fquﬁé’mmuaqmﬂuﬂuﬁwﬁuﬁmmumﬁlné’tﬁﬂqﬁuﬁqﬁu%’agamm
wuwﬁas’Lﬁﬁaﬁuﬁ’muﬁﬁmaaqﬂn‘szﬂwﬂmmmﬁﬁwmawﬂnﬂiﬁagﬂaaaqnquuwiuLﬁu Tafldduna
AARINALMUTIAaTy Lﬁaamnﬁa’Eu%ﬁ‘fﬂﬁﬁ'}miﬁnmwamnmmwmﬁﬁwam’aﬂauauﬁﬁ
wheaudl (171 dwmiuam TEM  uananisnssaeiivaseyniaulubuluansazats PUK
luvazfidnuusufiavasiu PCkAg NPs a1nam FESEM Faiuanalugui 4.1(v-) Sdnuas

&' - 1 r = a
Wuthdinsnszesiveseyniaulutuminass

4.1.1 wansagaadeuantinsluiivssgunsaivirsanuilulasaadie  TO/PVKAG

NPs/AL Uug1uTeesunszan

T2T TN 0\ /A T | s, T

§ 2 . ]
IA ; SET-INTERM | 52 ~
10 :r i . ook, .l
¥ RESET Lyt :
= 107k 1
< :
3 1
R ek
o 10°F 7
y | G ]
S : 2 .
-8
O 10 , y ]
r ©-PWK R @’ ~o-PVK:AQ NPs 6wit%
_10 = PVK:Ag NPs 2wi% B “V-PVK:Ag NPs 8wi%
10 2F v PVK:A NPs 4with .f- ~<FPVK:Ag NPs 10wit6
3 1 | I | i

1086420 2 4 68710
Voltage (V)

iﬂﬁ 4.3 AnszuaiuaATNsdndresgUnsaivihem s lulasead ITO/PVK:Ag NPs/AL uu

ﬁm?aa‘m 3 Qﬂ‘lﬂﬂﬁ‘i'!ﬁ'l‘l«[‘ﬂ DY Ul uiusteAy

auduiudssnitnszuaduaauaedndvesgunsainireanudalulaseadie
s ot A s 1 bl 1
ITO/PVK:Ag NPs/AL uugiusessunTzanuaninagui 4.3 laglumsinAnszuaiuaudisdndqy
o 1 1 Q) L3 1] </ A
inmsdourmuiedngain 0 §s +10 Toad waz +10 fs -10 Taad Inaludiuveddaseaied
Unrainaymaululuguniaiiadtulivassaudfivesgunsalmieausiesnuilidiu us
A - 1 a ed v X yw aa =
Wuihauleedwiailedinismegveseyniauiludugunsaifiadtulduansaudfinisddau
o A i E\I L4 ﬂ’: el U 1
angamhiluihesnin 393U 4.3 sswuinanurBuduresguasaliiu Meunsainndnsidiy

]
=

a o d s =
vaveynauluuasiianusauimalwiiis@ifedaiusln (OFF-state) wasgunini lng
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wansdardud 1 luguil 4.3 uiiflefimstoudndluiildgunsalifuduisdmuseinddntunie
wsasudaLsy (threshold voltage, Vy, ia setting voltage, SET-ON) nis@anszualuigunsalas
Lﬁuﬁuaé'Ns’mL%qLﬂﬁﬂuLﬂunniﬁwlwﬁwﬁqa%u ufifeantuzila (O-state) wavgunsal Tnsudns
fuduit 2 lugui 4.3 Tlesnaeanistiounssiuilanasgunsaliairsdussdensnvanusdnlily
dunsteuussdudoundussnuit :nuseiu 0 8 -10 Taad ArAnaesdaaegn
vl frunasussdugniauluaufivvusefudsuaauznans (SETINTERM) gunsal Taouans
Fadud ¢ Tugudl 4.3 wazilefimstleuussfuilifsdulusufvrnddsuanuzlnvesaunsal An
AuasABuIInanue SETINTERM luifiuanius OFF-state athesanida Tnsuansiadudl 5
Tuguit a3
NnwansvaapsinaildudndiiiiuingUnsaiiadstuansausswgdsadugunsl
wheaudils Smisdseansouandnvurresmiea s muuauantzesnuldeg ey
nntayadsndritlinsuineunsainfignadauvesaynirulutusreduiaslfaaiusing
seindnsdutesAraaIuy ON/OFF ON/INTERM uas INTERM/OFF uansnariu
vintayaluguil 4.3 Ignuniauaifalhidusansswuveseyniauiluiisasidrusneg
1y waYeIANEnTIAIY ON/OFF (fiudeyafitsedu -0.5 V) uasAtussulunadoutoya (SET-
oN) Tnedoyaiimunuanitugudl 4.0 svwuiididasdiu ON/OFF sgfusuloshsdauves
sumAuTuduiivty wilumnnduiuiidnidiusyntrunluciu 8 wis Adasau ON/OFF vy
amas \lassmArmiluaniug OFF  wiugedy (iulsdaalugud 4.3) Tasnsifinfunaes
fnszualuaniuy ON- ursnannisasdvesaymeunlutuiioglnddnity Faasdwmaliiiy
dunnaieeiivasdidnaseuilierfeadunsliiineaauinfigdu [42] Tngarnnanismaaesi]
Wiuansliiduiiidnsdmeteymautluiiu 6 wts Srdnsadau ON/OFF geitan wuiuddlald
Tnseada ITO/PVKAG NPs 6wito/Al (TulassairevesaUnsaimieanuduuvauaniuy Seay

nanelunaunaly

T T T T T T T T T

1 06 1 % B W ON/OFF ratio
& = ,_® , ASET-ON
E E_ 'c‘_ ‘V$.-’:‘ { \“““ R 22
w e ©
g 10%F S 2
o) o ( ) i o

2'1 1 L 1 1 1 1 I 1
1075 4 5 8 10

Ag NPs concentration (wt%)
U7 4.4 nanszvuvasaumauluiuiidwasiondnsidan ON/OFF uasA SET-ON
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4.1.2 wamsnTiadevaniinisliigwesgunsainizsaudlulassadrefimuizay
(ITO/PVK:Ag NPs 6wt9/Al)

L*F‘Jaﬁnmmmmmmlun'}'sv’i'w'}’"mmqﬂﬂifﬁwﬁwmmiﬂﬁﬁiﬂim?wﬁmmxau u
awanansalunisviedsdeiifas 100 s Tuansluzud 4.5() dwsulunsvhenilgunsal
agndauuseiuain o v 1 +10 v 1 -10 v uazll 0 v uleliasuseunis sru-deu-au deya
vasfigunsal nmansvenadldnandiifuedudaauigunsaliauannsalunsfey (SET
ON) mswAauduaniuznans (SET-INTERM) uasnisaudeya (RESET) IéiTuadnad fefunanis
n1sunaesldduduingunsaifiairdudsengasndugtnsamissninusuuvaiuaniug
(Multilevel memory) [43-45] uaﬂmm‘ﬁugﬂﬁ 4.5() lauanianwneiiag1v8950Un1T “Read-

Set-Read-Set-Read-Reset” vasgUnsaiimiaend s

Ty i o TR
T T T T

] 2
107°F (n) 1 10°F () 7
!’ h r E
~ 107 Rl 1
= 3 = 3 ! (1) Read: OFF 3
- (2) SET-ON
S 107°F 1 g 107k ) {3) Reat: ON 1
E | 1 i 4 (@) SETINTERM 4
5 !
O 10 10 10°% () {2}2?517““”' 1
] ! 1 (1) 1
107°F <1ee i A, .
------------------ L tird (AR BT orvevs -, CSF .\ NATPR IO TY, (W1 OV SO, TWP TOPW DOOP! 1
—10 8 6 4 -2 0 2 4 6 8 10 —-10 -8 6 -4-20 2 4 6 8 10
Voltage (V) Voltage (V)

d } e 1 ot & L3 1 o ¥
UM 4.5 (n)  AaszuanuAuRAngvesgunsaivilaaIudlulasiais  ITO/PVK:Ag NPs
J o o ?:l 1 ! ﬂ‘ 1 = i g 1 3 :J
6wtd%/Al Nildvinsasaningredisroiles Wulslugluantriusiiulunisdudoya (V. 7

-0.5 V (1) ahwmgiiad1ueesaunis “Read-Set-Read-Set-Read-Reset” aigtaunsalviiannudi

4.1.3 wanmslaTgvinalnnisiisueesgunsaimiioaudilulasiaine TO/PVKAg NPs
6Wt%/Al nAnsELaiuAH19dng
Wefnwinalamstheesgunsaimiasarusilulaseadhe TO/PVKAG NPs  6wid/Al
Anszuatumudndnduasgunsahmizernuiilugui 4.50n) Wgndundagulusidelfidi
aunsnrsdelni Tugud 4.6(n) uamsnisifeunsavisewing infil Fu V' apenisuanugansi
10 mindayaluguit 4.5() Tudreussdulwiluan (OFF-state) Fefeyaenanilanudhilaiu

o ad a a . R - = a
aunsmsdmlwihiinanuavesgamndl (thermionic emission) awandlaidaaunis [46,47]
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(4.1)
]
Tnan
T Ao gamnillumiieieaiu
&, AD TEAUNANTUTBIMLNIANE
< | =
q AD ATAINUIEY
£ An the electronic permittivity
d AB ATUVUNITEIT U
¢
k Aa A1AINYBY Boltzmann
L] T 1 L] T L] 1 I L] L} ¥ T i T L
| Positive woltage: OFF-state A (ﬂ) OF 5osiie voltage: Or\«l—stalel ('ﬂ} i
O Experimental data of 10"cycle : - O Experimental data of 10"cycle
—10QF — Linearfiting:Thermionic emission ; . | —Linearfiting: Ohmic conduction J
i ;:.TSET:ON i\ 1 A
15} 3 ; Y A3 Slope=0.988 )
H ke i R=0.998 ;
! i i :'TSET: ON A
R*=0.984 :
—20F M ] — |
L 8l &b i
L 1 1 L 1 L L | 1 1 Il L L i 1 1 L
0.5 ) -1 1
i’ log (V)
T T o ' T T
—2 [ Negative witage: ON- to INTERM-state (ﬂ)q _5 [ Negative voltage: INTERM- ta OFF-state (ﬂ)l
O Experimental data of 10"cyele | O Experimental data
| — Linear fiting: Ohmic conduction 777 Linearfitling: Direct tunnieling
-3+ M 3 N"—_T Or !
; b e
i SET: INTERMli ?—1 5r E
=gy ifr;g:gﬁ . - 1RESET o 1%cycle: R%=0.980
) : 5 5*cycle: R%=0.978
i o =201 &5 ° :Yde 3 }
p o 10"cycle: R%=0.997
_5 ! L I C 0l I 11
-1 -0.5 0 -2 -1 0
log (V) In |1/V|

sUl 4.6 JagansvmasduazvayanisifisuaunisvadaseEde ITO/PVKAg NPs 6wtd/Al (n)

A15UMUY thermionic Tugiawsssuuan (OFF-state) (1) ATSUIWUU ohmic ludiausasuuan

(ON-state) (m) N1swuy ohmic Tugisuseduau (ON- Ty INTERM-state) uag (1) n1siiuuy

direct tunneling Tudasussiuau (INTERM- Tuiliu OFF-state)
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Tunszuruntsthiuy thermionic SidnATauazgnAIuALEIBnIsEaUTEga Nl
ogilifu Tnefididnmsausgnindumeludures PVicAg NPs aunsyifausesulnillaliluieen
wswiun1sidlay (SET-ON) wasaniudantugazidsuanaaus OFF Tifluaanuy ON

gfd*ﬁ" 4.6(%) hanan1sLlaunsimszndng logll) Au log(V) Tudraussiulwiiuin (ON-state)
Filumrudniudidadulduansdrnutudu 0.988 Fufufwaunsadudulinisilnihves
gunsallutasantug ON dilulaunisduuileniiin sndeyaiaunsofivsinstudunsi
milwilasgunsalluanius ON msilinstounssduaulfifulamifinduieaduionnis
auduiidnlng 1 [14,46] Ineuamsluguil 4.6(n)

ludanu ON uaz OFF wessaniswaaesniunalnn1niaunsadinneiliaenadeaiy
vui] wiadelafintudrda1usnats (INTERM-state) vasaunsalfiarudnduiivzdesaiureld
oy fedudrdunmsvidieded 1 5uaz 10 ntoyaluguil 4.5(n) Idgniimdunsviiivuiy
aunsiiedudunalanisimisliiiiluaniug INTERM-state Sslnsunitufiuiionsessonas
Tawz/ansiisdanin (metal/insulator contact) awifnnalnansilivansdasaslunaienty ud
adwlsimuazilifienalaieafivssngissuiianoen [45-47] Tuguil 4.5(0) agwuinsdey
AsmsEnng (n(A)) AU njay) Wuansdnemenslesnuniiudunsdaduluanisiuuy

direct tunneling tWulUnniauns® 4.2 [47]

2d+2m"
o cof 228, @
Taed
m* . fa waduaveddiannsey

h Aa AANYe Planck wuuansy

H u‘ly ] @ v P oy - & a
MnvayaiilanuAnNTueudunslugun 4.6() didtanniiudahnssdunaainyium

o o a [ : &
yesBifinasauiiiinnianzariiu tunneling) 4unas PVK:Ag NPs

4.1.4 nalnmavineuvesgunsainbsanusilulaseads ITO/PVK:Ag NPs 6wt%/Al

Mndeyanisnaaas auldinisiiiiinesgunsalmsainudt uasnadeunswlidadu
aunsnsdwslvivilinsvinalansilusdasdisusedudssngiognls ndeantuasi
madnauezuuuunsitludnvazvesmunmssiundnuiielanunsavim g lalidaay

a & ) a w <
ENTUU Iﬂaumumwszﬂuwamuuﬁmmgﬂw 4.7
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LUMO -2.0 eV

= ar x| ° ' a i o
JUN 4.7 urunmunuwasunanusn huenieiy (0) aatusisusy () @aous OFF énu
ar ar ar o u ar
LS9AUUIN (A) @iz ON muwsesuuIn (@) nsiasuaananiug ON Wiy INTERM drunsesy
4:’ v LY
au uwaz (1) NswWaguanaaue INTERM Tuillu OFF sulsssuay
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Multilevel conductance switching was achieved using silver nanoparticles (Ag NPs) embedded in pely(9-
vinylcarbazote) (PVK) with a structure of ITO/PVK:Ag NPs/AL The current-voitage (I-V) curves of the
memoty devices at low reading voltages showed three distinguished states of current. The memory
devices exhibited non-volatile rewritable memory characteristics. The carrier transport mechanisms of

the devices in each state were analyzed by theoretical models based on the experimental I-V data. In
addition, retention time measurements showed clearly three current states with good data retention
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PVK INTERM/OFF current ratios of the memory devices were 1.7 x 10°% 3.5 x 10% and 5.0 x 10, respectively.
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1. Introduction

In recent years, electrical switching memory devices based on
organic materials have attracted extensive attention as they offer
many advantages such as easy fabrication process, low power
consumption and low fabrication cost [1-3]. However, there are
inherent restrictions, one of which is the problem of density storage
[4,5]. In an attempt to solve the problems, different processes,
structures and materials have been studied to enhance device
performance [4—16]. Different types of memory were observed
such as non-volatile write-once-read-many-times (WORM) mem-
ory devices [1,6], rewritable memory devices [8], natural material-
based memory devices [9,10] and other various memory charac-
teristics. In particular, multilevel memory type is currently
receiving interest, as a single cell can be selected to store more than
2 states; this suggests that multilevel memory device is an alter-
native method of achieving high density data storage [2,5,11-14].

Multilevel memory devices have been investigated using many

* Corresponding author. Electronics and Control System for Nanodevice Research
Laboratory, College of Nanotechnology, King Mongkut's Institute of Technology
Ladkrabang, Chalongkrung Road, Bangkak, 10520, Thailand.

E-mail address: korakot.onlaor@gmail.com (K. Onlaor).

https://doi.org/10.1016/j jallcom.2017.10.197
0925-8388/© 2017 Elsevier B.V. All rights reserved.

kinds of conduction mechanisms, for instance, charge trapping-
detrapping process [5], filamentary conduction [2], redox switch-
ing process [15], however the optimum method remains a matter of
discussion. Nowadays, in several structures of multilevel memory
devices, much attention has been focused on structures comprising
nanoparticles (NPs) blending with the polymer host, as a diversity
of NPs and polymer materials [2,5,16,17]. Metal NPs is one of the
candidates for improved memory performance because of the
higher work function of metal [18—23]. For metal NPs blended
polymer, a wide energy gap of polymer usually acts as a charge
blocking layer when compared with the metal work function. Silver
nanoparticles (Ag NPs) are desirable because they have been re-
ported in the field of memory device applications as a candidate for
practical data storage [20—22]. Compared to the accepted work
function of Ag, poly(9-vinylcarbazole) (PVK) is another choice, as it
is well known that PVK is a hole transport in organic electronics and
plays an important role in several electronic devices, especially as a
memory type comprising NPs blending, such as PVK:carbon
nanotubes [8], PVK:gold NPs [22], PVK:titanium dioxide NPs [24]
and PVK: graphene sheets [25].

In the present study, we report on the fabrication of multilevel
memory devices with different Ag NPs concentrations embedded in
the PVK matrix, based on the structure of indium-tin oxide/PVK:Ag
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Al
PVK:Ag NPs=——

ITO/Glass :

Fig. 1. Schematic illustration of the ITO/PVK:Ag NPs/Al memory devices.

NPsfaluminum (ITO/PVK:Ag NPs/Al). In addition, the carrier
transport mechanisms of the fabricated multilevel memory devices
are also reported and explained by using theoretical electrical
models and energy-band diagrams. Furthermore, the retention
time characteristics of the memory device for ON-state, OFF-state
and intermediate state (INTERM-state) were investigated to report
the stability of multilevel memory devices.

2. Experimental details
2.1. Materials

To prepare the active PVK:Ag NPs layer, PVK (average molecular
weight: 1,100,000) and Ag NPs (average particle size < 100 nm)
were purchased from Sigma-Aldrich. The PVK was dissolved in
chlorobenzene with a concentration of 30 mg/ml and stirred until a
slightly viscous solution was obtained. Then, Ag NPs were mixed
into the PVK solution with a concentration of 2, 4, 6, 8 and 10 wt%
by ultrasonication for 4 h.

2.2. Device fabrication and characterization

To fabricate the memory devices based on the ITO/PVK:Ag NPs/
Al structure, ITO coated glass with sheet resistance of 10 /o was
used as a substrate. The substrates were cleaned by ultrasonication
with deionized high purity water, acetone, methanol and iso-
propanol for 20 min per step. After the substrates were dried
completely, the prepared solution was spin-coated on top of the ITO

)

layer at a speed rate of 4000 rpm for 60 s in ambient condition. To
remove residual solvent, the samples were baked at 60 °C for 4 h.
Finally, 100 nm-thick Al top electrodes were deposited through a
shadow mask by thermal evaporation at a base pressure of
2 x 1078 mbar; the active area of each cell is 1 mm?. A sample
schematic diagram of the structure is shown in Fig. 1. To observe
dispersion of Ag NPs, the PVK:Ag NPs solution was dropped on a
copper grid and examined with a transmission electron microscope
(TEM, Philips TECNAI 20). The thickness of the film coated on the
substrate was investigated by a field emission scanning electron
microscope (FE-SEM, ]SM-7001F) to ensure comparable film
thicknesses in each Ag NPs concentration. All electrical property
measurements were performed using a Keithley 2410 source meter
at room temperature,

3. Results and discussion

After the coating process, thicknesses of PVK:Ag NPs layers with
different Ag NPs concentrations were obtained by FE-SEM, as
shown in Fig, 2. In the case of Ag NPs 2—8 wt%, Ag NPs in the PVK
layer were not observed from the FE-SEM images, while for Ag NPs
concentration of 10 wt%, Ag NPs can be clearly seen inside the layer.
However, all PVK:Ag NPs layers are uniformly thick, with thickness
between 120 and 140 nm. These uniform thicknesses can be used to
confirm electrical switching behaviors, which should depend on Ag
NPs concentration in the layer rather than being due to thickness.
Plan-view bright-field TEM images of different Ag NP concentra-
tions, used to investigate Ag NPs dispersion in the PVK solution, are
shown in the inset of Fig. 2. The amount of Ag NPs is seen to in-
crease with increasing Ag NPs concentration. As observed, the Ag
NPs with different shapes and sizes are distributed in the PVK
solution,

Switching characteristics of memory devices can be examined
by applying a bias voltage to the ITO electrode (see a test structure,
Fig. 1). Voltages across the device were scanned from 0V to +10V
and +10 V to —10 V., while the current was recorded in each scan
step, the results are presented in Fig. 3. For the device without Ag
NPs, memory properties were not observed. Interestingly, in the
case of Ag NPs 2-10 wt¥%, as the applied voltages were swept from

PVK:AG NPs 2wit%

Fig. 2. Cross-sectional FE-SEM images of PVK:Ag NPs thin films and TEM images of Ag NPs dispersed in the PVK solution.
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0V to +10 V (sweep 1), all devices had a low current level in an
initial state defined as OFF-state. However, when the voltage
exceeded turn-on voltage during scanning (refer to SET-ON in
Fig. 3), the current abruptly increased, with different values of SET-
ON voltage and different high current levels emerging. These high
current levels correspond to the ON-state of memory devices, After
the devices were set to the ON-state, the current levels were able to
remain in the ON-state even when the applied voltages swept back
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from +10 V to 0 V (sweep 2).

When reverse bias voltages were being applied from 0 V
to —10V, the current increased gradually to the ON-state (sweep 3).
The ON-state of all devices remained stable until the applied
negative voltage reached at SET-INTERM voltage (sweep 4), when
the current abruptly dropped, which corresponds to the INTERM-
state, When higher reverse bias voltages were applied (sweep 5),
current levels rapidly dropped from the INTERM-state to the OFF-
state {refer to RESET in Fig. 3). The three different states indicate
multilevel memory behavior. These results indicate that the storage
abilities of the devices such as SET-ON voltage, SET-INTERM voltage
and ON/JOFF current ratio are varied by changing the amount of Ag
NPs contained in the PVK.

Fig. 4 shows the effects of Ag NPs contained in the PVK layer on
memory characteristics, including ON/OFF current ratios read
at —0.5 V and SET-ON voltages. All data points with standard de-
viations of each concentration were measured in 10 selected cells
and repeated scan 10 cycles/cell. The ONJOFF current ratio
increased when the Ag NPs concentration was increased. However,
after the concentration of Ag NPs was increased to 8 wit%, the ON/
OFF current ratio swiftly dropped. Because the current level at the
OFF-state increased by 3 orders of magnitude {clearly seen in
Fig. 3), the high conductivity in the OFF-state might depend on the
proportional Ag NPs in the film. Neighboring Ag NPs were sepa-
rated by PVK matrix, after increasing Ag NPs the distance between
neighboring Ag NPs decreased. In addition, some Ag NPs in the
films joined with neighboring Ag NPs and allowed effective trans-
port of the charge carrier under low bias. These hypotheses are
supported by TEM images, as shown in Fig. 2. Therefore, the Ag NPs
concentration of 6 wt% shows optimal memory properties with
highest ONJOFF current ratio of multilevel memory device.

To investigate repetition ability of the memory device, Fig. 5(a)
shows the |-V characteristics with repeated sweeps of 100
consecutive cycles of the ITO/PVK:Ag NPs 6 wt%/Al structure. In
these repeated scans voltages across the device were swept in an
anticlockwise loop from 0 V to +10 V to —10 V to 0 V. For the
reverse bias, the memory device clearly exhibited SET-INTERM
voltages and reset voltages from the INTERM-state to the OFF-
state. Thus the results confirm that the memory devices exhibit
multilevel memory behaviors. In addition, repeated scans were
used to deduce the conduction mechanisms in the next section.
Fig. 5(b) shows an examiple of “Read-Set-Read-Set-Read-Reset”
cycle of the multilevel memory device.

To examine the conduction mechanisms of the memory device,
the I-V curves of Fig. 5 were re-plotted into conduction mechanism
models. Fig. 6(a) shows a In|]] versus V' plot of the 10th I-V cycle in
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Fig. 5. (a) I-V characteristics for the optimal Ag NPs content (ITO/PVK:Ag NPs 6 wt%/Al) with consecutive repeated scans, dot-lines show reading voltages (Vgeaq) at —0.5 V and (b)

the example of “Read-Set-Read-Set-Read-Reset” cycle of the multilevel memory device.
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forward bias voltages {OFF-state). The data can be well fitted and
considered as the thermionic emission process, expressed as
[26,27]:

where Tis the absolute temperature, ¢y is the barrier height, g is the
electron charge, ¢ is the electronic permittivity, d is the film
thickness and k is the Boltzmann's constant. In this process, elec-
trons were probably controlled by charge injection from the Al
electrode and trapped in the PVK:Ag NPs layer until the voltage
swept to the SET-ON voltage. Afterward, the OFF-state changed
suddenly to the ON-state. Fig. 6(b) shows a log(I) versus log(V) plot
in forward bias voltages (ON-state), a linear relationship with slope
of 0.988 was observed. Thus the conduction mechanism of the ON-
state is believed to exhibit ohmic behavior. The conduction mech-
anism of the ON-state for reverse bias region should be an ohmic
conduction mechanism, as the slope of linear fitting of voltage
sweeps from 0V to SET-INTERM is very close to ideal case for ohmic
conduction [26—28], as shown in Fig. 6(c). In case of the OFF-state
and ON-states, the conduction mechanisms can be clearly
observed. Nevertheless, the INTERM-state on reverse hias voltages
was difficult to understand in carrier transport mechanism.
Typically, the conduction mechanism and electron injection at
metal/insulator contact can be found in many different processes.
However, the device usually shows one dominant mechanism in
each applied bias voltage [27—33]. Therefore the 1st, 5th and 10th
cycles of the voltage sweeps in Fig. 5 were fitted to prove the
conduction process in the INTERM-state. Fig. 6(d) shows linear
relationships for In(l/V2) versus In}1/V], meaning electron transpoit

in the INTERM-state region can be explained as direct tunneling,
expressed as [29,30]:

!:v‘exp(-ﬁ—_ﬂ:"”b) @

where m* is the effective mass and h is the reduced Planck’s con-
stant. The different slope ebservations in Fig. 6(d) might depend on
the amount of electrons tunneling through the device under
applied voltage.

Furthermore, to propose the conduction mechanisms of the
multilevel memory devices based on the ITO/PVK:Ag NPs/Al
structure, energy band diagrams are shown in Fig. 7. Work function
of ITO and Al electrodes are accepted as approximately —4.6 eV
and —-4.2 eV, respectively, the work function of Ag NPs is
about —4.27 eV [34], while the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) of the
PVK layer are approximately —2.0 and ~5.5 eV, respectively, as
reported in the literature [1,8]. Therefore, we expect the PVK matrix
acts as an electron tunneling and blocking layer in the present
multilevel memory devices. Starting with the pristine state, the
band diagram is shown in Fig. 7(a). As voltages are applied across
the device in forward direction, the injected electrons into the
PVK:Ag NPs layer increases as the voltage increases. Simulta-
neously, electrons inside the layer are gradually captured in the Ag
NPs trapping-states. These processes can be explained by therm-
ionic emission process for the OFF-state, electrons can overcome
the potential barrier between the insulator/metal contact [26,27],
as shown in Fig. 7(b). In the case of higher applied bias voltages, the
bending of energy bands is easier for electron injection from the Al
electrode -into the Ag NPs trapping-states. Then, electrons are
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(a) Evac
LUMO -2.0 eV

Fig. 7. Schematic illustrations of band diagrams at different stages: (a) pristine state,
(b) the OFF-state in the positive voltage region, (c) the ON-state in the positive voltage
region, (d) the ON-state to the INTERM-state in the negative voltage region and (e) the
INTERM-state to the OFF-state in the negative voltage region.

gradually filled into the trapping-states until the applied voltage
reaches SET-ON voltage. As a result, the injection of electrons from
the Al electrode is free from the trapping-states and makes the
conductivity state of the device rapidly change to the ON-state, as
shown in Fig. 7(c). After the device changes to the ON-state the
device still exhibits the ON-state when the applied voltage turns
back to the lower voltage, because the traps are still fully occupied
by electrons, which correspond in ohmic conduction in the ON-
state. Thus the device can remain in the ON-state even when the
applied voltage is swept to 0 V; this maintaining of the ON-state
shows that the device has a type of non-volatile memory. The
non-volatile properties might result from the trapping-states hav-
ing enough elecirons, and the prevention of electron movement out
of the trapping-states.

Subsequently, voltages are applied in reverse direction as shown
in Fig. 7(d). In this state, the device exhibits the ON-state due to the
Ag NPs trapping-states still having sufficient electrons to consent
the electron directly flow and transport to the Al electrode again via
ohmic conduction.

To understand the conduction mechanism at the INTERM-state,
the different energy levels in Fig. 7(a) are re-clarified. The pristine
state shows that the energy difference between the work function
of the Al and the LUMO level of PVK is 2.2 €V. On one hand, the
energy difference between the work function of the ITO and the
LUMO level of PVK is 2.6 eV, whereas the trap depth caused by PVK/
Ag NPs interface is constant at 2.27 eV (between the work function
of Ag NPs and the LUMO level of PVK). When considering the

energy level difference between the ITO and Al, the small barrier
height of carrier injection in the forward direction favors electron
injection more than in the reverse direction. Although the device
still exhibits the ON-state in reverse direction at low negative
voltage region, the released electrons and re-trapped electrons do
not balance due to the barrier height of carrier injection from the
ITO electrode being higher than the trap depth. Therefore, when
the applied voltage is increased in negative voltage and reached to
the SET-INTERM, the device switches to the INTERM-state. The
proposed medel for this is also shown in Fig. 7(d). When the reset
voltage is applied to the device, device shows switching from the
INTERM-state to the OFF-state because the electrons are
completely released from the trapping-states and do not re-trap
again [5,35-39]. For the proposed mechanism, electrons are
released by direct tunneling process, as shown in Fig. 7(e). Then the
device retraces to the pristine state again, The INTERM-state region
implies that electrons in the trapping-states can be retained by
balancing electrons between releasing and electrons trapped in the
layer, whereby the amount of electrons in the trapping-states is
higher than the OFF-state but lower than the ON-state.

In a cycle test, “Read-Set-Read-Set-Read-Reset” cycles were
used to investigate the non-volatile rewritable switching charac-
teristics of the multilevel memory device, with the voltage pulse of
reading (—0.5 V), setting ON-state (+3 V), setting INTERM-state
(=2 V) and erasing {—8 V) as shown in Fig. 8(a). The device
clearly showed three different states of conductivity for the OFF-
state, ON-state and INTERM-state. In addition, Fig. 8(b) shows the
current distribution of the three states within 500 switching cycles
extracted af a reading voltage of 0.5 V. The current values show
little degradation during the 500 repeated switching cycles. How-
ever, fluctuations of current appeared throughout the test which
may be due to the instability of the material and the electron
trapping-detrapping process,

To confirm the stability of the memory device, retention time
characteristics were investigated to ascertain their electrical
properties; the measurement process is shown in Fig. 8(c). Reli-
ability of the stored data was evaluated by continuous readout for
almost 4 hin each state. The initial OFF-state was recorded at the
reading voltage. After the setting voltage pulse had been applied to
the device, the reading voltage was applied again to record the data
of the ON-state. After that, the SET-INTERM voltage was applied
at —2 V and the INTERM-state appeared. Following the same pro-
cess, longer retention characteristics testing is shown in Fig. 8(d).
The multilevel memory device stored the current values of OFF-
state, ON-state and INTERM-state stably for up to 10 h at a
reading voltage of —0.5 V. In addition, the retention time mea-
surement for 10 h was extrapolated to 10 years (shown in the
Supporting Information) to analyze and explain the failure mech-
anism. From the 10 h retention time results, the average conduc-
tivity ratios of ON/OFF, ON/INTERM and INTERM/OFF were
1.7 x 10% 3.5 % 10? and 5.0 x 10°, respectively. These measurement
results indicated that the ITO/PVK:Ag NPs 6 wt%/Al structure de-
vices were reversible and reproducible for non-volatile rewritable
switching applications.

4. Conclusions

In summary, multilevel ITO/PVK:Ag NPs/Al memory devices
were fabricated and investigated. The effects of the Ag NPs in the
film on the memory properties were also examined. The conduc-
tion mechanisms of the multilevel memory devices in each state
with optimal Ag NPs concentration (6 wt%) were described in
relation to different theoretical models of the I-V results. Charge
transport mechanisms of the OFF-state, ON-state and INTERM-state
could be explained by thermionic emission model, chmic
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Fig. 8. (2) Multilevel “Read-Set-Read-Set-Read-Reset” cycles of the memory device corresponding to non-velatile rewritable memory properties, (b) Endurance properties of read
pulse cycles of the device at the OFF-state, ON-state and INTERM-state for 500 cycles. {c) Measurement stability process and (d) Retention time characteristics under the three
different states for 10 h. All results were tested from the multilevel ITO/PVK:Ag NPs 6 wt%/Al memory device.

conduction model and direct tunneling model, respectively. Based
on the experimental results, the device exhibited a type of non-
volatile rewritable memory: data could be retrieved even after
the applied voltage was turned off and back on again. Moreover, the
retention time test showed that the fabricated muitilevel memory
device could retain conductivity in the OFF-state, ON-state and
INTERM-state without much deterioration.
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