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I Organic Memory Device and Method of Its Manufacture Reference to
Related Application Reference is made to our earlier United States
provisional patent application number 5 60/802,167 filed May 22, 2006 for
an invention titled "Synthesis, Design and Method of Forming

Nanoparticles based on organic Floating State Memory Devices" the

priority of which is hereby claimed, and the contents of which are hereby
incorpatatechhyMeterentr-eik f diaclasad hemrin imthairaatirety. 10
Technical Field This invention relates to an organic memory device and a
method of its manufacture and refers particularly, though not exclusively,

to a nanostructure-based organic floating gate memory and method of its
Refievéacture Relyay ingpihertinal self-assembly and using nanostructures
and/or nano-patrticles as charge storage components. 15 Background ;
ReSearchiimurdanioetectionicmitad baes gainivpinciRasnaipReRiRumber
recent years due to its potential in providing low-cost fabrication,

ORIt et dleible(ubiir atem v arrenabledosmakspeoializednd Method of
production runs, suitability for large-area deposition and 20 suitability for
Frass iy dductert Qrganiednemegn i ksaye fySaikamt e aroaMbe" the priority
solutions in a number of niche applications of electronics where low cost
afwlindiusibereby diffenedt fndationatitiessare dasisabich HRMNCMRMAKESy
have a. simple device design, offering the potential of uncomplicated
mfegratiors dndlssioyele leelicdnckeatsewntttety.

Technical Field

This invention relates to an organic memory device and a method of its manufacture and

. refers particularly, though not exclusively, to a nanostructure-based organic floating

gate memory and method of its manufacture employing chemical self-assembly and

using nanostructures and/or nano-particles as charge storage components.

Background

Research in organic electronics has been gaining increasing interest in recent years due
to its potential in providing low-cost fabrication, compatibility with flexible substrates,
amenable to small specialized production runs, suitability for large-area deposition and
suitability for mass production. Organic memory offers very attractive alternative
solutions in a number of niche applications of electronics where low cost and inclusion
of different functionalities are desirable. Organic memories have a simple device
design, offering the potential of uncomplicated integration and simple cell concepts with

very small cell sizes. They are of low-cost since they are much simpler to manufacture
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very small cell sizes. They are of low-cost since they are much simpler to
manufacture 2 than silicon chips and are easy to stack, packing bits at
high density. Organic memories also have the extendibility to sensing,
radio frequency identification (RFID) and passive or active matrix
backplanes. 5 Under the three main streams of semiconductor memory
technologies - Static Random Access Memory (SRAM, Dynamic Random

Acoesdiddeniopy RAYGARdHasR, PAEKIOsh ey i RiasfiMematic memories

shows non-volatile characteristics. But DRAM shows high density

cépelnilitteborkienSiRititd hascfasideadiviie ety asncactivioutd®) and passive
advantageous to be able to combine the benefits of these three types of

imoxgaveaniBrin éadipemedion-volatility, high performance and high density.
Organic memories offer the potential to exhibit such desired
characteristics. Although switching and memory phenomena in organic
materials and devices have been reported for more than 30 years, high

parfortiarbe-orgamicteemosy isisiiblatking mndhreahaonigal — Static Random
transistors, using ferroelectric polymers, and two-terminal bistable

devicesyluhioly éSRIaGhBIgetraRiad batweessmatah st MISTEAR PEaNitsh

compounds, exhibit interesting performance but are far from practical

apphoagionsyinhm Easiyn dnnewsalectronicoiksiab e davieasNih But DRAM shows
triple-layer structure consisting of two organic 20 layers and a middle
tigbolwiniip usprisilit tayellsaRiuichad hetvadnitme pefeinlearodesuld be
has been proposed. It exhibits promising performance and can be used as
advenoigtilesehvarylcHoweubindtshiabridtion fsHayd e a)pyaaraiiemio

a high vacuum, and stringent conditions are required to control the
morphotogyn ol thelatildgtieyigh performance and high density. Organic memories offer

the potential to exhibit such desired characteristics.

Although switching and memory phenomena in organic materials and devices have
been reported for more than 30 years, high performance organic memory is still lacking.
Three-terminal transistors, using ferroelectric polymers, and two-terminal bistable
devices, which exploit charge transfer between metal atoms and organic compounds,

exhibit interesting performance but are far from practical applications in memory.

A new electronic bi-stable device with a triple-layer structure consisting of two organic
layers and a middle discontinuous metal layer, sandwiched between two metal
electrodes, has been proposed. It exhibits promising performance and can be used as
non-volatile memory. However, its fabrication is by thermal evaporation in a hi gh
vacuum, and stringent conditions are required to control the morphology of the middle,

discontinuous metal layer. Additional addressing of the sandwich-type memory device
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discontinuous metal layer. Additional addressing of the sandwich-type
memory device 3 and integration with other transistors is still needed.

This will further increase the cost, making organic memories not
cost-effective. Floating-gate type transistor-based memory devices that

utilize discrete traps as charge 5 storage elements may he integrated as
non-volatile memory in logic systems by leveraging on materials used in
SRR ISHIEGR I EHS Sibes Anasifbon sonitentiotal. Sllicomifnferteteciraniesthe cost,
know-how. The discrete charge storage elements utilized in such devices
HAK SISO B SEsaetaometit aitrocrystals. 10 Much research has

been conducted on nanostructure or nano-particle formation using high
temperature CMOS compatible processes. Organic memory devices

which use organically passivated nanoparticles as charge storage
BletHaatsdaiype faupogtedaedovmeempetatsrdasing sinipleabemisals charge
self-assembly, Langmuir-Blodgett or spin- coating methods. Room

1Kige EameTrmation BresiAEstrs crmesomatijefindnapplicdtigit §gsinrfusttre

3-D organic memory architectures, compatible with the low temperature
lsrsEuERgse WriGHAIVSek Inhes pidicam prenspolymerd ugpowmeegaoial silicon
memory devices involve the use of a multi-step approach of pre-

RFPRASTHAR Fianpabete sl ineistc heped sivediptariantiots soithratl in such
agglomeration will 20 not occur prior to embedding the particles in an
brgsricrayeratipisplaksSiofswwe asialthenvarictadayers deposition

process. This process is overly complex. Summary 4

Much research has been conducted on nanostructure or nano-particle formation using
high temperature CMOS compatible processes. Organic memory devices which use
organically passivated nanoparticles aé charge storage elements can be deposited at
room temperature using simple chemical self-assembly, Langmuir-Blodgett or spin-
coating methods. Room temperature formation of nanostructureé may find application
in future 3-D organic memory architectures, compatible with the low temperature

processable materials such as, for example, polymers.

Known organic memory devices involve the use of a multi-step approach of pre-
synthesizing nano-particles that have a repulsive interaction so that agglomeration will
not occur prior to embedding the particles in an organic layer. This is then followed by

the various layers deposition process. This process is overly complex.

Summary
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According to a first exemplary embodiment there is provided an organic
memory device comprising: an active layer; at least one charge storage

layer comprising a. film of an organic dielectric material, and

nanostructures and/or nano-particles of a charge-storing material on or in

the film of dielectric material, each of thetnanostructures and/or nano 5
particles being separated from the others of the nanostructures and/or

film. The organic memory device may further comprise a tunnelling layer
eprapfisingide eftielatdeast one avacher stotage: tayetr anc e Bantroliayest an
on a second side of the charge 10 storage layer, the first side being
opsoshdithecsecontesit eaitheapostnat tiaye nndayr bariotpgradlwithitheakge-storing
least one charge storage layer. Additionally or alternatively, the tunnelling
Bgerinlap ise intdgralnwith dieeatrieastonel charige fteragetayertuFheafiror nano-
of organic dielectric material may comprise a self-assembled copolymer
pHaelechsinfropnarnedroom consisungdithdiblocktiiblioe cunanet mudtiblekcles by
The film of organic dielectric material may comprise a self-assembled

e attayer ditdesnzmynedasistobilsilarsuderiiatives: fihe. nanostructures

and/or nano-particles may have an affinity with the self-assembled

copolymer or self-assembled monolayer. 20 According to another

exemplary aspect there is provided a method for the fabrication of an
bRgaisI e memodedivdceoan Stnbdrosmprising fiormelhiggel cpntrol lafer eide of
a gate electrode, forming a charge storage layer including nanostructures
Srdrbleaginapaktctestonahéarontollayentfol g entunesiidgidyer dre charge
the charge storage laver, and forming an active layer on the tunnelling
p&g}@,gez]gyer, the first side being opposite the second side. The control layer may be

integral with the at least one charge storage layer. Additionally or alternatively, the

tunnelling layer may be integral with the at least one charge storage layer.

The film of organic dielectric material may comprise a self-assembled copolymer
selected from the group consisting of: diblock, triblock, and multiblock. The film of
organic dielectric material may comprise a self-assembled monolayer that may consist
of silane derivatives. The nanostructures and/or nano-particles may have an affinity

with the self-assembled copolymer or self-assembled monolayer.

According to another exemplary aspect there is provided a method for the fabrication of
an organic memory device, the method comprising forming a control layer on a gate
electrode, forming a charge storage layer including nanostructures and/or nano-particles

on the control layer, forming a tunnelling layer on the charge storage layer, and forming

an active layer on the tunnelling layer.
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The control layer maybe formed integrally with the charge storage layer.
Additionally or alternatively, the tunnelling layer may be formed integrally
with the charge storage layer. The charge storage layer may comprise a
self-assembled copolymer film and the nanostructures and/or
nano-particles. The nanostructures and/gr nano-particles may be 5 formed
on the film by at least one of. spin-coating, screen-printing, and

ifkiet@rinirgycThecharfgensiorage-rayermayinciidenan é%%%ﬁ?%idgmonauy
e

and/or nano-patrticles prepared in a single solution for a self-assem

copdlymefiin dnchanpetiourseydomnies Danasiiusiue s APHOL e charge storage
nano-particles. The method may further comprise performing a 10

regactiichthecsingle sbiutionagndragiusting B viseaniiv L Ie SAILIAN AL e
different deposition processes. The single solution may be cast on a thin

oxids tayeuts forivthenchargristo Wﬂ@ﬁ%ﬂﬂ?@r@@%@bﬁyﬁ{o@ﬁﬂﬁgﬁs may be

tunnelling laver may both comprise a self-assembled 15 monolayer. The

Harosiracties lanl/or hanoepardtiesimayhm osnechbstWesR the e crprinting.
layers of self-assembled monolayer. The nanostructures and/or

nano-particles may have an affinity to the self-assembled monolayers.

The affinity may be physical and/or chemical. The nanostructures and/or

Adwcipagicies apaiderdeposicd dmadishlihe éﬂ@d@‘ﬁ‘ﬁ%%ﬁrﬁcles prepared in a
self-assembled monolayer and the other of the two layers of self 20

asederolediondnolayef-maynibia bepdepasitathPiDe HREFIEHGLIES

and/or nano- particles. The self-assembled copolymer may be: diblock,
@WMWWMVOChﬂMMM@H@M@@ﬂﬁﬁi%ﬁﬁ@hd&ﬂgﬁse erforming a

nanostructures and/or nano-particles may he electrically isolated. The
epdirgfeostor dgesiaykr svlayi compdise;assinglevayesity B¢ e solution for different

deposition processes. The single solution may be cast on a thin oxide layer to form the

charge storage layer.

The control layer and the tunnelling layer may both comprise a self-assembled
monolayer. The nanostructures and/or nano-particles may be formed between the two
layers of self-assembled monolayer. The nanostructures and/or nano-particles may have
an affinity to the self-assembled monolayers. The affinity may be physical and/or
chemical. The nanostructures and/or nano-particles may be deposited on a first of the
two layers of self-assembled monolayer and the other of the two layers of self-
assembled monolayer may then be deposited on the nanostructures and/or nano-

particles. The self-assembled copolymer may be: diblock, triblock, or multiblock.

For both exemplary aspects, each of the nanostructures and/or nano-particles may be

electrically isolated. The charge storage layer may comprise a single layer. The
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nanostructures and/or nano-particles may be within the single layer.
Alternatively, the charge storage layer may comprise two layers. The
nanostructures and/or nano-particles may be formed between the two

layers. 5 The self-assembled copolymer may be of a material consisting

of. vinylene-based, methacrylate-based; and polyethylene oxide-based
monomers. The nanostructures and/or nano-particles may have an affinity
with the gerbasstinbiedo gopolyeena f e ifiditymayhe alleashongQfively, the
physical, and chemical. The 10 ianostructures and/or nano-particles may
beastdetstonbphmetalcaxidésotadieials. SOMICORBHANLCEEAMIE nano-particles
semiconducting nano-particles, nanoclusters, nanorods, nanofibers,
gquaritardvdotd betheren & caeb deyiratives of fullerene. The quantum dots

may be of. gold, silver, copper, titanium dioxide, zinc dioxide, cadmium
selenides, and/or cadmium sulphides. 15 A charge storage capability may

be able to be adjusted by adjusting a concentration of the nanostructures

ahd /st inamenpdadotepatyther singlbcsofutiontcHae @IGARIG MEMEKYIdEVIERed,
may comprise a. thin film transistor. The thin film transistor 20 may further

gotihpesdate Sosrde @lé qtobreh e drain eledttodemandagate electrode, The
active layer may comprise a semiconductor. The thin film transistor may
further comprise a supporting substrate selected from: glass, plastic,
quartz, metal foil. undoped silicon and heavily doped silicon. 7 The

rredingiiegiarcand dontmehtapertiviey momipriseaa ftfatingvgaiardielectisembled
The
copolymer. The affinity may be at least one of: physical, and chemical. The

nanostructures and/or nano-particles may be at least one of: metal, oxide of a metal,
semiconductor, ceramic, semiconducting nano-particles, nanoclusters, nanorods,
nanofibers, quantum dots, fullerene, and derivatives of fullerene. The quantum dots may

be of: gold, silver, copper, titanium dioxide, zinc dioxide, cadmium selenides, and/or

cadmium sulphides.

A charge storage capability may be able to be adjusted by adjusting a concentration of

the nanostructures and/or nano-particles in the single solution.

The organic memory device may comprise a thin film transistor. The thin film transistor
may further comprise a source electrode, a drain electrode, and a gate electrode. The
active layer may comprise a semiconductor. The thin film transistor may further

comprise a supporting substrate selected from: glass, plastic, quartz, metal foil, undoped

silicon and heavily doped silicon.
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floating gate dielectric may comprise: dielectrics, and/or a
copolymer-based dielectric. The semiconductor may he at _Ieast one of.
organic, inorganic, hybrids, and mixtures thereof. The floating gate
dielectric may be a self-assembled monolayer. The _self 5 ass_embled _
monolayer may comprise at least one gilane derivative. The film of organic
dielectric material may comprise a self assembled copolymer. The block

Teopotyroidinfilmymaybedirsb Drocessed dsingiasSimplaselyant £XUAGHOR
method to remove any ionic impurities before the synthesis of the

floanostguct diekds cattigdomprlRiaithecin BrighP §%899ﬂ%‘ep—fb%%d diflectric.
Drawings In order that the invention may be fully understood and readily

Tpatstmtocpraciical efigtte thesessball fowWbdesaHReLBYNWEN RS and mixtures
non-limitative example only exemplary 15 embodiments of the present

thrmeritiGictheatiescrntidicheing with rRferRNcesteiNg.AREAMRFDYIM . scir.
illustrative drawings. In the drawings: Figure | is an |IIustra_t|or_1 of a

agomigndional @ desigoinpbifigure:2 ismaritaiage.afathin film of gold
nano-particles embedded in polystyrene- poly(4-vinyl pyrldlne)
("PS-P4VP"); Figure 3 is an illustration of an exemplary organic memory

ice with the self- assembled charge storage layer between organic
ngn\% 8%;8%36%% |1r?§ef§’9%rl§‘?tﬁ5‘ﬂ?8%i%%ﬁ*?ﬁlﬁ%ﬁa‘l‘?éfnaéﬁf%?b@@bﬁmrdwneﬂ The

bganipremoriideviag withiheaeltlbassanhl el RGNS RO method

r.and the control layer, the tunnelling layer being
t%?g§§%;%§i¥%%?§%n§}ﬁ£ gﬁgqre the synth)ésm of the nanostructures is carried out

IC maqt
in the film.

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments of the present invention, the description being with reference to the

accompanying illustrative drawings.

In the drawings:

Figure 1 is an illustration of a conventional ONO design;

Figure 2 is an image of a thin film of gold nano-particles embedded in polystyrene-
poly(4-vinyl pyridine) (“PS-P4VP”);

Figure 3 is an illustration of an exemplary organic memory device with the self-
assembled charge storage layer between organic control and tunnelling layers;
Figure 4 is an illustration of an exemplary organic memory device with the self-
assembled layer acting as both the charge storage layer and the control layer, the

tunnelling layer being of a different polymeric material;
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8 Figure 5 is an illustration of an exemplary organic memory device with
the self- assembled layer acting as the charge storage, the tunnelling
layer and the control layer. Figure 6 is an illustration of an exemplary
self-assembled monolayer design; Figure 7 is an illustration of an
exemplary reaction scheme for reductiog of gold in PS- 5 P4VP; Figure 8
is a graph of absorbance of the PyH+AuC14- ions; Figure 9 is an

itysiration £f CrRasHBRCE ¥s xaltRgRYf MR RAMFI L 40 Wi RG2Sk -

substrate before and after annealing at 150C for 30mins, the gate voltage

beingweRl dFraming\adant¥ad Fgure 1dsamdiysy ?&(&)@P &4 the control layer.
capacitance vs voltage of Metal/PS-P4VP-Au /I_4nm SiO2) /Si substrate

bafore @ncaiiisannoalnthateis0Gl oy MminsHie-ade aiageihging

sweep from -5V to +SV; Figure 11 is two illustrations of capacitance vs

Yoliage ferid alidetaliR St RAVRI4 NN R sRiseHBSEatR 8Mektion of vold in PS-
Metal/PS-NW-Au/4.5nm SiO2 /Si substrate; (b) C- 15 V curves of Ml

suueture with An nanoparticles at 100 kHz for different gate bias sweeps.
The start/stop gate voltage is (A) -2V/+3V, (B) -3V/+4V and (C) -4V,;-5V.

FherhysteresipwiTddsoioais & heEYH(BLSIZ. Ton¢;and (C) is 3.45V:

Figure 12 is an illustration of absorbance vs wavelength of'Au
RgnecpaiticieslutigiR b3 caplEvhitnage et3:S BMBAINESEEUAN 4nm Si0./Si

nano-particles; 20 Figure 14 is an AFM image of An nano-particles
slepasiietdetnraandRfit:Snmesifigtht 3BOSTEIR; 30mins, the gate voltage being swept
from -5V to +5V;

Figure 10 is an illustration of capacitance vs voltage of Metal/PS-P4VP-Au /1.4nm
S102) /Si substrate before and after annealing at 150°C for 30mins, the gate voltage
being sweep from -5V to +5V;

Figure 11 is two illustrations of capacitance vs voltage for: (a) Metal/PS-
P4VP/4.50mSiO, /Si substrate, and Metal/PS-P4VP-Au/4.5nm SiO, /Si substrate; (b) C-
V curves of MIS structure with Au nanoparticles at 100 kHz for different gate bias
sweeps. The start/stop gate voltage is (A) -2V/+3V, (B) -3V/+4V and (C) -4V/+5V. The
hysteresis window for (A) is 1.66V, (B) is 2.75V and (C) is 3.45V;

Figure 12 is an illustration of absorbance vs wavelength of Au nano-particles;

Figure 13: a TEM image of 3-5nm synthesized Au nano-particles;

Figure 14 is an AFM image of Au nano-particles deposited on an APTES-modified

substrate;

Figure 15 is an illustration of an exemplary MPIS structure;
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Figure 15 is an illustration of an exemplary MPIS structure; 9 Figure 16 is
a graph of capacitance and conductance vs voltage of a
metal/pentacene/Au nano-particles/APTES-modified substrate obtained
by sweeping the gate voltage between +5V and -5V; Figure 17 is a graph
of capacitance and conductance vs voltgge of a 5
metal/Pentacene/APTES modified substrate obtained by sweeping the

gatervaltage hephegraiYiance-Md figuiediisa SaRR-AfCARREIANGRacene/Au
and conductance vs voltage of metal/pentacene/Au

nanoRatitlesi? FEowdiftechBilA0 ddnzlar siffarestidatabiasswaeR.
ranges; and Figure 19 is a graph of current vs voltage of a control sample
btavdh mevaMperisicene/APTES-modified substrate and with gold
nano-particles. Detailed Description of the Exemplary Embodiments As

shawe i1 Kigwiaph presensimemeny denikRtAe Daser 28 silicon
oxide-silicon nitride-silicon oxide (ONO) where the nitride layer is the

ahang® stoiage/ Ay eE Onedofi i iberaxidmiayRisACis asHihe PN ltage
oxide and the other acts as the control oxide. The nitride layer can be

heplagadHiy amargystructured fihn. The charge build up occurs in the
nanostructures. As shown in Figures 2 and 3, and according to an

Exemplarys enhgdioRnipibieieds a0 @avides @ chargestosaaRMmdadQhe/Au
use in an organic memory device 10 and which has therein

nameptitttieds RNBHmodeparticdo K2t fthaicharesionsae fiBeb24n8%; and
be, for example, a self-assembled block of a copolymer film such as, for
Bxampl®, P& d2dphdf current vs voltage of a control sample of a

metal/pentacene/ APTES-modified substrate and with gold nano-particles.

Detailed Description of the Exemplary Embodiments

As shown in Figure 1, present memory devices are based on silicon oxide-silicon
nitride-silicon oxide (ONO) where the nitride layer is the charge storage layer. One of
the oxide layers acts as the tunneling oxide and the other acts as the control oxide. The
nitride layer can be replaced by a nano-structured film. The charge build up occurs in

the nanostructures.

As shown in Figures 2 and 3, and according to an exemplary embodiment, there is
provided a charge storage film 12 for use in an organic memory device 10 and which
has therein nanostructures and/or nano-particles 26. The charge storage film 12 may be,
for example, a self-assembled block of a copolymer film such as, for example, PS-P4VP
which has therein the nanostructures and/or nano-particles. The self-assembled block

copolymers may be linear macromolecules that consist of different blocks (often
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which has therein the nanostruetures and/or nano-particles. The
self-assembled block copolyiners may be linear macromolecules that
consist of different blocks (often 10 incompatible) of different types of
monomers. These self-assembled block copolymers can be diblock,
triblock or multiblock and may be vinylepg-based, methacrylate-based,
and/or polyethylene oxide-based monomers. 5 As shown in Figure 6, the

setoagremeled argaric filp-24 Manba selfasse @é@l%%séﬁ%%’@fl%& copolymers

Self-assembled monolayers are the spontaneous organization o

melecuasodnaleaular @%iﬁf@l@&gaﬁggﬁﬁg %@ﬁyﬁgﬁéﬂ%ﬁggf)methacrgl ate-based,

two-dimensional arrays and three- dimensional nétworks by attractiv
eRs pHIgBeMIGRl Sand-ipnnatiRhoafif;assembled monolayers may be
silane derivative molecules. 10 The nanostructures and/or nano-particles
30 may have a physical and/or chemical affinity to the self-assembled
monolayers 32. The nanostructures and/or nano-particles 26 may be

embesidedhiriany\invgnerhaseshbikd Bretha eiylaterbased. Qélif-assembled

polyethylene oxide-based block copolymers that are capable o

sedhapsembiyandsBrp e ARRRSRIOLDE LePHEHAR AT B RRESISOL Bnolecules

nanostructures and/or nano-particles 26. The self-assembled organic

s cdamayster Uglel @@gﬁb@ﬁ%@&%ﬁ&%@@%ﬂ%%ﬂﬁ%%E%ﬁa?%@@&@ fhree-

metal, ceramic, semiconducting nano-particles, nanoclusters, nanorods,

aanefiiens] ALRRNNOIRSUED AS Bl HatHimited 1808 SIVE!, SRR embled

titanium dioxide, zinc dioxide, cadmium selcnides, cadmium sulphides, f

dlerengeanshdylierenge derivative molecules.

2

The nanostructures and/or nano-particles 30 may have a physical and/or chemical

affinity to the self-assembled monolayers 32.

The nanostructures and/or nano-particles 26 may be embedded in any vinylene-based,
methacrylate-based, or polyethylene oxide-based block copolymers that are capable of
self-assembly and provide a phase for the reduction of the precursor to nanostructures

and/or nano-particles 26.

The self-assembled organic films 24 may include nanostructures and/or nano-particles
26/30 of metal, ceramic, semiconducting nano-particles, nanoclusters, nanorods,
nanofibers, quantum dots such as, but not limited to, gold, silver, copper, titanium
dioxide, zinc dioxide, cadmium selenides, cadmium sulphides, fullerene, and fullerene
derivatives. The nanostructures and/or nano-particles 26/30 should not be in contact

with each other. This means that there can be many charge storage centres and these
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derivatives. The nanostructures and/or nano-particles 26/30 should not be
in contact with each other. This means that there can be many charge
storage centres and these 11 centres will not short. The nanostructures
and/or nano-patrticles 26/30 used in block copolymers or self-assembled
monolayers maybe of any metal, oxide,jgr semiconductor that has
potential to store charges. The charge storage capability can be adjusted

byt Gﬂﬂcﬁﬂtéﬁﬁﬁn”ﬂféfﬁ@d&@ﬁ@&ﬂ#@i%ﬁﬁdf‘rﬁ@&%&ﬁ&‘?&"@6’/36'ﬂlédziﬁ'iilock

on the 5 self assembled monolayers 32. The device 10 may be a thin film

tapsisisrantsaandand R SHRPOING SHhstRe Of, glass.plaste, guartz,

metal foil, undopcd silicon or heavily doped silicon. The device may also

weghickh ausainitenshichotdaier 1gbie CRARRNE, THRraRNc. fvhsl edMability can be
mixtures 10 thereof. The device 10 is shown in Figure 3 and has a souice

3, dradbi6hand:griarifod betHunnrlinadayes 20nkiRS,6AMQ! YT 28r on the

arc both dielectrics and may be formed of an inorganic, organic or

phasties dislerthisnmaieriaksuch as, for example, a polymeric 15 dielectri_c
material such as polyvinyl alcohol ("PVA") or any other polymeric material
with a reasonable dielectric constant. The charge storage layer 24
consists of the charge storage film 12 that has electrically isolated

TapestireturesBrtarhanemRariales@tnd higynaaps hay H}ﬁrg CahRSte of
many charge storage centers and these centers will not short due to them

being sepiraiearby Mecopolymesgdisilionbactie lYEh BB d3ed RO device

and to which the source 14 and drain 16 electrodes are connected. The

activeldayrelddeis serelesablyiof Ay araanic SRNCONAUEIAhBURDARISIY: mixtures
example, pentacene or
thereof.

The device 10 is shown in Figure 3 and has a source 14, drain 16 and gate 18. The
tunnelling layer 20 and the control layer 22 are both dielectrics and may be formed of an
inorganic, organic or plastics dielectric material such as, for example, a polymeric
dielectric material such as polyvinyl alcohol (“PVA™) or any other polymeric material
with a reasonable dielectric constant. The charge storage layer 24 consists of the charge
storage film 12 that has electrically isolated nanostructures and/or nano-particles 26.
This means that there can be many charge storage centers and these centers will not
short due to them being separated by the copolymer film 12. An active layer 28 is used
and to which the source 14 and drain 16 electrodes are connected. The active layer 28 is
preferably of an organic semiconductor such as, for example, pentacene or

polythiophene. The active layer 28 may also act as a supporting substrate.
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polythiophene. The active layer 28 may also act as a. supporting
substrate. 12 As shown in Figure 4, the device 10 may have the self
assembled charge storage film 12 with nanostructures and/or
nano-particles 26 acting as both the charge storage layer 24 as well as
the control layer 22. Alternatively, the self-assembled charge storage film
12 with nano structures and/or nano-particles 26 can act as both the

shalgevstarageuayerBé daasewelhas the (UnBbIMt M8 RA: dRaFIg s Roe film 12
the self-assembled charge storage film 12 is acting as the charge storage,

thieh cantkohlayee2hasonmethasthedennellisgrayendth 42 The &halsee layer 24
storage film 24 may be made using one of two different self-assembly

metiiids erctaiviligfeare abiedmbheduseHirpasnsUPSERRS Rage film 12
temperatures below 100 C. In the first method the charge storage film 24

isith seliassetaied.aanpelyeer i Metn A G witu syt esdZ8tiree storage layer 24
nanostructures and/or nano-particles that may be, for example, spin-
soaidtlasdieampeintedlans/op ink-jet-printed onto the film. A single

solution may be prepared with both the copolymer thin film and the
nanoparticle precursor. Reduction may also be carried out in the solution.

The viscosity of the solution may be adjusted for different deposition

prétesses thichis] pesvises aibriamarticiesdfahdonitaggeasie 20408adeige, the
and negates the need for the nano-particles to be soluble in the polymer
titmiroT higas22seabiel Ifas enastieltivyresyandor nano-particles of any

suitable material such as, for example, gold, silver, aluminium, cobalt,
iron-cobalt alloy, and so forth. By using this method, a one step

preparation, mixing and deposition process can be used to

The charge storage film 24 may be made using one of two different self-assembly
methods each of which are able to be used with plastic substrates at temperatures below

100 °C.

In the first method the charge storage film 24 is a self-assembled copolymer film with
in-situ synthesized nanostructures and/or nano-particles that may be, for example, spin-
coated, screen-printed and/or inkjet-printed onto the film. A single solution may be
prepared with both the copolymer thin film and the nanoparticle precursor. Reduction
may also be carried out in the solution. The viscosity of the solution may be adjusted
for different deposition processes. This provides nano-particles that do not aggregate
together and negates the need for the nano-particles to be soluble in the polymer film.
This is useable for nanostructures and/or nano-particles of any suitable material such as,
for example, gold, silver, aluminium, cobalt, iron-cobalt alloy, and so forth. By using

this method, a one step preparation, mixing and deposition process can be used to
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13 prepare the organic charge storing layer 24. The charge storage layer
24 may he manufactured with the control layer 22 and/or tunnelling layer
20 in a one step process. An organic thin-film transistor ("OTFT")-based
memory device fabrication process uses 5 a self-assembled copolymer
composite film as a floating gate dielectyic layer for memory applications
by in-situ synthesis of nanostructures and/or nano-particles embedded in

thepaaiftassepabledicapolmia 0amRosita oL I RNE@XSBIMIEY 24 may be

embodiment: The control layer 22 of a material such as, for example,

pabtvimyuadaoknh iBspinrbliepated onitbeGateIalectdetBintheneatep process.
electrode 18 is of any suitable material such as, for example, gold. The

memory layer 24 consisting of the nanostructures and/or nano-particles is
then spin coated on the control layer 22. The tunnelling layer 20 of a

matefahsutihasiforaxani|e: PV sleohehisylR e R A23180R8ss uses

the memory layer 24. The active layer 28 of an organic semiconductor

syclt-as:ciabrxarvplieyRentasans i relhiopbaneisApRlgecta dhgyer for

tunnelling layer 20 by one or more of. thermal evaporation, spin-coating,
arthbBingHitieshsTHEi SQUCEyhthand drain keracatbe e RRerAE S icles

using patterning. 20 The second method is illustrated in Figure 6. Here,

arabeddrdcinths ddfare mnedacihiBen thaba helding |ayarsciernd:$4 of
self assembled monolayers ("SAM"s). In one
embodiment:
 The control layer 22 of a material such as, for example, polyvinyl alcohol, is spin
coated on the gate electrode 18. The gate electrode 18 is of any suitable material
such as, for example, gold.
e The memory layer 24 consisting of the nanostructures and/or nano-particles is then
spin coated on the control layer 22.
o The tunnelling layer 20 of a material such as, for example, polyvinyl alcohol, is
then spin coated on the memory layer 24.
o The active layer 28 of an organic semiconductor such as, for example, pentacene
or polythiophene is applied to the tunnelling layer 20 by one or more of: thermal

evaporation, spin-coating, and being printed.

o The source 14 and drain 16 are then generated by using patterning.

The second method is illustrated in Figure 6. Here, nanostructures 30 are manufactured
that are held by layers 32 and 34 of self-assembled monolayers (“SAM?”s). In one
exemplary form of the method, the oxide layers of Figure 1 are replaced by layers 32

and 34 of the self-assembled monolayer. The nanostructures 30 have an affinity to the
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exemplary form of the method, the oxide layers of Figure 1 are replaced
by layers 32 and 34 of the self-assembled monolayer. The nanostructures
30 have an affinity to the 14 self-assembled monolayers 32, 34 and are
deposited on the first layer 32. The other layer 34 of self-assembled
monolayer is then deposited on the nanpstructures 30. The active region
28 is then applied. If required or desired, layer 34 may be deleted. 5

Riguiesdnshlewm e lisductionachrnesfasghasyhasisiefidayer 32. The other
self-assembled copolymer composite film as a floating gate dielectric

layer faroneymoiysaRplicaiiens YRR tipssara synthesizeshifcaitddno. The
copolyrneric solution and the film is then deposited as the active layer in

anioEgRRGHIBMONHRYERe NEBNORANIGISRIRCISErS AfBajsOHRRIEd
in the copolymer solution and the reduction of the precursor to 10
nanoparticles is carried out in the solution. Following that, the film is cast
on a thin oxide layer to form the active layer for one of: charge storage,

bathireagestieiagelansbacaehdinle ity atelarge.sionege sl QoW b8 mer

control and tunneling dielectric. 15 This method of preparing the active

layepssitticas the meaddle saedifititherrHoseref thenbangpREticlas PNgLdo

mixing with the polymer so the particles will not aggregate together.

pagegatien pitheipaliclescaudfeisulleiicsitiog ARIWReAIMesRREHWBSosited

The organic memory device will be highly flexible and shorting of
aatie-paiteles 20shovig 40t acaubre\RRivhIeEMmbenhobhis Mmefhedh canshee

performed at temperatures
incorporated in the copolymer solution and the reduction of the precursor to
nanoparticles is carried out in the solution. Following that, the film is cast on a thin
oxide layer to form the active layer for one of:

charge storage,

both charge storage and control dielectric, or

charge storage and both the control and tunneling dielectric.

This method of preparing the active layer reduces the need to modify the surface of the
nano-particles prior to mixing with the polymer so the particles will not aggregate
together. Aggregation of the particles could result in shorting between the particles.
The organic memory device will be highly flexible and shorting of nano-particles
should not occur, even when bent. This method can be performed at temperatures

below 100°C.

The exemplary method for the in-situ synthesis of the self-assembled copolymer film

comprises:
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below 100C. The exemplary method for the in-situ synthesis of the self
assembled copolymer film comprises: 15 Polystyrene-Poly(4-vinyl
pyridine) (PS-P4VP) diblock copolymer was first dissolved in toluene and
a solvent extraction process is implanted to remove any ionic impurities.
This is done by washing the PS-P4VP sgjution in water. The water phase
is then removed and the toluene phase containing the PS-P4VP can 5

naw bye Rresipiated fremikiexnridd) RSPV ais Isdissaivaddndoluene

(concentration being in the range of 1-10 mg/mL, preferably being

5mg/aikdolvpdisteichinmetris ﬁﬂ%ﬁ@@ﬂ%&fcﬁﬁ{@%@&@%%ﬁﬁ@d{\{@%move any
added to the micellar solution with the ratio HAuC14:4-VP being in the

rangg&fid idieided, Prefesaidlye Boingshia RioensPaffhe sk YiPWHRES The

resulted in the formation of a poly-ionic 10 block. The solution was then

treategavdthhyxdRzing E‘%ﬁﬂﬁ@ﬁdd’ﬁkﬁhgﬁﬁﬁé%;ﬁfag@ M%nﬁ@f%ﬁ&ﬁﬁyl’ can

the core of the micelles the hydrazine is preferentially taken up where it

reducasy/8idrdeipitiudde e eessak yskazine: (e WAS SRRPHED luene
directly after reduction by adding aqueous hydrochloric acid. 15

Neutrabzationaabihseaxcasthbyarazipe 1and Resipitaiae by 2686 Sme/mL)

assists in the long-term stability of the colloidal dispersiqn. The
precipitaleidHysiaginidniveiarislervasHRNAMEE By Loy ugito Hi€micellar

copolymer solution comprising the charge storage layer 24, a control layer

22 anglution with the ratio HAuCly:4-VP being in the range of 1:20 to 1:1, preferably
being 1:5. Protonation of the 4-VP units resulted in the formation of a poly-ionic
block.

« The solution was then treated with hydrazine monohydrate. Because of its polar
character, in the core of the micelles the hydrazine is preferentially taken up where
it reduces Au’* to Au’. The excess of hydrazine (if any) was removed directly
after reduction by adding aqueous hydrochloric acid.

e Neutralization of the excess hydrazine and precipitation of N,HsCl assists in the

long-term stability of the colloidal dispersion. The precipitated hydrazinium

chloride was removed by centrifuging.

The copolymer solution comprising the charge storage layer 24, a control layer 22 and
the tunnelling layer 20, may be applied to a p-type silicon substrate (as gate 18) by spin
coating at a speed in the range 500 to 6000rpm, preferably 2000 rpm for a period of
time on the range 10 to 120seconds, preferably 60seconds. After spin-coating, the
copolymer film may be annealed at the range of 100-200 °C, preferably at 150°C in a

vacuum. The annealing time is in the range of 30 minutes to 72 hours, preferably for 72
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20 the tunnelling layer 20, maybe applied to a p-type silicon substrate (as
gate 18) by spin coating at a speed in the range 500 to 6000rpm,
preferably 2000 rpm for a period of time on the range 10 to 120seconds,
preferably 60seconds. After spin-coating, the copolymer film may be
annealed at the range of 100-200 C, preferably at 150C in a vacuum. The
annealing time is in the range of 30 minutes to 72 hours, preferably for 72

A6uRoAEeAREH EhBsARROSIID Oty GRR AV /MM WRBH COMPHSS W ctures and/or
nanostructures and/or nanoparticles 26 of gold, the active layer 28,

sensperddant drin dbieieiarmee by, susequet dhermal EVRROBHRNI by
Figure 3 is a schematic illustration of the device structure. 5 As shown in

RigbguBntiiesenis sy dne absryption saesHR Wthdheseopaion e
the An precursor. The absorbance (curve a) of the PyH+ARCI4 ions
vianished almost instantaneously. The absorption band at 525 nm is
characteristic of the surface plasmon resonance of the small Au
nanocrystals that appear (curve b). 10 A metal-insulator-semiconductor
("MIS") heterostructure after annealing was fabricated to investigate the

shatging affegtud p-iResiisenisubsiaiddsiused yithatharmalle 8@ on of
1.4nm silicon dioxide on top. The block copolymer Is spin-coated on top,

fodowiasdyidepagitionwithadorgald slecurdeyby armMabavaRRIatianimost

through a 15 shadow mask of 300 m diameter size. The annealing

iesnpesatoRl e bapaIMtiEs afilmUSE s abeNa 18R Gas O I aRIMAce plasmon
temperature of the block copolymer (110-150 C)

resonance of the small Au nanocrystals that appear (curve b).

A metal-insulator-semiconductor (“MIS”) heterostructure after annealing was fabricated
to investigate the charging effect. A p-type silicon substrate is used with a thermally
grown 1.4nm silicon dioxide on top. The block copolymer is spin-coated on top,
followed by deposition of the top gold electrode by thermal evaporation through a
shadow mask of 300 pm diameter size. The annealing temperature for the copolymer
film used is above the glass transition temperature of the block copolymer (110-150 °C)

for at least 30 minutes.

The capacitance-voltage (C-V) measurements were obtained using an HP 4284A
Precision LCR Meter at a frequency ranging from 1kH to IMHz. Figure 9 shows the C-
V measurements at a frequency of 1 MHz. An amplitude of 15 mV was superimposed
on the DC bias. All experiments were carried out at room temperature and in ambient

environment.
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for at least 30 minutes. The capacitance-voltage (C-V) measurements

were obtained using an HP 4284A 20 Precision LCR Meter at a frequency
ranging from IkH to IMHz. Figure 9 shows the C- V measurements at a
frequency of 1 MHz. An amplitude of 15 mV was superimposed on the

DC bias. All experiments were carried o@t at room temperature and in

ambient environment. 17 There is a negative flat-hand voltage shift

TAMEB) afierdnachlingsef thetaapalifnenfip.afthiaindicates thiat tietayisier film.
less electron trapping in the annealed film. Hence, there is a possibility of
Tadlicidig-iee tlafebtse antchdegedrappipih siteshindhegepatymmatdilor byiere is a
the annealing process. The decrease in capacitance in the accumulation
pakebifitace agibcihg rodetstof anhaaling aspiaduted, ihalrusepelyafer film by
charge-trapping sites and thus the tunnelling path through the
tharge-diapping:site S ndliber dunitadcdpecica) dbértdiala capagisfiogeakes place as
decreases. The polar portion of the micelle (P4VP core) will contract upon
thapeading ofitnthEsmalecdxehgiemahthe pdlanpartioppihgratadihbethus the
reduction of charge density (i.e. weaker electrostatic repulsions) around

tinen B WP padrehrbhighwilk thameanaasmadlershy sidse $isiaqlp fewer the total
electrons or holes will be induced in the MIS structure) or shift in the
fatabandvdiagesButlidpalsoppassibie fiahileldiffervibe dne)cajjbcitamee upon
in the accumulation regime between the non-annealed and annealed
saregieg.iSvithetto thealdiffereacadn dfichdipiéatnoatmnsteris ofithiee reduction of
non-annealed and annealed copolymer. 15

charge density (i.e. weaker electrostatic repulsions) around the P4VP core. This will

mean a smaller hysteresis loop (fewer electrons or holes will be induced in the MIS
structure) or shift in the flat-band voltage. But it is also possible that the difference in
capacitance in the accumulation regime between the non-annealed and annealed
samples is due to the difference in the dielectric constants of the non-annealed and

annealed copolymer.

The stability of the micelles is enhanced upon the loading of Au nanoparticles, since the
polar portion is converted to an ionomer block. The result of this is shown in Figure 10,
where there is little or negligible flat-band voltage change for PS-P4VP-Au before and

after annealing.

Figure 11 (a) shows the capacitance-voltage of the MIS structure using PS-P4VP as the
dielectric layer at 100 kHz on MIS structures with and without Au nano-particles. The
MIS structure is using a n-type silicon substrate with a 4.5nm silicon dioxide on top.

The active layer is then spin-coated on top, followed by deposition of the top gold
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The stability of the micelles is enhanced upon the loading of An
nanoparticles, since the polar portion is converted to an ionomer block.
The result of this is shown in Figure 10, where there is little or negligible
flat-band voltage change for PS-P4VP-Au before and after annealing. 20
Figure 11 (a) shows the capacitance-valgage of the MIS structure using
PS-P4VP as the dielectric layer at 100 kHz on MIS structures with and

sithaudlcAsy nanerpaEtieiRsalbhie tHyd Sobti CHuiR ¥ MSHIJoR ROty pehsdiig®@Rter size. For
substrate with a 4.Snm silicon dioxide on top. The active layer is then

eineoatadiosutop fallawaa-biyl depbsition atdhgitop igaldisielanicada Bydicating
thermal evaporation through a shadow mask of 300 m diameter size. For

dbecat\d wilhaudt Aarganorpies tiele s dlearanscnagligile WstesrSiS defined to be the
observed indicating absence of trapped charges in the fabricated
Siruettdeolfagdyisteresis is defined to be the flat band voltage shift. S

Figure 11 (b) shows the capacitance-voltage curves of the MIS structure

with ALL nano- particles at 100 kHz for different gate bias sweeps. The

tart/s te voltage is - 2V/I+3V, (B) -3V/+4V a ) -4V/+5V. Th
TS SRS T Chp el i o By A R S o
kw te es |ndow |n range of 0.4 to 3.45V is observed for.
ane%%s(élgr:na&?@?/n%ﬁ nha opa?%l% g)éfjs é%%e@ on h?eSF%IF@EOBfg&b vatitage is (A) -
YOIBOE Y§93/+4V and (C) -4V/+5V. The hysteresis window for (A) is 1.6V, (B) is

2.75V and (C) is 3.45V.

An anticlockwise hysteresis window in a range of 0.4 to 3.45V is observed for the
sample with Au nanoparticles, depending on the range of operating voltage used,
indicating a net hole trapping effect. The higher the operating voltage, the bigger is the
hysteresis window. At the influence of negative gate voltage (applied from top metal
electrode), holes may be injected from the substrate inversion layer and may be stored
in the Au nanoparticles by a direct tunnelling process through the ultra thin oxide. When
the voltage is swept to positive value, the stored holes in the Au nanoparticles will be

flushed out, resulting in the shift in capacitance characteristics.

A higher concentration of Au nanoparticles in the self-assembled copolymer film may
result in a better charge storage capability. Hence the concentration of noble particles

may control the charge storage ability of the organic memory.



10

15

20

indicating a net hole trapping effect. The higher the operating voltage, the
bigger is the 15 hysteresis window. At the influence of negative gate
voltage (applied from top metal electrode), holes may be injected from the
substrate inversion layer and may be stored in the An nanoparticles by a
direct tunnelling process through the ultra thin oxide. When the voltage is
swept to positive value, the stored holes in the An nanoparticles will be

Austies ekéntpREitinG dasthRShill ilberRAH AT I RMCIRNISIGSoRAvices with

higher concentration of Au nanoparticles in the self-assembled copolymer

fibmt- soeaim beslh bhal bekte e ange ssocagescrRAR N FeneRitBR ctric layer may be
concentration of noble particles may control the charge storage ability of

thelergamieimemory. 19 Another exemplary process for the fabrication of
OTPT-based memory devices with self assembled monolayers and

nanosisgotiieg asafiastinglgaie shelestic layen iayherdmplemented by:
Depositing a self-assembled monolayer 32 on a substrate. 5 a Depositing

nanoslegotitiag 3ehvithuanrifinityiehthe SElfas e mblearmaRalaer BdndRyer 32
the self-assembled monolayer 32. Depositing another layer of the

self-asserabiet mentRyenddoda dag2nanostructures 30. The organic
semiconductor layer 28, such as pentacenc or polydiiophene, is 10

appliextjodhe otietiayerydddftthe selkassanal e eyl least
one of. thermal evaporation, spin-coating, and being printed on the
self-assertbletires 30.

o The organic semiconductor layer 28, such as pentacene or polythiophene, is
applied to the other layer 34 of the self-assembled monolayer by at least one of:
thermal evaporation, spin-coating, and being printed on the self-assembled
monolayer.

e The source 14 and drain 16 for the organic memory is then deposited on the

semiconductor layer 28.

The synthesis of gold nano-particles may be carried out by the use of a modified
Turkevich method which used trisodium citrate (Na;CgHs07.2H,0) as the stabilising
agent and sodium borohydride (NaBH,) as the reducing agent. In an exemplary form,
0.5 ml of 0.01M hydrogen tetrachloroaurate (III) (HAuCl.3H,0) was mixed with 0.5
ml of 0.01M trisodium citrate. The mole ratio of HAuCl4.3H,0 to NasCeHsO0,7.2H,0
was 1:1. The solution was diluted with 18 ml of deionised water and stirred. 0.5 ml of
0.1M NaBH, aqueous solution was added drop-by-drop and the solution was stirred for

30 seconds. The solution was left undisturbed for two hours.
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monolayer. The source 14 and drain 16 for the organic memory is then
deposited on the semiconductor layer 28. 15 The synthesis of gold
nano-particles may be carried out by the use of a modified Turkevich
method which used trisodium citrate (Na3C6Hs07.2H20) as the stabilising
agent and sodium borohydride (NaBH4)@s the reducing agent. In an
exemplary form, 0.5 ml of 0.01M hydrogen tetrachloroaurate (1lII)

(ARG ZQurean Mixe Al wilkh 0-pa2Rcrel Qi Moy Gitrate- Thend
mole ratio of HAuC14.3H20 to Na3C6H507.2H20 was 1:1. The solution

wassdiuiedavith dsp ok ioh deiponioed wateharcistigede e & IsBﬁeQ@aMAu

NaBH4 aqueous solution was added drop-by-drop and the solution was

stirreshfoc S0eaossshy i selutianasHal andistrRediion Meohou 2R the

As shown in Figure 12, the ALL nano-particles were characterized using

kiuVis paknsDag,a pemlk AbaREIRRIe! - A0BAIBM AstobS the TEM

presence of spherical ALL nanoparticles, produced by the reduction of

bhAiEE b4 Tiging sOAHap s RnyREIdelasiNeidedeaing AgRALT0% $18506f TRl with

An nanoparticles can be determined from the TEM 5 image of Figure 13.

Boigletstofitiieng ald celkaids wetelronpad 0nihavwoRRALETHFN AvleHo-
carbon film and dried in vacuum. Figure 13 shows monodispersed An

paniigarticipsafiappiexdnaielBdpiadn diameter. For the removal of
possible organic contaminants from the substrate as well as the 10

glassware used for solution deposition, piranha solution (2:1 concentrated
H2S04: 30%

For the removal of possible organic contaminants from the substrate as well as the
glassware used for solution deposition, piranha solution (2:1 concentrated H,SO4: 30%
H>0O,) was employed, followed by RCA clean (HC1:H,0,:H,0 = 1:1:10 and
NH4OH:H,0,:H,0 = 1:1:5). After the RCA clean, the silicon substrate surface is rich in
hydroxyl groups, which are used to link the 3-aminopropyl-triethoxysilane (“APTES”)
molecules. The amino-terminating APTES self-assembled monolayer was formed on a
silicon surface by immersing the silicon substrate in 5-10 % volume of APTES in
absolute ethanol for 1-2 hour. The modified substrate was then rinsed successively in
ethanol and deionized water to remove any loosely bound molecules and blow dried

with nitrogen gas. Finally, the substrates were baked in vacuum oven at 120°C for 30 —

60 minutes to complete the Si-O bond formation.

A monolayer of amino-substituted silane on the silicon was confirmed by ellipsometry,
which revealed a film thickness of 0.9 nm. The thickness of the SiO, layer was

measured separately on an unmodified substrate first and subtracted from the total layer
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1-1202) was employed, followed by RCA clean (HCI:H202:H20 = 1:1:10
and NH40H:H202:H)O = 1:1:5). After the RCA clean, the silicon
substrate surface is rich in hydroxyl groups, which are used to link the 3
-amino propyl-tri ethoxysilane ("APTES") molecules. The
amino-terminating APTES self-assembfgd monolayer was formed on a 15
silicon surface by immersing the silicon substrate in 5-10 % volume of

ARKES drleabsohse fothan ol FarEk- 2nbeviayEhesnadiigdubsiaterasthen
rinsed successively in ethanol and deionized water to remove any loosely

bidbsehooe dules asdyhinly deet it i agen maB SHiRally, the substrates
were baked in vacuum oven at 120C for 30 - 60 minutes to complete the
Si-O bond formation. 20 A monolayer of amino-substituted silane on the
silicon was confirmed by ellipsometry, which revealed a film thickness of

01 goid hheotiokressoéihes SRl dayer hasmineasuiad Sepaatehysabsaate
unmodified substrate first and subtracted from the total layer 21 thickness

sdetarmineiniocitia AR B drorolayet-coneied SI0RIGH substtatandharticles for
difference in thickness yields the thickness of the APTES layer. The gold

perdsparticles pléref aissgmblesiionl thewrininoatent]ingcteth e SUbStiate the
5 surface by immersing the substrates into a colloidal solution of gold

senteparfidiesdd i hiotickes s phtbfl thesdadd cbllaietBRIYHRRWAS the amino-
adjusted to around 5-6. Since the solution of the gold nano-particles was
slightiydaciditaaddingdhiscgehitiontien thetrminon sipytated substratesied doh

the protonation of the amino groups on the surface. Such positively

pheityetl shbsirateditfacesishabled-bledtehstiatior it actioniof pEgativelely
charged citrate-stabilized gold nanoparticles. The substrates were removed from the

solution, rinsed with deionised water and blow dried with nitrogen gas. The AFM image

of Figure 14 shows a densely-packed layer of gold nano-particles.

A metal-pentacene-insulator-silicon (“MPIS”) structure is shown in Figure 15, where
pentacene is the active semiconductor layer 28. The n-type silicon substrate 36 is used
as the gate electrode 18, with 4.5-nm thermally grown silicon dioxide 38 above it. The
gold nano-particle layer 30 was deposited on the SiO; layer 38 at room temperature and
pressure by chemical self-assembly. The pentacene layer 28 is thermally evaporated, at
a deposition rate between 0.1 — 0.5 nm/s and a pressure of around 10 -107 torr, to form
a 45+5-nm-thick film. The top metal electrode 40 of gold was subsequently deposited

by thermal evaporation through a shadow mask of 300 um diameter size.
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10 charged citrate-stabilized gold nanoparticles. The substrates were
removed from the solution, rinsed with deionised water and blow dried
with nitrogen gas. The ATM image of Figure 14 shows a densely-packed
layer of gold nano-particles. A metal-pentacene-insulator-silicon ("MPIS")
structure is shown in Figure 15, where 4b pentacene is the active
semiconductor layer 28. The n-type silicon substrate 36 is used as the

Jatecelecitante: 18] mitheasoronibarmady: aravregilicary diaxiderd8ahove Wz and
The gold nano-particle layer 30 was deposited on the SiO2 layer 38 at

ERQIM BN katU FenaVi Gy 43 Wﬁlb&@ﬁ%@i@@'ﬁ@m@m%aﬁl@ments were
pentacene layer 28 is thermally evaporated, at a deposition rate between

OatricQ.5una/®amckenpraasueaafi anordulf) endfoteredio form 200 ton?.
455-nm-thick film. The top metal electrode 40 of gold was subsequently

deposited by thermal evaporation through a shadow mask of 300 pm
diameter size. 22 The capacitance-voltage measurements were at a

fipguencyiiangehefchjalizantMbizagpdnaramplitiele: b a o Vhwasteristics
superimposed on the DC bias. All measurements were carried out at

(Gequéanynet A00rRIAND isV@CHUINE VIO BRI W8 ddditane R Rigidiurticles,

16 shows the capacitance-voltage and conductance-voltage

characteristics cfreguentycoftOfbkiizisthised)-ehide MRER. StHCUFRWEhce peak
deposited gold nanoparticles, where the conductance peak corresponds

toathbdlatsbantdolidgencie lconductanae gpaldnay HaidssaGAReWds by the
energy loss due to the capture and emission of electrons by the gold

paldoxpavticiaschrs thetpe ptacerelgelinano-particle intefasebhuhsaab g the

10 pentacene/APTES interface states. This is from a comparison with the
phseceatictPalE the eofatoksampldiwithouhgoltbnaaerparticlesief sigswaddn of
as it has no conductance

the control sample without gold nano-particles of Figure 17 as it has no conductance

peak.

As shown in Figure 16, a clockwise hysteresis window of 1.25V occurs upon double
sweeping. This indicates a net hole trapping. Under the influence of a negative gate
voltage, holes can be injected into the gold nano-particles from the pentacene
accumulation layer. Most of the holes that are injected into the conduction band of the
gold nano-particles are collected by the gate or the substrate, leading to a gate current or
a substrate current, respectively. Upon applying a positive gate voltage, the stored
charges in the gold nanoparticles are forced out, resulting in flat-band voltage shift.
Both the magnitude of hysteresis in capacitance-voltage and the shift in the peak
positions in conductance-voltage are about 1.25V. The single conductance peak
observed in two directions means that only single-electron or single-hole trapping and

de-trapping events were observed. As such the peak in conductance around the flat band
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peak. As shown in Figure 16, a clockwise hysteresis window of 1.25V
occurs upon double 15 sweeping. This indicates a net hole trapping.
Under the influence of a negative gate voltage, holes can be injected into
the gold nano-particles from the pentacene accumulation layer. Most of
the holes that are injected into the condiction band of the gold
nano-particles are collected by the gate or the substrate, leading to a gate

edaidiomdisibsthate crpentntaspectivahedianranpplyiog e RSt eigalsred per
voltage, the stored 20 charges in the gold nanopatrticles are forced out,

geRLiting parflaleh@hdrvfiltagh shifly sBothithe magkithoesoh iy stesasibuted to holes
capacitance-voltage and the shift in the peak positions in
copshdcianieesyndtagehadealdatind-paNiclhe sngle: carauctasTod Peakl nano-
observed in two directions means that only single-electron or single-hole
peappiag Svacksde-iia pIridE e ntstives® DBSesxatt heghehithe peakdresponsible
conductance around the flat band 23 condition indicates that a trap event
fradwhdwhedivitrere an electron or hole is stored per gold nanoparticle.
Therefore, these hysteresis and peak shifts may be attributed to holes

trapped in the sandwiched gold nano-particles or at the interface of the

gold nano- particles. States at the APTES or at the APTES-oxide interface
Figaye08 bhaespiensibién&doreau ok the haasauunkrigpuiatildh $howsothat the 10V
increment of the maximum operation bias from 5V to 10V increases the
nystesestbavinsioredf thimdow dlitweFrdhtdr2bioio RXB5V td bisdndidaissindicates
that more and more holes are being trapped by increasing the gate

thaltagee B8d more holes are being trapped by increasing the gate voltage.

As shown in Figure 19, lower current through the whole device is observed for the
sample with Au nanoparticles. The current obtained from the control sample
(pentacene/APTES/S10,) was at least two orders of magnitude higher. This might be
due to charges being stored inside the Au nanoparticles and “screens” the effective
electric gate field, resulting in lower effective voltage applied and hence, lower current.
During voltage sweeping from 0 to -4.5V, the applied electric field can cause charging
and discharging of some Au nanoparticles, leading to the breaking or formation of some

conductive paths and thus decrease or increase of current respectively.

The memory device 10 may be a non-volatile memory device that can be repeatedly
written, read and erased having at least one of: low operating voltage (e.g. less than
10V), current ratio between the on and off state of at least two orders in magnitude, a
low processing temperature from about 50 °C to about 225 °C, and a switching speed in

the range of 100us — 100ns.



As shown in Figure 19, lower current through the whole device is
observed for the sample with An nanoparticles. The current obtained from
the control sample (pentacene/APTES/SiO2) was at least two orders of
magnitude higher. This might be due to charges being stored inside the
ALL nanoparticles and "screens" the effective 15 electric gate field,
resulting in lower effective voltage applied and hence, lower current.
During voltage sweeping from O to -4.5V, the applied electric field can
cause charging and discharging of some ALL nanoparticles, leading to

Warienkirgof fesmatiaripésamBe m&%@@t@&d@&ﬂ&@ﬂ@%}ﬁﬁlgﬁ%ﬁ%ﬁﬁenm of
increase of current respectively. 20 The memory device 10 may be a

tanpvelatiennemneryiteviCehal sanbe verrsteddvr ttene a8ty concerned
erased having at least one of: low operating voltage (e.g. less than | (‘)/V),

dureninatiordsiween doainoaudvihstaiesehat JeastdwoMGeR iMmay be made
magnitude, a low processing temperature from about 50 C to about 225

@ithod d gwitehingospaadpirstieirargadf | 00us - 100ns. 24 Whilst there
has been described in the foregoing description exemplary embodiments
of the present invention, it will be understood by those skilled in the
technology concerned that many variations in details of design,
construction and/or operation may be made 5 without departing from the
present invention. I. .LOYD WISE 25 The Claims: 1. An organic memory
device comprising:
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a first electrode, a second electrode, and 5 an active layer and a
self-assembled charge storage layer disposed between the first and

second electrodes, the self-assembled charge storage layer comprising a.LOYD WisE

film of an organic dielectric material having nanostructures and/or
nano-particles of a charge-storing mategal, wherein each of the
nanostuctures and/or nano-particles are separated from each other, and
Wheeinithe self-assembled charge storage layer 10 is selected from the
group consisting of. a self-assembled copolymer layer containing
nanbstructresiamkiéaroradespesiciephatdave been reduced in situ from
a precursor in a copolyrneric solution, and a self-assembled monolayer to
which thérnahastsdetures and/or nano-particles have affinity and on which
the nanostructures and/or nano-particles are provided. 15 2. An organic
memory devickehs ttalmaddn claim 1, further comprising at least one of a
control layer and a tunnelling layer between the first and second

electroaescti3c Ayargadic seiémaemidsdcsh ag claimed inyeaimiphsedestiRen the
at least one of the control layer and the tunnelling layer is integral with the

selffasisernibledchekgerosiorape dalferss2thBleARIRIGRIO MRMOyY AOUIGEI A8g a
claimed in any one of claims 1 to 3, wherein each of the nanostructures

andibnneho-paridledidelecticaty is alated. andstrorgaric MeMandeyiescies of
as claimed in any one of claims 1 to 4, wherein the self-assembled
chargbsigrageitayentoipidesdnestifodssembledrmonelayel/ day@is,particles
with the nanostructures and/or nano-particles being between the two
are separated from each other, and wherein the self-assembled charge storage layer
is selected from the group consisting of: a self-assembled copolymer layer
containing nanostructures and/or nano-particles that have been reduced in situ from
a precursor in a copolymeric solution, and a self-assembled monolayer to which the
nanostructures and/or nano-particles have affinity and on which the nanostructures
and/or nano-particles are provided.
2. An organic memory device as claimed in claim 1, further comprising at least one
of a control layer and a tunnelling layer between the first and second electrodes.
3. An organic memory device as claimed in claim 2, wherein at least one of the
control layer and the tunnelling layer is integral with the self-assembled charge
storage layer.
4. An organic memory device as claimed in any one of claims 1 to 3, wherein each
of the nanostmctures and/or nano-particles is electrically isolated.
5. An organic memory device as claimed in any one of claims 1 to 4, wherein the

self-assembled charge storage layer comprises two self-assembled monolayer

layers, with the nanostructures and/or nano-particles being between the two
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L 10 Y1) WISE 26 layers, and wherein one of the two self assembled
monolayer layers is the control layer, and the other of the two
self-assembled monolayer layers is the tunnelling layer. 6. An organic || ovp wisE
memory device as claimed in claim 5. wherein at least one of the two 5
self-assembled monolayer layers comprises at least one silane derivative.
7. An organic memory device as claimed in any one of claims 1 to 4,

whereilnjbs, satf-ahseaifibied cheaigestiosinestayalisl amsaltassemiieds the
copolymer selected from the group consisting of. diblock, triblock, and
multiblockir8l IAncargahit eanenf device as Claisond e Glainy Gy wheyels is the
the self-assembled 10 copolymer is of a material selected from the group
consistingheflivgnylare-based, methaerylate-based, and polyethylene
oxide-based monomers. 9. An organic memory device as claimed in any

oneof slamstitmBrmdigréinithesaffiniydsatisastona selacted fomdhe the two
group consisting of. physical, and chemical. 15 10. An organic memory

device el claimetddd mpydageoilaims e s whresivihesi nap asliveiies
and/or nano-particles are at least one selected from the group consisting
of., ‘metal, coxiaécoh anmeyal csrmicanaiucioincarantie cfmiganducting herein the
nano-particles, nanoelusters, nanorods, nanofibers, quantum dots,
fullereselfanserleiddathregcoftiuligsenger20 d del Amsorgdiia BopBIofyedeslieted from
as claimed in claim 10, wherein the quantum dots

the group consisting of: diblock, triblock, and multiblock.

8. An organic memory device as claimed in claim 7, wherein the self-assembled
copolymer is of a material selected from the group consisting of: vinylene-based,
methacrylate-based, and polyethylene oxide-based monomers.

9. An organic memory device as claimed in any one of claims 1 to 8, wherein the
affinity is at least one selected from the group consisting of: physical, and
chemical.

10. An organic memory device as claimed in any one of claims 1 to 9, wherein the
nanostructures and/or nano-particles are at least one selected from the group
consisting of: metal, oxide of a metal, semiconductor, ceramic, semiconducting
nano-particles, nanoclusters, nanorods, nanofibers, quantum dots, fullerene, and
derivatives of fullerene.

11. An organic memory device as claimed in claim 10, wherein the quantum dots
are selected from the group consisting of: gold, silver, copper, titanium dioxide,
zinc dioxide, cadmium selenides, and cadmium sulphides.

12. An organic memory device as claimed in any one of claims 1 to 11, wherein the

organic memory device comprises a thin film transistor (TFT), the first electrode
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are selected from the group consisting of. gold, silver, copper, titanium
dioxide, zinc dioxide, cadmium selenides, and cadmium sulphides. 12. An
organic memory device as claimed in any one of claims t to 11, wherein LLOYD Wi
the organic memory device comprises a thin film transistor (TFT), the first
electrode LLOYD VVISE. 27 being a gate electrode of the TFT, the

second electrode being one of a source electrode and a drain electrode

of the BEihg ke nethaddaiftive TabTrichtigBohdrtietgridic v ony: deYicurce
the method comprising: 5 forming a first electrode, forming a.
self-assiemhiéd ehbigkstochgeaddyerf diamiorganic dielectric material
including nanostructures and/or nano-particles, forming an active layer,

and forningleodefooric éhpeicadenseiom thatilie selhassasidedichargaod
storage layer 10 and active layer are disposed between the first and
second@lgatrades, wherein the self-assembled charge storage layer is
formed by one of., reducing nanostructures and/or nano-particles in situ
from a prefounsmigin Arstepatyoteric solution to form a self-assembled
copolymer layer, and forming a self assembled monolayer to which the
nanostructuresmand et franexfideticlea pave b affinityodnd opmhicidietric

nanostructures and/or nano-particles are provided. 14. A method as
clameelrinl chainnd &3 avineseinctheesmethod faithencaneprises
forming an active layer, and
forming a second electrode such that the self-assembled charge storage layer
and active layer aré disposed between the first and second electrodes,
wherein the self-assembled charge storage layer is formed by one of:

reducing nanostructures and/or nano-particles in situ from a precursor in a

copolymeric solution to form a self-assembled copolymer layer, and forming a self-

assembled monolayer to which the nanostructures and/or nano-particles have
affinity and on which the nanostructures and/or nano-particles are provided.

14. A method as claimed in claim 13, wherein the method further comprises
providing at least one of a control layer and a tunnelling layer between the first
and second electrodes.

15. A method as claimed in claim 14, wherein at least one of the control layer and
the tunnelling layer is formed integrally with the self-assembled charge storage
layer.

16. A method as claimed in any one of claims 13 to 15, wherein one or more of the
layers are formed by at least one selected from the group consisting of: spin-

coating, screen-printing, and inkjet-printing.
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providing at least one of a control layer and a tunnelling layer between the

first and second electrodes. 15. A method as claimed in claim 14, wherein

at least one of the control layer and 20 the tunnelling layer is formed o ”
integrally with the self-assembled charge storage layer. 16. A method as-LOYD WISE
claimed in any one of claims 13 to 15, wRerein one or more of the layers

are formed by at least one selected from the group consisting of. spin-

coating, screen-printing, and inkjet-printing. 11..0YD WI SL 28 17. A

method as claimed in any one of claims 13 to 16 wherein the

selftassemtled] ahetge slarage layenconmpiises twosselfassemblet-assembled
monolayer layers, with the nanostructures and/or nano-particles being

betweehihe: twerdgyeigcanshiphieceitnd ofe aftiebla®BeHorsread, with the
monolayer layers is the control layer, and the other of the two

self-assemobladmenalayer tayersdsitiestiainglliegdestethd BvAlmethoth@svherein
claimed in claim 17, wherein at least one of the two self-assembled

monolayerdéyter svooseffrisssna labstneasiang derivaty eodioAanathed the
as claimed in any one of claims 13 to 18, wherein each of the 10

nanostotioturdstand/orsénespatilelemimelagtritajiyrisolaiethna@l A gnethed
as claimed in any one of claims 13 to 16, wherein the self-assembled

copyrhendthedlectdaldredritheagroun eansisting lehsdideock tikheekethghsembled
multiblock.
monolayer layers comprises at least one silane derivative.

19. A method as claimed in any one of claims 13 to 18, wherein each of the
nanostructures and/or nano-particles is electrically isolated.

20. A method as claimed in any one of claims 13 to 16, wherein the self-assembled
copolymer is selected from the group consisting of: diblock, triblock, and
multiblock.

21. A method as claimed in claim 20, wherein the self-assembled copolymer is of a
material selected from the group consisting of: vinylene-based, methacrylate-
based, and polyethylene oxide-based monomers.

22. A method as claimed in any one of claims 13 to 21, wherein the nanostructures
and/or nano-particles are at least one selected from the group consisting of:
metal, oxide of a metal, semiconductor, ceramic, semiconducting nano-particles,

nanoclusters, nanorods, nanofibers, quantum dots, fullerene, and derivatives of

fullerene.
23. A method as claimed in claim 22, wherein the quantum dots are selected from

the group consisting of: gold, silver, copper, titanium dioxide, zinc dioxide,

cadmium selenides, and cadmium sulphides.



21. A method as claimed in claim 20, wherein the self-assembled

copolymer is of a 15 material selected from the group consisting of.
vinylene-based, methacrylate- based, and polyethylene oxide-based

monomers. 22. A method as claimed in any one of claims 13 to 21, - )
wherein the nanostructures and/or nanggparticles are at least one LLOYD WISE
selected from the group consisting of: metal, oxide of a metal,

semiconductor, ceramic, semiconducting nano-particles, 20 nanoclusters,
nanorods, nanofibers, quantum dots, fullerene, and derivatives of

fullerente n23hdxl nrethoch abialaimed dn Claiim 2 3wh e e i iBeGURB bITadRI S cmory
are selected from he group consisting of. gold, silver, copper, titanium
dioxidejaiite dioxpadaescadmidinsetenides, (@R Gainncsedpoidteseia a gate
LLOYD WISE 24. A method as claimed in any one of claims 13 to 23,
whereinlthg@kgahibanidiiiptiyedeviael cdoopoise b andiontiloT transistas1 ¢8rdde and a

the first electrode being a gate electrode of the TFT, the second electrode

being cheintksouiceelectfdde and a 5 drain electrode of the TFT.



