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material 11 and on the other side of the memory material a second set of

strip-like electrodes BL is provided oriented orthogonally to the first set. The
first set of electrodes WL forms word lines in the matrix memory and the

second set of electrodes BL forms bit lines in the matrix memory.

Fig. 2 shows a section through the prior art matrix memory shown in fig. 1.
The electrode WL,BL sets are spaced apart and the memory material 11 is
provided in sandwich therebetween. However, the electrode sets could also
be provided embedded in memory material. In fig. 2 the volume element in
the memory material at the crossing between a word line and a bit line
defines a memory cell in the memory material. The memory cell has
capacitor-like structure. The ferroelectric (e.g.) memory material can be
polarized to a definite polarization state by applying a voltage to a bit line
and a word line thus establishing an electrical field across the ferroelectric
memory material where the respective word line and bit line cross. The
memory cell can store this polarization state indefinitely unless the
polarization state is switched by once more applying an electric field to
memory cell as will be explained below. The memory device 10 shown in

figs. 1 and 2 is a so-called passive matrix memory device which means that
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Both passive and active matrix memory devices can be stacked to form
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volumetric data-storage devices. For instance could the passive matrix
memory device in figs. 1 and 2 form a layer in a stacked structure with an
20 insulating and/or separation layer being provided between each passive
matrix memory device in the stack. In a ferroelectric or electret memory
material exhibiting hysteresis the behaviour of the memory material will be
addressed by referring to fig. 3 which shows the hysteresis loop for a
ferroelectric or electret material. The polarization of the material is shown
25 with regard to the electric field E. The polarization value will move around
the loop in an indicated direction. A ferroelectric material with a hysteresis
loop as shown in fig. 1 will change its polarization direction (switching) by
applying an electric field E stronger than a so-called coercive electric field
E.. When the electric field E becomes greater than the electric coercive field
30 E., the polarization P changes to a large positive value +P,. This positive
polarization +P, is maintained until a large electric field which has a value
greater than the negative electric field —E. once again changes the
polarization back to a negative polarization state. Hence memory devices
with ferroelectric or electret capacitors exhibit a memory effect in the
35 absence of an applied electric field and it will be possible to store
non-volatile data by applying a potential difference across the memory
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show their suitability for use as a memory material in a non-volatile matrix
memory. Reference may also be made to IBM Technical Disclosure Bulletin,
Vol. 37, No. 11 (Nov. 1994) which discloses the use of ferroelectric
20 polymers, particularly polyvinylidene fluoride (PVDF) or the copolymer
PVDF-TrFE as the ferroelectric material which are capable of being
deposited in very thin film and providing a very fast response to a
pyroelectric stimulus. This publication is also relevant as it discloses the
possibility of creating a stack of two-dimensional memory devices to form a
25 volumetric data storage device.

A common problem with ferroelectric and/or electret polymers and
copolymers is the occurrence of high level of chemical defects resulting in a
low degree of crystallinity and consequently a low polarization potential.
This has also a negative effect on the switching behaviour. The switching
30 may for instance become slower and require a very high field voltage.
Polyvinylidene fluoride (PVDF) is generally regarded as less suitable as
memory material, as it tends to form a non-polar crystal structure and the
PVDF must then usually be mechanically stretched to render it ferroelectric,
i.e. converting the crystals from the non-polar form (II) to the polar form (I).
35 The stretching procedure, however, is not compatible with a typical CMOS
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where a ver ysagl'i f@Proelectric random access memories (FERAM), where a very high
switching endurance is desired. Such devices should be able to sustain a
number of repeated switching cycles running into millions or billions without
the switching behaviour being appreciably affected. This is, however, not the
20 case as repeated switching tends to lower the polarization potential and
increasingly higher field voltage must be applied to induce switching. Also
the detection of the polarization state becomes more difficult as the current
output response becomes increasingly lower and in the long run approaches a
discrimination limit. The reason for the undesirable fatigue phenomena in
25 ferroelectric polymers has been related to a charge build-up on the electrodes
particularly due to a defluorination or dehydrofluorination of the polymer
chains yielding carriers of mobile charges in the memory medium, e.g.
fluorine and hydrogen fluoride.

Hence a primary object of the present invention is to provide a non-volatile
30 matrix memory with a ferroelectric or electret polymer or copolymer memory

material not encumbered with the above-mentioned deficiencies and with

improved functional properties, particularly in non-volatile passive matrix

memories.

The above-mentioned objects as well as other features and advantages are

35 obtained with a memory device according to the invention, which is



swi tching endurance is desired. Such devices should be able to sustain a
nunber of repeated swtching cycles running into mllions or -]Hi-ﬂﬂﬁYZO%
wi t hout the switching behaviour being appreciably affected. Zlﬁ R S,
however, not the 20 case as repeated switching tends to | ower the

pol ari zation potential and increasingly Righer field voltage nust be
applied to induce switching. Also the detection of the polarization state

beconmes nore difficult as the current output response becones increasingly
| ower and i nchasactegigdrigth ab&%&éﬁafée%rlwrs%hepwmqraﬂm materiahgRMpEagON f or

t he undesi ragllgagta@ﬁfgg@uﬂ@h@t@gqﬁﬂ? mep. 25 ferroelectric polyners has been
related to a charge build-up on the electrodes particularly due to a

def | uor nat i 4 o PERVARGLLU! LABLUARCH! of 1. AYCHBY saf9at Monstofkdl ng

carriers of I'ne and hydrogen
fl uoride. Heahcuaemtpd mmﬁylyleol:ﬂ pokyVMylucﬂwqoﬂesede (PMIBB)l onis to provide a
non-vol atile 30 matrix nenory with a ferroelectric or electret polyner or

copol ymey neRpayothef ﬁﬂtfﬁﬁta@@buﬁeﬁiﬂmﬁﬁl@ﬁt of the Iﬂ\%rﬂmvﬁi‘lmtlé@ﬁ%e
deficienci es_and w

nproved fupctional, proper i cul a n
non-vol at 1 | SAgHEEeS PRRYTEL ® RenBphaer. fd BB GRBoRsRET T NSH REre bl el
as ot her fea&@ﬁ@ﬁyv&ﬂgﬂlla@w@ﬂl&mﬁ& -aiftuodetiofitaé aegoWimér.a menory device
according to the invention, which is 22 FEBRUARY 2006 5 characterized in

that the f er1r gétezﬁ{c{thgr Qﬁ}lfﬂtﬁgé&gﬁt cBERIHe RS £ rr% HePinveA iR &?ﬁ at ¥ast AL one

deut erat ed antageous empodi ment of e invention said
at | east onedetdemte«ﬂ@péﬂnpoug/aréerp%yrpgr yyvinylidene fluoride (PVDF). 5 In
anot her advant ageous enbodi nent of the invention said at |east one

deut er ated p@l ¥iBbdiBeRtsCOPDleyif®entianGatdgt Ié@@pbﬁérﬁeufmtetmwlym@f@roabyy be
pol yvi nyl i dene fl yor,i de- %I’I fluor et h%/l en%§co ol. ¥ % f% ther

advant ageousP& o Werte ’fp’ferf‘érq Heé%%rftag SRTE R A

pol ymer is alehset poynke rerhalﬂdbrddé@@glthsc afdidpen. nventi on said at | east
one deuterated polyner is only partly deuterated; preferably is then the

atom c per ceph 298y Yt SIPYh AT W BL explained in more detail to facilitate a better
understanding of the advantages gained, principles involved and with

15 appropriate reference to the drawing figures, wherein

fig. 1 shows schematically a prior art passive matrix memory as already

mentioned,
fig. 2 a section taken along the line A-A thereof,

fig. 3 a standard hysteresis loop for a ferroelectric or electret polymer
20 memory material,

fig. 4a schematically the structure of a regular protonated vinylidene fluoride
monomer,

fig. 4b schematically the structure of a polymer chain of protonated
vinylidene fluoride monomers,

25 fig. 5a an example of a defect occurring in protonated polyvinylidene
fluoride polymer chains,

fig. 5b another example of a defect occurring in the same compound as in fig.
Sa,

fig. 6a schematically the structure of a deuterated vinylidene fluoride
30 monomer,
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deut er at ed asbtaindd watheasarofosspiestiofly both deuterated and tritiated monomers of

methyl ethylene; Cais & Kometani, “Polymerization of Vinylidene-d,

Fluoride. Minimal Regiosequence and Branch Defects and Assignment of

Preferred Chain-Growth Direction from the Deuterium Isotope Effect”,

15 Macromolecules, 17:1887-89 (1984); and Takase & al., “Ferroelectric

Properties of Form I Perdeuteriated Poly(vinylidene fluoride)”,

Macromolecules, 20:2318-20 (1987)), they have never been proposed as

candidate materials for non-volatile memories with ferroelectric or electret

polymer memory materials.

20 Fig. 1 shows as mentioned above very schematically a preferred passive
matrix memory with a first set of electrodes comprising word lines WL and a
second set of electrodes comprising bit lines BL in the passive matrix
memory. The electrode sets are arranged around a very thin layer of a
ferroelectric or electret polymer or copolymer memory material 11, wherein

25 the polymer or copolymer is deuterated, i.e. having the hydrogen atoms in the
polymer chain replaced by deuterons. The section in fig. 2 taken along the
line A-A in fig. 1 shows the thin-film memory material provided in sandwich
between the word line electrodes WL and the bit line electrodes BL.
Typically the thickness of the thin-film memory material will be less than

30 1um, preferably considerably less, e.g. down to the thickness of a molecular
monolayer. The set of word line electrodes WL and the set of bit line
electrodes BL are located in parallel planes sandwiching the memory
material 11 therebetween and at the crossing between a word line WL and a
bit line BL there is defined a memory cell 12 in the form of a capacitor-like

35 structure. Upon the application of electric field the memory material in the
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As known in the art ferroelectric memory devices of the matrix type may be
stacked to form a three-dimensional or volumetric data storage apparatus. In

20 the present case could e.g. two or more, as a matter of fact a plurality of
memory devices according to the invention, e.g. similar to the one shown in
fig. 1, be stacked to form a volumetric data storage apparatus either with one
electrode set in each device being shared by the following device or with
electrically insulating layers of separation layers between the devices

25 forming the stack as appropriate. The memory device according to the
invention or a stack thereof will be provided of a substrate that either may be
rigid, e.g. made of silicon, or flexible, e.g. made of plastics or metal foils. In
the former case circuitry for control and driving purposes, e.g. with silicon
transistors, could be provided in the substrate, but control and driver circuitry

30 could also be made comprising thin-film transistors which then could be
inorganic or organic and located in the memory device itself, e.g. at the edges
of the device outside the memory area or in additional layers of each memory
device and in any case integrated therewith.

Polyvinylidene fluoride (PVDF) is the best known and most well-tried
35 ferroelectric polymer material. Its monomer form CH,=CF, is shown in fig.



along the hysteresis loop as indicated until saturation is reached at the

upper cusp of the hysteresis | oop whereafter the polarizati j of
an 10 applied electric field nowdrifts to the stable posi ti%“’#@%@%ﬁ‘[ﬁﬁ

pol ari zation Pr. Phenonena and operations in connection with charging,
switching and addressing ferroelectric prdt onat ed pol ymer materials have
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persons skilled in 15 the art. Simlar considerations shall apply to the
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i nor gani ¢ or noatgaal.c and Iocated in the nmenory device itself, e.g. at the
edges of the device outside the nenory area or in additi onal | ayers of each

nmenory devi wéger PYHeetes ¢ Lﬂbﬁ aFekle pb rﬁé‘!él’i‘a Bainyvi Védt@eﬁ@ ckgoride
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The profgnat @dow&@umvauqakzefueeh&e PddeGCb}I deutbents, apshltihg inl Aafdnvaa&@d gr oup
at right is called the tail.of. t m%h c|1Iethe carbonc{a? of
cour se, structure as shown in fig. 70 the hea group comprises deuterons.

This of course, results in a regular PVDF as shown in fig. 6b, which is

structurally similar to the protonic PVDF in fig. 4b, but with the former

offering superior properties as a memory material in important respects.

20 Deuterated PVDF actually offers the possibility of being applied as a
ferroelectric memory material, whereas the copolymer PVDF-TrFE usually

has been preferred over PVDF in its protonic form.

Similarly, in the memory device according to the present invention the
deuterated form of the copolymer PVDF-TrFE (polyvinylidene fluoride

25 trifluoroethylene) constitutes a preferred embodiment. Fig. 7 shows a
stereometric view of the molecular structure of deuterated PVDF-TrFE and
with one of each respective monomers VDF and TrFE particularly indicated.
This structure is similar to the protonated structure, but with deuterons in
place of the protons everywhere in the copolymer chain. In addition fig. 7

30 shows the electric dipoles and their orientation perpendicular on the
molecular axis and originating from the large difference in the electron
affinity of D and F atoms. The synthesis of deuterated copolymer
PVDF-TrFE can start with synthesis of the deuterated monomers, whereafter
the monomers are combined in the polymerization step.

35



form a doubl e bond. The pol yner polyvinylidene fluoride (PVDF) is showmn in
fig. 4b and the nononer groups now | ink up with each carbon PﬁhﬁUfABeWOBE
si ngl e bonds wi th nei ghbouring atons resulting in a pol yner CThaln. f'ects
commonly occurring in as nuch as 6% of the PVDF are shown in fig. 5, of
which fig. 5a shows a so-called tail-to-t& | defect where the tail group in
a nononer occurs in the head position of the adjoining nononer, while fig.
5b shows a head-to-head defect wherein the head group of the 10 nonomer now
i s linked wilmcemedtiwadwithoins use ethdewtaraiedipedymerfotBey NBOL #5 2 RRIBEIYef ect s

have adver sepgansaauanesicmdry deeidésedrdmy¥do @ iavERABhYbe ﬁﬁtdegihg yasa
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structure as shown in fig. 6a, where the head group conprises deuterons.
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nononers VDF and Tr FE part arly indicated. This ture is simlar to
t he protonat@&r%‘b’itheture, but with deuterons in place of the protons
everywhere in the copolyner chain. In addition fig. 7 30 shows the electric
di pol es and $ymthessrofeddwettratad pel pandi tiklkesplare dloag thellexufarthaxi s and
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synt hesis of p¢ndeuttrateet mvadmondhpids canther safthesized fimundhersethaaot-alybi ned
in the polyngthzatl@inihfRomic deuteron percentage of 99%. This compound was
reacted with p-toluensulfonic acid and the ester derivate then treated with
sodium iodide to liberate CF;CD,l. The purified CF;CD,I was dropped
slowly onto Mg and ether and the evolved CD, = CF, were collected and
20 transferred to a vacuum line where it was degassed by freeze-thawing and
distilled. Polymerization now can take place by using trichloracetyl peroxide
as initiator, said initiator being prepared from trichloracetyl chloride and
sodium peroxide according to standard procedure. The monomer was
dissolved in 1,2-dichlorotetrafluoroethane and evaporated to dryness at
25 —80°C. The monomer was condensed at —196°C in a tube which was sealed
and thereafter rapidly heated to the polymerization temperature of 0°C in a
pressurized reactor held in an ice water bath. After a suitable polymerization
time had elapsed the tubes were frozen in liquid nitrogen and opened. The
recovered PVDF polymers were extracted with acetone to remove initiator
30 residues and possible traces of oligomer and then dried in a vacuum oven.

An investigation of the ferroelectric properties of deuterated PVDF shows a
significant improvement over the protonated PVDF. It was found that
deuterated polymer has a much higher degree of crystallinity and hence allow
a much higher remanent polarization value. This improves the switching

35 properties of the deuterated polymer as a memory material, due to the high



35 22 FEBRUARY 2006 9 In connection with the use of deuterated pol yners,
they may as a nenory material in the nenory device accordi éhﬁﬁgR 2006
invention be used singly as a copolynmer, or as blends of pol'yners E
copolynmers, or alternatively conbined to form blends including varlous
addi ti onal conpounds. 5 For a general ovekQsi ew of the properties of PVDF as
one of the best understood and nost typical ferroelectric polyners
reference may be made to Nalwa (editor), Ferroelectric Polynmers, Ch. 3, pp.
183- 232 and @grea of pst dipdg_qreantpvap @den ik asriaghaormabobie mumeryG m
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ferroelectric or electret polymers and discussed in the introduction of the

application.

Finally deuterated ferroelectric polymers have a lower dielectric constant at
high frequency than their protonated counterparts, and this implies a

20 reduction of capacitive couplings and crosstalk particularly in passive matrix
memory devices where the matrix is very large, i.e. has a large number of
memory cells. The conclusion is that non-volatile matrix memories,
particularly of the passive kind, with a deuterated ferroelectric or electret
polymer or copolymer according to the invention, show a significant

25 improvement in performance as compared with the prior art matrix memory
devices using protonated ferroelectric or electret polymers or copolymers.

It appears from prior art that also tritiated polymers have less defects and

improved isostatic stereoregularity. In contrast with deuterated polymers,

tritiated polymers, which otherwise could be regarded as equivalents, are less
30 topical as ferroelectric memory materials for reasons of costs and practical

considerations.

A number of candidate polymer and copolymer materials in their deuterated

form are presently being considered by the applicant as a replacement for

protonated polymer memory materials. While deuterated PVDF or deuterated
35 PVDEF-TrFE presently appears to be strong candidate materials, this does not



30 residues and possible traces of oligomer and then dried in a vacuum oven.
An investigation of the ferroelectric properties of deuterat a
significant inprovenent over the protonated PVDF. It was fouﬁgF€%§§A§Q9%ﬁ6
deut erat ed pol yner has a nuch higher degree of crystallinity and hence all ow
a much hi gher remanent polarization valuell This inproves the switching 35
properties of the deuterated polyner as a nenory material, due to the high
22 FEBRUARY 200 0 degre f net dipole orient tlon al ﬁéhe surface
normal of thi&r® éP?é’lth?Ih%? YmETs BindiGoee fﬁe’f%@“&bﬁ 192CH ALAIS 10| | m
Al 'so the swithelt ¢lthing hﬁf 3841ty hieinabld 1OSiaMBaraiyinfigedi® ptbee g s as desctiped ymer
havi ng a nDr erféﬁ; cry taI |ne strwcture The advant age %f ﬁé§ alllnlty
results in & 1068 FrHrOS P 9 yP %""etf?tr%(&ymﬁrtrpﬁ@oﬁé%b 1 t he

deuterated Hﬁ%orgmiévﬁ@aﬁdscdrdn@ vethd fnvieyislbﬁ; bat witlodpuerons eeplaciage shape.
In the utera& g%’ PVDF- rFE re tﬁgﬁeratﬂhe I ncr ﬁses and
hence its JPOIARS BY “E"é?ﬁé?é’PEPB f&ﬁ@gr Comolyier T ik the df
ferroel ect rllmpmlemﬂmun stxdtqlan g pleefuirianch edhavdatarstoigequopseiesoccur s at the
Curie point. 10 Deuterated pol yner has the additional advantage of being
much | ess susceptible to detrinental defluorination and the
dehydrof |l uorination of the polyner chain and this in its turn inplies an
i ncreased fatigue resistance when used as nenory material. In other words,
a very large nunber of switching cycles will not adversely affect the
swi t chi ng behavi our and 15 pol ari zation val ues of a deuterated pol yner, as
is the case of prior art ferroelectric or electret polyners and discussed
in the introduction of the application. Finally deuterated ferroelectric
pol yners have a |ower dielectric constant at high frequency than their
protonated counterparts, and this inplies a 20 reduction of capacitive
couplings and crosstalk particularly in passive matrix menory devices where
the matrix is very large, i.e. has a |large nunber of nenory cells. The
conclusion is that non-volatile matrix nenories, particularly of the
passive kind, with a deuterated ferroelectric or electret polyner or
copol ynmer according to the invention, show a significant
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It appears fromprior art that also tritiated pol yners have f'e€ss ePECts and
i nproved isostatic stereoregularity. In contrast with deuterated polyners,
tritiated polyners, which otherw se coul dbe regarded as equival ents, are

| ess 30 topical as ferroelectric nenory materials for reasons of costs and
practical considerations. A nunber of candi date pol ynmer and copol yner
materials in their deuterated formare presently being considered by the
appl i cant ascpAap§acement for protonated polyner menory materials. Wile
deut er at ed PVDF or deuterated 35 PVDF-Tr FE presently appears to be strong
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wherein the nprises_one or nore ners, wherein

the menory (@t earnudaqari ke pﬁ@@ﬁsaédiqu&t%nﬂé@@cw via the islregtr%l@ﬁ (3. BLsecond

set of fespeghbMEn tﬁ!: %?érﬁ@%%el(lé/\hﬁ'—l)n ﬂl‘érm@ﬁiofrf*‘ (IOFagvﬁ@CYo@ﬁlaﬁl% &BRIcatd ONs,
wherein a nmenpry cell (12 th a ‘capacitor-|ike strggﬁtere is defined in
Xy

the menory nek @i pafive @masme AT bV Reied Sach marae hdll FE-POPy via the
el ectrodes (MdrBsded ddledtned] 'f@)rtah@rllﬂé?ﬂ@dd/eﬁa%Uoi)e@é@dn leBtabMRhiSTRIdes{ré)
device formthe el enents .of an active (f fl Ve matrlf< wherei n, each
nmermory cel | quylzegﬁnﬁéate in the memory cell or per orming a polarization switching
thereof, and wherein a definite polarization state established in the memory
15 cell (12) defines a logical state thereof,
characterized in that the ferroelectric or electret memory material (11)

comprises at least one deuterated polymer.

2. A memory device (10) according to claim 1,
characterized in that said at least one deuterated polymer is polyvinylidene
20 fluoride (PVDF).

3. A memory device (10) according to claim 1,

characterized in that said at least one deuterated polymer is a copolymer.

4. A memory device (10) according to claim 3,
characterized in that the copolymer is polyvinylidene
25 fluoride-trifluoroethylene copolymer.

5. A memory device according to claim 1,

characterized in that said at least one deuterated polymer is a terpolymer.

6. A memory device (10) according to claim 1,
characterized in that said at least one deuterated polymer is only partly
30 deuterated.



addressed selectively for a wite/read/ erase operation establishing a
desired polarization state in the nenory cell or performng ri Wely!
switching thereof, and wherein a definite polarization statéfggggﬁﬁP§ﬁg@8in
the nenory 15 cell (12) defines a logical state thereof, characterized in
that the ferroelectric or electret nmenoryldmterial (11) conprises at |east
one deuterated polyner. 2. A nenory device (10) according to claim1,
characterized in that said at | east one deuterated polyner is polyvinylidene
20 fluoride (PVDRM memoxyderdes (Hdvacserding)toadendi.ng to claim 1,

charact eri zeghdcldgledSial thafithd %ﬁic%c&% 8 AR AL ¥R ati [Sadt PLROIHETES -

4. A nmenory device (10) accordjn ﬂ%P claim3, characterized in that the
copol yner is”%@ﬂ@@?ﬁ??ﬁﬂbﬁ€“25“¥g Oi88B-trifl uoroet hyl ene copol yner. 5. A
menory device according to claim1, characterized in that said at | east one
deuterated polyner is a terpolymer. 6. A nenory device (10) according to
claim1, characterized in that said at |east one deuterated polyner is only
partly 30 deuterated. 22 FEBRUARY 2006 13 7. A nmenory device (10) according
to claim®6, characterized in that the atom c percentage of deuteriumis at

| east 99% the remainder being protonic hydrogen.



