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word line thus establishing an electrical field across the ferroelectric

Fig. 1 shows a prior art passive matrix memory device 10 of this kind. A first
set of parallel strip-like electrodes WL is provided on a layer of memory
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

20 first set of electrodes WL forms word lines in the matrix memory and the
second set of electrodes BL form 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
25 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
30 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
35 figs. 1 and 2 is a so-called passive matrix memory device which means that



menory material where the respective word line and bit Iine cross. The
menory cell can store this polarization state indefinitely unless the
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menory cell as will be explained below The nmenory device 10 shown in 35
figs. 1 and 2 is a so-called passive matri % nmenory device which neans that
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:‘MolrI abef e??ggﬁ%{ﬁgp@yﬁgéﬁﬁéb ?gf}eﬁé%éﬁﬁﬁgpﬂ%e pol ari zation of the materi al
is shown 25 with regard to the electric field E. The polarization val ue
will rmove ar %ﬁ@l passive and active matrix memory devices can be stacked to form
volumetric data-storage devices. For instance could the passive matrix
memory device in fig. 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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Ref er ences may Hgl L BM TeeRRifAthDagtrRtis @ fBYl eiyNideNel . 37,

No. 11 (Kﬁ)v. %gQ%A.gﬁ@g?fés%Poses t Iflte urf;g: of af errr oel ect%rai i'(/: 8:}),' ners,

, difluoride-trifluoroethylene (PVDE-TrFE) copolymers and show their
suitability for use as a memory material in a non-volatile matrix memory.
Referénce may also be made to IBM Technical Disclosure Bulletin, Vol. 37,
No. 11 (Nov. 1994) which discloses the use of ferroelectric polymers,

20 particularly polyvinylidene difluoride (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 an electric field. This publication
also discloses the possibility of creating a stack of two-dimensional memory

devices to form a volumetric data storage device.

25 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
may for instance become slower and require a very high field voltage.

30 Polyvinylidene difluoride (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).
The stretching procedure, however, is not compatible with a typical CMOS
35 processing used in the production of a memory chip, while the ferroelectric
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number of repeated switching cycles running into millions or billions without
the switching behaviour being appreciably affected. This is, however, not the
case as repeated switching tends to lower the polarization potential and

20 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
ferroelectric polymers has been related to a charge build-up on the electrodes

25 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
matrix memory with a ferroelectric or electret polymer or copolymer memory

30 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
obtained with a memory device according to the invention, which is



15 say ferroelectric random access nenories (FERAM, where a very high
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understanding of the advantages gained, principles involved and with

15 appropriate reference to the drawings 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
difluoride monomer,

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

25 fig. 5a an example of a defect occurring in protonated polyvinylidene
difluoride 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 difluoride
30 monomer,



partly deuterated; preferably is then the atom c percentage of deuterium at
| east 99% the remai nder being protonic hydrogen. The invention shall now
be expl aiwedsjomenpre detail to facilitate a better undercambmgomd t he
advant ages gai ned, principles involved and with 15 appropriate reference to
the draw ngs figures, wherein fig. 1 shows6scherratically a prior art
passive matrix nmenory as already nentioned, fig. 2 a section taken al ong
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February 1967olwautﬂd whibvssepefl mspcct@‘mly othidentaraedaand gitdated snprgmesy of y
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 electrode set comprising word lines WL and a
second set of electrodes comprising bit lines BL in the passive matrix
memory. The electrode sets are ranged 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 is 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

30 than 1pum, 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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inits materials and hence these features need not be further discussed here.
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, ¢.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 difluoride (PVDF) is the best known and most well-tried
35 ferroelectric polymer material. Its monomer form CH,=CF; is shown in fig.
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PCT/ NOD2/ 0029Qrudurally similar to the protonic PVDF in fig. 4b, but with the former
offering superior properties as a memory material in important respects.
Deuterated PVDF actually offers the possibility of being applied as a
20 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 difluoride
trifluoroethylene) constitutes a preferred embodiment. Fig. 7 shows a

25 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
shows the electric dipoles and their orientation perpendicular on the

30 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.

In connection with the use of deuterated polymers, they may as a memory
35 material in the memory device according to the invention be used singly as a
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distilled. Polymerization now can take place by using trichloracetyl peroxide

as initiator, said initiator being prepared from trichloracetyl chloride and

20 sodium peroxide according to standard procedure. The monomer was
dissolved in 1,2-dichlorotetrafluoroethane and evaporated to dryness at
—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

25 time had elapsed the tubes were frozen in liquid nitrogen and opened. The
recovered PVDF polymers were extracted with acetone to remove initiator
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

30 deuterated polymer has a much higher degree of crystallinity and hence allow
a much higher remnant polarization value. This improves the switching
properties of the deuterated polymer as a memory material, due to the high
degree of net dipole orientation along the surface normal of the memory
material that is obtained in the form of a thin film. Also the switching

35 characteristics improve owing to the deuterated polymer having a more



t he nononers are conbined in the polynerization step. In connection with
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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,

20 particularly of the passive kind, with a deuterated ferroelectric or electret
polymer or copolymer according to the invention, show a significant
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

25 improved isostatic stereoregularity. In contrast with deuterated polymers,
tritiated polymers, which otherwise could be regarded as equivalents, are less
topical as ferroelectric memory materials for reasons of costs and practical
considerations.

A number of candidate polymer and copolymer materials in their deuterated
30 form is presently being considered by the applicant as a replacement for
protonated polymer memory materials. While deuterated PVDF or deuterated
PVDF-TrFE presently appear to be strong candidate materials, this does not
preclude that a lot of other polymers and copolymers with hydrogen bonds
are easily amenable to similar synthesis procedures as described above,
35 yielding a ferroelectric or electret polymer memory medium for the memory



An investigation of the ferroelectric properties of deuterated PVDF shows a
significant inprovenent over the protonated PVDF. It was found that 30

deut er at eaiOpoloyrser has a nuch hi gher degree of crystall i niPCy/Novd/obace
allow a much higher remmant polarization Y | ue. This inproves the
switching properties of the deuterated po Ener as a nenory material, due
to the high degree of net dipole orientation along the surface normal of

t he nenory terial that is obtained in the formof a thin film_ Also the
swi tohing 35 SRESEAEPTONEdD PRilsotiona g Wih dhitdent srrRLRIYARY havi ng
a nmore WO 03/ 8R46KhdPETH MO PoDAREOor tOp @lgnicecthacnsy stidth haeessdtingt ure. The

el i ng t empe Bt s hERbhenf e U0 FAROREE (HOBERIS: et o esi

| oop a nore square shape. In the deuterated copolyner PVDF-TrFE the Curie
tenperature increases and hence its 5 operational tenperature range, as the
transition frompure ferroelectric behaviour to parael ectric behaviour, of
course, occurs at the Curie point. Deuterated polynmer has the additional
advant age of being much |l ess susceptible to detrinmental defluorination and
t he dehydrofluorination of the polyner chain and this in its turn inplies
an increased fatigue resistance 10 when used as nenory material. In other
words, a very large nunber of switching cycles will not adversely affect
the sw tching behaviour and polarization values of a deuterated polyner,
as is the case of prior art ferroelectric or electret polyners and

di scussed in the introduction of the application. 15 Finally deuterated
ferroelectric polynmers has a lower dielectric constant at high frequency
than their protonated counterparts, and this inplies a reduction of
capacitive couplings and crosstalk particularly in passive matrix nenory
devi ces where the matrix is very large, i.e. has a |large nunber of nenory
cells. The conclusion is that non-volatile matrix nmenories, 20 particularly
of the passive kind, with a deuterated ferroelectric or electret polyner
or copolymer according to the invention, show a significant inprovenent in
performance as conpared with the prior art matrix nmenory



devi ces using protonated ferroelectric or electret polymers or copol yners.
It appears fromprior art that also tritiated polyners have | ess defects
and 25 i nwoasedisdsost ati c stereoregularity. In contrast wpCh/N®Baterat ed
polymers, tritiated polyners, which otherw se could be regarded as

equi valents, are less topical as ferroeléﬁﬁric menory materials for
reasons of costs and practical considerations. A nunber of candi date

pol ymer and copol yner nmaterials in their deuterated 30 formis presently
bei ng considered by the applicant as a replacenent for protonated pol yner
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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 difluoride (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 difluoride-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.



pol ari zation state in the menory cell or performng a polarization
swtching thereof, and wherein a definite polarization state established

i n the neworog/oitsocel | (12) defines a | ogical state thereofrCToNGRAc1%eri zed
in that the ferroelectric or electret nenory material (11) conprises at

| east one deuterated polynmer. 2. A nenory &zvice (10) according to claim1,
characterized in that said at |east one deuterated polyner is

pol yvi nyl i den 20 di fluoride. (P . 3. /A nenor vice (10) according to
claim1, char gct er P BEMOf Yt tlégg/@%qcorg@&tog;ﬂg}/ra%t erated polymer is a
copol ymer.  4chéravestrad thethatehd Afmirqeatentage tod dduadring, ischdeattod% zédt i n
that the copolynmer js. polyvi %lidﬁﬂﬁ' 25 difluoride-trifluoroethyl ene
copol yner . 5.f%Fﬂ%H%F?eHH¥PH§ BECBYYi%%§™ 0 claim 1, characterized in that
said at | east one deuterated polynmer is a terpolynmer. 6. A nmenory device
(10) according to claim1, characterized in that said at |east one
deuterated polyner is only partly 30 deuterated. WO 03/021601

PCT/ NO02/ 00299 13 7. A nenory device (10) according to claim 6,

characterized in that the atom c percentage of deuteriumis at |east 99%
the remrai nder being protonic hydrogen.



