29 AUGUST 2006 1 A volunetric data storage apparatus conpri sisgagcistsce tY
of stacked matrix-addressable nenory devices The present invention concerns
a volunetric data storage apparatus conprising a plurality of stacked

mat ri x- addr essabl e nmenory devices, 5 wherein each nenory device conprises
first and second el ectrode neans in the Tormof respective layers with
paral l el electrodes formng word lines and bit |ines of the rrem)ry devi ce
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the first electr e_neans W|ng meno estac wherein
each nemrylﬂévlﬁea(ﬂbfﬁﬁﬁﬂbl@sm&m%e evitgS of nenory mater i aI provi ded bet ween
the first and second el ectrode neans and in direct or indirect contact
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The traditiona roach to incre SIty 1s re ucing cell area. 30
Howeved; t hdinasedn blttltm?sdblere(ffoot pri nt the smal ler the signal (and the
| ower the signal-to-noise ratio), and nore sensitive and hence nore conpl ex

and real eqtr@hﬁaﬂem@mgrztltmmd;ﬂﬂneme pagsie hrastné(capproa&le@fbuenﬁ@ﬂe@
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line width tem@ﬂr@degﬂay@rs is more attractive than the 1T-1C approach of state of the art
silicon memory architectures, partly because it represents denser lateral
20 storage (4f> versus 6f” and larger, where f is the smallest definable feature),
but even more because it allows stacking of successive memory layers, e.g.
controlled from joint substrate circuitry. However, it is still a fact that even
the 4f> design only yields a 25% areal fill factor. With a 50 to nearly 100%
fill factor the number of memory layers in volumetric stacked memories can
25 be reduced, as will production complexity, yield and — cost. Also, using only
one or two memory layers would reduce the effect of polymer postprocessing
correspondingly and hence prevent the negative performance effects from
such procedures.

The traditional approach to increase cell density is reducing cell area.

30 However, the smaller the cell footprint, the smaller the signal (and the lower
the signal-to-noise ratio), and more sensitive and hence more complex and
real estate-demanding the read-out circuitry (dominated by sense amplifiers)
must be provided. In fact it is considered extremely challenging to build
crosspoint matrix systems of any kind with smaller line width than 0.30 um —

35 0.40 pm (cell size 0.09 pm? to 0,16 pm?).



35 0.40 m(cell size 0.09 n2 to 0,16 m. 29 AUGUST 2006 2 A cmmw@susT gdost ed
to multi-layer stacking is planarization. Building successive |ayers on
previ ous ones gradually produces a "curvy" or "bunpy" topography which
creates substantial problems with regard $o |ithography control and hence
the ability to address and read out fromcells (e.g. sense 5 anplifiers are
designed relative to an expected cell area; if this, due to non- uniform

l'i thography,p \é@hb&sn Mmac&ocrﬁmtwmyéﬂ ﬁaénangtlb?,lmqwdmﬁaquﬁ@ read out
reliably - in other words, the difference between ones and zeros_ is
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In a matrix oﬁddéﬁﬁb@blenfoelﬁénowb@&d the dpffepiRe betwREd dafesindPased iPmdree
appl i cant usd vertical tchl ng field, the nor phol ogy of the

spi n- coat ed gfg?@&é? dqurmsmp rgely decides the usability in menory

appl i cations. is particularly challenging to nmaintain an opti nal
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t hi nner t hannd %g(%{r%(%e%é@gw% §%é1ﬁ8hnﬂa\y\é94 xﬁgfﬁoﬁlrﬁg?ﬁe&ré%lﬁl a str engt h
bel ow 5V betmasihsteps tharatqopajpeting ﬂ@ﬁbrmmpt)agféncl@m@s&lmqséqmeaéd in order
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desi gn rul es uced power cons t| on. Low voltage is
furthedfore QMIQ/ pro¢esses ber g42. flashyremopksed menories, since it allows
nore, ultimately all, circuitry to be 30 built underneath t he passive nenory
array, whi clnagmiatrikesidressablé €etroslectriepblynoat mendrytas progosed yaher head
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uni formty gudymer films largely decides the usability in memory applications. It is
particularly challenging to maintain an optimal morphology in regard of
20 ferroelectric properties when the film thickness shrinks below 100 nm. At
such thicknesses the films are much more sensitive to type of solvents used,
spin-coating and baking conditions, type and effect of interfacial/barrier
layers, etc. Increasingly thinner films are desirable in order to reduce
switching voltage, e.g. the films need to be thinner than 30 nm in order to
25 achieve switching fields with a strength below 5V between the electrodes.
Lower voltage levels are required in order to use progressively denser
lithography and be compatible with related design rules, which also allow
reduced power consumption. Low voltage is furthermore very attractive in
polymer-based memories, since it allows more, ultimately all, circuitry to be
30 built underneath the passive memory array, which again reduces effective
cell footprint by reducing overhead footprint possibly to zero, and making
vias and connections easier to design and implement.

However, to make such thin films with acceptable uniformity and
morphology and no shorts, is very demanding over large areas (like a wafer)

b

35 also because important ferroelectric properties, like crystallinity, tend to



nmor phol ogy and no shorts, is very demandi ng over |arge areas (3d kGcdsiedos’ )
35 al so because inportant ferroelectric properties, like crystallinity, tend
to 29 AUGUST 2006 3 deteriorate with thinner filnms, while | eakage and sneak
currents represent an increasing probleng This again seriously affects the
menory properties, e.g. the level of switchable and remanent pol arization
which is inportant for distinguishing between stored ones and zeros, the
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ot her hgnd, C;lf?ch&%glﬁ* P@ntd‘é,ﬁh%onﬁdmg»ge f>&%16‘i%rs%199ﬁ‘ﬂ31le%gcldé§ebﬁk{x@' try
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amounts to grgef %‘Bb?dlh%hﬁ{et{ﬁff@nﬂeﬂﬂﬁé ¥R waRaghboRatele pol ymer properties,
which are very difficult to control properly, especially in a comrercial
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I'n a typical soI ering proecess, t es can reac
| ed per 1250 e e Rie R T cp AR RERETerhT SR grehived it e Valfuds e
el ectrodes daeger than k¢ desigth maximum swing in voltage. On the other hand, the
larger the design swing, the more complex the circuitry that is needed to
20 handle it, with added costs in regard of real estate efficiency, production

complexity and device cost.

Probably an even greater morphology concern is the fact that the polymer
will be exposed to substantial postprocessing, e.g. deposition of top
electrodes, interfacial layers, vias connections, etc. in multi-layered memory

25 stacks. This amounts to a potentially severe negative impact on the polymer
properties, which are very difficult to control properly, especially in a
commercial manufacturing process.

The use of polymer and especially the fact that the electrodes rest directly

onto this material which has a melting temperature of approximately 150°C,

30 result in problems when packaging is concerned. In a typical soldering
process, temperatures can reach as high as 210°C for limited periods, which
causes problems for the architecture, since the electrodes start to melt and
flow, such that the electrode/polymer film interface may be seriously

damaged.



flow, such that the electrode/ polymer filminterface may be sehdauBUST 2006
damaged. 29 AUGUST 2006 4 The data storage apparatus according to the
invention is provided as a stack of a plurality of nmenory devices, and with
the el ectrode neans alternatingly formng word lines and bit |ines of

nei ghbouri ng devices, such that in the stacked nenory data storage
apparatus according to the invention the 5 nunber of separate el ectrode

means in theTﬁE%’ﬁa @wrxéeﬁ Pﬂﬁatﬁ?'é@céﬁa?ﬁg w@he mvémfonois PRARA HeYiseRk | N
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exhi bi t uch.as ferroel ectr el ectrets,an

Vol uret 110 a3 aal B IES s e e ed frypBot arbiisdictine é?%’f%ﬁenaéggvgbl e
nmenory erVI Cﬁﬁltﬁﬂ%%ﬂréﬂsm axdmenelyvicegbutahay lrelyoomgegdemsoﬁa/l eléctrode
particul ar object of t resent | nyention is. 0 obvi ate pro

e sing. whenabf orBnp ol ArarEamatS. AR PG Ak Bag AR PR o
ment i oned absnwlestaﬂﬁarrjnasmhyreﬁlm Whﬂhprd)wdmg actrursu st simpsi ftabion, d@b;;ant ages
and features_are t%Pﬁ)VOIU tl’lf dat a storhtagéa arat u

accordi ng t 02O W‘l 8&&%’5” ¢ ?él%}{ FARL I SRE I ERaP 4% Lt P des of
each el ectrode neans are Fr ovided in a dense arrangenent and mut ual |y

i nsul at BY by Thamaiarobjggeel tha\praseat vipwantionnis thes ¢ obyéats the t he barrier

| ayer being %J’Tve'?%érrgg‘%d?ﬁ‘sgﬁvﬁ‘g%é ga‘f’%m&% Wlﬂlltgl' n/gﬁr eby the area fill

factor of th nmeans appr S unlty, that the
top surface Bfatex-addsessabde a@aﬁ@ragﬁzworw@m@% ping oy podanizaklag

el ectrode Negpsnéy Mattidstaphble PREAibRing hysteresis such as ferroelectric
electrets and to provide a volumetric data storage apparatus comprising
20 stacked matrix-addressable memory devices and with an extremely high data
storage density.

A particular object of the present invention is also to obviate problems
arising when the memory material is a polymer or a copolymer material, as
mentioned above.

25 The objects of the invention as well as other advantages and features are
realized with a volumetric data storage apparatus according to the invention
which is characterized in that electrodes of each electrode means are
provided in a dense arrangement and mutually insulated by barrier layer
therebetween, the thickness 6 of the barrier layer being only a fraction of the

30 electrode width, whereby the area fill factor of the electrodes in an electrode
means approaches unity, that the top surface of an electrode means facing
the neighbouring following electrode means is provided with parallel
recesses oriented orthogonally to the electrodes and mutually spaced apart by
a distance comparable to the electrode width w, the parallel recesses having a

35 cross-sectional shape conforming to the cross-sectional shape of the



recesses oriented orthogonally to the el ectrodes and nutual | y shQsedsrtsvest
by a distance conparable to the electrode width w, the parallel recesses
having a 35 cross-sectional shape conform ng to the cross-sectional shape of
the 29 AUGUST 2006 5 el ectrodes, that atgleast every second el ectrode of
the adjacent following electrode neans is provided extending downwards in
the recesses fornmed in the adjacent preceding el ectrode neans, that a
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t he surface thereof as wel nd opti y. the
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wher ei n t he feeiaY pievtedan the recedses) whkastly the Wlusleteicrdita Redrapeal , it is

consi dered advant ageous at. th ferraelectric pr el ectret terial is, a
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it is consi QﬁTtﬁd rﬂelmay@eﬂwﬁ atlagér ofzﬁlee@@ﬂy mhmialcuh@ahvmﬁbamg §witoreéd as a
conposite of, ers, a first [layer consisting of a netal and a

second Iayer‘n&‘ﬁwﬁa%d @?F%O%Iyrrer said second layer of conducting

polymer form ng a contact |ayer directly contacting the nmenory material of
the menory dewt capplamtuhacapnhngttasthacpcmtmgvemmma isroomsidesadit s

cons der ed aANARIARBAINANA 107t IShERRENGH TpRERILIABVIEAPRY el s i Lt

mul tiple an |rec ons | out e proportions, such
that tHé rremubytamélalllyfﬁhllm fﬂm:St or becones equal to the area fill factor of
the electrodes in a single nenory |ayer. In the apparatus according to the

invention i tIn'tﬁe(a@@%téiﬁé %@céﬁb&ﬁgtt@gﬁ@wﬁvéd%ﬁin ﬁ@ekthﬁﬂixﬁé@sm@@éﬁml QS
menory cells. wit pl.e switch |n IreCtlod(}éedagvantSUCh tﬂat a maxi mum

menmory cel | fPFIIOIeP‘fCéEP&f q%e%féﬁte@aéq{ hH 1§ cons} ageous that the

ferroelectric or electret material is a polymer or a copolymer material.

In the apparatus according to the invention it is considered advantageous that

20 each electrode means are formed as a composite of two or more layers, a first
layer consisting of a metal and a second layer of a conducting polymer, said
second layer of conducting polymer forming a contact layer directly
contacting the memory material of the memory device.

In the apparatus according to the invention it is considered advantageous that

25 the apparatus comprises memory cells with multiple and single switching
directions in about equal proportions, such that the memory cell fill factor
becomes equal to the area fill factor of the electrodes in a single memory
layer.

In the apparatus according to the invention it is considered advantageous that

30 the apparatus comprises memory cells with multiple switching directions
only, such that a maximum memory cell fill factor becomes one half of the
are fill factor of the electrodes in a single memory layer.



are fill factor of the electrodes in a single nenory |ayer. 2%9/MUGIEST 2066
6 The apparatus according to the invention shall now be explained in detail
wi th a thorough discussion of its conponent parts and enbodi nents thereof
as shown in the drawing figures, of whichgfig. 1 shows a cross section
through a first electrode neans in the data 5 storage apparatus according
to the invention, fig. 2 a plan view of the first electrode neans in fig. 1,

fig. 3a a _Crméagﬁ&taitwa&orahfg & Bfd IReaticRaMI] AGK B ekPathdd i déag A-A in
fig. 2, figs, 3b-3f variQus s

; eps.for formng high aspect ratio el ectrodes
of “a second With FcthepRgiTRIRION 9 ithEOMBONEIE aa&g&@pﬁaﬁafi%e%é&tﬁq{g to
the inventi ofy shovAe 5 tihé @eSwRRCE AR, BEWIIcKI ewed in the sane direction as
fig. 3a, fig. 4 a first nenory device in the data storage apparatus

according to.th i nvention ang. vi in [ ' e Cross
section of f'I%‘. FB%I,OWSf?ﬁ.mSoS %cglloélnt?\%]g% Sfﬁrg?Ffei%ng(%elhgﬁéé gtg\tlll%(slggl n the data
st or age Sappastatage apfaramsactiondingatotthe inmertaon,on, fig. 6 a cross section

t hrough the data storage apparatus in fig. 5, taken along the line B-Bin

fig. 5 fig.fig 306I5hagkvier Qe BrstREQIFbIEMRANS §e¥igLa on the top of the
first menory “device in the data storage apparatus according to the

i nvention and viewed in 0 the,sa i rectiaon t he, cross sectiqn. ip fig.
6 1. 8 a Beatt §csarniedin b Rologs Ted, Micd Slobe R ERE &-Anin B!

invention wth two nmenory layers, fig. 9 a cross section through the data
storage apparatus in fig. 8 taken along line AAAin fig. 8 25 fig. 10 a

Cross secti i i Is i i I Vi ce
stacked on ﬁ%étj(%bg?’ a%‘%gﬁggmﬁﬁ)rnfgﬁlfgg@g gZ%}ll ?@e%ﬂ%ﬁ?ﬁ&g‘rgﬁ%ﬁg%g&c% t he
dat a stlér ageclapisadamennsrinfthg dat stgrage appatates ageqrding bethe & vendionJcUST

2006 7 fi g-thégéc@os%rs%%ﬁgﬁg%ﬁ@gviaw@d ﬁ?ﬂ%ﬁé_d@f@éﬁ%‘n@ﬁ%éa} he data
storage apparatus according to the invention with four meffory devices,
taken along ﬁéhf aI first mBe_:rEolr}p dfe{/%e i%l]the data storage apparatus according to the

invention and viewed in the same direction as the cross section of fig. 3a,

fig. 5 a plan view of a first memory device in the data storage apparatus
15 according to the invention,

fig. 6 a cross section through the data storage apparatus in fig. 5, taken along
the line B-B in fig. 5,

fig. 7 the stacking of a second memory device on the top of the first memory
- device in the data storage apparatus according to the invention and viewed in
20 the same direction as the cross section in fig. 6,

fig. 8 a plan view of the data storage apparatus according to the invention
with two memory layers,

fig. 9 a cross section through the data storage apparatus in fig. 8, taken along
line A-A in fig. 8,

25 fig. 10 a cross section similar to the one in fig. 9, but with a third memory
device stacked on the top of the second memory device,

fig. 11 a plan view of the data storage apparatus in fig. 10 with a third
memory device,



fig. 12b a cross section through the data storage apparatus aczmyEususr 2006t he
5 invention and simlar to the enbodinent in 12a, but taken along the |ine
A-A in fig. 11, and fig. 13 schematically the general structure and
conponent parts of a functional data sto?age apparatus according to the
invention. Fig. 1 shows a cross section of an el ectrode neans E1 in the
apparatus 10 according to the invention. The el ectrode neans El conprises a

number of R@geaiiaeb cBOECIL PRSI 054 sc‘!ﬁ%rﬁﬁ'ﬂ@@ﬁﬂﬂf&nﬁﬁt%‘f&héd|a’tai<§‘tdr %é he pl an

vi ew of the | ectrode neans E1 in fig. ectrogde sl is Tocated on
an insul ati riPPasasacsprdingdad §é{5‘é‘?'§ﬂ%wdm Emﬁym iggs, itaksn a thin
film2a whighe |RlceBEBLiA PN E, contact between the separate el ectrodes sl.
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area of an electrode means E1 as its footprint appears in fig. 2, is taken up by

the electrodes €, while the insulating thin-film layer or barrier 2a between

20 the electrodes occupies only a small part thereof (if 0.15 pm line width or
larger lithography is used; finer lithography reduces this difference). An
electrode means of this kind can be fabricated by a method as disclosed in
Norwegian patent application No. 20015509, filed 9 November 2001, which
belongs to the present inventor, and hence the actual method for fabrication

25 of a dense electrode means of this kind shall not be elucidated in further
detail herein. In that connection, however, it is to be remarked that the
electrode width can conform to a minimum process-constrained feature f, the
magnitude of which will be dependent on e.g. the design rules as applicable
in for instance a photomicrolithographic patterning process. Anyway, this

30 implies that either the electrode width w or a distance d from one electrode to
the next in the electrode means E; shall be subject to a design rule of this
kind, while this need not be the case of the thickness of the insulating thin
film which can be deposited by processes unconstrained by any conventional
design rule. It also follows that the actual width of e.g. every second

35 electrode € in the electrode means E then can be smaller than the minimum



Concerning the plan viewin fig. 2, it shows the el ectrode neagsaldusT 2406
recesses 3 fornmed and extendi ng downwards fromthe top surfaces of the 5
el ectrodes e, thereof. These recesses 3 which can have approximately the
same width w as the electrodes El, extendgperpendicularly to the electrodes
El of the electrode neans E1 and are separated by remai ning portions of the
el ectrodes s, which simlarly may have a wi dth of approximately w. The

reoesses 3 GHERS:-LoATHNEI RRUATIACE dulif 28! 281 D8 U mandsiuer do the

10 substrat an_anoun ntrally rectangular cr
section. Atd Fhw! +h3dttbat adtuaHy is consizained h}hﬁleed@agn@u& s, will be br| dged
by a section thereof extending to a height H h above the substrate 1. It is
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shown in fi thﬁggﬁﬁheoﬂ%anﬁ% ?alggreﬁ‘r%acﬁlgéll(glﬁiimaégﬂfa Ftutggeqtﬂgr&gle% g’gPﬁaﬁ film
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sel ectij¢e et: g C esmat eri al
S and then thd Pranianr ahopsk ordsTHBLtiRH dfifie HRTFJe A EERCHS AEET B B
in any way dbkeewilong theelinglAeedy deposited el ectrodes al. Thi s | eaves hi gh
aspect ratio electrodes E2 located in the recesses on an insulating thin

film4b, butNwitthegroeessstdps Jor B@tnv\ibgra téwmd elevabls méaddB, ivcesdes 3 and
the el ectrodes s2 now fornmed therei nor. rla 4 |s now, added
111 Tng 1 he SPEEFAPRIaGIGCouUNEg (55 IRVRRRSN Spod becfescribed With
reference to figs. 3b-3f. In a f1rst step shown in fig. 3b the electrode means
20 E, with the recesses 3 are covered by an insulating thin-film material 4. In a
second step an electrode material 5, e.g. similar to that of the electrodes ¢, is
deposited over the insulating thin film 4 to a height about H or larger. The
electrode material 5 fills the recesses 3 completely. The insulating thin film 4
can be any dielectric thin-film material, but preferably it will be a
25 ferroelectric or electret thin-film material, of which more later. Now follows
a third step for patterning electrodes €, with high aspect ratio and located in
the recesses 3, oriented orthogonally to the electrodes €, of the first electrode
means E;. A first variant of the patterning step is shown in fig. 3d. Here
electrode material 5 as well as insulating thin-film material 4 is removed in
30 an etching process, which can be a two-stage selective etching process first
removing the superfluous electrode material 5 and then the insulating
thin-film material 4 as shown in fig. 3d, without in any way affecting the
already deposited electrodes €;. This leaves high aspect ratio electrodes g,
located in the recesses on an insulating thin film 4b, but with grooves 3a
35 between the sidewalls of the recesses 3 and the electrodes €, now formed
therein. Memory material 4 is now added filling the grooves 3a and covering



the top surface of the electrodes s1 and the resulting structUEaFGPSPIcHeas
shown in fig. 3e. However, if the thin-filmmterial 4 deposited in step 1
as shown in fig. 3bis a ferroelectric or electret nenory material, the
etching process can be such that only thg superfluous el ectrode material 5
is removed 5 and the structure with only a single etching step will then
appear as depicted in fig. 3e wwth the thin-filmmterial 4 be| ng a
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top of electrode neans E1 W|t ar al and densely arranged el ectrodes E2

running or tieepRAtENG empnyelly rﬁme ¥1a pectupdes iens€2 af e elegirodgans El .
The 25 el ectf,p4SSE ?% of the second el ectrode neans E2 are simlarly to the
el ectrodes sl of hé first eI ectrode neans E1 separated nutual ly insul ated

by thin insula barri er.s The rial 41 of the fi.rst nmenory
Govi cena S g arib et i sl A O CAed PR SEE SRS RIRARYID | o

provi dad betfogeth stepeoveesd mﬂea mﬂlnﬁhﬁlofﬁﬁsalladin@&ﬁatehalel I'Bhétldndfilinpemed at
the crossi ngs 30 Pagtween re pectlve ﬁ e lt)rodfestsl 62 H]ereo as seen to
advant age i rPingulaging materia s‘@%ﬁog He qr,lfbf‘dﬁ ¥ selestivebapxtliznegtheacess
extending i rHl@ct@Gdles-?l@{ CIfaSa ﬁlﬂﬂa aed €eial pEGSess btepald diti onag etecresdamaterialtiese
el ectrodes a, nenpry .cel din t e recesses agd can be switched in

three directdPosits h%\ffﬁﬁ‘ét‘hﬁ eyy:trqr%é A Eeaélb’rme%tp #i8RSper pendi cul arl y

to the sidevghkmaticallyeehbersbinafig33f Whlol indtheReh PENsbEidmIiot dceupied bpt t om
t hereof.. The renmaining el ect&éﬂes 6 of the el ecfrode neans_E2 are not

| ocat ed¥i n tthe alestad@sexlogatedhinand gkteading from the recesses 3. The resulting

structure is shown in cross section in fig. 4, and forms a first memory device
M,. Electrode means E; is now provided located on the top of electrode
means E; with parallel and densely arranged electrodes €, running
orthogonally to the electrodes €; of the first electrode means E;. The

25 electrodes €, of the second electrode means E, are similarly to the electrodes
€1 of the first electrode means E,; separated mutually insulated by thin
insulating barriers 2a. The memory material 4, of the first memory device M,
in the data storage apparatus according to the invention is provided between
the electrode means E;E, and memory cells 6 are formed at the crossings

30 between respective the electrodes €;;¢, thereof as seen to advantage in fig. 5.
Every second electrode €, is located in a recess extending into and across the
electrodes €; and at the crossings of these electrodes a memory cell 6 is
formed in the recesses and can be switched in three directions as indicated by
the double arrows oriented perpendicularly to the sidewalls of the recess as

35 well as perpendicularly to the bottom thereof. The remaining electrodes €, of
the electrode means E, are not located in the recesses and can be switched



29 AUGUST 2006 10 only in a single direction as indicated by iwucioshiade
arrow oriented perpendicularly to the nenory material 41 of the first
menory neans. Fig. 5a shows a plan view of the finished structure, i.e. the
first menory device ML shown in fig. 4. 4§ wll now clearly be seen how the
el ectrodes c2 5 in the second el ectrode neans E2 are oriented
perpendicularly to the electrodes cl of the first el ectrode neans E1. The

remor y miterdlﬁg ift aagiflg é)&frheﬁah'ax 1&11&%&%?"&%’Hgﬁgkeb&trw&rﬂeﬂf%dd ectrodes cl

and E2 in the recesses and over the electrodes cl now form
the menory mpamwmlqrﬂw tmm%@w@a@rlwwﬁ@ﬁ farst ayemery pHia@at ed by this
reference nunber of the 10 nenory device ML. The structure shown in fig. 5
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I‘OSSI ar.ea, a e area
of the two &ithefarm in@pe EGORRS ér}gnhtmq QWSSﬁﬁPQOPH{lrb%iLngs an

extra 1gi m%il?ﬁe%@eﬁ@ﬁ%;ﬂﬂ mg Ookﬁgé t&ﬂie’ é’leé%ﬁ@@@? aﬂﬁ"ﬂ}r %ﬂ?bb@bﬁ%hkno"m
in the art and lies t@i h%reg)gactl ve merH) area e i ndependent

of an 30 ot%@kﬁpgéc appnt EVERN PYekt eginﬁehora Ipﬁ%i:ml.‘lzat rMEMEEY can
be i ntroduceg]Res weerestoe® bSiQB@Sdlédt%H@floéafe'd inethe et ¢k s Ryt bazithent i oned

adding succelineed 2y anatcherid HEberPROORRekonpae Pottinn pbtknmeptory ceif”
conplicationg 44 &dn & %g%o_hvh@clvedaﬁl @mﬂeﬁam@@dﬂ&ﬂﬁelam@w thé extension of the
20 memory device M;, while the optional portion of the memory material 4b at
the bottom of the recess 3 can be switched in a direction perpendicular to the
plane of the memory device M, or, as implied by fig. 4, in the vertical
direction. By doing so, three “regions” can be switched simultaneously,
whereby a signal response about two times larger than that from a
25 conventional sandwiched memory cell is obtained, because the area of the
bottom region 4a equals the electrode crossing area, i.e. w”, and the area of
the two sidewall regions equals 2wh, where h~%w. This introduces an extra
dimension as compared with vertically switched memory cells as known in
the art and implies that the active memory cell area will be independent of an
30 otherwise applicable design rule.

Since a planarization step can be introduced between the deposition of each
electrode layer as mentioned below, there need be no loss of lithographic
density/film uniformity by adding successive layers, also meaning that apart
from potential complications with regard to vias and connections, there is
35 technically no limits to how many layers can be stacked in this manner, in



35 technically no limts to how many | ayers can be stacked in 4o sGUeysuRE.
in 29 AUGUST 2006 11 contrast with the vertical architectures, where

pl anari zation becones increasingly tough to achieve with successive | ayers.
A menory matrix of nmenory cells 6 is nowbtained in the nenory device M
and with an area fill factor simlar to that of the area fill factor of the
5 el ectrodes of the respective el ectrode neans E1, E2. Every second nenory

cell 610 tRonEpwifiaK G%tfc%'f'apﬁn%ﬁfé@eq'ﬂe?e Proifarl R oPBEdhegct 1 on and
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el ect rode newith aBy cfi thiel mentory eleflsté.ode neans E2 in fig. 4, 20 but of course
with the el ectrodes 63 oriented orthogonally to the el ectrodes E2 of

el ectrqge Mg feference tgtﬁ%sc hed a'fhﬁrf! arie %hah'mﬁv%t@e%@hwdqim& dele8nd

el ectrodes s, as depicte and 7 indicates how far. the recesses 3
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el ectrode neans 5 a si ar arrangenent of ﬁ menory cells Th| S
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device M ay glienkfcight 4 cSaelo, Mll GtRer Wiokdls mﬁgmecﬁhég 8 {nfgi 5. W th

only a _few of, these indic ef erence nuneral .in a

t
matri xléddré@ab@retorﬁbﬁﬁw aﬁﬁaw in gt FeGessess3 are gomr Epmedyin thesasi |y seen
30 that the ggceoded B Bf méi@rébﬁ%d%éé}%% aﬂ@sﬁhﬂﬁfﬂgqq@elﬁ%a dxd W th the

preceding menory device ML in the stack n ot her t he el ectrodes
si of el ectdlmswedENQWrth@\mp@esW@@s anshown iafigs W=3f andisciisged he

gl)(ra(r:teg()deg Fa%o'v'é drBgeptACH RIChEERBSI g $thEctitd app &S] AsNMIo in fig. 7, but

pondi 12 tﬁ an additional electrode means E; similar to electrode means E, in fig. 4,

20 but of course with the electrodes €; oriented orthogonally to the electrodes ¢,
of electrode means E,. — A stitched horizontal line extending along the
electrodes €, as depicted in figs. 6 and 7 indicates how far the recesses 3
extend into these electrodes. — A second memory device M, stacked in the
data storage apparatus according to the invention is thus formed with the

25 electrode means E,,E; and a similar arrangement of the memory cells 6. This
can be seen to advantage in fig. 8 which shows a plan view of the memory
device M, as stacked at top memory M; and with memory cells 6 (again with
only a few of these indicated by the reference numeral in a
matrix-addressable memory array. Further it is also from fig. 7 easily seen

30 that the second memory device M, shows the electrode set E, with the
preceding memory device M; in the stack. In other words, if the electrodes ¢
of electrode set E; form word lines in the memory device M, and the
electrodes €, in the electrode means €, the bit lines thereof, correspondingly
the electrodes €, of the memory means E, shall form the word lines of

35 memory device M,, while the electrodes €3 of the electrode means E; on the
top of the structure as depicted in fig. 7 form the bit lines of memory device



the el ectrodes E2 of the nmenory neans E2 shall formthe word ljg ST 2006
menory device M2, while the electrodes 63 of the el ectrode neans E3 on the
top of the structure as depicted in fig. 7 formthe bit |ines of nenory

devi ce 29 AUGUST 2006 12 M2. This peculigr, arrangenent and its consequences
shal | be discussed in sonewhat greater detail below The process steps as
used for formng the stacked nenory devices ML and M can now, of course,
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resulting nmenory cells 6 in the nmenory devices ML, M3 are indicated by
doubl e dbr onFignf showsad stossasptioamt thealatd stpragd apphaiaths shoewling po &re vi ew
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are now repeateéJ and result in a memory structure as shown in fig. 10, with
20 three memory devices M, M,, M3 stacked upon each other and with four
electrode means E;-E, alternatingly providing the word lines and the bit lines
of the stacked memory devices. A stitched horizontal line running through
the electrode means E, both in fig. 9 and fig. 10 indicates how far down the
recesses for the following electrode means E; extend into the electrodes €, of
25 electrode means E,. The switching directions of the resulting memory cells 6
in the memory devices M;, M; are indicated by double arrows and are also
apparent from fig. 11, which shows a plan view of the apparatus in fig. 10
viewed from above. As before every second memory cell 6 in a memory

device is switchable in multiple directions, as apparent from the legend.

30 Figs. 12a and 12b show schematic embodiments of a data storage apparatus
according to the invention rendered as respective cross sections taken along
respectively line A-A and line B-B in fig. 11, such that the cross sections in
line 12a and 12b are seen from viewing directions oriented perpendicularly to
each other. The embodiment as depicted in figs. 12a, 12b provides altogether

35 four stacked memory devices M;-M; and electrodes means E;-E5 with the



respectively line AAA and line B-Bin fig. 11, such that the ci985G8ST2008NS
in line 12a and 12b are seen fromviewi ng directions oriented
perpendicularly to each other. The enbodi nent as depicted in figs. 12a, 12b
provides altogether 35 four stacked nenory yevices M-M4 and el ectrodes
means E1-ES with the 29 AUGUST 2006 13 respective separate el ectrodes cl-c5
as indicated. Likewise is the downward extension of the recesses contai ning
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nmenory dgvi ce,) %@tré‘&'& so:.0on. The outcone is of course, that the 10 data
st orage apparatus acco%’d‘i ng to the invention is provided with a nunber of

el ectrode sets which excee he nunber of, nenor evi ces by .onl and
hence in a st %N\@ RReiecte t ?eﬁ?ﬁté" Srfd G@angbe E"cﬂ%ﬁ?‘g% %&Rl%hl Sy?ﬁ number

of el ectrode {{BARy GRYRA B WRile QY RMtRIRs 8)dadl brdgarasdwk Gt 1ifkg uct ures.
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MB can be addressed sj nmultaneaqusl for either wite, readout or ?rase and
simlarly thaancth@mﬁemyt%wc@wo ths Xind ceif BRI SRS al

si mul t aneousl|yyrhBér Mele%ﬁr&eqﬁém@&nﬁhfh@t&@dnwt%al idﬁ&@s&ﬂ@\l’vl&ﬂ to the
el ectrodes el and s2 for ad re sing the nenoré GFﬁ?S i N nenDr | ayer 41

of the nmenor\steRsiuEes. Whissmplifes the,siruetvee ap WSS @ ri?&%?@ el s in

25 nmenmonyg | aygs H@opfhenﬁlaek)bfdﬁem%?y %vi&saMtﬁewvtfdd‘eamaﬂmsﬁemahhg%gh
in this case agﬁﬁt ent i across the nmenor.y Iayer

fferen pres
42 of memor yVers |iges Weg brhilge&%r ﬁwowﬁépéfftw% gﬁﬁiﬁ%‘?@e%ﬂe&féﬁtMn&l

appropriate JRREHIRS p'rthcB‘? n%dfafk%sthmupféga?& ghigh lﬂﬁ@tdadcﬁegslﬁg sHali (S
measur e would[zﬁé)to ap im|lar voltage to the rodes, s2, 63

as applied tdakadlage @ %@@P%fe%elgbgoléﬁ%qu’YécqshSdm‘HE?IESPém ?ﬁlcaé? pfdhence is
set up acrosserhb&diment in figs. 12a, 12b, this implies that the memory devices M, and

20 M; can be addressed simultaneously for either write, readout or erase, and
similarly that the memory devices M,, M, also can be addressed
simultaneously for the same purposes. In other words, voltage applied to the
electrodes €; and €, for addressing the memory cells in the memory layer 4,
of the memory device M; shall not influence or disturb the memory cells in

25 memory layer 4, of memory device M, to any significant degree, although in
this case a potential difference may be present across the memory layer 4, of
memory device M,. This can, however, be countered by adopting appropriate
measures in the addressing protocols used, and an obvious measure would be
to apply e.g. a similar voltage to the electrodes €,, €3 as applied to the

30 electrodes €,, ensuring that no potential difference is set up across the
memory material 4,.

Various addressing protocols minimizing the so-called disturb of
neighbouring cells are known in the prior art and also the subject of patent
applications belonging to the present applicant. It should, however, be noted
35 that protocols designed to avoid the disturb of unaddressed cells or mutual
disturb effects between addressed cells usually are limited to embodiments
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di sturb of neighbouring cells are known in the prior art and al so the

subj ect of patent applications belonging to the present applicant. It
shoul d, however, be noted 35 that protocolg designed to avoid the disturb of
unaddressed ceIIs or mutual disturb effects bet ween addressed cells usually
are limted to enbodi nents 29 AUGUST 2006 14 where only each separate
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for a nenory
obtain a structure as depicted in fig. 3e. The same mask as used for obtaining

20 the first electrode means E; can suitably oriented be applied also to all
masking steps for the following electrode sets E,, E; and so on, given that the
same dimensional parameters are used. This shall considerably serve to
reduce process costs in case of the data storage apparatus according to the
invention.

25 Concerning the memory cells as e.g. depicted in fig. 10, it will be seen that
half the number of the memory cells can be switched in one direction only,
namely in the case where the memory material is sandwiched between the
electrodes forming the word lines and the bit lines for a memory cell in
question, while in case the electrodes are provided in the recesses formed in

30 the preceding electrode means, the memory cell now can be switched in more
than one direction, e.g. as shown in fig. 10 in three directions. Observing that
the depth h of a recess 3 may be at least comparable to half the height H of
the preceding electrode, it is clear that the memory material or memory film 4
which covers both the sidewalls as well as the bottom of the recess presents a

35 much larger surface area to the addressing word line and bit line than is the
case for a simply sandwiched memory material. The switching in all



guestion, while in case the electrodes are provided in the recgsaresuéPLeosd
in 30 the preceding el ectrode neans, the nenory cell now can be switched in
nore than one direction, e.g. as shown in fig. 10 in three directions.
Gbserving that the depth h of a recess 3wy be at |east conparable to half
the height H of the preceding electrode, it is clear that the nenory
material or nenory film4 which covers both the sidewalls as well as the
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f abri catliSon dfttainsatilegiclatizatden méahe méthosy celh téredsstwededrgasawitnapect i on of
fig. 4 which .shows.a sec t hr ry device with two el ectrode
nmeans E1, E2 dﬁﬁrwg}%fl}*n{bﬁg%fﬁgﬂféﬁpggygge{ggr| al 2 on the top of the
el ectrodes 62 as shown in fig. is renoved when the remai ning el ectrodes
62 in this elHze buu@m@%sﬁélalzzs hkehfeﬁ@o@ne@a wh stagkingoveyelarge aysber

I nsul ating bahem@rs d%@l&%t%ﬁﬁréabﬁ%?éteﬁltt'h‘éqﬁém%?y dlé‘&lcet f?é’inr e&ﬁﬁ sddf 8 €SS
al so can al so, be used anarize op surface of the e ectrode neans
E2 as the thin films, is easﬂ% avoided by applylng a planarization step as the final
20 process step in the fabrication of each electrode means. This can be seen by
an inspection of fig. 4 which shows a section through a memory device with
two electrode means E,,E, and wherein the insulating material 2 on the top of
the electrodes €, as shown in fig. 3f is removed when the remaining
electrodes €, in this electrode means E; is deposited. This of course, leaves
25 insulating barriers 2a between the electrodes €,, but the removal process also
can also be used to planarize the top surface of the electrode means E, as the
removal process may incorporate either a mechanical or chemomechanical
polishing. The electrode means E, is thus provided with a smooth top surface
and ready for proceeding to the process steps for the next memory device in

30 the stack.

In principle there is only a practical limit to how many layers that can be
provided or how many memory devices that can be stacked to form the
volumetric data storage apparatus according to the invention. An obvious
limitation in the number of stacked memory devices would be the necessity
35 to connect all electrodes and implicitly all memory cells to driver and control



renoval process may incorporate either a nechanical or chenoneshgicgst 2006
polishing. The el ectrode neans E2 is thus provided wwth a snmooth top surface
and ready for proceeding to the process steps for the next nenory device in
30 the stack. In principle there is only ggractical limt to how many

| ayers that can be provided or how many nmenory devices that can be stacked
to formthe volunetric data storage apparatus according to the invention.
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storage apparatus according to the invéntion as epicted in figs. 12a and
12b is &P cosrbatrpie &l lpasiivetrapnsidesabiaidsgienl y four menory devices with 25
menory cells in each and a total of 100 nenory cells, of which in the
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directions imply that ordinary memory cells in sandwich and switchable only

20 in one direction might be less attractive and could simply be thrown out of

the design as the highly adequate fill factor of 0.5 still is obtainable. In this

case of course the electrode material would only be applied to form

electrodes provided in the recesses in a preceding electrode means and the

channel-like openings therebetween e.g. could be completely filled with

25 barrier material.

In a practical embodiment as easily attainable within today’s technology a
data storage apparatus conforming to fig. 12a and fig. 12b and as depicted
with 4 memory devices and 100 memory cells could be provided with line
widths of about 0.5 um and a pitch of about 1 um since the thickness 6 of the

30 barrier between the electrodes is only a tiny fraction of the electrode width
w.

A more realistic approach to a functional embodiment to the data storage
apparatus according to the invention is shown in fig. 13, although, of course,
schematically and generalized, but incorporating all functional parts

35 necessary for its operation. The data storage apparatus in fig. 13 is depicted
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20 comprises an interconnect or interface portion 7 at the side edge of the

memory devices wherein vias or connections 8 from each memory device M

and down to a substrate interface 9 are used for establishing the necessary

communication between the circuitry portion 10 of the substrate and the

memory devices M. Moreover the substrate interface 9 can additionally be

25 provided with connections to external or peripheral devices or computing

devices, but this substrate interface can also be used for integrating the data

storage apparatus according to the invention in any data processing apparatus

wherein suitable high capacity memories, viz. large data storage density,

shall be required.

30 The line widths and pitch as given above imply four memory cells to each
square micrometer, or 4 million cells in case each memory device has an
extension of 1 mm x 1 mm. The stack of four would then cater for 16 million
memory cells or a 1 mm?’ chip and as the thickness e.g. could be in the order
of 1 um, this would imply a volumetric storage density of 16 Gbit/mm°.

35 Reducing the line width to 0.2 pm which is possible with today’s
photo-lithographic techniques, the memory device of the data storage



25 provided with connections to external or peripheral devices20AyucoEPRoo819
devi ces, but this substrate interface can also be used for integrating the
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density, shall be required. 30 The line wdths and pitch as given above
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2006 19 CLAIMS 1. A volunetric data storage apparatus conprising a
plurality of stacked mnatrix-addressable nenory devices (M, wherein each
menory device (M, ke 1,2...n) conprises first and second el ectrode neans
(Ek; EK+1) in the 5 formof respective |layers with parallel electrodes (Ek;
Ek+1) formng word lines (Wk) and bit lines (BLk) of the nenory device
(Mk) for the matrix-addressing thereof, wherein the second el ectrode neans
(Ek+1) forms the first electrode neans of a follow ng nmenory device (M+1)
in the stack, wherein each nenory device NO conprises a |ayer (4k) of
menory material 10 provided between the first and second el ectrode neans
(Ek; EK+1) and in direct



or indirect contact therewith, wherein the nenory material is # RoGOsT Zovsl e
dielectric material capable of exhibiting hysteresis, preferably a
ferroelectric or electret material, and wherein nmenory cells (6) are
defined in the menory material (4k) of ajgenory device (M) at or between
the crossings of the 15 word lines (W) and bit Iines (BL) thereof,
characterized in that electrodes (E) of each el ectrode neans (Ek; Ek+1) are
provided in gdgne® arrangenent and mutual Iy insulated by barrier layer (2a)
t her ebet ween, the thickness S of the barrier |ayer being only a fraction of
the area fi r. of,.th s (B)
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electrode width (w), whereby the area fill factor of the electrodes (¢) in an
20 electrode means (Ey;E+;) approaches unity, that the top surface of an
electrode means (Ey) facing the neighbouring following electrode means
(Ex+1) 1s provided with parallel recesses (3) oriented orthogonally to the
electrodes (gx) and mutually spaced apart by a distance comparable to the
electrode width w, the parallel recesses (3) having a cross-sectional shape
25 conforming to the cross-sectional shape of the electrodes (g), that at least
every second electrode of the adjacent following electrode means (Ey. 1) is
provided extending downwards in the recesses (3) formed in the adjacent
preceding electrode means (Ey), that a memory material is provided in a layer
(4) over each electrode means (Ey;Ex+;) covering the surface thereof as well
30 at least the side walls and optionally the bottom of the recesses (3) therein,
and that the electrodes (gx+1) extending into the recesses (3) in conjunction
with the orthogonally crossing electrodes (gx) of the adjacent preceding
electrode means (Ey) define memory cells (6) having at least two switching
directions in the memory material provided in the recesses (3), whereby the
35 volumetric data storage apparatus is provided with a very high storage



10 4. A volunetric data storage apparatus according to claim lyg AuGUST 2006
characterized in that each electrode neans (E) are fornmed as a conposite of
two or nore layers, a first |layer consisting of a netal and a second | ayer
of a conducting polynmer, said second |ayey of conducting polynmer formng a
contact layer directly contacting the nenory material of the nenory device
15 (M. 5. Avolunetric data storage apparatus according to any of the
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copolymer material.

10 4. A volumetric data storage apparatus according to claim 1,
characterized in that each electrode means (E) are formed as a composite of
two or more layers, a first layer consisting of a metal and a second layer of a
conducting polymer, said second layer of conducting polymer forming a
contact layer directly contacting the memory material of the memory device
15 M).

5. A volumetric data storage apparatus according to any of the claims
1-4, characterized in that every second electrode of the adjacent following
electrode means (Ey.+;) extends downwards in the recesses (3) formed in the
adjacent preceding electrode means (Ey), wherein the apparatus comprises

20 about equal quantities of memory cells (6) with single and multiple switching
directions, with the memory cell fill factor being equal to the are fill factor of
the electrodes in a single memory layer.

6. A volumetric data storage apparatus according to any of the claims
1-4, characterized in that each electrode of the adjacent following electrode

25 means (Ey.;) extends downward in the recesses (3) formed in the adjacent
preceding electrode means (Ey), wherein the apparatus comprises only
memory cells (6) with multiple switching directions, with a maximum
memory cell fill factor being equal to one half of the area fill factor of the
electrodes in a single memory layer.
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