ULTRA LOW COST SOLI D- STATE MEMORY Technical Field The present invention
relates to solid-state nenories. In particular, the present invention
relates to a three-di mensional (3-D) arrangenent of ferroelectric capacitors
formng an ultra-low cost solid-state nmenory. 5 Background of the Invention
Figure 1 shows a table setting forth estimated scaling limts, estinated
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15 The scaling limits indicated for each solid-state technology are speculative and
are based primarily on physical limits rather than current technical challenges. The cost
of processing a unit area of silicon has remained fairly constant over the years, and has
historically been about ten times higher than the cost per unit area for low-cost 3.5 Hard
Disk Drives (HDDs). Ithas been estimated that use of 300 mm wafers will lower the cost

20  per unit area by about 30%. Nevertheless, current desk-top HDDs are about 100 times
cheaper per bit than DRAM and FLASH memories because HDDs have an areal density
that is about ten times greater than DRAM or FLASH memories. For the memory
technologies identified in Figure 1 that are capable of low-cost 3-D integration, it is
assumed that layers are added until the cost per unit area increases by 60%, thereby

25  providing a good trade-off between lower cost and manufacturability.

Four technologies may eventually reach a cost that is comparable to that of HDDs
through either multi-bit storage or 3-D integration, which are two characteristics that
HDDs cannot practically possess. Two of the four technologies, PROBE memories and

MATRIX memories, are likely to have performance characteristics that are inferior to



HDDs. The ot her two technol ogi es, Ovonic Universal Menory (OUM and zero-
transistor ferroelectric nmenory (OT-FeRAM), are likely to have superi or
performance to HDDs and are potential replacenment technol ogies for HDDs.
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gate distance for the transistor to properly turn off, even when a high-k dielectric
insulation is used. Consequently, the smallest workable transistor is on the order of 5 to

20 6 nm in length.

Today, gate lengths are about 65 nm using lithography that is capable of 130 nm
half-pitch between wires so the smallest transistors would be appropriate for the 11 nm
node in about 2020. See, for example, http://public.itrs.net. Extremely advanced
lithography will be required for 11 nm half-pitch node. The minimum half-pitch for

25  Extreme-UV (EUV) lithography at a wavelength of 11 or 13 nm is given by F = kjA/NA,
in which k; is a constant having a minimum value of about 0.25 using phase shift masks,
A is the wavelength and NA is the numerical aperture having a maximum value of about
0.55 for the reflective optics that are used for EUV lithography. See, for example, U.S.
Patent No. 5,815,310 to D.M. Williamson entitled “High Numerical Aperture Ring Field

30 Optical Reduction System.” Although these particular parameters indicate that the
lithography limit is about 5 nm half-pitch, it is unlikely this limit will be reached.



If the nore conservative paraneter values are considered, i.e., kl = NA =
0.4, then the limt is at the 11 run node. |If transistor gate |engths nust
be sonewhat |onger than 6 nm nenory density will not be very adversely
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create about 1 million minority carriers that sometimes end up on the capacnor. For

immunity from the effects of radiation, the capacitor must hold more than 1 million

20  electrons, corresponding to a capacitance of about 30 fF. See, for example, A.F. Tasch et

al., “Memory Cell and Technology Issues for 64 and 256-Mbit One-Transistor Cell MOS
DRAMSs,” Proceedings of the IEEE, vol. 77, p. 374 (1989).

In DRAM, reading the state of the capacitor is destructive, so the data must be

rewritten afterward. With conventional architecture, the state of the capacitor is sensed

25 by discharging the capacitor to a bit line having a capacitance that is much greater than

30 fF. Further reductions in storage capacitance would lower the sense voltage to levels

that are not easily detectable. Because the capacitance cannot be readily scaled, the

capacitor has presently taken the form of a cylinder extending deep into the silicon wafer

and having an aspect ratio of about 50 to 1. An aspect ratio of this magnitude does not

30 appear to be capable of being increased much further and soon capacitors will need to

flare out under the silicon surface taking the shape of, for example, a bottle. Also, high-k



dielectrics, such as bariumstrontiumtitanate (BST), will be needed for

i nproving performance of the capacitor. Unfortunately, high-k dielectrics
have a hi gh | eakage and, therefore, need a thickness that is thicker than
that of the dielectric materials that are used today. Accordingly, the
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grain is limited to approximately 8 nm.

Although materials exist having a minimum stable size of approximately 3 nm,

20  the coercivity of these materials is higher than the maximum attainable field that can be
produced by a write head. About 10-20 grains will be needed per bit to prevent excessive
error correction from reducing the data density because the grains are randomly oriented.
See, for example, R. Wood, “Recording Technologies for Terabit per Square Inch
Systems,” IEEE Transactions of Magnetics, vol. 38, p. 1711, 2002, and M. Mallary et al.,

25 “One Terabit per Square Inch Perpendicular Recording Conceptual Design,” IEEE
Transactions of Magnetics, vol. 38, p. 1719, 2002.

Although it is generally accepted that the areal density limit for conventional
recording is about 1 Tb/in? it may be possible to use a revolutionary technology, such as
thermally-assisted recording in which the disk is heated to lower the coercivity of the

30 media for writing. Nevertheless, there is a limit when thermal energy kgT begins to

compete with the Zeeman energy 2HAM;V, in which H, is the applied field, so that the



grains are not properly oriented during witing. This effect limts the
grain size to about 4 nm which is a factor of two snmaller than the grain
si ze used for conventional recording. Unfortunately, there is no known
practical way to nmake a nanoneter-scal e heat spot on the disk. 5 Patterned
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of FLASH memories, however, is rapidly dropping and is expected to be the fastest
growing memory type over the next few years, especially for NAND and AND-type

20 FLASH memory architectures. For small capacities, the cost of FLASH memory is
currently cheaper than HDDs because HDDs cannot cost much less than $50 based on
fixed costs. Today, FLASH memory prices are cut in half every year due to aggressive
scaling and the recent introduction of two-bits-per-cell technology. Four-bits-per-cell
technology is expected to be available within a few years.

25 Although multi-bit storage techniques reduce estimated cost dramatically, multi-
bit storage typically leads to lower performance because the read/write process is more
complicated. The capability of FLASH memory to store multiple-bits per cell is based on
the ability of the floating gate to store a very large number of electrons, thereby varying

transistor conductance over many orders of magnitude. Therefore, FLASH memory has

30  very fine granularity and low noise with today’s technology.



dielectric around the floating gate nust be at least 8 nmthick to retain
charge for ten years. See, for exanple, A Fazio et al., "ETOX Fl ash Menory
Technol ogy: Scaling and Integration Challenges,” Intel Technol ogy Journal,
vol. 6, p. 23, 2002. . This thickness is 5 four times thicker than the
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memory to about 30 nm half-pitch using four-bits-per-cell technology. Below this size,

the small number of electrons per bit, the size of the high voltage circuits, and
20 interference between charge storage regions will likely cause obstacles too significant for

further scaling.

PROBE
Probe memory technology primarily refers to the “Millipede” concept for data
25  storage being pursued by IBM in which a 2-D array of silicon cantilevers having very
sharp silicon tips are scanned over a thin polymer film on a silicon substrate and heated
for poking holes in the polymer. See, for example, P. Vettiger et al., “The Millipede —
Nanotechnology Entering Data Storage,” IEEE Transactions of Nanotechnology, vol. 1,
p. 39, 2002. Bits are detected by sensing the cooling of the cantilever when the tips dip
30 down into the holes. Access times are about as long as for an HDD because the entire

chip must be moved relative to the tip array to reach the desired memory address. Data



160, 000 cantilever array operating at about 100 KHz each to achieve a data
rate of 4 MB/s. If this data rate can be achi eved, PROBE nenory woul d be
conpetitive with FLASH and the 1" Mcrodrive. 5 Power dissipation, however,
is very high for both reading and witing because mcron-scale heaters are
used at tenperatures of up to 400 C dissipating about 5 mW each.
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isothermal and to within one degree of each other. Tip wear and polymer durability are
other major issues.

20 PROBE storage, however, has a major advantage in that bit size is determined by
tip sharpness rather than by lithography. Also, because the polymer is amorphous, grain
size limitations do not occur. In that regard, IBM has demonstrated an areal density of
1 Tb/in® using silicon tips. Improvements in tip technology might make it possible to
improve the density significantly. Local oxidation storage at >1 Tb/in? has been

25  demonstrated with a nanotube tip. See, for example, E.B. Cooper et al., “Terabit-Per-
Square-Inch Data Storage with the Atomic Force Microscope,” Applied Physics Letters,
vol. 75, p. 3566, 1999. If a manufacturable method of forming ultra-sharp, durable tips
can be developed, perhaps 10 Tb/in® is possible. See for example, E. Yenilmez et al.,

“Wafer Scale Production of Carbon Nanotube Scanning Probe Tips for Atomic Force
30  Microscopy,” Applied Physics Letters, vol. 80, p. 2225, 2002.



Anot her emergi ng nenory technol ogy i s known as Ovonic Universal Menory
(QUM. See, for exanple, M GlIl et al., "Ovonic Unified Menory - a High-
Perf ormance Nonvol atile Menory Technol ogy for Stand-Al one Menory and
Enbedded 5 Applications,”™ |1SSCC Tech. Digest (IEEE), p. 202, 2002. OUM uses
one programmabl e resistor and one diode (or transistor) per cell. The high
and | ow r @8IMt ance states of a phase- change resistor (anor phous ver sus

crystalline ed for .stori witin
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unit area,an rent de cal e inverse Si z .at cq eak
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heat up a volume that is 10 nmacross to 600 C, even with excellent thermal

i sol at i onphasenebangs| resistyyp eanntr s aggassddndinectlyolikenthe dransistors riord glLatSHN ti me
0! 201 o Rl USRS B BB e LT8R LR g e
Danas cenepdihd dEuphnBe tellst oA sdries dffde RifectBvely reduces the change in resistance from a
factor of 100 to only about a factor of two. Figure 1 indicates that two-bits-per-cell
20  technology will be possible with OUM.
OUM is scalable because the resistance is determined by the position of the
amorphous-crystalline boundary and has atomic-scale granularity. Although the phase-
change material must be heated to very high temperature, the small programming volume
results in reasonable power dissipation. OUM has a scaling problem in that power per
25 unit area and current density scale inversely with size at constant peak temperature
because the temperature gradient scales inversely with size. It is expected that current
density will need to be in excess of 10’ A/em? to heat up a volume that is 10 nm across to
600 C, even with excellent thermal isolation.
Nanoscale copper wires are known to have an electromigration time to failure of a

2

30 few years at this current density and will quickly be destroyed at 10® A/cm?. See, for

example, G. Steinlesberger et al., “Copper Damascene Interconnects for the 65 nm



Technol ogy Node: A First Look at the Reliability Properties,” |EEE

I nt erconnect Technol ogy Conference Proceedi ngs, p. 265, 2002. Problens of
el ectrom gration can probably be avoided by using interconnects having a
tall aspect ratio, although local electromgration near the devices could
still be a significant problem 5 Another issue that may be associated with
OUM i s t hgeglaitbglyoNobetl Ky Firsarisiokt atr she ﬂmlabhrhity/mrgpdraesg’e IEEiEr émercdansitt i es,
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Lo form diOdbem n Sael farsampley kS, Patcat Nal G4¢ 9@9 b F o bonedier dhide eas«gt G%ed

See, Iﬁ W Al I
St at e{ of - ﬁie- gllﬁm N m%&%gewfgrey & @cf}h (}/ﬁl gw ta?é ﬂ%hltsl%ller re
Thr ee- Di Wb&ltld)&"IMen(d)D)?elll’ht egrated Circuit (IC) Fabrication," | EDM Tech

Di gest (I EEE), p.. 943, 2002. To keep costs down, it is advant ageous to bond
a very thin | apeflioge surfasecaicavh0) Emeg Janesy thaneths gsea ahfths resster Bould beess

e oocR el LIS Ao Sl B 7 i
exanpl e, KepsSSakaldwshequired to make a tall cylindrically-shaped diode. See, for example, U.S.
20  Patent No. 6,429,449 to F. Gonzalez et al. Very tall diodes would mean very high aspect
ratios for the diddes and for the vias between layers. Even if very large grain size is
achieved with a planar diode, a single grain boundary or intra-grain defect can cause a
device to fail given the current density needed to write OUM memory.
Wafer bonding techniques used to make Silicon-On-Insulator (SOI) can be used
25  to form diodes in multiple layers if single crystal silicon must be used. See, for example,
K.W. Guarini et al., “Electrical Integrity of State-of-the-Art 0.13 um SOI CMOS Devices
and Circuits Transferred for Three-Dimensional (3D) Integrated Circuit (IC)
Fabrication,” IEDM Tech. Digest (IEEE), p. 943, 2002. To keep costs down, it is
advantageous to bond a very thin layer of silicon while reusing the host wafer. One
30  process that appears suitable for making 3-D ICs with single crystal silicon is based on

the ELTRAN method that has been developed by Canon. See, for example, K. Sakagushi



9 et al., "Current Progress in Epitaxial Layer Transfer (ELTRAN)," I|ElCE.
Trans. Electron., vol. E80C, p. 378, 1997. According to the ELTRAN net hod,
a host wafer is etched to forma porous |ayer having very snmall hol es at
the surface and large cavities mnuch further down. Epitaxial silicon then
bridges the holes to forma new, very high 5 quality surface |ayer that may
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than for technologies that require a single crystal MOSFET in each cell. 20
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2,
each costing ography 1's expensive at $40

per mask wifepis LAsed. f Dow RKpeRitEe processing, such as making phase-change resistors,
http://ww. semat ech. or g/ public/resources/litho/coo/index. htm Assumng five

masks percandgeaerfarmed pp dee B3 elip befwe the rexh gdican dayet Headdedi e advaage of t he

wafer. To f Ver LV [ ch.with the
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| ayers of silicon will cost about $1800 per 3-D wafer. |f another $600 is

budget ed ingeacheih trarsisier for Geesssithereby esicingdbe size of therrsllrmndicbe anmbenef s f or
| nor eased BirssnE ape Foctch ISR IB R 2T e B b SER e E SR Mo y
cell's. Aafigh,d-Ddntegratibs dhiculd redde/t B Ynore for OUM than for technologies that require
a single crystal MOSFET in each cell.
20 Roughly estimated costs associated with OUM include about $5000 for

processing a 300 mm wafer into chips, yielding up to 1000 dies of 70 mm?, each costing
about $5. EUV lithography is expected to be expensive at $40 per mask step. See, for
example, http://www.sematech.org/public/resources/litho/coo/index.htm. Assuming five
masks per layer and three layers, $600 is added to the estimated cost of the wafer. Today
25  SOI wafers are very expensive at over $1000 each with the cost projected to drop to $700
over the next few years. If the cost can continue to drop to about $600, it is projected that
three additional layers of silicon will cost about $1800 per 3-D wafer. If another $600 is
budgeted for additional processing steps, costs for the masks and costs for testing, the
total cost increases 60 percent, but the memory density increases by a factor of four,
30  assuming the bottom layer also has memory cells. According to Figure 1, OUM may

eventually reach an estimated cost that is close to that estimated for HDDs when (1) less
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eventual |y reach an estimated cost that is close to that estinmated for HDDs
when (1) less 10 expensive SO techniques (by today's standards) can be

used for 3-Dintegration, (2) nultiple bits can be stored per cell, and (3)
| i thography can be extended down to 10 run. MT-MRAM and 3D- MRAM 5 Magneti c
Random Access Menory (MRAM uses one nmagnetic tunnel junction and one diode

(or MOSFET) per cell. The high and | ow resistance states of a MIJ (i.e.,
paral | el \expenssveaROl tgchniguee (byrtagiaptsi andaeds) can de) usgd dorideld htpgrationy (Hg
bits. See, far .exanple, K..lnonpta, -Present, and Futur f. Magnet.i ¢ RAM
Technol ogjr,‘ulgplél Crg’)‘ti’? §qred ner 8@15}98“ &) Q}E?graﬁgﬁa&,beﬁxyeﬂeilﬁ? d?%%’? etic
Tunnel Junction MRAM 10 (MIJ-MRAM writing is acconplished by passing
current through word and bit lines to create a magnetic field that is
suf fi ci entMyT-MRAMjand3IBWIRAMt he "soft" or "free" magnetic el ectrode at
t he crgss poi nt._ of th rd and bj Iinﬁ@I t . would be difficult .to store
more than one BY[RESEF Ragfpm; AcagmsaMemasy RAN) USeR e magRetss tupngl jipefion
hyst er esi di f it r ] i i f £ amoul d be
S o S S i e R S L R G et
to store tpamllel tversud haatiqamileb xdgyietin alectosdesdfare aned dor s@ringrbies. dSeecéx i n

series for storing _twice as nuch information needs further consjderation.
For that Ea&BH ﬁg-gmomta,i Tarscat aad Tuue WRMAeBSHe Mﬁﬁwo ,bﬂE@%r
cell. A siignifi b cke assQcizape fth -W]' t : rrent
density Q#\Jécglgg%cr)rg’ ?;8? grg% uc 'ngﬁg’ \%rome fl\?l%%hg sca 1‘(131%1 p@%ﬁlé}bas tﬂ\é[ Wi res
are made NHIILNGIRAMYevritingds acoalplisiged by padsagatirient throvphessdrandi bitlingste i n
the coercivity of the soft electrode to avoid the superparanagneti sm

ef fect. F&Fealsamagactiq Heldthatds sufficiatlyGtrong{gsech thec\sple” ok hlipeymagratist i ¢

bit needs ' = V = 3.5 x 104 ergs/cn8B.

Assum ng §%§§%§ﬁéggﬁ%ﬁ}ﬁ{%Bgtvgﬁ%%dn@%ﬁ% ani sotropy field would need to
be 25 Hk = 2K" /iMwould b&Rliffidelt 1@ stdre nSre ki ¥ah bitager teliud eV IRAMNd @Y ihe
reversal, Hk can be taken to be approxinmately equal to the field necessary
for fast sararepashl thepMTlibystrasi lopp. nBnginosH Pt o e ¢aaming his oyl ar
degre t h i i . I L e nm
from the woukf pERPeFies; MEMTEPIGERSTn ATRI hiflnt hhfigEh HeiBLHS, T

(5/ 21Y2) Hstodle w6 bits.1TFe AbmpRxitAand csst w$ sesheatiny thre dPHETs inisef&s bk Istoringi | 30

after a few years at only | x 107 Alcn2, so scaling MIJ- MRAM even to 40 rim
will twice as much information needs further consideration. For that reason Figure 1 indicates

that MRAM can have only one bit per cell.
A significant obstacle associated with MTJ-MRAM is that the current density
20  necessary for producing a write field scales poorly as the wires are made smaller. The
poor scaling is related to a necessary increase in the coercivity of the soft electrode to
avoid the superparamagnetism effect. For example, to scale to the 40 nm node, a cube-
shaped magnetic bit needs an anisotropy energy of K, = 50kgT/V = 3.5 x 10* ergs/cm’.
Assuming a magnetization of 1000 emw/cm’, the anisotropy field would need to be
25  Hyx=2Ky/M =70 Oe. Using the Stoner-Wohlfarth model of magnetic reversal, Hy can be
taken to be approximately equal to the field necessary for fast switching. For
40 nm x 40 nm bit and word wires (at 45 angular degrees to the magnetic axis) to produce
a magnetic field of 70 Oe 40 nm from the wire centers, the current density would need to
be at least j = (5/2"2)Hi/d = 6 x 10’ A/em®.  As discussed above, copper wires will fail
30 after a few years at only 1x 10" A/cm?, so scaling MTI-MRAM even to 40 nm will

require large improvements in the electromigration resistance of copper wires.
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require large inprovenents in the electromgration resistance of copper
wires. |l Consequently, the cost of MRAMw Il remain quite high in
conparison to nore scal able technol ogi es. MRAM does have one interesting
advantage for |ow cost: high current does not need to pass through the cell
because writing is acconplished with magnetic fields. 5 During a read
operation, a diode is re uired for preventing tiple current paths [n the
Cr 0ss- poi rﬁoné?fﬁﬁmtl)ééh‘ﬁﬁ %MMM}%‘E&J@IEzﬂHltﬁb%Bé(’fr{fp@ﬁ?‘fqﬂoﬁr‘PTqSr?la phous
silicon. ? ar exarrpl e, P.P. Freitas et al., "Spin Dependent Tunnel
Juncti ons rmry and Read-Head Applicati ons " | EEE Transacti ons of

Magnetics, vol MRAM Rloe2k@%, ondOiferestifily tadoatghigeafolr how dobt: i ghneurpimo ddes hdti con
di ode is much cheaper than a single crystal 10 silicon diode, the maxi num
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MATRI X A MATRI X menory cel |l has one anti-fuse and one anorphous silicon

di ode 10 S@é;condrodexdmpmumﬁmmum@etadenmy Womglneanorpb@;s srﬂ@cronl\rs onkyci’ gggrh”.
Scientific, Are
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nuch nor e &CahRRLBstalN AR YerfBEW p¥rforarieblf rently in devel opment by Matrix
Sem conductor, is the nost advanced concept for 3-D solid-state nmenory

havi ng chi ps né&ost psfinpatesiassodiatad avith MHITAYRAY]s intkor kedlreldueed dromaticaiyaivithse.
The pri mary. advant ages of trix meno are:. (1
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is used.
other expenses, cost increases by 60 percent, but density increases by a factor of 12.
Nevertheless, despite good 3-D potential, MRAM has poor scaling and does not appear

competitive with other storage methods.

20 MATRIX
A MATRIX memory cell has one anti-fuse and one amorphous silicon diode.
See, for example, T.H. Lee, “A Vertical Leap for Microchips,” Scientific American, vol.
286, p. 52, 2002. MATRIX memory should have 3-D integration costs that are similar to
3-D MRAM with the advantage of being much more scalable. MATRIX memory,
25  currently in development by Matrix Semiconductor, is the most advanced concept for
3-D solid-state memory having chips nearing production and being considered for
commercial use. The primary disadvantages of Matrix memory are: (1) the memory is
write-once because it is based on destructive breakdown of an insulator, and (2) the

memory has very low performance because an amorphous silicon diode is used.
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1 T-FeRAM A 1T- FeRAM nenory cell consists of one MOSFET and one
ferroelectric capacitor having a hysteresis loop simlar to the exenplary
hysterisis | oop 200 shown in Figure 2. IT-FERAM nenory is very simlar to
DRAM except that the capacitor 5 dielectric is replaced by ferroelectric
material and a slightly different architecture is used. See, for exanple,
O. Auciel lyor_ptrahs . "The Physics of Ferroelectric Menories," Physics Today,
vol . 51, p. 22, 1998. Use of the ferroelectric material in place of a
dielectric materiTaFeRAM sesmeoryl celbicansistgesf, oseidMOSEET1and lose clgpmeletiore | s

non-vol atil e and, daes not, need to. he refreshed the ca [ {Qr can store
About 100 CEPIIST HBRES aarig oo aradS 15 SHHAY ShERss R ey e
capaci tor Fi?uljé%j' iR A Hﬁﬁ%‘i‘y qg%ﬁ"%%ilﬁﬁ@r RPIRARELL @Bt Qhat $hBCcapacitor

ferroelectric is not easily aftfected by radiation. The quality of "having
r adi at Son-digedrie &sreplatalisy feneeleharicgrateriali andassightlp diterevttanchatectirelisRsRAM

menory cel|l to be reduced below a m]]|i el ecfrons when the sensjing., nethod
is change@%o?qrﬁéﬁmegr ?)erﬁucieélooeétaé-et ilae g’ﬂygcsggf ﬁeré%ql?cui‘% h%g@g;esg 1YS1GSr

exanpl e, [ Kk i ‘goxer d f LninFERAM AL CAl ture, "
| EI CE. Tr ?nosd %9 @’eg? P%n% 1\/90 B} lE%ei)_S‘fC?}{%prjeyﬁf%?tr Olg%ﬁ lrrllsglquenf\%y%%l}ee@FFeRAM
does not sndtéeal Has gevdrileadvan@abesngugr adl Bnthe aapadioatie domivblatiloRAdd desyoiot. Even

though a ferroelectric material s polycrystalline, it should, be capable of
scal i ng t Geedtabs refigshedat2) thgygapacitqricap storeakayt leéﬁlmﬁfﬁ Moz charge in @Frsé’élleect ric

gr ai ngof Iﬁl&g]ﬁ i 5131 Py | . 2 r ] )
See, ? 8r élxarrpf 8{% ’ a%ﬁ%%hg,a&‘p@ﬁgd gat%é%méi}{zbga%gggﬁ%?ﬁg?éo ol ezra'riltggltggﬁt ric
Pr opert i eshé ferfobléci3-ihdti calilyyffdossd by tadiatignat ed Ferroel ectrics, vol. 12, p.

161, 1996. Additionally, ferroelectric PZT films as thin, as 4 nm have been
grown. See, forlhexauaitysf hayingrodjation-pardggss allows therbpggerlpmit pgspciatedrwith a

Per ovski t g+H " BRI Physi t VOl 7 Sletom 99, o
Nbreover,qlmﬁlgkage &)%ggrtgs?éa?ﬁuhga fbgos%eal gllclzlgl?nllcé%cggg%i torsélgsg?ﬁllnﬁ 25 as
13 run havectheris chatigeddo teeurrtnris dsrorlder alainkidli ismsat. Bde, for'&Siampld)$.i t ut ed
Utrathin_Ferroelectric Filnms," Jpn, J. _Apn‘g%Ph S.,. V . L716,

e ys.,. vol. 41
2002. 1pasthalashimp.er Qverviedy rand| deandi of defiri Ms paghitegturg n}EIﬁ&veTIB@%n
switched w C , raX- eThislinch2
Ferroel ecﬁ@%@é?’g@%ﬁg‘ge@gséﬁﬂoné‘%gsgﬂ‘%ﬁﬁgp lﬁlgﬁ [ rl}?aage%{lc’etlaslélgﬁerr frgm e
M cr oscop¥calingapbbleths Beyosiatsal with (BRAM memorB1Even thddgi a 2006ectd0 nhdteridie
nunber of _grains or. domain wall pinni r}ggcsi,tes i s suf fniotﬁ;li ently large in a

.domal n
single capabpiyewstallines K shpulde ¢rpablemiescaling toplLnmyglnghat seardy it kasgheence| | |
but this gheulatbddfat ferroelectric grains of Pb(Zr, Ti)O; (PZT) as small as 2.5 nm are thermally

20 stable. See, for example, T. Yamamoto, “Calculated Size Dependence of Ferroelectric
Properties in PbZrO;-PbTiO3 System,” Integrated Ferroelectrics, vol. 12, p. 161, 1996.
Additionally, ferroelectric PZT films as thin as 4 nm have been grown. See, for example,
T. Tybell et al., “Ferroelectricity in Thin Perovskite Films,” Applied Physics Letters, vol.
75, p. 856, 1999. Moreover, low-leakage polycrystalline ferroelectric capacitors as thin

25 as 13 nm have been formed. See, for example, T. Kijima et al., “Si-Substituted Ultrathin
Ferroelectric Films,” Jpn. J. Appl. Phys., vol. 41, p. L716, 2002. Lastly, lateral
ferroelectric domains as small as 6 nm have been switched with scanned probes. See, for
example, Y. Cho et al., “Tbit/inch® Ferroelectric Data Storage Based on Scanning
Nonlinear Dielectric Microscopy,” Applied Physics Letters, vol. 81, p. 4401, 2002.

30 If the number of grains or domain wall pinning sites is sufficiently large in a

single capacitor, it should be possible to store two or more bits per cell, but this should be
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13 difficult because the internediate state of the cell cannot be verified
W t hout destroying the state. For that reason, Figure 1 indicates that 1 T
and OT-FeRAM can scale to 10 nm but will be limted to only one bit per
cell. Thus, |IT-FeRAM appears to have a good chance of replaci ng DRAM because
of 5 it has simlar performance and better scalability. The need for higher

dielectric ants has alr cau t DRAM i ndustry.to extensively
Mvest | gathtBR Gpee i ariedrte iR R e oALedua Pt s AR pBpF iRk
non-vol atig,esgRl ik %ﬁa%tr@asaﬁrmgar eiNAdicaealias 1 TWRk0TardR A QiSschiRrto 10U 0St
3-D integration. Summar the Invention The present invention provides

a hi gh- perb‘ubwﬂrhhchmmodm/mhlatonbblt@gtwikstate menory that scales well and
allows for | ow.cost D.i eratlo A first, enbo resent
vonti on pr ov/ 0. L EERAN S0 Hente ol ch st s fcine DRATRECERE Y (oo,
a plurali tlb’hé%fsﬂlﬁ%‘;r% 3 gﬂmpée%alaeh& s‘%falabflﬁfv‘ ?I'aé H@é@ro@ﬁlgfheﬁ@lepemk%&wﬁal ity

of plate l'ines arr I'n each layer. The plurality o lines is forned
on a substhaatkeaiydaisdahe BRI isdussy tnextensively mvastigatesperpyskite namhaéxt endi ng

substantially ipn a firsf  .dire Each | ayer . of luralit ayers
has an array ofWhalis gegdedds ?@lg@\aaﬁfqmarce ?Pé’n%ﬁ?“lEéPw sta e‘ﬁpﬁréﬂ f%? Sf tree
structur e%élﬁaxﬁraﬁl%%% 1'001 @Jstkeﬁlﬁlttegﬁ’ ﬁmbow of tree structures and at | east

one tree structure corresponds to line. Each tree structure 20 has
a trunk portion and a plurality of branch portions Each branch portion of a
tree structure corresponds to _a |ayer. e trunk portion of each tree
struclbre extends fromthe su§§ﬂ“&%‘3°éh€i RUOEOB anch portion of a tree

structure extengs Iﬁ)lée%gﬂtt Afehtidhy l&)rg{ﬁﬁgérﬁag h(t?éh {)]%}?om{arh&? r?otnr\'rtﬁﬁtﬂfz esdl[li aatleayer

corresponding tot anch portion ortron of eas one tree

st ruct ur e memndrydRa sealegd weldbhnd ylows for Rsv-toaB- Iamaegnanbm ne with each other. 25
Alternatively, the trunk portiagn of at |east one tree structure includes a
plurality of vifadirst ﬁWBO@fnePEé?&th"orPéeS9Pta14V§n6‘?ff PEQVilgSon IREMPIYa devieh dhalt her

via. Eachj (Peﬁce;[ 1\’1&112} gf Bt i1in¥s,of 18 ai’i’tfofi br@xgi rgﬂ&%r gsof't easu%'c{ 'Sa&?ﬁt hat

i s subst an er pendi cul ar P frrs over
br anchs pOI’plluraliltyCIff Hae Hirfes eﬁaxsgerdunteraclelayar t e phuralétypodridi Higesl 18)[61‘111@1 ol a

Focat ed SsuSHelr 5 ' RUBHESASUPOHNAYion TP PETe gt exondRe CHERRROR)Y oAbt
respecti veRlii! Ehvh MyePloftfe blutfRy 'oF layefs has an array of ferroelectric capacitor
memory cells. The plurality of tree structures is arranged in at least one row of tree
structures and at least one tree structure corresponds to each bit line. Each tree structure
20  has a trunk portion and a plurality of branch portions. Each branch portion of a tree
structure corresponds to a layer. The trunk portion of each tree structure extends from the
substrate, and each branch portion of a tree structure extends from the trunk portion of the
tree structure in a layer corresponding to the branch portion. The trunk portion of at least
one tree structure includes a plurality of vias that are in line with each other.
25  Alternatively, the trunk portion of at least one tree structure includes a plurality of vias,
and at least one via is offset from at least one other via. Each respective plurality of plate
lines extends in a direction that is substantially perpendicular to the first direction and
overlaps the branch portion of each tree structure in the corresponding layer at a plurality
of intersection regions. A ferroelectric capacitor memory cell is located at each

30 intersection region in a layer. Additionally, each respective plurality of plate lines is
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arranged in a direction that is substantially perpendicular to a direction
the branch portion of each tree structure extends. A plurality of cell

| ayer |ines extends substantially in the first direction. A plurality of
cell colum lines extend in a direction that is substantial perpendicular to
the 5 first direction and overlap the plurality of cell layer lines at a

plurality of second.intersection regions. Aplurality of plate line driver
transi st oRrEangeddpadirgetion ahlstsbﬁs-m&%:u@r@fp&fﬂ uféf ﬁ’a@axﬁgw tbgbﬁ’élﬁff PORIOBI at e
line driverddhaps shehrESisgrponds to and is |ocated at a respective second
i ntersection region. A connection is fornmed between each plate line and the

pl ate |ine drivemplwelityeshoeldiilaygr tlmes rextqnidatsebstamtiallyEac thep fiast editdactien.dr Aver 10
transi stor has a _control term nal .and the.cell col line that corresponds
to each pIPQ’(@‘tqufﬁEH&P]iW lines gxiand i directiof tatly SPgSrIn?W@I QSFPFP@W@@F%%M of
the pl at e drlingndhio ind! ASRISHR! CIFN@I VY linkHGt G phurhRiyess kédygqt hat
cor resgonéilsrétt gir%ggﬁe%ﬂda?e I nEeh(adE')lluf/aﬁit ransi stagr ilg couplpeuér l?%’ thé d(g)o%t rol
term nal aftetsbetionl @pmnki né mleialinr of phtesiin¢ driverd tramgistarst sravedniged in a two-

configuration of the first_ enbodi.nment of. the present invention, 15 the
rrermr? de@ifé%“si‘%f dee¥: ashuresectiye é‘iat%é’é‘%é“{éf FeEsIsiey Cé’rrﬁFRﬂ“gFitf’)ﬂnéflsaccess
transi st ofs.tcfing a%ﬂfe@!i{/é éleg&fxd ﬂﬁ&?&ﬁoh 'r%ﬁén.' A o%@ﬁﬂ)nQF lf&l?ﬁeds%l?v%énaé gn The

access lines ‘extend 1n a direction that"1s substantially perpendicular to
the first pihte Ha¢ amdhthendate e ldaiper ¢drmesporiding toethe platalipé.uEach phateolinesdrivend

i ntersection regions. Each second intersection . region corresponds to a tree
st r uctfr e rantigoR Atha seried semmipgl adrthe S RARMILIRE fag CoREIARBEY FReachplato0 Each

respecti Ve, ageessi s?s‘ﬂ&‘é@tc%plggcf]&%%ﬂ%l {efnBRfof the! AERUAHR dvePrhRIQECT! Ve

second intersection region. respective access transistor is

el ectri calAlterdhtivplys ¢tk bedt Yayen lihéehat tcoeressindsiad waeh ptade fine dvivie tramssstor is
correspondillrl;:g to t&ghe second i nt rsgﬁti ?,n regi on. Each respective access
transi st ofoyRied to tag gentl terayingl of thepgfe line dpyver{Eansistiinl ed to the access line

correspondi ng i cld i ) I t :
alternative cotrlll?iag Eﬁgﬁlﬁgg@g?ﬁ%&ﬁ?ﬁ J';stit {Bg r%g%nrqr‘ébrﬁn%g?t %%1@ rrg%g{n?% 1|1tr11(\)/né ntion,
each afcedle mensorysdevisr iincdudes ne phindligaoll acessskindsr and i tphurality af wctdse

transistor. _Accordjngly,.the nenory device further |nclud a plurality of
read trandPRHYPS; fif*e a‘%ﬂmi@cws liasa 19 famed %@eéub$tm1%| .efﬁx? apesgdings
transi sto : : ' f . I : tri

di sposed %gttenvggg agﬂlle[é%%d {shtﬁtr %cstuggtgﬂgrl]lm&g%ﬁfitﬁg&cg%?ggg%tn |%1déic ?‘loelr%g t he
tree st r udieusielinebhee agllumhtyi df\seafndrintecsettioreegions.f Bactestcond ifterseatioatregive and

extends in a direction that is subs antiall.lg erpendicular to the first
directi Oncoqrq:]sgpg%%,tooq,gpq étﬁltﬁtlﬁ‘g, q.rﬁieeac access line corresponds to a tree structure row.

20  Each respective access transistor corresponds to and is located at a respective second
intersection region. Each respective access transistor is electrically disposed between the
tree structure and the bit line corresponding to the second intersection region. Each
respective access transistor has a control terminal and is further coupled to the access line
corresponding to the second intersection region.

25 In yet another alternative configuration of the first embodiment of the present
invention, each access line is a write line and each access transistor is a write transistor.
Accordingly, the memory device further includes a plurality of read transistors, a
plurality of read lines, and a plurality of gain transistors. The plurality of read transistors
are each electrically disposed between a tree structure and the bit line corresponding to

30 the tree structure. The plurality of read lines is formed on the substrate and extends in a

direction that is substantially perpendicular to the first direction, thereby overlapping the
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15 bit lines at a plurality of third intersection regions. Each third
intersection region corresponds to a tree structure, and each read |ine
corresponds to a tree structure row. Each respective read transistor
corresponds to and is |located at a respective third intersection region.
Each respective read transistor is further electrically disposed 5 between

the tree strycture a d ,he it.line correspandin he third .intersection
regi on. %étc Kn?seétpé é’go&"crflaﬁ%qrgetcﬂ?n H&&loBs- %ﬁcgoﬁth ‘ﬁe‘r“rtr‘?rﬁ%ﬂtloﬁn@gloél
coupl ed 't %h@@&&é% Ll g stﬁefu;@%erabﬂqeat@llﬁ@eo&éypbgdg ot £138 GhliOfrd REH ON-
Each gain transistor corresponds to a read transistor and I's di sposed

bet ween t fBach easpettienseat aansistdr tdoere!sp(mds stbramct ix doaatedr e pomﬂpaglvetmnﬁhe
read transi stor, Each gain transistor Erilcl udes a. cqontrol . termnal.that

coupl ed t dRtETBECHIRE LT o resgeqtivecrea  RASIHQ . isafurthen fdectiigndly; H@ﬁ?seSf the
present i RUENL] Gf f}é@&k«&&&e%ﬁﬂ%m %Vdoﬁ%sﬂb%mngqf) at§% ehwrﬁ&ker& ti8h r lesn' i nes,

a three-dinensional nenory having a urality o rs, a ura

plate |indach aegpeetival wadltretnymtmfr ks at eoﬂtrdieemmna!leand rsammijdorostheEaadh limyer of

the three-dinensjonal nmemory includes, an _array, of nenory cel Ia tEach nmenory
i

cell 15 i ﬁerrem@g 1§gft‘éﬂ?dé}réélﬂtﬁiséc%brﬁéloporEaClTB@nﬁFW’équWHSWOB Q3Fed i s
f d
eg'[ rerﬁdsogu S (ﬁsfgqslﬂr@%{l HS%}gglgr e&f‘?%%mdf%h){h% %tﬂc@ﬁ%g@%?@?gﬁlﬂgnes is

arranged ité t}@anehld kraijsiitoﬂfEﬁdhegdlﬁlItﬁﬁsmhom&ldaﬁlalcoﬁ’emﬂ’eyimn'ih&lat pl doupledtty of

plate |ine driver transistors is formed on the substrate and is arranged in
a twe0di deseorsseond &?grté“y‘v’s@ﬁﬁﬁepl ate line driver transistor corresponds to a

platellne A 20 I n the
first directi oﬁ\ e%ﬂf{i gllrnlgbg Idr@éﬁ{ nIVl? |Iﬁégﬁg§ HI%P%QHC |h%1‘}e{1(r:l ion
that is suabplhﬁmﬂty D hiierhmes]da Qhﬂeaerlmmﬁdnﬁl fmdfrﬁ(brydhd\&ncg |aop\1ureamyd ofviayerapa t he
plurality of cell layer lines at a plurality of second intersection_ regions.

Each resp®urahty ofipdate linps @nd g plurality ghplata bpe duyer deansistess. ¢ Badnlgyesof Beat ed
at a respee %%ﬁgn%@@%?g%éﬁxﬁﬁarﬁgﬁﬁ%kf D' 895PRf ReGOBNEEL OEdcf &Q{Hh%gﬂ Pﬁt ween

each plate i ne driver corresponding to

| 'ine. 13\ t lndletes rbfechostectkic afapidigr pride gitiralityoyf lﬁiehn& iyefohned bora Ma@hta,gxsand
erasing a nmenory._ device that |n§mgdes a pIur ?f bit lines gjurality
of | ayer sarrangsd substantjallyrin & Hest plang gag gxisads § taal igily i ifirst foectwrat hei nes

19T, LSRG eI BHULSY) Hh 4 ) WES el avEstr ot
subst ant i aldrylity rofepldte risie dilvreemxfanmtorfacﬂonhayen thd sibiseratel andaidsi dryangéd rayer s
has an ar rv%g dnLensmnal array. Each plate line driver transistor corresponds to a plate line. A
20  plurality of cell layer lines extends substantially in the first direction. A plurality of cell
column lines extends in a direction that is substantial perpendicular to the first direction
and overlaps the plurality of cell layer lines at a plurality of second intersection regions.
Each respective plate line driver transistor corresponds to and is located at a respective
second intersection region. A connection is formed between each plate line and the plate
25  line driver corresponding to the plate line.

A third embodiment of the present provides a method for reading and erasing a
memory device that includes a plurality of bit lines, a plurality of layers, a plurality of
tree structures, and a plurality of plate lines arranged in each layer. The plurality of bit
lines is formed on a substrate and is arranged substantially in a first plane and extending

30 substantially in a first direction. Each layer of the plurality of layers has an array of

ferroelectric capacitor memory cells. The plurality of tree structures is arranged in at
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ferroelectric capacitor nmenory cells. The plurality of tree structures is
arranged in at 16 |east one row of tree structures and at |east one tree
structure corresponds to each bit line. Each tree structure has a trunk
portion and a plurality of branch portions. Each branch portion of a tree
structure corresponds to a layer. The trunk portion of each tree structure
extends fromthe substrate, and each branch portion of a tyee strup&ure

ext ends f reast PRRTO of TeRSIRSRIGSHIAL leagiconertine SEUFTHES EATECSPANGS 1P g9 bit line.
correspondj C i I t e tree
et uct ur o B 58 strlguf RGP K bofifin oHOT, pFIY oP BEkR Bofllond! R

Al t er nat i yeition éfhetrée sthiktpetdrirespords tata lhgas Thentink pettict sfisathitree stadtudes a

plurality of vias, and at |east one via is offset fromat |east qne other
vi a. Each extengeéom the sybsiraig,iang ea¢h praaele ppitipacofeacressirictyie gxignde fiopp et hat

is subgtantially.per di cu - [r Lrect) aps..the
branc h§p031fu|n%rp %?‘%3@%‘% grrééeeétg({cpkgtléj E :la%nr &fb&rg ggoon%@s%o{r}]lg{bﬁ%%a&éﬁ%aﬁ% 5

pl ural ity tRinkipotesrSetdt @Rt srdtred@ructiré aichalel apluralitydpadi thar areaiifiy wedl | i s
| ocated at each intersection region in a |ayer. Additionally, each

respect i veagh @thgri t4lternativedy, ethe itk pertion rof o gleest i aneatres plaeatirsnineydes jas
subst anti al | y,-perpend] c di. i £ tree
Struct ur e PRGN NEE Tkt o yiRal b enL et BRE PrBE v, Ploh BsaBRL. V51,

is 15 al | gadlityQfPIRE linLadténds fih @Airedtesy that ik istisdtania iy bpendibgldr wotht Fgg. A
second prédetermned voltage Vis applied to a selected plate line. A

changdOi n dirsetéon argl ovstlapsibh brangh pertioncafigaeh tregstrusture gnthesorresponding layet it i s

det er mi ned, whet her ch detected potential change . corresponds to a 0 or a |
For Ceach: fbmaryany fIEErPRAT rinSoct Fot@lesfry ftaih dubBaD Sels et ana
the tree shémtdtscREoh fedibifin'OMyer Deddhtidrially PéaeH eéspedtiveglurdBlyt oFgfate SinéPR! 1 ed
to every 20 tree structure in the row, and the first predeterm ned voltage
i s appl i edrmapgadhis ashitestiomthat js|sabgantially perpendighian teadisentionrihe bfanelhportioasent

provi des a.nethod for. reading, grasin nd.. rewiti ry. device that
"ol udes 81 SHalr €79 Y{HoBFE BRERTs: Redrdihg o PRipypith. qesh et sHciglip gon(s of
tree §5ruGlibwes to aleetridalpy Hb richd a FrstPrédeerhiifeiSvaltagandestcbid prebtel@itRe. The
25 pl uralltfl of bit lines is formed on a substrate and is arranged

t

subst ant i apltgege ¥ iz appliestto s sglestedhate dine e Adfhrgee impeotantial Af legeh weestiyature

Fer ool oot e daal porcb Al )t 0L RFEtbifl WRHFG s ar @ BoBirRL cmae | o

arranged icBrrédpoh@atd a ONGt d Porodach me@ndrlyr dell tad HIgSindetskctibnd 6t seleetelBfte
structure corresponds to each bit |line, Each tree structure has a trunk

portion atigde angthertzgei styuchresiin dlirciowp oFhd fargspredetermined voltage is applied to every

20 tree structure in the row; and the first predetermined voltage is applied to the selected
plate line.

A fourth embodiment of the present provides a method for reading, erasing, and

rewriting a memory device that includes a plurality of bit lines, a plurality of layers, a

plurality of tree structures, and a plurality of plate lines arranged in each layer. The

25  plurality of bit lines is formed on a substrate and is arranged substantially in a first plane

and extending substantially in a first direction. Each layer of the plurality of layers has

an array of ferroelectric capacitor memory cells. The plurality of tree structures is

arranged in at least one row of tree structures and at least one tree structure corresponds

to each bit line. Each tree structure has a trunk portion and a plurality of branch portions.

30  Each branch portion of a tree structure corresponds to a layer. The trunk portion of each

tree structure extends from the substrate, and each branch portion of a tree structure
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30 Each branch portion of a tree structure corresponds to a layer. The trunk
portion of each tree structure extends fromthe substrate, and each branch
portion of a tree structure 17 extends fromthe trunk portion of the tree
structure in a layer corresponding to the branch portion. The trunk portion
of at least one tree structure includes a plurality of vias that are in

line with each other. Alternatlvely the trunk ort| on of cs Iegls(tjhr tree
st ruct ur e eXieqds fIH@sth§trHPJE|P81Tt’i°P>P &€ trgetructinginsg qyg%gqﬂegﬁgn Pgtq €8t from

at | east g,%ﬁlo% e fﬂna( 5%69 of af gﬁapte | Y& ﬁﬁ{: él?(‘)fud%fs aofr)]lﬁf'a%tif bPemsaxdiends

in a direction at I's. BUbst ant per pendi fiTst direction
and over | apsir lve witheadh @herd | Ahemﬁhmhyghhe treek portiont afrad l¢ast bmmtree;mosem'pondl ng

| ayer at a pI urality of intersection regians,. A ferroel ectri (‘hca pa
menory celiRe v@eﬂad&@nahw ftvizsaand atieast %madﬁow@.mmmeasnoa?@l; er X qc naI ly,

each Sesgﬁ%&t{\% ;Hhx’d[@ C}‘ fth{ éltgndélnﬂ%%u!e%n@x{ ;]hapg%%bgtgn@algﬂt Iegéﬂdgmgrhat Is

subst anti perp rection t ranc ach

tree strugsuhe faxt dnétalonA@medenI@s the BrAsch purivhi of ,eaﬁﬁmetsrtﬂeuﬁé riicthgr e in
arowis allowed to electrically flgat near a first redeterrrined vol t age.
A second ﬁpgamoedmgnléuerv@q paRjerality of dpfsrseeiipn seaionse driferogreiie capasitor A
change in t h €rebibnt UE o S |t|s
determ neéﬁ) \%’ﬁfﬁ?h&ee? eac %C%ge(at %tE: &%} %rg%c:ti;dgl regﬁ)angng cga r }es p‘gﬁgl%bagl a%lgh

for each I&peeiwer pheslty &f pldie lllrrbtsefsSEﬁ'hngﬂS infa tdirects@] abitets plisstantiallpe and
the tree structures in the row The first predeternned voltage is applied

to evéfy mﬁﬁl@n@ﬂd]@btw dirgqtiopike braueh perdor RE eaqh| tres; Stinc By extends edcapsdingge i s
appl ! ed t g? lgeemt% nt Egcthp rg‘e sgt{tlr lﬁdé? n 'g‘CrSQJr ﬂ'anlg\&;e8 tB I%?ectrﬁ&}'l? rﬁd[a? IElﬁ:araa ﬁ?gtt age

VI3 is ap ree 'n arow of tre

vol tage ZW&iet@ma@aluoﬁdgd OAes@eckhdp;braaaeﬂmlﬂai 6ltage O giplied a6 aSsEreUtéHLﬁlﬁé
Then, a voltage Vis 20 applied to a predeterm ned nunber of selected tree
st ruct ur edingn Ahehanggy infpatendial of rageh (ressstrucrg dntthgaow iss detsped eadt b ia

sel ected pi frg &ehg%e‘{ﬁ‘e? ?lcl?d?t?&%d tpjo ‘é‘al! %l%aﬁgsecf{réé %ﬂd% o B %dlf'fo"rre@cﬂed

nunber of se memnor

predet &r mMpiesbriwelert tigf uﬁérg&tlshs! o ther REecdhlate dingedndcthe dreel sttueturdsnia. thé
voltage 2V/3 is applied to the selected plate line and a voltage V/3 is
appl i ed t sowhdhp fleteredetrrmaned 2o ltagamis appliad toeverttees SusiIre iy the feiweand thet he

o OF 1S5 ShUSLAGRY Gigl 2950 b IPLAEHRd BB PSR 87 1o
row of treeventibnlCd slege VX3fib Elp;bheanfemzltmé setictilReind RS 0BE tied\sGOEAR. PKOVi des
a method for readi ng and
voltage 2V/3 is applied to each plate line in a row of tree structures. Then, a voltage V is
20  applied to a predetermined number of selected tree structures in the row of tree structures.
A voltage 0 is applied to a selected plate line where a data “1” will be written in a
predetermined number of selected memory cells at the intersection of the first
predetermined number of tree structures and the selected plate line. A voltage 2V/3 is
applied to the selected plate line and a voltage V/3 is applied to the predetermined
25 number of selected tree structures in the row of tree structures. A voltage O is applied to
each plate line in a row of tree structures, and a voltage O is applied to each tree structure
in a row of tree structures.
A fifth embodiment of the present invention provides a method for reading and
erasing a memory device. The memory device includes a plurality of bit lines, a three

30 dimensional memory, a plurality of plate lines and a plurality of plate line driver

transistors. The plurality of bit lines is formed on a substrate, is arranged substantially in
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erasing a nenory device. The menory device includes a plurality of bit
lines, a three 30 dinensional nenory, a plurality of plate lines and a
plurality of plate line driver transistors. The plurality of bit lines is
formed on a substrate, is arranged substantially in 18 a first plane and
extends substantially in a first direction. The three-di nmensional nenory

e o 3t g 410 e SEhedangiatsfh & i ierlons B Eleecdimhuensl ety nged
in at |eagh. QN8 o mangaﬁﬂagér@%ﬂd ﬁgﬂﬁ}ﬁfiﬁf&tﬁ%@cﬁﬁé&ﬂ ke RANA R had AP Lhlityeast
Edach b portio

one branch portion. anc of a 5 tree structiure corresponds to
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portion of the tree structure in a_ layer correspondi t he branch
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the branch portion of e tree structure ext ng 1 n the correspondi ng
| ayer at droph theathinkypostiori off the sree strusturedgiadager cdrrespondinig 10 thedbranchspretioms a
ferroelectric menory.cell, is |ocated at each intersection region in a
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| i nes ext ernmtadimghiattaaicortdpynding tliyeer fat rasplughlicye of imerseddiopl regivhnk.t YA afentaly |
colum lines extends in a direction that is substantial perpendicular to the
first 18i r €eki ysh 2852 dermoddeatiis msgorngelp|ip logptedyat gachoiptarsactgm regiom isa layern
plurality i . ol I On: C |V, i driver
Pranoi ot ot e SFFEEOG I ETRERE)R Fah GRHoRNS forlfSh HE SAREIC A, BrfndeliFa

i nt er sect itwo-diraghsivhal ArrapniBach plake lise HeiveregarisBtovanresstids pb atstateiliie. and t he
plate |line driver corresponding to the plate |ine. According to the

i nvent i onplusaléty of celd layier lipesugxdends substaiglly gn she Brsediretion) b pfyraliy|of cell oat
near afirﬁm t ! V. e ¢S . 1 : Vis
appl i ed t88a se Igegteg(éég 8?3‘?% (félc{;ltg(gl r&ag%asﬁgge{%ﬁa%%g gﬁ&?g@ Eﬁ &ggéréphlg%ggn

St ructifir e ahd overdapsake plirdlity o€ teltllayedlihds dts sletatitgnohNedomd Githreéctivaabgidsd. ect ed
potential _ change corresponds . to a Q or a 1 for each nenory cell at the
i nt er sect 8RR respedtive nlaledineadivep rapwstps pITespendspie andds legagqdeatid EsSPeGhive he

o o H . _
row. The fLisah iRERIGIE 138 Ah"%x{n@?teocdt 3 55{?):?%% Bl &@Bg»?%@ls’l:ﬁé ﬁﬁ& e blate

structure n the row an o0 the se I ne. odi ment

of the prdisedtivervoeretponding tovthelplatedinee tAwedrding tovhe irivegticigteach tree sryengyi ousl y
erased nenory device. The nennr¥ device includes a plurality of bit |[|ines,
a three diférieMoisadllawsdoioyeledredlly, Boatineapp fishpredetermaiged yoltagg vy ssoong of

plateyhi NSredetermined voltage V is applied to a selected plate line. A change in potential of each
tree structure in the row is detected and it is determined whether each detected potential
change corresponds to a 0 or a 1 for each memory cell at the intersections of the selected
plate line and the tree structures in the row. The first predetermined voltage is then
applied to every tree structure in the row and to the selected plate line.

25 A sixth embodiment of the present invention provides a method for writing data
to a previously erased memory device. The memory device includes a plurality of bit
lines, a three dimensional memory, a plurality of plate lines and a plurality of plate line
driver transistors. The plurality of bit lines is formed on a substrate, is arranged
substantially in a first plane and extends substantially in a first direction. The three-

30  dimensional memory includes a plurality of layers and a plurality of tree structures. Each

layer has a plurality of memory cells and the tree structures are arranged in at least one
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driver transistors. The plurality of bit lines is formed on a substrate, is
arranged substantially in a first plane and extends substantially in a
first direction. The three 30 dinensional nmenory includes a plurality of

| ayers and a plurality of tree structures. Each |ayer has a plurality of
menory cells and the tree structures are arranged in at |east one 19 row.

Each tree structure has a {hrunk portion agd at | east onpe branch portion.
Each brané®¥- 5ash iremstgicture haga trupk pegtionand gt leatt p9p dwane paﬂ}%ye“fac drencBach
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di recti ontianhbeyRe hidk drfafg@d W Adwd-Hinfénsioahll artagy Bach iphesliné ddverRtankiglort y of
second intersection regions. Each resgectl ve plate line driver transistor

cor r epongerrespondrtoiasplatgdimeed plurality e ?ﬂblta}’v&@ééﬁﬁddﬁ swbstegéaly orthe 8giton. A
connect | Ogirecsu o fori'rEilﬂ betff\?eel cglaﬁ\lélcf){] %t gxtl: 5 Phée]%br[eg lOIP tl%&els SHE?%%I%HI\Ier

correspon e |ng sent 1nve

vol tage Vb&pbﬁd@ﬂ@ﬂ t&@lé argadifectib e @nd L dveelbpy thel plusality @ @fl Tay@elifids’ sCh Ur es.
A voltage 2V/3 is applied to each plate |ine in a row of tree structures. A

vol t age Vplusalgppfi sagond lateﬁﬁ@fé@t EgenNsed Eﬁdi’rﬁ@?pe@iwesﬁla&bﬂlé@ dcrer@é tegnpigior ur es

ORI A R o el

sel ecied maRAYbetSédnScadh pldi€ link ah@n&e,]@bteqmeafmxeheoﬁrwpshdmgeﬁleﬁeeplmmm number
of tree structures and the sel ected ate_|line. Avoltage 2V/I3 is applied

to the sev%@éqrémgpwahh@ plWSﬁ@t InxeRtm, ag‘@ltage W3 inppplicddotegch e spueiges By &i ned
number of se .E? Eﬁ § “%ﬁ'a%%szv/% ke ¥19c¥vtoOfeaéh[ § e fihd' i ‘Arx%gv g%%é" tage
eac at e uc

O0is applled i ne r'owrs ures,
tree str UQWt&es nAavo@&;e NOW #iplitd & a prédeteimiRd. nubibee bf B¥ls@ed peé stfuddiires he

Or awi ngs in the row of tree structures. A voltage 0 is applied to a selected plate line where a data
20  “1” will be written in a predetermined number of selected memory cells at the
intersection of the first predetermined number of tree structures and the selected plate

line. A voltage 2V/3 is applied to the selected plate line. A voltage V/3 is appiied to the
predetermined number of selected tree structures in the row of tree structures. A voltage

0 is applied to each plate line in a row of tree structures, and to each tree structure in a

25  row of tree structures.

Brief Description of the Drawings
The present invention is illustrated by way of example and not by limitation in the

accompanying figures in which like reference numerals indicate similar elements and in
30  which:
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The present invention is illustrated by way of exanple and not by limtation
in the acconpanying figures in which |like reference nunerals indicate
simlar elements and in 30 which: 20 Figure 1 shows a table setting forth
estimated performance characteristics and estinmated costs at the limts of
scaling for current and potential solid-state nenory technol ogies, as

projected for the year 2020; Figure 2 shows an exenplary hgsteri,sls | oop for
il lustrating cHigwetleshos e dable settingdpptiy esHmeted perTapes charagiehstics andshows

a Cross secy | vie f . - -FﬁBAPQ [GAVATRY: r.di o the
present i ne\%/{é}r?gfégn(fosgssmv?’gv\e ltgﬁgﬁgﬁ%ﬁ%%%om nt EI guéréclal d}? ﬁ%‘glﬁ’?gr’i
shows a crieshmolspidsi &ybjeviedorothe kb 202¢npl ary 3-D OT- FeRAM nenory  shown in

Figure 3, as viewed along line A-Ain Figure 3; 10,Fitgur,e 5 depicts an
overal | chip | Figwe 2o0shavear examplary hivgtaasiy leompr ilhisirating, charactgrgfics: ofri gur e

6 sho adl I agr i strating a first read operation for a reading
nemr;\%celﬁekgﬂgoagé%%fﬁgb’e%&%ﬂ menory according to the present invention;
Figure 7 shows Fgiire3i $howdiaagbesBetlidnias biiemt bNgn ax&esiand3-DadT-FeRAN \tRerh 65
operation 15 for reading a nmenory cell of a 3-D OI-FeRAM nmenory accordi ng

to the preseerdingtaikapressat inyaatiqn, guyiewsd slopading B-Bshewade Figwiat vi ew of a
second exenpl ary_3- - s C j tAl ntion. 20
Det ai | ed Descr i%g?"&? S(()RE “thﬁje%% %ﬁ\%ﬁ{&% 8%’%%’&%@%2%?#‘& ?Mgrp? ?gﬁ%géﬂhg'?%e{egmé an
ul tra- | owsgewh in Fipakad| a8 vidwsad\udbribt lideeA 9011 Figted;e nenOry having a very high
density, a high performance, and very | ow power dissipation. In_ particular,
the pBsent i nJdguredndeniftatans overalh ahitp devadit rafndicosremplay Dpemerashewenn of
OT- FeRAM rﬁg}g)%yli cgl4l_s, in which each nenory cell includes a ferroelectric
capaci tor. e nménory cells are arranged in a tree-like structure with

Cross-poi nt acqdgsreldeshos d thindigodiagra Daseatifg 4 Miesttre®boparatidhf@ugleading
pl ate-lines threading a row of trees. The trees _have built-in sense gain.
Cel | di st ungsaeryeell of agnd §ddFaRAManeraey agrordingde shewprepint inventiens  r ow.

:\’g;teir ple Tayer ;01 GARAGs L Rind Badtih! ittt o, HBHafiv@fdad peddohcOn
15 for reading a memory cell of a 3-D 0T-FeERAM memory according to the present
invention; and
Figure 8 shows a cross sectional view of a second exemplary 3-D 0T-FeRAM

memory according to the present invention.

20 Detailed Description of the Invention
The present invention relates to an ultra-low-cost, scalable, nonvolatile solid-state
memory having a very high density, a high performance, and very low power dissipation.
In particular, the present invention relates to a three-dimensional (3-D) arrangement of
0T-FeRAM memory cells, in which each memory cell includes a ferroelectric capacitor.
25 The memory cells are arranged in a tree-like structure with cross-point access being
through the base of the tree and through plate-lines threading a row of trees. The trees
have built-in sense gain. Cell disturbance is managed by sequential access within a tree
row. Multiple layers of capacitors are built on top of a single active silicon layer
containing access transistors, gain transistors, sense circuitry, and a two-dimensional
30 array of plate line drivers. The architecture is designed to have the lowest possible

fabrication cost with memory layers comprising only ferroelectric material between
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cont ai ning access transistors, gain transistors, sense circuitry, and a

t wo- di nensi onal 30 array of plate line drivers. The architecture is designed
to have the | owest possible fabrication cost with nmenory |ayers conpri sing
only ferroelectric material between 21 crossed wires. Due to the special
arrangenment, the sane three masks nay be repeatedly wused for defining all

menory | ayers. 3-Dintegqration of OI-FeRAM.is readi achi I se t he
memory | ay®@Pssee W‘%?Sn%%?%eeﬂ?ecfai a?%?%ngﬂ)}h%%%? ﬂgé%’rengglﬁ %Xﬁz) g?‘?"%fe% et ween
crossed W {£8 foreReinidglll meémEXAaPre, T. Nishihara et al., "A Quasi-Mtrix
Ferroelectric Menory for Future Silicon Storage," | EEE Journal of

Sol i d- State G rll integration, of Y7T-FeR AMIirgeadilyorhiesably bgcause g mamary bver ef no

nore conplicated than nventi onal back-end pr ssin erforned for. wWith
ni cr opr oce%gwryicﬁﬂvm%gﬂn?‘ﬂh}(é’ %Fé’e]%)c/tﬁ’iccrgﬁeealgﬁ ReEer g‘\l}‘gslsgé SPISi r P57 i 1 t
on top s ofetahifid rMANGkEhAL St A, *RQUMSE MU FBEEEctribNIERYRY forlRitireiREd | C

materials can be grown 10 at tenperatures bel ow 600 C naKi nggf erroel ectric

mat eri al s Storagef| EEERrJobaek-andolipState Ssiravgts, AoB- BY.nenddy90a8ed ofudr-aFeRAM
has been previously.disclosed b .. N shihara et, al ., .,supra.. As di sclosed,
cach | ayelCOTERTEH §* TR S0 RBELEHEd AR RAYOEPBT bobkiond GHOTRyef Peftigh: o
separat € ViR withSRidrdprbéssdts,an vl iRAD B Ity EalBPEGR ROLBGGARAY BRIt dibtdpy the
vias. Thus, data density was decreased while cost was increased. Separate
vias al soofithe trepsstorsafkhe onigoprocesgor. ebfioreoivag felirddlestaamatersits candbe gofrinni ng

common el ectrodes an ias_in.every layer, therefore greatly.ingcreasing

mask d@st 2t [CHPSFAILES RelQW ?M;gsl“é[‘égs ?&/W@P@tr% Wtﬂéagﬂ Sf“btgglf’n rvﬁ%‘%a?ﬁdy

accessing Iﬁ@g&gsﬁ]gyer. The transistors occupied valuable silicon real estate
ea

and coul d 1 ncr e the m nimum sector size that can be individually 20
accessed wit houd B8HDstroerhanycbased ot éXfsFeRuln hah beaninfreviously cdis¢lesedobnekt ed by

di sturbance. |s | arger, the, ener equired to wite is | arger because nore
ol ate |1 neXishier CLAL: $REr oS AlErd. S REST 4 RE R GRESOmEREd to T hoomy ¢ he
Ni shi hara gficsl laydFRR13L¥h Q%H}Baﬁ‘ﬁe‘@’ﬁi ?esﬁﬁﬂl@%taqgrggeiﬁﬂ&%ﬂof $ACE Beink Qoﬁiﬁ%eﬂgge

colum, thereby conplicating a reading process. Mreover, because no
tim ngSdi dgyr teenwizss Thuse datg eltnsityt wamdeareased mdale cast wes Impreaded. a Sepmatenianded

Lo be 1o NeeRe Sul Al ARBEORCH NRU A0S oy ! Gl PLALe iR, Byah and
uni t transindtvids inBoslydSrer HGEREHrE eRARLY fRY&@Ming mask costs. Layer selector transistors
were also used for individually accessing each layer. The transistors occupied valuable
silicon real estate and could increase the minimum sector size that can be individually
20 accessed without disturbance problems. When the number of cells connected by
disturbance is larger, the energy required to write is larger because more plate lines must
be energized during the write process.
Plate lines in the Nishihara et al. memory device were connected between layers
in the same column, thereby complicating a reading process. Moreover, because no
25 timing diagram was disclosed, it was not clear as to how data was intended to be read.
One potential approach would be to switch a plate line high and sequentially read each bit
connected to a plate line by turning on each unit transistor. Besides being complicated,
there was the danger of cross talk and disturbance occurring during the readout because
voltages on common electrodes in a layer could couple through the capacitors to the plate

30  lines connecting the different layers.
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there was the danger of cross tal k and di sturbance occurring during the
readout because voltages on conmon el ectrodes in a |ayer could couple

t hrough the capacitors to the plate 30 lines connecting the different

| ayers. 22 Each | ayer of OT-FeRAM nenory can be fabricated using only three
masks. If EUV lithography is used having an estinmated cost of $40 per mask
step per wafer, 16 layers would add an estinmated $1920 tqo the $5000 price
per wafer. Thi £4ch layexef\WTrbeRAM memogy g b fabeisated agimgronly fthrge masks-t ifonal

$1080 is %ﬂ?@ . r [ ang ' t ti-mat ed
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current. Theeasdedy affadorsdfel. €THis Asaldiara st peebitaRatds tehi tineclpaet tHahs 24BS
popular in the early days of FeRAM but was abandoned because of

di st ur bandeeme pyctusee, for exanple, 0. Auciello et al., supra.
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pass through a mnor polarization |oop, as shown by 201 in Fla;re 2, and

| ose POl arfor githegnwriting or 15adibg e eaethes ditsdllcdemeys @& peededpinothedeell for
ferroel ect{i c_mat eri als that fhave Eetterb hﬁiterfs{rs Ioo‘%tsquareneﬁs.. VRAM
writing i SYSEEBBTTEhe Ry e Hal PPET ¥ hERR IR I EPEA RN PRRUFT B d i s
provi ded hye gy Bhgs of PERANT Hudlvfasfabanddnde beedide loff Migsturbahde- iselesCtRd, 23 cel |'s
do not usually switch in MRAM because magnetic materials have very square

hyst er esi sxpmplss O. Arvsichleret why supsa.r Eistudageestasewanbes volages arg aplied He bifurber

of cells that e i.stu rewjte. | i .call i
o stur b e aff Sord lifés fop 3edfle CHbLL iR, SFhanctaBlade, r@e’fqﬁ‘g TS M i |
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DRAM a FeRAM read operation is destructive and the read data nust, in any
event, be miagr ipplagizatiagedoops ¢ dwaimpbe 20t inNFighravdr andelosg| polarizationasiThigat r i x
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hysteresis loop squareness. MRAM writing is accomplished by a half-select scheme in

which half the field is provided by the bit line and half from the word line. Half-selected

20  cells do not usually switch in MRAM because magnetic materials have very square
hysteresis loops.

Another way to reduce disturbances is to limit the number of cells that are
disturbed and rewrite a cell each time the cell is disturbed. In practice, the data is read
and rewritten sequentially until all the data that have been linked by disturbance are read.

25  Similar to DRAM, a FeERAM read operation is destructive and the read data must, in any
event, be rewritten. See, for example, T. Nishihara et al., “A Quasi-Matrix Ferroelectric
Memory for Future Silicon Storage,” IEEE Journal of Solid-State Circuits, vol. 37, p.
1479, 2002, and U.S. Patent No. 6,301,145 to T. Nishihara, entitled “Ferroelectric
Memory and Method for Accessing Same.”

30 Data is read in “sectors” and byte access is not available, similar to HDD and

FLASH memories. The maximum number of disturbance pulses is limited to the number
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1479, 2002, and U.S. Patent No. 6,301,145 to T. N shihara, entitled
"Ferroelectric Menory and Method for Accessing Sane." 30 Data is read in
"sectors" and byte access is not available, simlar to HDD and FLASH

menori es. The maxi mum nunber of disturbance pulses is limted to the nunber
23 of cells connected together when the starting cell is always the same, or

islimted bout tw t he nunper of connected cells when the startin
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that is formed om a conductive naterial, such as 20 copper, and a
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material, sych as copper. Each branch portion 306 forns a | ayer of nenory
300. Me %ells 301 are arranged al ong branches 306. As shown in Figure

3, the trunk i i i i : onnect
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to branch portions ty of layers e vias tan I spl aced
rel atilde t392brage amargdedrto iba miirfot émeages dfapel stheb smitahawbmmiangoelegetline 303

operation of kheLnyepion se,long g5, remry el (2,300 Ln o phurdl 1y of
transistors 311 are used to convert a voltage on a tree structure into a current on a bit line
for improved detection sensitivity. As best viewed in Figure 3, each memory tree
includes a base or “trunk” portion 305 that is formed from a conductive material, such as
20  copper, and a plurality of “branch” portions 306 that are also formed from a conductive
material, such as copper. Each branch portion 306 forms a layer of memory 300.
Memory cells 301 are arranged along branches 306. As shown in Figure 3, the trunk
portion 305 is a series of vias between layers used to connect to branch portions 306 in a
plurality of layers. The vias can be displaced relative to one another in different layers
25  without changing the operation of the invention as long as memory cells 301 in a
plurality of layers are connected by a conducting path. Therefore, the tree can have a
variety of possible shapes. As best viewed in Figure 4, plate lines 307 are formed to
thread between branches 306. Each plate line 307 connects to a row of memory cells
301, thereby forming a 3-D cross-point array. Cross-point access to a particular memory

30  cell 301 is through a trunk portion 305 and branch portion 306 and a plate-line 307
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vari ety of possible shapes. As best viewed in Figure 4, plate lines 307 are
formed to thread between branches 306. Each plate |line 307 connects to a
row of nenory cells 301, thereby formng a 3-D cross-point array.
Cross-point access to a particular nmenory 30 cell 301 is through a trunk
portion 305 and branch portion 306 and a plate-line 307 24 corresponding to

the nmenory cell. A via 308 connect |late Line.o Wof tr.ee a
2-D array GFEHRopimg tofhe ngcqﬁdﬁgfa:? %m' ‘SS e%htrf%%tﬁdweonlaﬁ()\?voouf tref:sst ers
are shown dﬂ]jzéw(ﬁ%lgteﬁﬁgdﬁveﬁ{»ang@ﬁﬁg3@ | ayers can be added to a tree
structure by si addi ng each additional |ayer to the top of the tree. 5

Each additi onal Alt mh anhye foaia daysts 4re shovedn F@rm®4dﬁd§a$ ¥6 laygrs ¢aml ke

| f st | bui. | t t o |
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and 313D, Eﬁchta@dltlhﬁﬁﬂ%étiﬂr&s%@l@ efRetivldbmogentife 2-D array of plate line

drivers 309. Each tree 302a and 302b has built-in sense gain by connecting
trunk portion 3dSltiple kafierstof eteratg@ Callrgaleé)uﬂllal op of alsmgjaaﬁwmmn layet 31 6r ough

duct h 314. Th th b
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Awite transistor 312 is used to place voltages on a nmenory tree during a
write operHi2bduas bddtin senkesgain bgaammectsngmﬂrdqexmlby 382 qfithettiezlto agatesH 3wiftahi n a

tree is read and. 1 tten acces each ate line
in a s@rl aﬂalﬁmEﬂ%fm%gb pgvE r‘f“&“ 343 ﬂ’\é\ﬁog‘?’%aﬁr‘fgﬁ% rg Ee¥sed.
The same tRLLG: rrHHg’oF)% ﬂé§@€}aﬁ§§2§n&§ﬁdh&%ﬂg0£ rélf d Rt ibnAnd HEIRFYg LRV Er S.
This is deplcte I'n Figure 4, which shows a side view of the end of a row of

trees wheraurept 8bpwing nesbﬂBbﬁe ai 8a, conk corectota MultkplD rawsaf todespl At eritei ne

drivers 309. (One sk | d 20.to nake nmenory tree branches 3 mask
5 Uebd + oTinsilY A3 e Ut 10 PTas 20l fes B meTe, Uk KETPE 200 e

308. The plighfbahéd'R rﬁm e@eyi séqiRni413cBBRS KyifiA abﬁee%tvs €fhat lid) dBRGH réaayﬁfd to
make connections to pla [Tne drivers 309. Thus, plate lines 307 are nmade
sl i ghtlby o#figet byaceessitg tacglglpéatte liag ém a@erlalheamnermntyl alk memocy €edlstiniamgwodf t he
via mask for each higher |ayer creates extra partial vias 315 that do not
adversel y téefelsé{:eta%?fé?‘gti on 25 of menmory 300. Offsetting masks al so causes
partial trees afhd §fnORRESHaSkCRdy Ve dsBE réfttteddf fdrrmm%wn h&if&S BR&LI al

trees do not adversely affect oper ation of nenor
This is depicted in Figure 4, which shows a side view of the end of a row of trees where

plate lines 307 are connected to the 2-D array of plate line drivers 309. One mask is used
20  to make memory tree branches 306. One mask is used to make plate lines 307, and one
mask make is used to make vias 308. The plate line mask and the via mask can be offset
in each layer to make connections to plate line drivers 309. Thus, plate lines 307 are
made slightly offset at each higher layer of the memory tree. Offsetting of the via mask
for each higher layer creates extra partial vias 315 that do not adversely affect operation
25 of memory 300. Offsetting masks also causes partial trees at the opposite end of the row
of trees, but these partial trees do not adversely affect operation of memory 300 with
proper design of the lower non-repeated layers. Alternatively, different masks may be

used for each layer so that extra vias 315 and partial trees do not occur.
Plate line driver transistors 309 form a 2-D array and are addressed by a plurality
30 of cell layer lines 316 and a plurality of cell column lines 317. Figure 4 also shows bit

lines 313a-313d, while Figure 3 only shows bit line 313a for clarity. Bit lines 313a-313d
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proper design of the |ower non-repeated |ayers. Alternatively, different
masks nmay be wused for each layer so that extra vias 315 and partial trees
do not occur. Plate line driver transistors 309 forma 2-D array and are
addressed by a plurality 30 of cell layer lines 316 and a plurality of cel
colum lines 317. Figure 4 also shows bit |ines 313a-313d, while Figure 3

Co Lnake. (¥ GTEREEria sRacBoueh (i 0P A huh R IS0 gt Ge Al SPTan be

as cl ose tRqeldLes e%%rﬁ@%éésh:h@- Figure 8 shows a cross sectional view of an
exenplary 3-D OT-%:eRAM nory having an alternative configuration according

to the present Figuer shows dvinoss sec80ial view of hudesmplapi 3HIADTiEeRAM memory

ferroelectric capacitor neno cells 801 that, are arranged in Meno tree.
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arranged al ong branches shown 1 n Figure trunk portions
series of twead02bmicivden trialy posionsidd that msofomaed fiom breanddctivermhateris, 8@ asn a
plurality of layers. Simlar to nmenory 300 shown in E)i gures 3 and 4, the
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shapes. Plate lines 807 are forned to thread between branches 806 of. other
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a gain transistor for inproving mepor el | detection sensitivity, and by
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have a variety of possible shapes. Plate lines 807 are formed to thread between branches
806 of other tree structures that are not shown in Figure 8. Although only four layers are
20  shown in Figure 8, at least 16 layers can be added to a tree structure by simply adding
each additional layer to the top of the tree.

Memory 800 differs from memory 300, shown in Figures 3 and 4, by not having a
gain transistor for improving memory cell detection sensitivity, and by not having
separate read and write lines. Instead, memory 800 includes an access line 820 that is

25  used for accessing a particular memory cell 801 through an access transistor 811 and a bit
line 813 for both reading and writing operations.

Figure 5 depicts an overall chip layout 500 of exemplary memory 300. A large
number of trees, for example as many as 1024, are lined up to form a tree row 501. A
plurality of tree rows 501 are arranged in a tree array portion 502 of chip layout 500. An

30  array 503 of plate line driver transistors 309 is located at one end of the tree rows. The

plate line driver transistors 309 are selected using cell layer lines 316, which are driven
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line 813 for both reading and witing operations. Figure 5 depicts an
overall chip layout 500 of exenplary nmenory 300. A large nunber of trees,
for exanple as many as 1024, are lined up to forma tree row 501. A
plurality of tree rows 501 are arranged in a tree array portion 502 of chip
| ayout 500. An 30 array 503 of plate line driver transistors 309 is |ocated

at one end,of ree,r . i I : i
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lines 317, which are driven by cell colum drivers,| ﬁ)_cat 28 in cell colum

A C y
and read/ witives ary ippeiona}5ayEashrrowand togs hagity pwWp giite ing 3¢@ anf gead; ine 3in

d T ead/ whrive ariay Fayt : i . .
nd road Ve G aolysy RFodt o Sa el BSBEhT R gk WE O feh e

driver sarrgyuR@dnt eeaddRfite d¥lee atrigportidg S0ON NS thanthe icommactibes Hoint tte writee 320
and read line 321 to the read/wite driver array are not shown in Figure 4
for the shke32 and repdilioe 891 tonthsgeafiwaite driver erfay afe nas showin ireBigues 4 farrtbe nay

al so be located on th ft ed f 1F [ s t '
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exanpl e, apfingp¥ ofishel@é ireNSportiogl 562 ef diibVgRubyodi Bitl linke 318 tidead dirsuging
sense anplifiers driver array 506, which is located at the end of hit |ines
313. Fi gulaegeonwnbsaepfdregiraivagion exajrplm 39 memt st 3 ipws. ang ate drivgd bypit Hag on
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write-back phaspights sivwd BtimhgdidglaandiasteLigentiet Rad opera@6n600 f@reAlEELSS
sequence in a sector are used for preventing 15 di sturbance-rel ated
probl ens. mgmory ceBatP1phels 8- IBL-F dnemesy 3G9 phowndn Fguiegdd. | ihaeadib
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col um sel gigturbdnde séfuende) andsdisdiuegial etdesC@luehte &b 8€dtor dre CeBb Brevieftihigr ned
on. At 605, a vol t;t%e Vis applied to one of the cell layer lines 20 through
the plkte diswebageevlptedpepble®d one of the plate lines (PLI1), such as plate

[0 0T, o Bk hathedl ho\SHIPERILE R e AL ROTARRSS 6t
| ocat ed at inl Eigere 31 id faredl ohat 603 causing an bffv@lctfeithie floonsd bit ligbi(BLYrsnel aof
Figure 3.) The other cell colum transistors (CC2 (i ndi cated at 607) nust
be of f to P HpRAl3a 3e66t-hAE 6Bf.a el ohamn selegtmed £1Cd ot wgh pagll colymarselest
line 317b, is turned on. At 605, a voltage V is applied to one of the cell layer lines
20  through the plate line driver and onto one of the plate lines (PL11), such as plate line
307b, to write 0 on all storage cells in the tree row connected to that plate line. (The
notation PL11 indicates the plate line physically located at layer 1 in column 1, i.e.,
towards the lower right corner of Figure 3.) The other cell column transistors (CC2)
(indicated at 607) must be off to prevent the other plate lines in the selected layer, such as
25 PL12, from going high to voltage V. Plate lines PLX2 in column 2, in which “X”»
indicates any layer, are also floating, as shown at 608.
When selected memory cell 301b contains a “0”, a small amount of charge is
placed on the memory tree (MT) 302b at 609a, causing the voltage of memory tree 302b
to rise a small amount. In contrast, when the memory cell 302b contains a “1”, the

30 polarization switches and a larger amount of charge is placed on memory tree 302b at

609b, thereby causing a larger change in potential and a larger change in the conductance
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25 PL12, fromgoing high to voltage V. Plate lines PLX2 in colum 2, in
which "X" indicates any |layer, are also floating, as shown at 608. Wen
sel ected nmenory cell 301b contains a "0", a snmall anount of charge is

pl aced on the nenory tree (MI) 302b at 609a, causing the voltage of nmenory
tree 302b to rise a small anmount. In contrast, when the nenory cell 302b
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kept to a maxi mum of V/ 3. Neverthel ess, 15 because PLX2 is floating while
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t he potentj o] he plate |ines. nsequently, the djsturbance vol.tage
di ffer enceé@(h’il d%t: Iﬁ‘?‘@%ﬁy_eFe hah v ég‘fen%ﬁ‘én&% etxl"“@BEft tirp;f1 éf@ REDPLWRLeny/ 3.
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Iy
read operation 700 for reading nenory cell 301lb of 3-D OT-FeRAM nenory 300
shown 15n xoawieRlys is3fleatingewkileothe matmony 768 an¢ polsed clapatdtveacoupding ploakle 701

houn i1 FRGEPE BOARdn $01°aD8r 20 TNCPAe ey CoPHEBEG T FGEFnG Vo BsBack
phase 702 diffefentd tciild b gihick BraRAGB iPRRERrPHEcMat H6 k&diapy/pl | of the nenory
trees 302 in a tree rowto V/3, as shown at 711. Afterward, all
Figure 7 shows a timing diagram illustrating a second, alternative preferred read
operation 700 for reading memory cell 301b of 3-D 0T-FeRAM memory 300 shown in
20  Figures 3-5. Read operation 700 also includes a read phase 701 and a write-back phase
702. Read phase 701 is identical to read phase 601, shown in Figure 6, and is labeled
similarly. The beginning of write-back phase 702 is similar to write-back phase 602 by
bringing all of the memory trees 302 in a tree row to V/3, as shown at 711. Afterward, all
plate lines 307 are brought to 2V/3, shown at 712a, 712b and 712¢. At 713b, the memory
25  trees 302 in the tree row are then brought to either V when memory cell 301b contained a
“17, or left at V/3 when memory cell 301b contained a “0” at 713a. At 714, the plate line
3070 is pulsed to 0. Even though plate lines PLX2s are floating during the pulse, they are
not affected because the memory trees are not floating or changing potential. Again, all
memory cells on plate line 307b (for example, a total of 1024 bits) are written

30  simultaneously.
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plate lines 307 are brought to 2V/ 3, shown at 712a, 712b and 712c. At 713b,
the menory 25 trees 302 in the tree row are then brought to either V when
menory cell 301b contained a "1", or left at V/ 3 when nenory cell 301b
contained a "0" at 713a. At 714, the plate line 307b is pulsed to 0. Even
t hough plate lines PLX2s are floating duri ng the pulse, they are not
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dielectri ooq,%@gggggde =200. The voltage difference on the nenory tree between
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Thus, the 3908l ¢hpiditod, S8R 4 WsAdel by PISHifta%%t al. Ssup®d. 9For this example, the
thickness of the ferroelectric capacitor is s =13 nm, polarization P =20 uC/cm?, and
dielectric constant € =200. The voltage difference on the memory tree between “1” and

20  “0” when one capacitor switches is given by V = 2Ps/Negy, in which N is the number of
capacitors in the tree. When N = 64, the voltage difference V is 46 mV. Assuming a
60 mV/decade transistor sub-threshold slope, the conductance of the gain transistor
changes by a factor of six. Thus, the signal output from the gain transistor is large
enough to be easily detectable.

25 The speed of memory 300 is determined by plate line capacitance rather than
ferroelectric switching time. For example, the switching time of perovskites materials is
much less than 1 ns. The capacitance of the plate line will be dominated by the large
dielectric constant and capacitance of the ferroelectric material. If no capacitors are
switching, the capacitance is C = Megy A/s, in which M is the number of capacitors on

30  the plate line and A is the area of each capacitor (ignoring edge effects). If the capacitors

are taken to be 11 nm in size and M = 1024, then C = 17 fF. If the switching voltage is
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enough to be easily detectable. 25 The speed of nenory 300 is determ ned by
plate |ine capacitance rather than ferroelectric switching tinme. For
exanple, the switching tine of perovskites materials is nuch |ess than |
ns. The capacitance of the plate line will be dom nated by the |arge

di el ectric constant and capacitance of the ferroelectric material. If no
capacitors are switching, the capacitance is C.= Mssp ALs, in.which Mis
Che. numberaken edsis r Se S FeRR G PUREING FaPAEHANSE Pl oo CaB ML hé
capaci t or Hpi\gpard eft&ﬁ, Sik halff oft A€ GARAGE Qifch, WL efOHRR JiReAfell NM
in size ar%gA%/IV: 61’82151', t gn&%ﬁg&’ﬁhlailfolf tche svvistchli ng voletage iﬁs e296t aken
to be 0.5 chpacithmoe witlebeeS(f fC LI \the makinminh rgrremtplzosityais cakenfto badh’ AdpaGilear wil |

be 2PA/V = 0.1 M Consequent]ly, if half of the. c citors swjtch, the

ef fective the axaélmwrnecur@abgaqugbr?c@whhm%émseo“ﬂh? ‘)ré??r)‘fl - n@ﬁ%ﬁ% SV EIR-
density is:.t: . he. 10. A i . 22 x 1
1 m b o T R Fist Mt - PRl Bl R R BB UG RO R 82, T
is CV/ 1 =tHe wersitwsa wirhfallaif theepacipasiwinels switch and 2 ns in the worst

case when all of the capacitors switch. The resistivity of copper w.res at
the nanoscal e ilh€r esisE¥Ity R EQPRCht%iIes @k the dghessplenyicréases ue rlgsinderfaret y i s

t aken as = 2-C . I of - ) I : e i i S kQ
for a l eng(f‘zﬁtegp g’ﬁo Eﬂempégﬁﬂ{éﬁ%gw(ﬁg%géns? ﬁ? Cf|1(1's %hgr{%%gg@g (?fe%\n&ﬁg(nidl ﬁ wite
times wl lcopyseraere i3e8 ed by a tldigtipbA22 nim. NEhesREWIhatenstdie s 0208¢5é ogad aade

switching.  Thus, the mnimumtine to read a particul ar b,){te of data is a
littl&0] ongte timearvid besdomimated byjthe plateline slew atpsWheineanagitosp 31 SWItGHINg i on
times fast t . : i t.a??ﬂgufr' S€m:
anplifier sﬁ1 g?’etnfglggn{ldriwgrg;}ggfﬁago%rﬁ 0 ?@ygﬁ‘lo%ft(gaﬁgggﬁtrllé lsljgl%% 1|t eri:legn §efﬁb\?}eurc Pi ng to
t he tim ngs dn agéesastinfe fhagiy ebolit 1thBlien anes tfagterpthat @ HDe Thingsintdanlsoause
15 switching (wwth up to 100 | E of capacitance) ,and four that do not (with
17 fF of asaumsithainthe) sease iamplifiersypre 1Eﬁ'r:xtaa?/ FPPEIsoPcloethe| plate; E%ﬁ &isg gy

m ni num r i | - S t i ni j Lme to
be 10 ns. Teieiaig 2T Ufifhg Single GRS, BefdCarB¥io e TR AR el Salsp T8
l'ine apd Iwichiag @vitkBupftodd0@fF 0fi sapaeitanse)t had foine tidatdo noat(eviths I BIGBSS f or
one tree array on_a chip _that may al so operate ny .arrays in parallel 20
for even KARASEANGEAHUrng 2 Sl raadipaite crelai M FigMres A% MiRRun s5AdACERHS B on

Q2 wi th, SARAGH LENSR LGk AAOK B3 fis! CBRsAULABR moRGk Rtk Y

during the wite cycle n al l'ate 11 nes
cycle time is 15 ns for one plate line and 1 ps for 8 KB of data. This means that the data

rate is 8 GB/s for one tree array on a chip that may also operate many arrays in parallel
20  for even higher data rates.

Power requirements can be calculated based on CV? with capacitance C being
dominated by plate line swings, particularly during the write cycle in which all plate lines
must be brought to 2V/3 and back to 0 for reduced disturbance effects. If ferroelectric
materials can be improved, all plate lines other than PL11 (Figures 6 and 7) could be kept

25  at V/2 throughout the read/write cycle resulting in even better power efficiency because
only the active plate line and the memory trees would need to be charged. Speed would
also be higher, but disturbance voltages would be V/2 instead of V/3. Power
requirements could also be reduced by using a ferroelectric material having a lower
dielectric constant.

30 Even with the timing shown in Figure 7, power requirements are much lower than

any other type of memory listed in Figure 1. For example, assuming 64 plate lines and
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must be brought to 2V/ 3 and back to O for reduced di sturbance effects. If
ferroelectric materials can be inproved, all plate lines other than PLI 1
(Figures 6 and 7) could be kept 25 at V/2 throughout the read/wite cycle
resulting in even better power efficiency because only the active plate
line and the nenory trees would need to be charged. Speed would also be

hi gher, but, di st ur.ba vol t ages | dbe V/.2 instead of V/3.. Poywer

r equi renenz_fdéh%ﬂﬁ) _Zlhea{]gg °peey 8%03‘093?"'&_5‘1%58 148 1ag$ Fbeéﬁloergttﬁecsvﬂﬁ%’e%gﬂ Favi ng
a lover dieghigsd fd fea8 QA8 itk 1039 tR¥GA Midshwhitd dorféspshdshewws |1 W fok QUGBY/s/ .
power requirenments are nmuch lower than any other type of nenory listed in
Fi gure 1. Fus cexpae &vorabbute DY which earl supply adata ra3@ o0& 200 MB/s pvithhaboat/2

energy for h.plate. lin i nd nory tree ing....0.5 pJ are required
Lo road ank) M PEROWESo A DT HSCAM Goutd b the asict o8 B Ltiqr B mpresemeseey o
Thi s conpadrgsicheays apippto a HDD, which can supply a data rate of 200 MB/s

wi th about 10 Wof power. Thus, OI-FeRAM could be on the order of 10
mllion times ninreengasitgthe fowef féquirementsfamtha prSEnt ihventions thastrrent densitjpower

i for t t i th t density .th OUM
ol must e OGNpesIy B teruh Oy A RERCH & npurRHE RO @0 Cuni| ¢
for readi ngpild iG feddin ,n{he,d&ﬁ%h# Miﬁls?t%r%]%wé%his Al thishhRo@IOURdr af @URNCHM

cell having a cross Section o nm the current requirenments are

12 A. The H¥inghtagss ssctios oft hiendixoHlenan dhep hersent clequigemeres laré 42aloutThe 5 V,
so the power dissipation is .18 W Because it tak at least 50 ns to.wite,
t he ar%@untV%sag%ﬁ%rpgv F indeced Pﬁ@ﬁe BERES F IS Z0BHE D Ve e ROWES dissppptiopdy

e ot of Y Tl © kel 86Rad™0 A% WY he oo AT AGIAMCART B SOE

ti me woul d accordi ng onger. us I n times nore
ener gy ef ffociacorie bhamriteoss 1GM iFor tnmils- e &N e multipld hpudses trhey Be Pequired to

ferroelectric neno according to the present, i nvention gtentially
repl ace FLB&@T%WB{ i}/neftg}a?élg}q 9‘%@&"8"@?‘3&%%@)"%@%@& Oi'%ggsqﬁvla‘ﬁrdﬁl% iSs
estimate sypeesis Iﬁ&‘%%n&@?eﬁi&r{t%dhﬁ%l‘%M!iﬁﬂﬁ?%&r)&gccord' ng to the present

1€
invention could even be™a viable alternative to H in the future. The
very HiSgh per f ofmencke GtD feeroekpetriec renoorpreavoondingf td Hbe i prosent iioventiehatdnve t o

D Aok S e B BT o P comput
exanpl €S estimate suggests that the 3-D ferroelectric memory according to the present invention
could even be a viable alternative to HDDs in the future. The very high performance of
ferroelectric memory of the invention relative to HDDs could also eliminate the need for
20  large amounts of DRAM in computer systems.
While the invention has been described with respect to specific examples
including presently preferred modes of carrying out the invention, those skilled in the art
will appreciate that there are numerous variations and permutations of the above
described systems and techniques that fall within the spirit and scope of the invention as

25  set forth in the appended claims.
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including presently preferred nodes of carrying out the invention, those
skilled in the art w | appreciate that there are nunerous variations and
pernut ati ons of the above described systens and techniques that fall within
the spirit and scope of the invention as 25 set forth in the appended
claims. 31 Cainms 5 1. A nenory device, conprising: a plurality of bit
lines fornmed on a substrate and arranged substantially in a first plane and
extending substantially in a first direction; a plurality of |ayers, each

| ayer having an array of ferroelectric capacitor nenory cells; a plurality
of tree structures, at |east one tree stgufgire corresponding to each bit
line, each tree 10 structure having a trunk portion and a plurality of
branch portions, each branch portion of a tree structure corresponding to a
| ayer, the trunk j each t . ucture extending from the

substr at e? ar11'd eagﬁ’%@!r)rgﬁ%\@gporti onE@ﬁmgﬁ# ree structure extending fromthe
trunk portion (30plyrakiyfof binkines r ee fermediort asubstiate a | anderranged substprtialtyiimafirsto t he
branch portiogn; a plurality of plate lLines arranged in each |ayer, each
respective pplapeaqtheyergpgayté{agtta!lﬁg altﬁfsh%"s’&'BQ/erl appi ng the branch portion of

each tree struct !Jéﬂur@lﬁ}&l&%rﬁ%aétﬂaﬂeh&vﬁ@éﬁ@ray§ﬁé’rfvéieét@3daﬁétﬂ<§rn%¥no@c§ﬂsur ality of
i ntersection regions, a ferroelectdc capacitor nenory cell bein ocat ed at

each i nt ersect i on? Pleditoh rearstrcturgs: @} leashong tree sliupiuse corFespeading tozfg@rbifﬁ}ﬂ% gagh tree

ext endi ngpsu tH i he fir i [FeTok rali -CcOol um
i nes ex%1 gnd?ﬁ%ﬁfénr{aghdd%/ t@@?@@ﬁ tha%Hiag*ugaﬁ%g)[ an Clh E?’mé'g‘r pen%a?é%%%@%tb rgonczo t he
first direct ofatreanitictnesnirespgriding td dlayepthertrmhk pojtionf  c edf bach &geestruttiina exterding fiom

on' he. subst PESESPIS on RGeSt B | ot Ree il el Gy hofon °r T

per pendi cul af30%)ef thé Red stridhire MiallHet doftEspariting ®/Ré braRRiptdort he bit lines at a
plurality of second Inter- section regions, each second intersection region

correspondi ng t o &pPlualilyef glate linesur e, e caFANGEE Bickach laver, pagh respeativapluralisiaf BatBondi ng
to a treegst ture r i ric ; nsi st or
that is Z eclingfri cal | gwﬂ?@g’é@gﬁ‘%@f 0’?‘@n eaﬁﬁ%ﬁ’%%@ﬁ'&}e&aﬁ{'{@gﬂ% rngct ure
and the bit $pomdingdayera e ploratity ofjntersectitnaegioneaa fersdelentdt eapagitorangmiogreall i t y being r ead

transistors for on. I he substrat each respective read transis- tor
cor r espondi nlﬁcageg‘%g??ﬁpw[?fsﬁﬁm F?@QP@ciﬁ@’Pr’a respective second intersection

regi on, each respafirdiyef defRfer ines extending substantially in the first direction;
a plurality of cell column lines extending in a direction that is substantial perpendicular to

20 the first direction and overiapping the plurality of cell layer lines at a plurality of second intersec-
tion regions;

a plurality of read lines formed on the substrate, extending in a direction that is substan-
tially perpendicular to the first direction and overlapping the bit lines at a plurality of second inter-
section regions, each second intersection region corresponding to a tree structure, each read line fur-

25  ther corresponding to a tree structure row and being electrically coupled to a read transistor that is elec-
trically disposed between each corresponding tree structure and the bit line corresponding to the tree
structure;

a plurality of read transistors formed on the substrate, each respective read transis-
tor corresponding to and being located at a respective second intersection region, each respective read

30 transistor further being electrically disposed between the tree structure and the bit fine corresponding to
the second intersection region, each respective read transistor having a control terminal and further
being coupled to the read line corresponding to the second intersection region; and

a plurality of plate line driver transistors formed on the substrate and arranged in a
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30 transistor further being electrically disposed between the tree structure
and the bit line corresponding to the second intersection region, each
respective read transistor having a control termnal and further being
coupled to the read Iine corresponding to the second intersection region;
and a plurality of plate line driver transistors fornmed on the substrate and

arranged in a -di pensi,onal array, each respective plate lin iver
Cr ansbstor | coMeRNBieh ey SRt Eetsalh E s el rBBE o EeelhePo bl
intersection lbefddana respudtiva sesond heksesion ReioR @nd PEoAREliddeieing Rimereived etieplaté | ne
and the plate |l ine driver tr%gslstor corresponding to e@gglte line. 5 2.

. [ fo t
The nmenory delfce accddihegateding dryertiansisifner omesping fadhe, RPe plurality of
plate lines is arranged in a direction that is substantially perpendicul ar
to a direction in which the branch portion of each tree structure extends.
3. The nendry2.devilbemamerydeMioag t o clastanding, to clbiaariewhereraach reapective pluratity ofplateof

each 10 tree,structur d subst ant.i al L I .on . 1.5, paral | el
to the first h&ﬁér ecti on.% a%&g?ﬂgl q@@p@tﬂ@mug%anh@&g;%nﬂlglﬁ%réo g?'ﬁf&ﬁb Tﬁ\%ﬁ@? ein

t he plural it ybrafch portim St rofebehries singturexiendsged in at | east one row of tree
structures. 15 5. The nenory device according to claim1, wherein each plate
line driver transistor has a control termnal, and wherein a cell colum
|ine correspondi napé RefRés Hevitbat © "gﬁco?lfidrg‘{@élaihr1%fe§ﬂ9§brbr§:h9&ﬁ%§ed toPeach he
control termnal of the plate line driver transistor. 20 6. The nmenory

devi ce actbr dreagirchragxiendsupstantialyiva direclion thapis paralelje the first djregtion.r ansi stor  has a
control termnal, and wherein a cell layer line corresponding to each plate
line drive transistor is coupled to one other the control term nal of the
plate |ine dr4 ver The memorptavicet han t Recoriingtio siim  awheteindhe pliSity/of trdestructeesds y
devi ce accordi n’ggpﬁto az{eai ma1l, fﬁrt her conprising: a plurality of access |ines
formed on t heETRsd {2k ieast onsrpw AHreR SIUCHISS: direction that is sub- stantially
perpendicular to the first direction and overlapping the bit lines et a
plurality of second intersection regions, each second intersection region
correspontfi nd- t o dhe meseornsdaviget ur e, @eooHing docciaing 1, wherels sy plateline gdver EaapIgerdi ng
to a tree Struc"l‘rﬂé%cﬁﬂ?ﬁflte:ﬂﬂﬁl gr?d a plurality of access transistors, each
respective access transi stor corresponding to and being |ocated at a
respective secondwhertiea seicbiumnlireegirsspondiegtoleacharateling dvver transisters t r B oiplet for

further béing el eo;. tri Iy di spgsed between the tree structure and the bit
line corr esp%ﬁcﬁoﬁ@’ ?W"iaﬁ& "Leé’@g‘ﬂﬂ‘ga’ﬁ?@@%%?ri on

20 6 The memory device according to claim 5, wherein each plate line driver transistor
has a control terminal, and

wherein a cell layer line comesponding to each plate line drive transistor is coupled to one other

the control terminal of the plate line driver transistor than the control terminal.
25 71 The memory device according to claim 1, further comprising:
a plurality of access lines formed on the substrate, extending in a direction that is sub-

stantially perpendicular to the first direction and overlapping the bit lines at a plurality of second
intersection regions, each second intersection region corresponding to a tree structure, each access
line further corresponding to a tree structure row; and

30 a plurality of access transistors, each respective access transistor corresponding to and being
located at a respective second intersection region, each respective access transistor further being elec-
trically disposed between the tree structure and the bit line corresponding to the second intersection

region, each respective access transistor having a control terminal and further being coupled to the
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regi on, each respective access transistor having a control term nal and
further being coupled to the 33 access line corresponding to the second
intersection region. 8. The nmenory device according to claim?7, wherein each
access lineis a wite line and each access transistor is a wite
transistor. 5 9. The nenory device according to claiml or 8, further

conprising a plurglity of gain transistors, each gain transistor
correspondi ng chssiner@ %pr”fdgﬁiqtBQ%ﬁco@d@e%{'%degﬁ‘sposed bet ween the read

transi stor and the tree structure corresponding to the read transistor, each

gain transistor including a control termnal that is coupled to the,
cor r espondi ng8t r edhg meme devise 10 10.aceordingrioelgim deviecn aaearceRs ipe & 8 Wile iiem 1,

further conpr'é@iegg’ egjsﬁ’gngigtbﬁya%tgﬂ%r%}sﬁrl ine driver transistors-f3ee}forned
gea 1n

on the substrate and arra Wwo-di mensi onal array, each plate line
driver trajmsistor corresponding to a plate line, wherein the plate |ines

become progressively |longer as they represent a higher |evel i ray.
15 11. The nef ry\ﬁ%é@@mgﬂ%rdi ng t%sC%fﬁ'}sﬁ‘?ﬁ%ﬂ%ﬁé‘ﬁ@?’ﬁ°‘8&f@ﬂgﬁg@@‘9§'§§§ he
three- di ”ensfr@?lﬁbrs,@%gl tt‘gﬁ%tdﬂ@&%sﬁdﬂdiﬁg’ tb@Yea@iradEBtﬁpéndzbgiﬁ!iHi§pos@d1§étw&’é|®mel n

each nenory ce I ncl erroelectric capacitor. 2. A nethod for

reading and eteadirangjster andire e srustire eorsspaariyg tothe raed ransistomgach gal transistor including
conpri si ng: a% Jﬁ@, %gﬁﬁ@‘g'?&% %@ﬁeﬁértﬂé%%ﬂﬁgongﬂ%@eersméﬁt\}rg el ectrically float near

a first prede ppl econd predeterm ned voltage V to
a selecteth plate line; detecting a change in potential of each tree

structure in e row, 25 determnin et her. ch detected . .al . change
corresponds t&" a & PFMOY dBViESsr  each mgéq@augiﬁyr&ggcomgslqgﬁtp@?%@ﬁ#@%Ilgl(é\of t he
sel ected pl at givérirBRisRRAIHRAMIRN talstibithtdr €S ahdarraigediP@wo-dimmbivnangray feachf i r st
predeterm ned voltage to every tree structure in the row, and applying the

first predet chale medrvporansiger t o eamespopgingde aplatpfing; whergin e platg nes. A netbBEFEf or
writing data j I s%@? i of any of the clainms 1 to
11 conpri si ngﬁ'&éﬁgﬁ&ﬁw&%ﬁ&%ﬁégﬁ gﬁﬁ%feg%@ﬁﬁétaﬁrgyé structure in a row of
tree struthures;

11, The memory device according to claim 10, wherein each layer of the three-

dimensional memory includes an array of memory cells, and

wherein each memory cell includes a ferroelectric capacitor.

20 12, Amethod for reading and erasing a memory device of any of the claims 1to 11,
comprising.
allowing each tree structure in a row to electrically float near a first predetermined voltage;
applying a second predetermined voitage V to a selected plate fine;
detecting a change in potential of each tree structure in the row;
25 determining whether each detected potential change corresponds to a 0 or a 1 for each mem-
ory cell at the intersections of the selected plate line and the free structures in the row;
applying the first predetermined voltage to every iree structure in the row; and
applying the first predetermined voltage to the selected plate line.

30 13 Amethod for writing data to a previously erased memory device of any of the claims
1 to 11 comprising:
applying a voltage V/3 to each tree structure in a row of tree structures;
applying a voltage 2V/3 to each plate line in a row of tree structures;
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applying a voltage 2V13 to each plate line in a row of tree structures; 34
applying a voltage V to a predeterm ned nunber of selected tree structures
in the row of tree structures; applying a voltage of OV to a selected plate
line where a data "1" will be witten in a predeter- m ned nunber of

sel ected nmenory cell at the intersection of the first predet erm ned nunber

of 5 tree structur sandth sel eGt plate line; app avolt 2V13
to the sel ected plaﬁﬁlﬂ“ﬂm&geg/d%?’ie E"“%F‘F@Q@fﬁﬁ@@é’e@ é@(’@ﬁ%ﬂ&eéﬁ’
nunber of sel ggiges.tree structures in the row of tree structures; appl ying

a voltage 0 to each plate line in a row of free structures; and 10 app! yi ng
a voltage 0 to ea@ppltingavolagentiVio a s¢lected plataline Wheare 2data1f wit bewiitien in apdeter-

mined number of selected memory cell at the intersection of the first predetermined number of
5 tree structures and the selected plate line;
applying a voltage 2V/3 to the selected plate line;
applying a voltage V/3 to the predetermined number of selected tree structures in the row of
tree structures;
applying a voltage 0 to each plate line in a row of free structures; and
10 applying a voltage 0 to each free structure in a row of free structures.
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