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ULTRA LOW COST SOLI D- STATE MEMORY Techni cal Field The present invention
relates to solid-state nenories. In particular, the present invention
relates to a three-di nensional (3-D) arrangenent of ferroelectric
capacitors formng an ultra-lowcost solid-state nmenory. 5 Background of
the Invention Figure 1 shows a table setting forth estimted scaling

limts, estinmated p t ted costs for
current and potenti al {Ji'm%f‘gfgasﬁg%wﬁfﬁﬂgméﬂﬁs proj ected for

t he year 2020. Revenue estimates for 2002 are 10 given or are indicated as
DEV for technol ogies that are still under devel opnent and RES for

technol ogies in the research st aga'eclmip:irEieIdt factors influencing the cost
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bit f Fi. 1 i.ngl th
D onl abi 111y t JREHECSRRITEaon R S ShRandre: B ptitgandfe bBRent 4nq
the cost ;pfentibh ‘?@I‘aﬁ:&%% igealithesidnal (1109 Hrdinb&Rent 16 E?ﬁe?&ﬁlid @decitﬁist S

I ndi cated for each solid-state technology are specul ative and are based
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cost _of processing a unit area of silicon has remained fairly constant
over fhe years, and has historically been about ten tinmes higher than the
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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). It has 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




t HDDs. The other 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.
Even if a high-performance nenory is twice as expensive as HDDs, it may
still be widely preferable because |arge 5 anounts of DRAM (or ot her

d b [ for. buf ' th |
e s anDESs odber Sherc it Ednefisits QEid HiE JHemRBEPYMI el grey: es
shown in thigidfe f&&l&ﬂ@%ﬁﬂ&mﬁﬁbmﬁ%\'ﬂikéﬁ toohaVe ﬁxggﬁfs&dﬁé}faﬁ‘-&%ﬁé&d\/ﬁm y

(SRAM cel |l is formed by six FETs, s0 scaling challéenges are the sane as
f or transiiBDsmasd arecpoiéntiabrepkicememtseclookigads for NDEREEvedaéfa bighiperfpemenad | y

o Dodbétag s A¥ies A xRN oD e s Be orifetyar rombl borguas afee
MOBFEFS ?"amdvatd\3f IPRAM {dr 98tk nlehfdep) wolld nbPie tedbifed for BRERHAS HeMRoQRLGS NUSt
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dielectric insulation is used. Consequently, the smallest workable
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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 = kKjA/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.



2 If the nore conservative paraneter values are considered, i.e., kIl = NA =
0.4, then the limt is at the 11 nmnode. If transistor gate |engths nust
be sonewhat |onger than 6 nm nenory density will not be very adversely

af fected because the cell size is determned nore by the wire pitch than
by gate length. 5 The mnimumcell size for SRAMis |arge at about 50F2,
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fromthe effects of radiation, the capacitor nust hold nore than 1 million
20 el ectrons, corresponding to a capacitance of about 30 M See, for
exanppe, pfrAkm Tasch et al., "Menory Cell and Technol ogy |ssues for 64 and

256- Moi t "Ofe- Transi stor Cell MOS DRAMs," Proceedi ngs of the I EEE, vol. 77,
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the sili &wmosy r¢silie fromkihagdvérse effegieobradiation iwxduighl % singletzdphia partidle san
hi gh-k create about 1 million minority carriers that sometimes end up on the capacitor. 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
DRAMs,” 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



3 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

t hi ckness of high-k dielectrics can add considerably to the 5 di aneter of
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conpete with the magnetic ani sotropy energy K'V. For witten data to be
thermally stable for a period of several years (at about 330 K), the

m ni mum ${@Bs of a nagnetic grain is limted to approximtely 8 nm
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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 Th/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 kpT begins to

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



4 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 nake a nanoneter-scal e heat spot on the disk. 5 Patterned
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fast read time, a relatively slow write time, a low data rate and low endurance. The cost
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.



FLASH menory, however, has very serious scaling challenges because the
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 tines thicker than
t he thickness Egem%ate dj el ectr'bc used in SRAM. Al so, the voltage used
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particularly for nulti-bit storage. See, for exanple,
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based on the assumption that further improvements will scale NAND or NROM FLASH

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



rates are quite |l ow conpared to HDDs. That is, it will take a row of 400
cantilevers in a 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
menory woul d be conpetitive with FLASH and the 1" Mcrodrive. 5 Power

di ssi pation, however, is very high for both reading and witing because

m cron-scal e heaters are used at _tenperatures_of up to 400 C dissipating
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likely to ble of nulti-bit storage due to noise and other issues,
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M croscopy,.” lied Physics Letters, vol. 80, p. 2225, 2002. 7
qgotherﬁ\lpai) anc? to w1h n one degree of each other. Tip »F\)/ear 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. Impx"ovements 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.



OUM Anot her energing nmenory technology is knowmn as Ovonic Universal Menory
(QUM. See, for exanple, M GIl 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 low r tance states of a phase-change resistor (anorphous versus
crystalliﬁgﬁis used for storing bits. QUM witing is acconplished by
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factor of 100 to only about a factor of two. Figure 1 indicates that two-bits-per-ceil
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 107 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

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



8 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
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Thr ee- Di [ bntegrated Circuit (I1C Fabrication,” |EDM Tech.

Di gest (ﬁ%@%‘?ﬂ#’“‘gﬁ?enmoz. To keep costs down, it is advantageous to

bond a very t A diddeyanfaoé aséa 1 @D NnWsi laper ehisi 1@ Arb€ ofiQhd r¥&E$eF wolle ba0
process that gppears ggji_tabl,e for mking 3-DICs with singée crystal
silicon irgqubrggégp(gﬁcry line stlicon were used. "Additionally, a large number of processing

steps would be required 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 pm 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



the ELTRAN net hod that has been devel oped by Canon. See, for exanple, K
Sakagushi 9 et al., "Current Progress in Epitaxial Layer Transfer
(ELTRAN), " TEICE. Trans. Electron., vol. E80C, p. 378, 1997. According to
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masks ang. costs. for testing, the total cost increases 60 percent, but the
menory dBigY; f—;) qnpﬁggzg@éilogla redyeg €pgmere forddM 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 8OI 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

10



30 assum ng the bottom | ayer also has nenory cells. According to Figure 1,
OUM may eventually reach an estimated cost that is close to that estinated
for HDI)s when (1) |ess 10 expensive SO techniques (by today's standards)
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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  Hy=2KyM =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")H/d =6 x 10’ A/em?. As discussed above, copper wires will fail

30  after a few years at only 1x 10’ A/em?, so scaling MTJ-MRAM even to 40 nm will

require large improvements in the electromigration resistance of copper wires.

11



30 after a few years at only I x 107 Alcn2, so scaling MIJ- MRAM even to 40
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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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12 1| T-FeERAM A 1 T-FeRAM nenory cell consists of one MOSFET and one
ferroelectric capacitor having a hysteresis loop simlar to the exenplary
hysteresis | oop 200 shown in Figure 2. 1 T-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,

0. Auciell clz, | ., "The Physics of Ferroelectric Menories," Physics
Today, vo)l—.—'m 22, 1998. Use of the ferroelectric material in place of

a dielectric t-_'gmbla r van es ) the capacitor is
non-vol atil e a% Igyés not %e?@‘éﬁ ‘%Ll E%'S%é% ?’gs%dwggﬁf r‘?&']dc%%gf’?ﬁ CEHf
store abouspatDor havirgsa hpsteresib dsopesiiila teths aREmpRNARRHsiClood I%f@ %h?ﬁﬂ Gn (3)

e

t he capac'k:tor '#s L,g&| tion hardened because the polarizationh o
ferroel ect HUEE £5 e | pemPRets ¥erybsintitagitat PBAM Tixeepfuthiat tthe ahpdvator ng

radi at4 on j i at. ith.a | T-FeRAM
menor y5 Celzﬂle&{cg&gg%?;ggéﬁg\gﬁ %‘2 %gv&gé %ﬁt 12 ﬁﬁ%?éﬁéﬁh’n@ﬁg\ﬁgh@h@%ﬁﬁ HEpd-

met hod i sSehdogexhnsye,tBafucielis enal., “STIIERIBGIE f Ferdelaiid Mehbrits” P8§ecs See.
for exarrpte D. ES Tak%ihi ma, "Overview and Trend of Chain FeRAM

Archi t ect UP8aYs VPE\XBEP- PR b8, Bse of the ferragdictriematenial jn plaeg, of20diElectric
Consequengyhieriall Ras-&R3eM fer scal i ng, nbnobl

associ ated w t hi[aSI:RAM m%o%dkg%ie%u{’ hagu%%%rgg%oerl lgc OPT‘%I%T éPﬁ?gﬁ%es gt

pol ycr yst rdeditobde réftesbérhy (2)thb eapmajiobtan stdre abouti 100 tinteskordBhatel ih Mgl sapgoar d,
It haﬁ) been al.cul at ed &353#‘ ferroelectric grains of Pb(Zr, Ti)03 (PZT) as
smal [ 10as Snemfofspacs, ab(3hthe capagitar isspdiatioshardensd begauss|the pylarivatinmef o,

" Cal cul atﬁéfé}&%cﬂ?@ﬁ'ﬁgﬁ%ﬂygﬁc&@d Bﬁﬁédlﬁﬁfoi'l c Properties in PbZrO3-PbTi O3
System" Integrated Ferroelectrics,” vol. 12, p. 161, 1996. Additionally,

ferroel ectri c HERyalibhef lwingrmdﬁaﬁen-hammssauewisémmlgr@/mit%mciétéﬁ witkanpl e,
T. Tybel I "Ferroelectrici i hin Perovskite Filnms," Applied
Physi cs Llerl'te F%%M \%cin.loryﬁl" }CS’ 5%%%‘5%%3&70% P eleciinng exhengthe sensing

pol ycr ystradthbd & dhangaiedontibnl dufre PR AetdeRdSor aSeaidbdll ¢ ﬁ)@)@ n
formed. See, for c‘a‘xgarrpl.e, T. Isij I ma et a_tlr. ,Sga" Sf:é]lsléglssgft %%égép tr thﬁlq:%
Fer r del eckakpghimpy YOvervigm and Trgmd) of Filyain  FSRAM Archifecturd,? 6IEIZE0 2Trahast | y,

| at er al el.eetdd c~d IoN s snall as 6 been swi tched with
scanned p?rlg‘f}é’g': ’ ‘@ie:'eég#%’rg‘ r%?a?r%‘?lé, é‘?f.lse@fﬁc&%l& I’E'Irf'].epg'\@lﬁ‘f’?s’l FWC???ICFg'PFb@FeCt ric
Dat a St orseajingRasblimsrusseii with DIRAM ARalory) BYEE tHough M EHOSEARY matdi! | ed

Physi cs Lettersﬁﬁaﬁol ) _SSé, “]i% 4401, 2002. 30 If the nunber of grains or
domai n wal PORFRARHIes jt:sheukdsbeseaprble; afrficaling tor fenmp In that regard, it has been

calculated that 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;-PbTiO; 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. Lastty, 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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single capacitor, it should be possible to store two or nore bits per cell,
but this should be 13 difficult because the internediate state of the cell
cannot be verified without destroying the state. For that reason, Figure |
indicates that IT and OI-FeRAM can scale to 10 nm but will be limted to
only one bit per cell. Thus, | T-FeRAM appears to have a good chance of

per f Qrmance and better

repl aci ng,. ecause of 5 jt has sim|l
scgl abi | ?gW%Qecﬁ'és&‘g? &tem s(_fﬂee?rle%‘_f’ “F Cé%tb&nYe51ﬁeﬁé§iﬁmﬁt dagigoyintised
the DRAM iha@tssd. ! ForltRatS¥iRnsFisteyl inayGakigatia a&@r@l"-%ékhﬁd oA géa@eﬂiosro fhat is

needed is a hi gh-performance non-volatile solid-state nenor at” scal es
wel | and kutivgliidetimitddgoonlysaneditper nelegr ati on. 10 Summary of the |nvention

The present i nt i r.Qui des a, hi gh- perf.ormance. non-vol atile solid-state
meory that sclibs! haeRAM @pBrarsihavs a sopdl cbaate of pipring dIRAM, hecanss of st
embodisment hey sifiler ferfstidhcd AEBH e SealibAty dq e %eé’ﬂagﬂ?g%’#gme?%ngcpains ficl udes

a plurality of bit lines, a plurality of"l|ayers, ree
st r uct ur dis alrpattycausesl the RAMtipdustrypd extensiveip smastigatgpetovskiteandietiayer . The
plurality of bgt _lines,i ted on asubstralte angis arr anged

f
substantially | atalsfnf?%efﬁf)ﬁ rERPeS RS SPAdstatg memopy that sqalgs

di rect i onwvelFattbatlomysdor Riv-£d3e 31D iHiédration. Of | ayers has an array of
ferroelectric capacitor nenory cells. The plurality of tree structures is

arranged in at |least one row of tree structures and at |east one tree
struGghure corresponds to eachghif lin Each tree structure 20 has a trunk
portign and a plurality of brgﬁa{n?ﬂr'ﬁitgﬁ ny 3‘8” branch portion of a tree

structure cor rErppRdentt thvanliey erovidbe 4 ighpd@irafte HontRitilE " §SlideithddCt ur e
extends fromthe substrate, and each brancﬂ portion of a tree structure

ext ends fREAOTRAtsealeswelbard glove for lw-cest 3D integration.e i n a | ayer

correspondi ng N i unk portion of at l|.east . one
tree structur eA ﬁir{%:tlhglggétﬁgl%& E’?at{i ‘Jf 3688%?1\%‘%%“{}}13?0% S APPHY dFYee dhath

ot her. 2inoMidesranpluialiey yf bit Hikes, raplisrafior of @RerSf a plurhl@RIf tRB&IEREsS hadIGt Ur e

I ncl ges a I.ur(gl i tg of vias, ,.and ai | east one via is offset fromat |east
one oF hoPRILY Al s aeengsd ipeachyfaves, Ghe plusality of jbitckines is deranedi on a

di rect i ogubdidte dnd i$ TR ShBNANiaNG 1P RE Hlin8and Bxtbhifing klg]b%ianﬁhﬁgm Al and
overlaps the branch portion of eath tree structure 1 n the corresponding

| ayer at diregtiam aEachylayerf of theepkiedity ofi layegi bassan Arrhp rof detredtetiic capgurt or

i 11 on ey exfif B AieefBCOL Fes SRS RS piapied fnlers one Tow 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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14 arranged in a direction that is substantially perpendicular to a
direction the branch portion of each tree structure extends. A plurality
of cell layer lines extends substantially in the first direction. A
plurality of cell colum lines extend in a direction that is substanti al
perpendicular to the 5 first direction and overlap the plurality of cell

layer lines at .a plurality aof second intersection regions. A plurality of

plate |in&gfi&eddn infrﬁﬂgﬂ“s'ggﬂ% sybstantially, ergendiculan g dizgctiom thedwanchapaortign  Each
respect i Vef flcRtRe kirl@ud ksl r ansi stor corresponds to and is located at a
respective second intersection region. A connection is fornmed between each

pl ate |ine andAt plurglitptof deliniayerr lines exendse sybstaitialy tio thoim directlonne.A Each
plate line. drive ransi stor has a control termnal, and the cell colum
line that&W%g{)‘aﬁjﬁg&”ﬁ?‘Bﬂi‘é‘%eﬁFlﬁ a dirgetiop thay dy substantiplpespendicwlaspitel t o
t he cont r@ist tddeffidiaan®foviehl - e | r I st or tnatively,
the cell | zgyer i ne??hzﬁ cgﬁg Ejéfgjglgg]é@t gidgéaﬂéﬁﬁ)be}rai?i}:%l?tng pc]lrllfave’t {%rfasﬁgé\‘i"%cfor S
coupl ed tiptersggtieymegions. t &r piurality of plate lpieadriver itraasighors/ & atriigediigtDkwod N an
alternati confiquratign.of the first enbodi nent of the present invention,
15 the rrear‘%%re?‘ﬂ%ﬂi Y n@f“ﬂhé"s’sp%"%ﬁf:_tﬁlﬁtf"ilf’i'r’ ‘g‘Tlveéc‘E"é’éé‘“qri SpaEesEPRsisatopmnst i i ty
of accesSocdtéduncd Abpctive 1nB linttRtloh REioAC ACechnebiGiSis Brh Qi Hﬁ@e@rp ;Eéi‘nle

d that 1's sustanflaly

substrate. The access lines extend in a direction
per pendi dugtgding gnd tee platedinediriver tomespanding tetheayate tine. Bath plane Enatiriver

pl ur ghit : I N ersectipn I ons. , Each second intersection region
corrg?poxrércfglgltsgb?g’g%gggn{g&:ﬁu Il??gfm c(fgccﬁhﬂ’&% QE%W FarTedionds o rech platea tree
st ruct ur dineitve? Gafsigbr isQBREIH ity thePSsHRDS tdrmBiks bf Wplﬁﬁrlirﬁsaw%ahastﬁﬂd IS
| ocated at, a r,esB'ectlve second intersection region. Each respective access

transi st dHtgraativelye tthe eell layer liop shatdcasesspands toresch piase liste rdriteutransisnet ishe bi t

| ine corr, | e i nsect.i on region. Each respective
access trcgl§ ?gﬁo@gﬁggu%qg%ﬁ'@éqﬁfee@%ﬁ% %gﬁarnt]-rag)s ther coupled to the
access |ine domnedpomntvegonfigirittorselhe dirktBbERAEAOSE hePiredent ZRehflory €t
anottlﬂ r ﬁlllternativ conf,icg&;atioq of the first enbodi nent of the present

i nventi of® S cEedee naedessa plypalitye of  aseessnlinesaand s plusalityr afisicetssr is a

wite traaasisthRl - ThABRPAIM g i r -hncl udes. a
plurality of1 read t rgnsi g?(r)?sa?éceasg rH|§1eura |I%ﬁ§g;% ‘rﬁgas H{t?aqngs,ﬁgnﬁcﬁsséqu?al ity
of gain exigndiis aalirectiorhthapisisubstantial lyf perpedicultan s ttst firss dirsdtRnea@ overlap

the bit line

el ectricgll | sposed between a tree structure an I I .
corres poﬂhe’l lﬁbﬂ?‘i‘? 335 p?‘ﬂﬁﬁ'?\rl%éeg?‘tdd@ﬂ?ﬁ%m@ﬁ&oﬁ?-ug%% fepord Intersertion fegjon s
formed oBorréspoRddld GESstARErE XdrfdNEhRh 'aBcels 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

15



direction that is substantially perpendicular to the first direction,
t hereby overlapping the 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

| I,s. further

i nt ti.on. region. . Each ] ead t i st _ ,
er SeCthPTbed, o\ ERR AEIREP LS A ERTLAnS! BLAL s RS
cor r espongbrie@pdrds tth @ frdd Stfhickuth SAREEIchORad Bk QBnespt%gﬁ{hJ E%&%ﬁu‘é&é 8.

transistor has a control termnal and is coupl ed e read 1 ne

cor r esponRchgrespective nead rtchnisistosr enersspandsr egmh is Hacdtedyat m respoctivet €iird

correspo .a read tgansistor.and i.s, di sposed_between the read

transi st ggééér(fgmi}hergglg%e Ef"?}h&wgw&&%sﬁ@?‘?ﬁ?fgls f‘ﬂ'ﬁleﬁ_eeei?%ﬁfﬁlyr Sisprsador .
Each gai rbetwessthe tee siri@tlidesl e ®RMineXoreS5dHANR tol e thitFinfasuisH rE%]on.lO. t he
corresponding tree structure. A second enbodi nent of the present Invention

provi des Eachassnegtiveaad ctrangistorghasca goutrad| texrginalf an is ¢oupds], toathe read line

t hree-di | ry.having a plurali of. layers, a | urality of
plate Ii @g,&}gﬁ ngqgllﬁger%?rlﬁﬁ?/{eﬁs%c%qlg &' r#@)éﬁrgﬁ'\?etféﬁﬁlrsgﬁf’g{: 0ds 0.2 feaday o
of the ttransietod andixsdisgyvatd baWREY thetedd Hfishst aAEREY tréd sthRARE )éoﬁeéﬂoﬁdingach
menory cell 15 includes a ferroelectric capacitor. The plurality of Dit

lines is !¢ &iicad anyster pEa¢hgain tiagsistgr mghigles asohirelatarmiakl that is coupledstp pl ane
and qﬁpqu@cwé&ﬂﬂgﬂé IR first direction. The plurality of plate
|

lines is arrang eac ayer of the three-dinensional nenory. Tle
plurality of pA sdcend embodimeneof thegiedeat dventich grovideda aienid?¢ dsvies hhding and

Cor r 65 poddRuEth of Bl Smes. i thrae Simensinal maasy eing pepEraliy iofclassrsonds
correspot _ TFp e B ! i _ efAds
extonds. Phralityidl pIAIE inks, bhd @ SIEEHLPG pieit Gveh eafiisBR | PachPRilot g

di r ect i othreerdinensionhlapeendrg jptluded iahyarcly of Itemharyecellsi n@achtmemphuicalli ty of
seco I ntersection reagions. . Ea respective plate line driver transistor
corr Egsipo H&fi“ X! aaé’?ﬂo?lg‘:t%&’é?@éwﬁt ﬁge Pi‘gglé@tqf\;ét H’é‘f—?c‘é fermss o aesubstitte.riggi on.
A connec bir@ipedssubQustRdlyiataGR0 pRAE AndedeRdd hibetaafislly) Rea Bradrechth.! ITHE

driver corresponding to the plate line. A third enbodi nent of the present
provi des PRIrHHY 196 @ldte fineseiscirrageedhin eachdayey of thevthren-dinasiooal mbmbry. nTheides a

o Bl 0T, Bl WA G A S S,
pl ural i t yweHinkrisionkl aesy. | Badtoplardi®drives Whintik@t Coreipohds & 4 pHEEHne. A
S ubsida nt i)l?llrzll%y IOP cg}l {allytrersltinegl e?c?e%dgglgbs%tﬁgﬂyg Iinngle 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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30 substantially in a first direction. Each layer of the plurality of

| ayers has an array of ferroelectric capacitor nenory 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 ofég tree structgre corresponds to a layer. The trunk

portion of ¥ TPV OL ep stuqtures and gt lepsh one frgerstrpcturs spgesnongds taeashditdineor anch
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ferroel ectr ﬁcﬂq@%pa’gﬁf’wﬁ?‘&]%% t@é‘ﬁﬁ PPEIoNg ?‘e[ﬁ’asat_t oncs e SiretEres Beludsh & egi on
in a | ayeflurafigidoftvigy) ahd ¥t le@aehe 5@398%&\{&)&)%{%% lohy ogier Rlaltich 'réék?)gcﬁ\?e

arranged in a direction that is substantially perpendicular to Irection
t he br andHugsbin ofcplate dinesextendsrine diectinr thakiseubsadmlly pemendicalar tothe Hast

I nventa ony: h ee strycture,in.ar Is 15 allowed to electrjcally float
near r]tg firhrlrset% &%}%& e? e %P% l{/r%}.cpgag;on c}lsﬂéélﬁliﬁae WHEFé‘F therrorespandingdayey i s
appl i ed t# agplsligcofitcpedtién tdgiths. A ERRUIR I c AL thétho fceﬁaig hodat&fat
structure jin the rowis detected and it is determ ned et her eac

det ect ed 538l Bigrrestiop Fegiofein alayere Jsistitdenally, each respectivie flumalityanfiplate tineyiscel |

The row. FAReF e Bicelon HAFORSENER, Beffaiculstly Eieciofube frndh pridion * "
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pl ural i t YoRhedVtis hbdlRS: | of | : i f.rre
Gt uct ur eoaec s IR 1p B Slecled phty 1, vEURLR: i porlhull Seeh fee Whrme ,s
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arranged in at |east one row of tree structures and at one
st r ué¥ ur &ee Girpetysomdihie 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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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 fromthe

substrate, and each branch portion of a tree structure 17 extends fromthe

trunk portion of the tree structure in a |ayer corresponding to the branch
east one tree structure jncludes a
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pot ent i alreyFeciy plurpby of rpleteuhinesi is tavangeslyin sa dhitestiom cthainds isubstantially

det erypi tial 0 1
for - a0c h Broallcil (S FtelfhiRt BaPh Bl AISPEC HERLIE ZRRBES phedeiiene and
the tree tettheiddvention,icach bree stravture Ther fow Bt alRiwedebaildbtiatlyV@bdt a8 h Sirqpp! i ed

to every tree St_I‘L(l]gtLlll‘e inthe row, and the first predeferm ned voltage is
appl i ed” tREeqemMinadapqliage. n Aategonq predetappined vakiageoY tihappliedite it setastedaplatel t age
VI3 is applel ed tRSRGH bdtERiapt Ml of .t struct yres, . A

vol tage 2V/ 3 is appli edﬁ({o leac({gugakgttgeel %}nigcnlfrg"i'g ﬂcrh(‘gwlr()g];‘al rdteztgagar Esiit thriss.
Then, a Jstermiped\whetheGeaal pleteetdd tpotentipl eldeipe rcotragbndsinbaro of asef@céeH tree

structures in the row of tree stryctures.. A voltage O is applied to a

sel e %ed T qeﬁrpé?b&]g}tgs tigns 8{: H‘f"se\\’/ﬁcﬁd Bate\lime; andnthe freg Stﬁglg%‘a@t Brikened
nmb f | il i d | LSt

nunber ofrpwelThe i preitRinhifl Vokagd is ?glééd;ﬁn)?v?ﬁgﬁés o egfuré n'lgtlha'r{)\% and the

predeterni ned nunber of tree structu cted te 1ine.
vol t age Hwptapredetermiped avltage ihepplisidet ¢t pélatted Iplate lired aAocotdimgao thd i s

2D0! 20, W RS VAT B RS o8 PRSI bR BRAELES. A 1,
of tree sbhaRtIN/MBds aphidddo ¢ahiplae lifle irfa AP LF ek bPucABEs) THGE aSbIEI VIiE 1N a
row % ' Elgp(?lie%ttg %(iatrgdre?eimined 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 0 is applied to
each plate line in a row of tree structures, and a voltage 0 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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A fifth enbodi ment of the present invention provides a nethod for reading
and erasing a nenory device. The nenory 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

t end tially i | rst di, lon. Th - di ' I
ol des AEY BPaF Eg R SopreRialy i Schiat drectih ofhe Rier GRaTStoRC@emBRE
|ayer hasingiuabs'a phirdlity oP layeRa FIBkI%y Bfled SRIchEE BAHIGLA RS IRy 2nged

in at | east one row. tree structure has a trwA portfon an east
one br ancef pemororellEand the fee Istrpuptes are afrapgesl i eelesstr omet wwe. cBaches@onds

to a | ayer nd,each branch porfiaon of a,tree structur xtends . framthe
trua po?/ﬁt%ﬁ ¥ hend _ é)oglgqjﬁ%qci]?tgl.e?sg nglbé?’éﬁ p&&?%sgﬁﬁﬂg Ch gostion '{frganch
portion. trebdinRhudé dbiréspords R zfﬁ‘frfi-n%ﬂ, 'aﬂ@%aélﬁbxﬁﬁflﬁﬁcﬂ'lﬁgn lof alﬁfh‘érbnllﬁﬁlﬁé eQfenddr®

t hree- di mensi onal nmenory. Each respective plurality of plate |Iines
over | aps freme the uwekhpren pbthedfeestrutture e leyericorraspendingtte bk rgnchpodtien.

ing | a plurality of i td ions. . A 10
col 1 SucheBuidhEbr Bla€bes s et in it 7§ GrBR eEe dinisidnal gt i on
regi on i rE&hlraypRetive plagiliey of platet ine8fovellaisahé bRMck hbMim JfTcalR ik Qfrictu

formed on the substrate and Is arranged in a two-dinensional array. Each

pl at e | i rixtendingein the pemespasdingdayersgcnpliralisy of pntarsectiamesgions. pAunerhonyy of

cell jlyay ! Lallydn,the firs | rection. .A plurality
of cellol Q%]& %%%%ﬁgggﬁﬁgﬁ In acgiéﬁ 1%(%‘(5: |egn§teﬁ%]} ln}t%rg%:aﬁgtr%??é? aﬁ)ayer.

per pendi cTHegrluralityt dfeplate lint deiverainkietord fs famtedorethk 3pbstiatteand iWhahhded igfa cel |
| ayer lines at a plurali tyF@?;f second intersection regions. Each respective
pl ate |i forimgryional apay sibsach plite bap driyer ransister Gostespridis da aaplatg linsspAct i ve

second i i [ ] i: . e ta |line
ona the HSRAGATAN 156G 138 B bR RBCRANY & dORREHIINCTA SRl | |
t he i nverplum linescéxt¢ndsdn atditection that isnsubstantialiperehticwld té theefisttiréivhl v

fl oat _near ,a first. predeterm vol.t age. second 20 predeterm ned voltage
Vi stlgpplai“g(?vf:ﬂapé IE'EPE@&H “g}cgiga}'lef hg@s i f’cﬁ%@@' P Sﬁﬁ%‘gmt?fé?"twp TSBIORS- tree
St T UCt UT GigbR rbdpectivavplaf 5 Eier traftéigtot Eoﬁépgﬁasetbfﬂnﬂﬁg VRIS a ﬁ%ﬁ&t%t ected

potential change corresponds to a 0 or a I for each nmenory ce at the
| Nt er sectspemd infersepidonsegmnt ¢kl congicatien isi fommethbetween ¢ach plate line tod de platet he

St uct ur AR SPRE B e BlalsdH  Acsopi 15 RF R AR b SBa: rment
of the prigaemiw isMbgWddow EleartalBsoatniahadickO predétefrhingd ddltdge.t A 3econd
previously erased nenory device. The nenory device includes a plurality of
bit 20 predetermined 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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lines, a three dinmensional nmenory, 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 dinensional nenory
includes a plurality of layers and a plurality of tree structures. Each

| ayer has a g%u%alitéﬂgf nor ells and tqe tree structures_are arranged

in at | edW or&n{EeS _ 3 M%m%_ ¢agsone branghiogstier.i Bachbraneh
| east Onep&{iaﬁ‘%ﬁ' 2{39{3& 'sﬂ'ﬂcmﬁasé}r&b@ﬁﬂéhto quérpglldjg?&ab{aﬁ@h %g#%ﬂg @ tree

corresponds to a |ayer, and each branch portion o ree cture
ext ends fstowturh extendmftropahe ittunk pbrticneoft the res sructtineria o layer daaesponding to

correspongdi t t he branch rtion. The plurality of plate lines Is
arr anggd ' ﬁ%g%fPﬁ 905{;%"' ([;?:e tprlu'érg'(t? r‘éfgigﬁtedi“}?é% iaHﬁ%S‘fdx‘én??Fg layes of thedlyset i ve
pl ur alsi t ydiffensibRdl ndrhd9S Fa¥EFdspRIivE IibﬁlrQl'it?Q)?%lﬁ@fifgés?@gflgésatﬁ??%ﬂgp%%rtion

structure extending in the corresponding layer a
i nt er sectoforach tesgisthetmrerexntentding irc tiel corsspindang ayéreatraoplueatity iof imersestjorcel |

Is located at each intersectign region in a layer. T lurality of plate
line driVEF M -anSi B¥BIEY i€ fﬁpﬁb&so% fg‘?‘?@?@ﬂ%s‘?&ﬁ?‘@_ Sﬁqg E’SPOS?WQnéeEa‘i}h a

t wo- di mengiceRaliorifdgih inBARYe| THE plurdlRy QF pWRE 1ihé BASESERLsisids GOFIRRRYRdS tO
a plate line. Aplurality of cell |ayer |Iines extends sut)stantla y In the
first dithesebstnte andi$ anratiged yn atwedimensiinaharray. néacheplate lide drivemtratisistat i on

t hat 4inSs S | al reendj cul ar ta first djrection overlaps the
ol ar 405 ¢ e R o pBRBRDA Bl of bl Bkt 55X lnBS e *PnBay R e 78

regi ons. dogction.esPgtiraNs Sf a¢lE cbluith hés/ extehdA1S b SdiRictiof AhAtCRPYBIANTL and
is located at a respective second intersection region. A connection is 15

formed boesaricalaE Ho phafisst difrctian ;andheveplans she phality afecellcbayerdipondt ag t o
e P Bl of AE8RA ek ot HEnBhe™ i BHSEHLE B HPLANE Wil v

appl i ed ree structure i ow of "tree' s es.
i s appl i edrrespoads to qidait dodatedeatiaregpertive Sicond RRers&tiol GéglbRS A donnetdaor V i s

appl i,ed to a predeterm ned nunber of selected tree structures in the row
of trlge & brtween %%&?§t§é@e@g@%%}q ling draves coprpondingp gheplatmbingher e a

data 20 "Alecoiing tdtheVfrk veRti VY AR ! ry
cells at tﬁg ién% erg&t%ﬁ&ofeﬂﬁlﬂ.é%?gg%gﬁggtqggm nedea%%grﬁg%ﬁ'?? Ee%go
st r uct ur eewarfdireehstruptirest ed vpltagee2V/3i iscapplied a6 teacte pRtd Bné $n appiw efl tice t he

sel ected plate line.. A voltage. Y/.3 is |.ed to.the redet erm ned nunber
of selec e %Y?WF&?&?&’E’CXH%%%W%%W%@UQWSF a@e%t?gﬂe?/m%tg@s Ois
appl i ed 9 dRaoH off fdeSsthuchifes. NA Jofta¥E Ofs AgpBied %6 & YEEUEE Dlat@fife WheRAFHathT €€
structure in a 25 row of tree structures.
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 applied 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:




Brief Description of the Drawi ngs The present invention is illustrated by
way of exanple and not by limtation in the acconpanying figures in which
| i ke reference nunerals indicate simlar elenents and in 30 which: 20
Figure | shows a table setting forth estimated perfornmance characteristics
and estimated costs at the limts of scaling for current and potenti al

sol i d-state nepor technol ogi es, . as_projected, for, the year 2020; Figure 2
shows an exeon‘%P%)/: ]nﬁs?‘@? iasﬁ:a e g Birth F?‘%‘?%PF#M&F é@?@ﬂ%‘ﬁl%a@ﬁ 5
FeRAM bas ggh R tost€ &t tise liﬁii&%iesc%uﬁg%s cArrEAO SR j)S%ii@”?dlid‘! Bbm B

exenplary 3-D OI-FeRAM nenory according to the present 1 nvention, a
vi ened al eokndlogies, Bs progvtadrfor the eand(204; Fi gure 4 shows a cross sectional

vi ew of the ex I 3-1) Or-FeRAM nmemaory . shown in Figure 3, as_ viewed
along line A Af ‘gﬁ“”aﬁ{ élﬂl‘?‘ﬁs gn exgmplagy, hysisTigis Joep Jox illysirating |chametsristigionf of

the exenpFERAMIBARA efldeyPelish Figure 3 and 4; Figure 6 shows a timng
diagramillustrating a first read operation for a reading nenory cell of a

3- D OT- FeRAM nligureyd showsraiénoss seotiotied vivesfan ekeruplatyi Hi) OFRpRAM imahoms a
timng diaggramillustrating a.second | { ernati read .operation 15 for

r eadi ng aac’g%r?brfgytoéf«i‘i pregt H%ﬁmﬂf’rbﬁ ?‘f‘gﬁ,&aﬂaﬁ@ﬁgw ﬁé‘@c%‘P&’Pﬁﬁ%f%"? fie present

i nvention; andrifin@u shols QWS Rctidab $ieSe6H the REmpiafMs 25 R lary
3-D OT- FeRAM negunlgry gcgordi ng to thelepresent imni\!/ent | on. %R(ég‘?;}?ﬁ%gp

Descri pt i shAWsfin Figare Ryasyvigvead linecAnin Figueert;i on rel ates to an

ul trgpl ow costy: I . nonvolati.l e solid-state nory having a very

hi ghqgensi ty, Fégﬁﬁgghagdé‘?llsoarn el <y IVe% qtf) € pBiEw s’\éF'ﬂi‘Qﬂﬁ own g "
parti cul &igurel3eandrdesent invention relates to a three-dinmensional (3-13)
arrangenent of . OT-FeRAM nenory cells, in which each menory cell includes a
ferroel ectri c TH&P&& thews atymmediagapy lusEating & fisst seachoppsatiomfos a readingi ke

hrough T A O A o I SOSen R BN 1 ¢ i
sense gai n. Cdligurdi7sshowbartimingslisgraragHdsthiying @gieesrid, altemetas feadidpBiafion tree
15 for reading a memory cell of a 3-D 0T-FERAM memory according to the present

invention; and
Figure 8 shows a cross sectional view of a second exemplary 3-D 0T-FeRAM

mernory 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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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-dinensional 30 array of plate line drivers. The

architecture is designed to have the | owest possible fabrication cost with

menory | ayers conprising only ferroelectric material between 21 crossed

wires. Due to the special arrangenent, the sane three nasks nay be

r epeat ed| §FostdsWrese rDyreto; the specigl jarmaagament, the sime tlwepmaskemazthegapeatedly

OT- FeRAM |, dffﬁ.ax?édﬁ%ﬁﬂn%}ﬁ%glﬁ %}gcause the nenory layer of a nmenory cell
err eCLriC it e

is formed by a rial between crossed wires. See, for 5

exanpl e, T. N 3{D hn¢gatiin ¢ff 0T-FERARL SteadiBit ddhieviblerReheithé melmplayef of
Future Silicon Storage," |EEE Journal of Solid-State Grcuits, vol. 37, p.
1479, 2002 megery ogll 18 farmed byia frorlectis wateaiak betpiepe sressed meresc obererfor onal
back- end b RG: ey f ' . N i d.here are
Cypi o)y SRie <. Nisfiira i 121 GhesliMdtiK FREGREHE NSNSy o PE SifipH

m cr opr ockesge,” MEER alomrnal f &f Sokd-Sedte | Cirduits e vohl 37,can 14g9gr00n 18uéh a

t enper at ures. bel.ow, 600 C nmaking ferroelectric materials suitable for
back- end “PIgHRESH igyno mose eomphigated thar canysntionalharisond progsesing pedomends| y
di scl osedgPYyith midbribé ift ; L: ; f
menory vvag connnel}:tepg té(%ﬁ{rﬁ’elﬁ%t?{:}})g]}e%fa{ei dﬁﬁfﬂ?gﬁ @ﬁ@g%%ﬂ%h@gﬁf‘é g°pvi a,
resul ti nepfithe frahaistges ofithel niicropros¢zace  Merauyes; desesiatrid mawtialdheanbeagrowhhus,
data .density was decr.eased Il e cost _was, increased. Separate vias also
i ncr e@se %éwpeume?wr@ﬁﬂ‘hmﬂ@nai fartoelestricmatenals, sugtable nfos gbackrnsn

el ectrodegocafiflgvi as in every layer, therefore greatly increasing mask
costs. Layer se%ect or transistors were also used for individually
accessi ng eachAl| ZfemenTdry based sirs 00 BeRoklelu pae deernl predbesly sdibdlased bedT.

estate ang. goul d.i ncrease,the mnji num sectqr size that can be individually
%0 acceeSU P al> THPET (o ARCSGh EHTUALE rTdH e e HPBRTe o bF botiom
connect edsilidon 186y thtoRESNS Sepabatd #1ag fdsultinBgn Qflﬁggﬁr_ﬂoﬁﬂ%ﬂﬁ%é Beik kbsuhied! ar ger

because nore plate |ines nust be energized during the'wite process. Plate
| i ned3i n bynde Niashi Fausadde dansitynwemodecrepsed wiilorspst wamimersasadl. bSenaeste viaayer s

in th col : q.cati di . Mo ,
bocause. A HirelE il Vi RN HE RGefl r RS Kot R b 568 Saso
data was andtviazdeevére Iher,ihadforEpeatdpireRisbial naRR coOAs NLaRY seleBBr frtnststbisch a

plate line hiajgh an&i sequentially read each bit
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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connected to a plate line by turning on each unit transistor. Besides being
conplicated, there was the danger of cross tal k and di sturbance occurring
during the readout because voltages on common electrodes in a |ayer could
coupl e through the capacitors to the plate 30 |ines connecting the
different |layers. 22 Each |ayer of OI-FeRAM nenory can be fabricated using
only three nasks. EUV |ithography is used having an estimated cost of

| f
$40 per mask sEagh pyer ob@EkFe memery sandg| fabrigitedawsing hiysthest H9R@0 Ifo t he

$5000 pri y | St ' e t dom nant cost adder, |If an
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the esti nayed vemdd add ah lestitbicd $1920 aAERS50V0 GRiced pecwifer. THis IsNEkEIPHY
density i ncreases by a factor of 16. This results in a cost per bit that

is ten tithedomangt coftadder. II pn additiona) $408Qistadded for othier pesransing aund testing | i s

t he siqml ' I.n i e 1, having only a
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ei t her wintieagesty a factdi ofy1 G oThie r@ulte in £idse péribiethene Mrstimeslowedas 4 .3 he
cell for steering current. The idea of a sinple cross-bar of ferroelectric
capaci t or'§°HeY W& in the early days of FeRAM but was abandoned
because of dis DERM of; , ci.ell o et,.al,.

supra. Di sturb%;lggg occur e c\%ﬁg{; é%ee%m %ﬁgﬁp i°Q 'tsg\aﬁJ ?tpragFiIﬂ%tgogﬁ"lHl wor d
lines f orFigureds biavigg anly asimgleoiapacitoBipet tell. CokrémgRes Bypdre throagy eid @t |y 15
appli unsel ect eda&i%gaci tors, thereby causing an unsel ected cell to

d
pass @hr %é% e G ot 20 B OtFE FIrcyE cleraehis 3ye Agadednintheuedl for and
| ose pol afidetikicBfent] R iddd tﬁiﬂhﬁ I@&&%&%ﬁ?&?&l&&%&&&?ﬂfa? x)gﬁjejar in

ferroelectric materials that have better ysteresis 1 oop squa Ss.” M L&M
writing ithe sadpdpys ehEcRAM, Du atas -abehdomed detmise off distwbiade Balek. t$e, forel d i s

provided by the bit Line and half _fromthe word J]ine. Half-selected 20
cell's do eﬁ%{np[%s leﬁvleé(;&’/i &y F‘H’WREJ\W éﬁiﬁé)cﬁ‘é{gwg‘?q EOIW&F%H%?QJIWQQ@ biter y
square hjuss @h@wodd liaePfor 208RLAET 63 Jodnt! THHART VbR RRNCES irlafvdrRenkiy ¢

the nunmber of cells that are disturbed and rewite a cel’l each tine"the
cel | 1Ps d@pplief arsess unselpgted cqnasitorsbenghy sausing amahselgntdd celittd passrthrough a

Fead. o5 tandy Palarizatin idds” o iy B 207 B FEER P TroSderabnandione
read dat greblem, cdn bangdudeny us@ Ingwbiéd SoroehRic hitertalaiRAtChavk bikehi har a

et al., "A Quasi-Mutrix Ferroelectric )
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 FeRAM 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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Menory for Future Silicon Storage,” |EEE Journal of Solid-State Circuits,
vol. 37, p. 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 num nunber of disturbance pulses is limted to the
nunber 23 gf ljel | s connected toge@ger when the starting cell is_always the
same, or P& P Fenngeted togathsn:whepi the Sarting grtbes abyays ghesamedot i limitathdn t he
starting Geht tivive tREOEADE 0P cOtlBichRSHEW el ' r f
data). Figure 3 shows a crogs se&ionil hS?g'v% 0 lgﬁc%}&g%%ﬁgdé)?ﬁ@-%%ﬁaﬁﬁgRAM
menory 5a@@6s wmagqurtituly byt efdatg)r esent i nvention, as viewed along |line B-B,
which is shown_in igure 4. Specifically, Figure 3 is a_craqss sectional
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secti onal 390 @¥eRding 6T Bfebert- iRv&iliohe BAView N Db, iR\ RP i ne
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300 showi higuted.aBperifadally] Bigerd 3 isescrodOsevtional wicd06hdwiog demils af el o6y of
menory cells ?C{fFL tha%[.. are e@g? fornmed froma. single capacjitor _and that are
arranged TGV &Tt68- | Figlred SROWS R Lo testPRAl YigWhedr exemplerya3-D fInksRAM ce. -
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detection sensitivity. As best viewed in Figure 3, each nenory tree

i ncl udes dN¢BeY e ™ (Netall memory eells3dl amedndicated domsimplification efohiguussidve
material ,,such as 20 copper, and a plurality of "branch" portions 306 that
are also forrmed froma conductive nmaterial, such as copper. Each branch
portion 306 foFws néeniary @ee0302aen0 3926 6. shoMalid Figueed.| Meontbly #fe8s 307aAded

al onglsé)r% es 306. As %gown in Figure 3, the trunk portion 305 is a
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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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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 |ine 307
connects to a row of menory cells 301, thereby form ng a 3-D cross-point
array. Cross-point access to a particular nmenory 30 cell 301 is through a
trunk portion 305 and, branch pqrtion 306 and a plate-1jne 307 24
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line dri RS aeQQcessdilS, plate lines 307 are nade slightly offset at each
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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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of trees, but these partial trees do not adversely affect operation of
menory 300 with proper design of the | ower non-repeated | ayers.
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
forma 2-D array and are addressed by a plurality 30 of cell layer lines
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tree . stryctures.th re npot,. sho i.n.Figure 8. t.ho on four, | ayers

are 23 s RW‘WSS%QSZC@, g“éfhslpg‘ﬁé\&] f%“‘fea%’e?l? %é“éﬁgh‘é’&n{ &%&rst without

structur %h&%giﬁ% i ¥ d6f tR3RVerdd 45 PAR as idiRory Q115 B011i8P Blurdilty dff €€.

Menmory 800 differs Trommenory 300, shown'in Figufes 3 and 4, by not having

a gain tlayenspest emnneged by ewidugtingepathy Carisequistlpcedchriresestaichire 80§, caand by

not havi fidy. 3SRALA!E phgitle Sishel” plafe lihdi¥D7 A 58 o TRIRY teriR% bilitdes an
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 6vera]l 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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25 used for accessing a particular nmenory cell 801 through an access
transistor 811 and a bit |ine 813 for both reading and witing operations.
Figure 5 depicts an overall chip | ayout 500 of exenplary nenory 300. A

| arge nunber of trees, for exanple as many as 1024, are lined up to forma
tree row 501. A pIuraIity of tree rows 501 are arranged in a tree array

portion 5 out 500, .An 30 ar 503 of i e driver
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read phase 601 and a wite-back phase 602. A V/3 disturbance se uence and

a sequentP&MoRceel ?O%Ecﬂfeﬂ?r& OTnFeRAM: msmozy S00sgwom FigyentSng
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| Stur banggs d;ttﬁlaémspal eﬂ?ﬁl gmttd;ghtsﬁgg%%@ﬁ sﬁﬁﬁte.lbacg }Jhséed gbhne

(
such as ne 3 2 ure I gure urnéﬁ on at
603 causidigugnano i&qeenoeundcarsquantlﬁ] apeesrsedpience imesacRir)are ﬁstdtfoﬁﬁrevémtngl i ne
313a,, at 04 At 6 columm select line (CC 1), such as cell colum
seled® | bgpegsrelat %d?‘iﬁ'ﬁ 8% on. At 605, a voltage V is applied to one of

the cell | ayerDﬁﬁ,[l%:&aaghéﬁréﬂlgﬁ' réa'ileluﬁ| RIS, dukh &s fHaki \ifle P (P{%ﬁpﬁ %ns%t W at he

plate lines (PLI such as plate line "307b, to wite
cel | s in infkégure éelsrtmedonraééﬂ?edamsmgtmf’fqgt eureenk tmﬂow(oﬁrtat limo(BIL), swchRisl |

It gs\gfggeﬁ# lht?e \?\L_’:%E gté %to%s ' cah ﬁté h9C e%ec}j li gé@h,' élrlchcaeslq ﬁg‘iﬂlﬂﬂ'ﬂﬂ sélect ©
transi st die 11962)s tumed 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 I, i.e,
towards the lower right comer 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 60%a, 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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(indicated at 607) nust be off to prevent the other plate lines in the
sel ected |l ayer, such as 25 PL12, fromgoing high to voltage V. Plate |ines
PLX2 in colum 2, in which "X" indicates any |ayer, are also floating, as
shown at 608. Wen sel ected nmenory cell 301b contains a "0", a small anount
of charge is placed on the nenory tree (MI) 302b at 609a, causing the
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0 990 5 B o i BRI Ml bR e
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
similarty. 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
307b 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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bringing all of the nenory trees 302 in atree rowto V/3, as shown at 711.
Afterward, all plate lines 307 are brought to 2V/ 3, shown at 712a, 712b
and 712c. At 713b, the nenory 25 trees 3 02 in the tree row are then
brought to either V when nenory cell 3 01 b contained a "I", or left at
V/'3 when nmenory cell 301b contained a "0" at 713a. At 714, the plate line

307b is pulsed,to 0. Even though plate lines PLX2s are floating during the
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line voltage (BL) for both the read and wite operations. menory
tree arr aiibiereadand woterapgrations.l s per branch, 16 layers and with 1024
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occur in cfth r tree rows that are not being accessed. 15 T_herpg;rf_or mance
char act erf'&ifRageessis e def, a/segbentialacesss apgratiam, or 125 whep fiscttarting plate nnisct s
(i.e., tr ORipd. i;%% e |
ferroelectric apac%o?{ﬂ%c g?ggélggﬁi‘og%goﬁ@ Yrkﬁjﬂ%ehaﬂngb\gﬁﬂ?a tsaﬂ%lrl%t. For
thi s exarhgling accbssed.t hi ckness of the ferroelectric capacitor is s = 13 nm
pol ari.zati on RP.,= 20 _C/c di el e(():ft = 200. e vol tage

di f f étsencga on.—pﬁepﬁg‘?%}agg‘é FE%QBISPMn ' geg‘é’%g gééa‘%‘ g‘?f\ﬁé‘iﬁméﬁéTgaﬁ%?EP%for .
o 1SS gt e 08 . N, gl R 0L 1
nmv/ decadderrpelpetic capaciot sudhr asslisdlesed by Je Kijime et alnduptaa nider this exmplpathe
transi st Rhickness of the ferroelectric capacitor is s= 13 nm, polarization P =20 pC/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/Neg, 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 = Msgg 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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changes by a factor of six. Thus, the signal output fromthe gain
transistor is large enough to be easily detectable. 25 The speed of nenory
300 is deternmined by plate Iine capacitance rather than ferroelectric
switching tinme. For exanple, the switching tinme of perovskites materials is
much less than 1 ns. The capacitance of the plate line will be dom nated by
the large, ,dielectric,constant and capacitance of the ferroelectric
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area of each capacitor (I ngrﬁlr?\g ec]gg e f%a?t{s:@&IS?Jlt?éfgth%ae:g%gﬁ?o ﬁ‘ate ﬁP
taken to bapatitancerwilh be S0 dF aifil thel rmaxifi®dh curfeanddiisity istakén tol e 10Ter/suf b Ng

voltage ig 29 t.aken to be 0.5 V, thﬂ1 the, effectiye switching capacitance
of each c&ﬁd&f"f‘ﬂ’f’mb\ﬂ”l'mrﬁetho f22 Il am\wisg yeldobrodt wp. Thupatbe dewrate-

capaci4 or Gmuwd i . [ Pl | @a@? L& AL ; MIf

t he maxi mj% cu??gbn{lﬁﬂgﬁésafl{nsqi& g%tql akelgk'%ﬂétr)lg% E) %ktﬁﬂtg ﬁsegr%llﬁ{hh%%niag? Mum

current tHhewghstgagowker all ofthe capacitorsishiitche 24 pA. Tbus, the slewrate 5

limted plate line rise ti is Cvil =1,ns when half of the capacitors

switch and 2 nthel ﬁeSI?tWéty\/\Bfgf’p%eésg“ﬁ?\é‘ﬁ the | nagpsalf, increases (dies tas wntekface The

resi sti vidoitt@ings @ORRE ristiRFydt thlka &%Qm%ﬂ.nmg%{ﬁﬁ&aﬂé&}ﬂm 0% ¢ hace
D=

scattering, so the resistivity is taken as -p = Q@ cm e resistance of
a 22 x 1icopper waephekdor @ length of22 wm. aThe R§t timefcofgantan 0. 2Mine sREead arel

const@nt | . read d 10 ite tjmes will be dom nated, by the
pl at el?)lni n‘gﬁgﬁgéfﬂneggmﬁgﬁ%?}fg}éﬁ 1r11!‘8 .rpi\gt%fﬁlgf §ifnwt@f;ﬁ Wb‘?n CanagUors ate Syt PhEm ti me
to read &Thpsythe enthiniubhYinte w©freddied PartiGular Byitd bf @atd RNORKe 16iRRr % %ns‘_{‘_ﬁ)_hféﬁ IS

an access tinme that is about | mllion tines faster than a HDD. 'S

esti mat e 1AA8ACCEs dipe that is abeuidl wilier times| fasterethen s HDDys (Thimegimasaralsson t o
t he pl at | ' ' L 0g : timng, di,agr f Figure 7,
there ar :as%dlmg%ppllgf glﬁt Fén%e savl\nlﬁﬁ%@;{ hllalt faégb% ES ARt tcoh#hfs?gp I%%] f‘ﬂe Jﬁgttgni'oo W
of capaciRefertiny tarthe timing dingtantl of Figuré @ therelare Twofplate dRRCIVWIARE Bat GhideNg A
full read/wr'hie f}éiﬁlrne' In _Figqure 1, the mininumread access tinme is taken
to bd 5 FEIGHEmE: et HLAOMY (of eamasitange)rand o thatodes agtidmithy 17 fifeof

read/ Wi te@paciidfided dutiflE aifll ARt Q18" Plgdle1 | tho fni P.Qm% JoDLss FirteBisOf
data. Thi spmaansegt hat ?he data ra % is g /!5’ Lb%?“@ne rr%g aacgésggmko%n‘sa chip
that may takendodeet ag andhayminimam swviite time t bel0 n20 Chnseqavsly, hhe heat/ it a
Lai o PRyl iR 1558501 3nc Pk e TR0 T s ToP ¥ K5 3F " TRl s st 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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dom nated by plate line swings, particularly during the wite cycle in
which all plate lines mnust 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 PL I | (Figures 6 and 7) could be kept 25 at V/2

t hroughout the read/wite cycle resulting in even better power efficiency

because onl.y the, acti,ve plate |i,ne a the, memgry trees woul d need to be
char ged. g%géﬁuﬁg{ﬁ‘f @wzaﬂng%y_g{@r ﬁ?‘dhgltafenlg?ft S‘alingtagﬁ GRYVI5Fe Wes %LHJCPTEe v/ 2
i nstead Ofequiréd t6*eH@rand oS! FORFEHHsSinCOML vl GPcdfesh GG S PYWURI HOGR/s,

ferroelectric material having a lower dielectric constant.” 30 Even wth
t he ti m nghisivompaies faomhly tora HiWewhick gan suppbnd data rate wli 200 MBve rwitthabout any

ot her type, qf nor i st i jgure 1. For examml.e,.assuymng 64 plate
li nes and?%gl Sgﬁ‘?‘?ﬁyl}buf’@q%@&?’ﬁ@b‘? gr ﬂmﬁer Odniliiontimgs MoTe eRerE% nor y
tree M Ngfficiinbthad a©®D. required to read and wite 1024 bits in 15 ns,

whi ch corresponds to 35 JAWfor 8 GB/s. This conpares favorably to a HDD,
whi ch can suppncostrdsitte thegroavey requi@myBisSondhe ipresbutiinventionythe fcupemtatensifhus,

OT- FeRAM goul d b f i, | 12 ' 5 i Ci
than o rooroe BoaBR b s Ramss 30" Riom S deat e peoser vohiie s £ ' °
i nventi Onwhﬂél(forctbhﬂiﬂpl thiéedifiichy deﬁgémggu%nrms@ldm &8 mbta! b& ab@umMlled] A/ M2

to heat up a nanoscale volune to while for reading, the current
density ilaviRg Bagresshsgetion Hifs! hnmunt L nmp they quipkv requireménts iangy 12 1e¥.osEhe

secti of ' s ] he rrent, requirements . are 12 gA.  The.10

vol ta@ a‘({:(f'lgl éa{‘}ﬁgs %Fgﬁoéleang p%ﬁsgscgjgg%%ﬁedlels 't %~§%’28%HF POVET\f188 ;I;Pﬂés power

di ssi patiBuWs BddaugVit tdkes atRastiS0 isak &Fital the a@sintdT dhsrdyOredhirdfor tdhgnmanount
of energy.required for OUM faor a one bit wite is | pJ. For nulti-bit OUM

mul ti pl e fotilaseRe Bywits iselgpl-r &Qr manltihib GBYh andtinle evisss anay pergequitadgto
accordin M%an r F&%@,ﬁﬁ | & | Oyt .ener gy
ef fici em%rt an ?ﬁ%ﬂ?@hwg@xam eﬂlii%kfllﬁntﬁse?' t’lﬁ]glg’SOE ?erroe etclz I
menory acZi®0dinmes maoretchergp efftdeatt thamvien OUM i diis exaaipdat i al |y repl ace FLASH
menor,y for soljd-stat torage. Mreover, a cpost analysis estinmate
suggests t hat + 3* r | r t t
. e‘§_ nat T 1508 %&@?E& | ETRATH rAPCadingy & r{Be tREeSeRb IpYsabieR can
| nvent | Ofbotéraidligl 16Mal PEASH dhiofy bt &iliaditink Qtd: el Diforbdl el N2 cbitdtafsisThe
very high performance of ferroel’ectric menory of the invention rel"ative to
HDI ) s coufstimatessuggestsithatithe 3482 ferensdectnic mef®ry acapediagvarths prese@HANEtiON
comput er Y&t &% 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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VWhil e the invention has been described with respect to specific exanples

I ncl udi ng presently preferred nodes of carrying out the invention, those
skilled in the art w | appreciate that there are numerous variations and
pernutations of the above described systens and techni ques that fall
within the spirit and scope of the invention as 25 set forth in the
appended ains., 31 Wiat is clained is: 1 1. A nenory device, conprising: 2
a plural iwaéfsﬂﬂm‘fqﬁ'es formed on a substrate and arranged substantially

ina B first pl aneAe;ﬂ@}ngps,t&Q%ngmwgﬁ{gant tally in a first direction; 4 a
plurality of layers, each’layer having an array of ferroelectric capacitor
5 mendry cells; 6 aapluldy of bit bihes foraed onm asubstrats, andtartaegat substantialbein a

structure;corresponding.to .7 e Dbit.line, .each tree structure having a
trunk 3por’?ﬁsgﬁla5‘?1§’d;e"&r&"¥ ?‘{bﬁtaﬂgﬁg’rlgﬁgﬁﬁp‘gﬁcp%& 8 each branch portion of
a treg structure cof pﬁ@;ﬂﬁ?@m@e}s@ efctl RYS havifanh aHEY oP Hrtdeht X chAchor O

tree structure extending fromthe subsirate, and each branch portion of a
tree Struvempw cellg ext ending fromthe trunk portion of the tree structure

in a layer corresponding.tocthe 11 bran ortion; and 12 a plurality of
plateines arr ange%lpil ggﬁcﬂﬁ Yeg S EpCtuLcs, ﬁﬂéggtpoé?t ﬁr?ﬁesﬁﬁg'frﬁlciofrﬁgl%ﬂ“dm@t%l ate
| i nes 70vasabiRbRiling, dadR thee sfiGdtuRHabvingrh WinkaRsion iRba plurlity OF Bradish §BMiong, 1 N
the 14 corresponding layer at a plurality of intersection regions, a

f er r o8l ecideh brangh pertiopof aftrpefityptuge easrasponsiingtol mlazete thestrundaparhipmoteandet i on

; \ . . . Laim 1 vhor el k
tr ok dporfetlbfibe chefaipg HorTRHD Sobsfit, 5 BRI phBol' & {rds Wi,
vi al ,10ancxandingafidbmothe tiink portion fof ahe treortrattureid 8asfer Wderesidhdng/icdthel 3.

The rﬁrmr device according to claiml, wherein the trunk portion of at 2
| east''on PO re includes a plurality of vias that are in line with

eachjether. 1 4. T lﬁﬁﬁgr p‘ﬁ i Ak ' | ' C
respective 2 plur gﬁ ty fé(f g%ééﬁ%f nes |§H;§hrcgga ed’atﬂ':aﬁil gl“ﬁ%%ﬁ%ﬁﬁﬁh%t S
substlant ipdate ylinper grenldppiog athet branch podianeof icach ttiee knamak @aetding inf theach
\tN:]:? élﬁar ,tjcﬁtgléegﬂ%aﬁfgﬁe dgrt ia%rf"g 'p&qlgl?tyngﬁrrl%rsg&\{olnc ?egellgl?s?ra{j Ifggoélgctxglclz aclag]ac]iior

15 memory cell being located at each intersection region in a layer.

1 2. The memory device according to claim 1, wherein the trunk portion of at
2 least one tree structure includes a plurality of vias, and at least one via is offset from at

least one other via.

1 3. The memory device according to claim 1, wherein the trunk portion of at
2 least one tree structure includes a plurality of vias that are in line with each other.

1 4. The memory device according to claim 1, wherein each respective
2 plurality of plate lines is arranged in a direction that is substantially perpendicular to a

direction the branch portion of each tree structure extends.

5. The memory device according to claim 1, wherein the branch portions of

2 each tree structure extend substantially in a direction that is parallel to the first direction.
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2 each tree structure extend substantialty in a direction that is parallel
to the first direction. 32 LI 1 6. The nenory device according to claim1,
wherein the plurality of tree 2 structures is arranged in at |east one row
of tree structures. 1 7. The nmenory device according to claim1, further
conprising: 2 a plurality of cell layer lines extending substantially in

t he fi{st dire(6‘tion' 3 a pl uréillty of cell colum lines extending in a
direct!on that® s sdB&fasmeny| deviceaceprding t Flaimlo wheseini the tplerelityc of enee and
over | appi I | ' a 5 plurality of second
I nt ersectigtg'héulrﬂ‘gsgiﬁcia#sa;aééa‘?n%lll agieggtg%dﬁrrgﬁﬁ?&eékﬁgﬁq%@% line driver transistors
arranged in a two-dinensional 7 array, each respective plate line driver
transilstor cor respondi to and beig%1 | ocated at. a 8 respective second

n .
i ntersection région, _wgmg_rx;gwﬂ%ecqcp Ingetor F’o]r’mf’éé?m@ﬁm_éach plate 9
line and the plate hpifaidy oF il ﬁ?@ﬁlﬁé?@%h&ﬂég%%ﬁg@% H the!ArdSiredibh;, e

menory device according to claim 7, wherein I ne driver
transilstor has a conphmality ef et ablumaniine exteadimigrina disdction ohasi® shbseitial

correspondi ng i 0, eac l.ate,.line drjver., 4,transistor is coupled to the
cont rcsz)‘lo t%ﬁ#‘r%ﬁul%f otlh‘g flﬁté{lrgcyqq@m{jpyv@pp{rﬁg & phyrality of epll lnyer Lpgsatya
devi c& acsiofality\f seforfd intefeétio dk@ach plate line driver 2 transistor
has a control termnal, and erein a cell layer line corresponding to

each ® ate |ine driaplualifiofplae ling driver tmpsistdrst araniged dont tval-dinesnsional  of

t he plsat g river..transistor. 1. 10.. The nmenory device gccording to

cl ai m71, Urt Ret rgécl}%ﬁtr“(esﬁlﬁge; ling @P_‘B’r gpgﬁlgpg,cg:fesa@gﬁ%tq . being ‘PF@EFdoﬂ{.at he
subst 8at eespextiensicond intersection @€dib®hind 3 doRAbction beRfoRREd BLiweRh SLAER ! ar
to the first direction and overlapping the bit lines at a 4 plurality of

second i ritneragd dhs plate ingidsiver caseesponsiingodhe platerlinect i on regi on corr espondi ng
to 5 a tree structure, each access line further corresponding to a tree
structure row, and 6 a plurality of access transistors, each respective

acces$ transi tor Thecnemenpdndiegcordiggth Hginn g, WaeRie dacd pldte’ B8R Vdrv e
secong [ ter.secf.‘i on r@g&)g@ir@gch 8 respective access transistor further

bei ng<el g@f‘f“?t@é 792 & t#den the tree structure 33

3 wherein a cell column line corresponding to each plate line driver

4  transistor is coupled to the control terminal of the plate line driver transistor.

9. The memory device according to claim 7, wherein each plate line driver
transistor has a control terminal, and _
wherein a cell layer line corresponding to each plate line drive transistor is

coupled to the control terminal of the plate line driver transistor.

a0 LN

10.  The memory device according to claim 1, further comprising:
a plurality of access lines formed on the substrate, extending in a direction
that is substantially 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
a plurality of access transistors, each respective access transistor

corresponding to and being located at a respective second intersection region, each

e B LY, T T S N S

respective access transistor further being electrically disposed between the tree structure
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9 and the bit line corresponding to the second intersection region, each
respective access 10 transistor having a control term nal and further
bei ng coupled to the access line 11 corresponding to the second
intersection region. 1 11. The nenory device according to claim10, wherein
each access lineis a 2 wite line and each access transistor is a wite

transigto t . A further.c rising.. 4 a plurality of read

t ransisgt o{néd ?ﬁa‘??%{ﬁ% %e)lé%ﬁ?ggﬁme]é? ? iﬂEeaﬁcgma ?@%ﬁ%{?nﬂgg\%e?ﬁc TeEPECHYG A4S ct ur e
and the biransistore hawing & ROAEDN Geriindl Nend TBRhE! baIES Wkl & RhérRbidYipd read
lines formed on the substrate, extending in a difection 7 that Is

subst Hnt i edrreppondingiedhe sacand infersertioniregion.di r ect i on and overl appi ng the bit
lines at a 8 plurality of third intersection regions, each third

i ntersection region corresponding to a 9 tree structure, each read |ine

furthdr correspondi Tig: inemry dedcs hédoedibp €o R 180 WhdRif eIhdcbist linedis 4 ead
transistors, each respective read transistor |11 corresponding to and being

| ocat &d apTiie Iimeand epch qecess tragsistor &y  WEitS t&ansistai on, each 12 respective read
transirst or furt her ' o I ' ed between the tree structure
SERELSELEL SRl edhotgs

13 and the bit line corre i%'d intersection regi on, each

respedtive read 14a plusalisy of mad hausin@rethandt kadth él@dfﬂ‘ii:aﬂgl dispshed BebRRE abei N
coupl Sd to the read | ne. .15 corresponding to the third intersection,
regi on. ITeEStruqiygee ?glt&é‘%‘é‘é@&eﬁ patqetrestrugtiell, further conprising a

plurality 2 of gai ' : ' r |.st ar, rr espondi to a
read transistor andipln))lei n@ b?%??‘é‘gggﬁd@%%?‘sm’gg‘tﬁ S{ﬁﬁé}a?ééfgt%rag}%ﬁnsq ggecg%& t he
tree Jtr ubatus substantiallp peghendjculer tohtherfiraiddireétivn and osértippingo®b bitdlinks at a

transipstor including .a control termnal that is coupled to the 5
corre por%ﬁ’rﬁﬁtyt%g@"gtlpﬁﬁsfﬁ?@ regions, eagh-third Ipferseelian regioneasrespording terai m 1,

furt o qpeRihufeach éahid Rithbodbleshitind 1A%cd FUERIL AR Substrate,
S

extending in a direction 3 that is s antially perpendi’cular to the
firstOdirection and onsraligppofigreade tansistirneseash aespéctiveur adatlt trambise@cond

I nt ersect| | ons, h.segond Jjnfersection region corresponding to 5 a
tree IZt r Séﬁgslpéﬁgiggcﬁ’ pﬁ@ﬁbeﬂq goﬁa?ﬁdt ﬁéra WP?%?SO{PH%nbm?rS"%“’Pr %@l% refehur e
row a2d hespegtivddread alansitor Giatey beingPblestrtally BRpsRabetwainsihgitde dthitturkS

el ect$| cal ly. di stgﬁsed bet ween each 7 corresponding tree structure and the

bit I ne2Bdrthe b has rgrresponding: toethesthindc intersectiam dregion, each respective read
14 transistor having a control terminal and further being coupled to the read line

15  corresponding to the third intersection region.

12. The memory device according to claim 11, further comprising a plurality
of gain transistors, each gain transistor corresponding to a read transistor and being
disposed between the read transistor and the tree structure corresponding to the read

transistor, each gain transistor including a control terminal that is coupled to the

Lh B ) e

corresponding tree structure.

13. The memory device according to claim 1, further comprising;
a plurality of read lines formed on the substrate, extending in a direction
that is substantially perpendicular to the first direction and overlapping the bit lines at a

plurality of second intersection regions, each second intersection region corresponding to

h AW R =

a tree structure, each read line further corresponding to a tree structure row and being

34




8 a plurality of read transistors, each respéctive read transistor 9
corresponding to and being |located at a respective second intersection
region, each 10 respective read transistor further being electrically

di sposed between the tree structure 11 and the bit |line corresponding to
the second intersection region, each respective read 12 transistor having
a conty ol r.m.pal_and, furfher i ng coypled to the read line 13

corr esd_;’)o nt %%8011](} Pﬂ'ﬁ’q%deé% i f@é@ﬁ"@)ﬁlﬂ}t o %?ﬁt“‘iﬁlﬂ.glsﬂ?r‘@dn%ﬂﬁ??’ gach ce
accor di Ngedreespdrdin thed sthidfurd 8hd ¢ 'mrlin%'cﬂﬂ‘eﬁ)oﬁhihrg% 'lﬁé’tregséﬁfctlﬂg" and

transi stors, each gain transistor correspondingto a read trarsistor and
bei ng 8 3 di sposed bet phualityheofr agald t transistotsor eanhd telipectivee redd uahnsiQor
corresgpondi to.the re .4 trapsistor, each gain transistor including a
contr ?IO tée%rn[r%’lg%oaﬂ%"}% i‘f W@%&&Jﬁ%&p‘:ﬁo&& R SeSRSCRYs: g%%%‘e ndisrsehpR degiopy acly e

o1
15. AOTenespectiey k&, traRIERTI fatther bdn@ emcﬁfcay& t(ﬂsp‘agﬁcpbéwdeieﬂ?ﬁe fee gﬁ‘rﬂgﬁ{k a

substrate, arranged substantjially in a 3 first plane and extendi
substldnt i and| theibit” ling icemespendiagttp ghe sacandt intarsectivmreegiomnedch respectivéiastidng a

pl urahity, . ] ay ) ity ,of plate lines arranged in each |ayer of
t he ? ?r eeqagllg]rsr{é%siﬁ%vr?\rég a %Ogr{éﬁ{)??rfméﬂd a;}&)ai%ﬂgﬁrr Jermey c8‘|"1§j]t3 alPe 1§ rf@a‘ﬂrli%r
t randBst apsrefindig 1othd deeond Mitdrscetion Afpsbn. 8 arranged in a two- di mensi onal

array, each plate line driver transistor corresponding to a 9 plate |ine.
1 16. The nenory device according to claim15, further conprising: 2 a

plurakity of cggll | | t | 4 u ant i al in the first .
directi on; 3 aﬁbl ur’lg?éﬁlf/rhglig'e%egﬁé agggllﬁi %% ﬁ%i ér@gn E%M%nﬁmwsép%? PE’E?IF%n t hat
i's suBst aftgain trafisigerspeach guinatraisistéheortdspsidinl 166l tad BadisreirEBRingd t he
pl urality,of %glj%wl g%er lines at a 5 plurality of second intersection

regi ons; HRgS gl ihe: Eagelransistor angy e tregestgpotyre rcomeapidingoto the read
corregporpgh o] d i ; t S | ego ' rsection
regi on, and§lgm{(r:’of?lzﬁ:gcg%]glnﬁ%]esilsg(z]IJ ?%?&r@gg %8cg%%§e{eé§ﬁ}edg‘gﬁh§p[l gst gglfélgaqun t he

pl at e51 i werresponding drse stregtoredi ng to the plate line. 1 17. The nenory device

according to claim15, wherein each layer of the 2 three-dinensional
menory includes an array of nenory cells, and

1 15. A memory device, comprising:

2 a plurality of bit lines formed on a substrate, arranged substantially in a
3 first plane and extending substantially in a first direction;

4 a three-dimensional memory having a plurality of layers;

5 a plurality of plate lines arranged in each layer of the three-dimensional
6 memory; and

7 a plurality of plate line driver transistors formed on the substrate and
8 arranged in a two-dimensional array, each plate line driver transistor corresponding to a
9 plate line.

16.  The memory device according to claim 15, further comprising:
a plurality of cell layer lines extending substantially in the first direction;
a plurality of cell column lines extending in a direction that is substantial

perpendicular to the first direction and overlapping the plurality of cell layer lines at a

L R T I

plurality of second intersection regions; and
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3 wherein each nenory cell includes a ferroelectric capacitor. 1 18. A
nmet hod for reading and erasing a nenory device, the nenory device 2
including a plurality of bit lines formed on a substrate and arranged
substantially in a first 3 plane and extendi ng substantially in a first
direction, a plurality of layers, each layer 4 having an array of

ferroelectric capacitaqr mem)r‘y el Ig, gach | ayer being substantially 5
paral | Bl to the firSEOHFERECUVE RipiG, 4pg dpver tragsestors ormespandiag der ansgbeingnt o

at | eas! Ao aCREbectife IS tithiSbatioR RRidneSAANY Qnbdlidh Bbhvg! foifhcRN
having a trunk portion and a plurality of nbranc portions, egC ranch
porti of obetaveen eachsplateding asd therplae i dring doarespdnditgrto thdplaterliek 8 porti on
of each tree structure extending fromthe corresponding bit Iine, and each
branch 9 portion of a tree structure extending fromthe trunk portion of

the trpe strucyre iheanémd§" dé\@ceCQtECroﬁﬁH% rﬂﬁicrllﬂmt Ps! ?ﬁet@frﬂ@%h ﬁ’ag{g::i :ogghe and a

plurality of plate lines arranged I n eac ayer, 11 each resp

pl ur al3 t yths¢e-gimemsionalmeemorydnéiugesiangrtalyof lmeawe celts; andbn of each tree 12
structyre ext endi ng ihn t he correspangdin aé r at a.plurality of

i nt ersection regi ond "M PEIETIYECEL LRGRIEE E%IE? FfoTeel | bei ng

| ocated at each intersection region in a layer, 14 the nethod conpri sing
steps of: 15 allowing each tree structure in arowto electrically float
near a first 1% pr Adeededifoertadivgtandesrasing appingory gleaicse tenmemonddevdceri ned

bach & eoncflahe EpBRARS oPhE bfcs foleq o sl ol doRne S tiubobrdist
pot ent3 al plahaage eﬁwh&ﬁgmlﬁi&nﬁﬂllyginga ?Tr%teﬁgéﬁgo%hie 9%1152%‘}%%@{5}’ esdl lagr@f the
i

i ntersectjons of the se|lected p ) 21 Structures in the
row, 20 BAYRE Ay amy of;femeelenivie) sppacitph swmasy calls each dayer peingesubstantidiyur e i n

th s ' . i t 1.ned | { t

ot ecroq PFEidme HrstbIBRDL LAY B ek SRl MR NG Vit ShTobe etk he
menor b dewéecgnfcture erresponding| todebit lihe aandl havilgi ] yrufk poftidn Ay & plhdai8Sof
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9  portion of a tree structure extending from the trunk portion of the tree structure in a layer

10 corresponding to the branch portion; and a plurality of plate lines arranged in each layer,
11 each respective plurality of plate lines overlapping the branch portion of each tree
12 structure extending in the corresponding layer at a plurality of intersection regions, a

13 ferroelectric capacitor memory cell being located at each intersection region in a layer,

14 the method comprising steps of:

15 allowing each tree structure in a row to electrically float near a first
16  predetermined voltage;

17 applying a second predetermined voltage V to a selected plate line;

18 detecting a change in potential of each tree structure in the row:

19 determining whether each detected potential change corresponds to a 0 or

20 a1 for each memory cell at the intersections of the selected plate line and the tree

21  structures in the row;

22 applying the first predetermined voltage to every tree structure in the row;
23  and




6 plurality of second intersection regions; and 7 a plurality of plate line
driver transistors arranged in a two-di nensional 8 array, each respective
plate line driver transistor corresponding to and being located at a 9
respective second intersection region, and a connection being forned

bet ween each plate 10 line and the plate Iine driver corresponding to the
plate,line. 1 20. A nqtho for wwiting,dgta to a previously erased nenory
devi c&! the 2 menofRPlYBsithetirshpredetermingd yoltagsite the sslectsdmlate fise. f or med on a
substrate and arranged 3 substantially in a first plane and extending
substantially in a first direction, a plurality of 4 |ayers, each |ayer
havi ngl an array9.of The methosk secondiog paclaimr 1 8yemwrsin abé nsem@gcdevicdy Rirthep
being:fubstggtLally parallel to the first plane, a plurality of tree

structur e© F%inged into at 6 |east one row, each tree structure

corresponding 10 a Phfurdlif6f &IClaPeiRY cichditp SulRBinkibMlin the Y dheBlifral i L

of branch portions, each branch portion of ree s ure correspadndi ng
8 to & layer, the t# phialijpof colh columenlitestexeadsigrinat direetion tiemdi mgbstantial t he

correspondi ng ,bi 9 ]ine nd.each, branch. porti on of tree structure
ext endi nqgerrchlr‘?fctuif’é P r"{ﬁeh Erébdﬁlieftb‘?il gad Pﬁﬁpapﬁﬁ‘%t t&‘%é’?‘gf’]l“ﬂc‘taftﬁe@ Raperglinegyat a
COI’I’eﬁporﬂhﬁqtﬁﬁ'sk&ﬁldhh@fgébﬁﬁpfekidﬁg;,an('and a plurality of plate lines 11
arranged in each |ayer, each respective plurality of plate |lines

over | dppi ng the br ahphrality of glate dime glriven ttansisters artanged im @ twvoi-dinskinsignahn t he
corregpongdi.ng i . a ral it f .13 intersegction regions, a
ferr o?l g(%ﬁapte%gﬁg%)le?‘g‘rrc ?r@{?tt)iﬂy dcrg.fér %BEII g F%E%?P%‘Hﬁ% t(’e%fgﬁgeu_’t&?‘?‘ﬁ{e@raéé'ct i on
regi of i nespettiyeesecoddintdisectibh Repfor; ARB al conhebtivh MiedbrmdPbaRREY i flateo! t age
VI3t eggh tree structure in a row of tree structures; 17 applying a
vol ta@e e gnd theplats line driver qamesponding tovtheplateling. st r uct ures; 37 18 appl yi ng
a voltage V to a predeterm ned nunber of selected tree structures 19 in
the row of tree structures; 20 applying a voltage O to a selected plate
line hhere a @fta "A'methdd forewrifihgwdatd ten praviously agadedr Mbmes) AubE thef
sel ected nenory,.cells ﬁé.the intersgfé%on of the first 22 predeterm ned
nunbef of MTPYY devicscingluding s plyralitys tlngs fpmpcd pn gesubstratgmnd, amanged
vol t age Zibstartially k6 a St ARCand &&&dhdg'ﬁb i ARRhY i 2 Ryley the
pr edet er m ned nu%ber of?gelected tre 2% sgr cbﬁ#@%tgﬁaﬁﬁg’%%&#@ﬁyfﬁée
st ructtur dayers, each layer having an array of ferroelectric capacitor memory cells, each layer
5  being substantially parallel to the first plane, a plurality of tree structures arranged into at
6 least one row, each tree structure corresponding to a bit line and having a trunk portion
7  and a plurality of branch portions, each branch portion of a tree structure corresponding
8  to a layer, the trunk portion of each tree structure extending from the corresponding bit
9  line, and each branch portion of a tree structure extending from the trunk portion of the
10 tree structure in a layer corresponding to the branch portion, and a plurality of plate lines
11 arranged in each layer, each respective plurality of plate lines overlapping the branch
12 portion of each tree structure extending in the corresponding layer at a plurality of
13 intersection regions, a ferroelectric capacitor memory cell being located at each
14  intersection region in a layer,
15 the method comprising steps of:

16 applying a voltage V/3 to each tree structure in a row of tree structures;

17 applying a voltage 2V/3 to.each plate line in a row of tree structures;




26 applying a voltage O to each plate line in a row of tree structures; and
27 applying a voltage 0 to each tree structure in a row of tree structures.
1 21. The method according to claim 20, wherein the nmenory device further

2 includes: 3 a plurality of cell layer |ines extending substantially in
the first direction; 4 a pIuraIity of cell colum lines extending in a
direcigon that is SH t.anti aH per pendi cul,.ar, to the first direction and
over| appi ng the pl uraﬁmavfo tﬁ%‘fytf’&}’é? qteraacdsumber of prlegted treg stodcteres ond

i nt er Bect inahe F@gopRee stafeflrds;a2 pl urality of plate line driver transistors
arranged in a two-di nensional 8 array, each respective plate line driver

transt*stor corres pofmﬂl}‘lggtaovdmedéltm@ Sederstde platet hac vehefe apdatd ve veigcpnd
I nt erge ne ei n for etween each plate 10
| e Znd i fbrBeec el PR, s BRjsd TorHeryicols et iiecsee o of thesirst A

met h@2 fpoedeterarinedchunitgr efaee ABIcBurBPATRY the 9Q¥EELplatieENOry device 2
incluyding a plurality of bit lines formed on a substfate and arranged

subst@ntially in a 3iphdeg a yoltnge? Amelthexelenwd plpts libst anti al |y in a first
di reeli on, a three- i,0 Vi n luraJity_ of l|layers and a
pl UI’%F.I ty of tree sﬁbyﬁreg@bﬁcgé‘ i@/gﬁe W&%ﬂﬁ&ﬂ&lﬂﬁr Ty ‘Frt9 §lectsd rfegepr y

cel | §5ancktmhmrdsnedlesbwmtwee&uae}d§g arranged in at | east one row, each tree

6 strHcture having a trunk portion and at |east one branch portion, each
branéfl portion of PPling a¥oltageGde gach platerlinginnadowgf tree striciyres; andnd each

brangh por i on of aphiify 2SN YIE calh C8 SAUATIL AL SR L e por T on of

the tree structure ayer correspon %ion, a
plurality of plate lines arranged in each | ayer of the three-dinmensional 38

10 nepory, ea?ﬁ re ectr pl ur&{nlty of, plate lines overl apping the branch
portion of each’ r'B% 8‘[’ AGearging gl @ﬁugﬁgwhﬁetm@ecmﬂmegpdﬂ'dcm@uﬁlmyer at
a pl upal iidchydek: |ntersect|on regions, a 12 nenory cell being | ocated at
each intersection region in a layer, and a plurality of plate 13 line
drive? transistors af Wy adieeli hereshwerxadndu'gmibaﬁmmiﬂged the¥irdt direction;

t wo- dj nensi onal arra | ate | ine driver transistor corresponding
to a ‘t)l ate |ine, lif‘hfa‘ %fe?ffﬁ?ﬁ g’l’r‘ﬂﬁ’ﬁﬁ%ﬁ“‘é‘i@ﬂ%‘% dirggtion th@‘véﬁﬁgbmrglt ree
strucf ur peﬂandichil@Mtd Oedirecditdctioh lavd [dveasp ppiAth aglmar@o{ %Jlg ﬁ’*{ggf ?J? jed

vol t age; ]18 applying_a second predeterm age pl ate
li ne: lity of second intersection regions; and

7 a plurality of plate line driver transistors arranged in a two-dimensional
8  array, each respective plate line driver transistor corresponding to and being located at a
9  respective second intersection region, and a connection being formed between each plate

10 line and the plate line driver corresponding to the plate line.

22, A method for reading and erasing a memory device, the memory device
including a plurality of bit lines formed on 2 substrate and arranged substantially in a first
plane and extending substantially in a first direction, a three-dimensional memory having
a plurality of layers and a plurality of tree structures, each layer having a plurality of
memory cells and the tree structures being arranged in at least one row, each tree
structure having a trunk portion and at least one branch portion, each branch portion of a
tree structure corresponding to a layer, and each branch portion of a tree structure
extending from the trunk portion of the tree structure in a layer corresponding to the
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branch portion, a plurality of plate lines arranged in each layer of the three-dimensional




19 detecting a change in potential of each tree structure in the row, 20
determ ni ng whet her each detected potential change corresponds to a 0 or

21 a 1 for each nenory cell at the intersections of the selected plate |ine
and the tree 22 structures in the row, 23 applying the first predeterm ned
voltage to every tree structure in the row, 24 and 25 applying the first
pr edeter ningefdry GatR : ' : e nory devi ce
according to glai m g%?é%vgpﬁeﬁggf&f}@g%?h%%gw% }riglﬂ%?’%gﬂ}l P‘gs%gn of cach

f er r ol ectreq grusiure eytendibg in theorrespoadingrayey ade phasliged GiitelisBetidroreglonk | 22,

furt C rising .2 rality. of cell layer |ines extendin

subs Plz?r’u i@??‘?‘fﬁeq?%eé% f@g{eﬂcﬁ?ﬁ’@f&{ﬁngﬁﬁ?wﬁeﬂ g2 &ﬁYGfaé!nFitayplealglé of plaét urm

| i nesl3extigddiigr ithindisrs k@ dntthebul tahbead i I F o the
first direction and overl appi ng theuﬁpﬁﬁgﬁﬁt%#@%g}?tﬁgydglr%@ﬁ%l‘%%sl a6 .
pl ur di t yeagh plate ineidriver tardstor erespaidamsto agplate Tineach respective plate |ine

drivegl transistor CRL LESR ncdi n .qto gﬁ}r{:jd E_ei ng 8 |located at a respective
second intersection ?Ierﬁlﬁg COHRESRESERSEEt i on being formed 9 between each

pl atdé6l i ne and the Aloalige lehdle Qe | HRELUFO LT @S ' | ] 39 1
25, A_nmethod for witi nlgg data to a prugé\zil%?s%ﬁg&r)g%ﬁ%%%?%@é%c%?ﬁ%e 2
mem)rlg dﬁ?%wmmﬁ}gﬁ;a plurality of bit lines formed on a substrate and
arranged 3 substanti.alk In.a, finst plane and.extendi ng, substantially in a
fir s?gdi rection, a%h@é@a 5?%8Pdrrgr g?%ﬁﬁ‘lne‘ﬂg?% ‘ﬁER/‘i‘ ?FSW:E qal’lﬂ“;lmeéy of layers
and a9plurality of deteefingh chatigeieBoteRitddf cheh PetrubRYL Rha @l ur al ity of
nmenory cells and the tree structures being arranged in at |east 6 one row,
each 2§r ee struct ur SelEpImpg Hhﬁﬂ’%%cb(ﬂﬁqctﬁg mﬁa? chasge cowespobds e Opar t i on,
eacha17 by ' f r.ee . re rre di,n o a _lagyer, and
each2l])ralr%cfllqggre ??{O%deg#brg ceg %rtgg 1@%{55@{0&; eOfgtj(% esﬁgegﬁa ?lfl@nﬁ?"hémilr #CBor ti on
of tR2 t stractgtesurctherrewin a | ayer 9 corresponding to the branch portion, a
plurglity of plate lines arranged in each |ayer of the 10 three-di nmensional
menofy, each respelPPYREdhe fintipredetsrmined vieltpgelocevemetrengipicaye imtheosach 11
portpen ghdeach tree structure extending in the corresponding |ayer at a
plurality of 12 intersection regions, a nenory cell being |ocated at each
i nt e?¥ection regi ompplying thefiest predetermined voltage to the selected plate line.

1 23.  The memory device according to claim 22, wherein at least one memory

2 cellis a ferroelectric memory cell.

24.  The memory device according to claim 22, further comprising:
a plurality of cell layer lines extending substantially in the first direction;
and
a plurality of cell column lines extending in a direction that is substantial
perpendicular to the first direction and overlapping the plurality of cell layer lines at a
plurality of second intersection regions; and
each respective plate line driver transistor corresponding to and being

located at a respective second intersection region, and a connection being formed
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between each plate line and the plate line driver corresponding to the plate line.

39




13 and a plurality of plate line driver transistors formed on the substrate
and arranged in a 14 two-dinmensional array, each plate line driver
transistor corresponding to a plate line, 15 the nethod conprising steps
of: 16 applying a voltage V/3 to each tree structure in a row of tree
structures; 17 applying a voltage 2V/3 to eac? pl atedl hzﬁb;p afrg\(/avI ce)l‘:t;(rjee
s; 18 | Wi Vet r erm ne X
tSF regcgﬂﬁct uregﬁpEQ)&i Eﬁ%}ﬁ)g f;H(l)rw 0 %/rd%% f’sa)t?d]g Nk e%e%\ﬁl_b?’wrﬁg_g%l‘”%ltbﬁge 0
to a sel eBeBwrpldaviee [ineiudinger pluzalitptod Bif Tined Fdrmea onzi_s’%ét}ét@'}nﬂnar?an]ged

det ' er o el ected nenory cells at the intersection of the
First 2o BRGaBUITH ackesl g ey e:et?rti%nw:-:mm s el adhpkate
line: @3 é . |
o a0 B Ay S5 BN Sy LAY
oo ¢ olﬂyqfr}@émgtarpiura!nﬂyeggngl?agppél?slqng ﬂaez,-1h‘\é/)éof ta egsob?ggeac h@td?%:dt é%ar@ﬁclt Erg
feo t ctures; a 7_appl yi ng € .
ir ﬁwao ° owrogg r? I?\’I’égactshtu‘ir c%lrcg'g‘? h%:?%?‘ 'f%’h—f* H?étllﬂi’; ?“d()frg?@; i"g@: btﬁ::glrl mgl(;t!(Jml chrilo m122,
' qsdrti HRaB C&@rte .
\évr;.er _el_lgg arrié?rﬁoc?y de'\slringg ac_ccs)?fg(i;tng to (S:]%Xglld?nl _@,J%gr f %}ér ec%l:ﬁrla?%]{ﬁ%&w? of 2
pl ur ali t yiress stEugtyre| gytending nfreme shee niink g psrtioat af1tthal thae ![sﬁ'u%th& fiht $tlayer
di i on, . lwrality.of cell .colum |.ines extending in a
o ) ooy YR SRS TSR b egond Pt an
over ll@ppithge-dirgerpionabmeiory feadtlespdc@ive plurdIif of gl%%ealrr} 8 0Bk ér#é %‘F%’ﬁ%}s co

€. C
intersection regions; and 7 each respective” pl Firne dri . tor
corr éiporPBftW@‘ Pl eagty iBe isyctus: kxtendingl intthe qoasg&mtimgﬁlagrlec?ﬂdl p]ggﬂgﬁgﬁ‘i |h gn
regi e, ' ' ned, 9 t.ween . eac ate, |1}

o 8t o 1 MR VRgohL, A B RloRP oI BURE docirel{ B oM erfon Tegion in'a fayer,
13 and a plurality of plate line driver transistors formed on the substrate and arranged in a

14 two-dimensional array, each plate line driver transistor corresponding to a plate line,

15 the method comprising steps of?

16 | applying a voltage V/3 to each tree structure in a row of tree structures;

17 applying a voltage 2V/3 to each plate line in a row of tree structures;

18 applying a voltage V to a predetermined number of selected tree structures

19 in the row of tree structures;

20 applying a voltage 0 to a selected plate line where a data “1” will be
21 written in a predetermined number of selected memory cells at the intersection of the first
22 predetermined number of tree structures and the selected plate line;

23 applying a voltage 2V/3 to the selected plate line;

24 ' applying a voltage V/3 to the predetermined number of selected tree
25  structures in the row of tree structures;

26 applying a voltage 0 to each plate line in a row of tree structures; and
27 ' applying a voltage 0 to each tree structure in a row of tree structures.
1 26.  The memory device according to claim 22, wherein at least one memory

2 cellis a ferroelectric memory cell.
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27.  The memory device according to claim 25, further comprising:

a plurality of cell layer lines extending substantially in the first direction:
and

a plurality of cell column lines extending in a direction that is substantial
perpendicular to the first direction and overlapping the plurality of ceil layer lines at a
plurality of second intersection regions; and

each respective plate line driver transistor corresponding to and being
located at a respective second intersection region, and a connection being formed

between each plate line and the plate line driver corresponding to the plate line.
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