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Background of the Invention The present invention relates, in geneﬂzﬂ»(?qq)g._q
reading data fromand restoring data in a data storage el enent, and nore
particularly, to reading data fromand restoring 10 data in a _
ferroelectric random access nenory (FERAM cell. The packing density and

t he power consunption of nonvolatile daté storage el enents ar &q98édrrng

i ncreasingly-inportant issues in | ow power appli ciat [ ons],c [ ncl,ludl ng portable
conput ers and personal [ cat | 5 Leal a ferroelectric :
nogeol atile daltoa st ora%%%%cﬁ? %%#e@”ﬁygﬁgi%ﬁi‘? R B\BI ari zation
retention for storing infornatiZmamd STORAMGECELEMEND as a bi- directional
pass gate, for accessing the capacitor. Wien a bi-directional pass gate,

e.g., a conplenentary netal 20 oxide sem conductor (CMOS) pass gate, is

used as a swtch-to access a ferroelectric nenory capacitor, data can be
stored andsrestored w thout tagkgedatih@Nobecwesthddifi®d S no vol tage drop
across the pass gate. However, in high density FERAM designs, & pass gate
having a single 25 transistor is preferable because it uses less silicon
area than a bi-di r #bei prasepasingaiteiorAxrdlatee, skl bedela'rﬂl I hﬁo afdaciiRy

aware, a high e I e 0§t t hroug Si e _n-chann

i nsul at ed gat g%?l el'k'ﬁ&gf %@%tr%%tgér%irné 61%%&&? aaagg?ss Ly B
anount equal ta@doﬁ@r?rnﬂstmwanwlemlr@addhgagetammh argd testarming
vol tage degr adakhofnhefestodl i AR Y23oa hRBeas qngﬂﬂo%?' Qf’éi&»{)e%feﬁie.”t I ng

a logical "one" in FERAM cel|l. Simlarly, a [ow level” voltage transmtted
through a single pirgﬁaﬁﬁﬁkl’fl%s‘ﬂﬁ’%‘i’éiy gaéldetheePQWEFf gepswmption f st or pass
gate is degradedivbyathlandatd spilgd @lefentsanseshbécohivigshol d vol t age,

whi ch resu'tsihgrga¥9£§f§eimportant issues in low power applications,
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including portable computers and personal communication.

15 Typically, a ferroelectric nonvolatile data storage
element includes a capacitor with polarization retention
for storing information and a switch, such as a bi-
directional pass gate, for accessing the capacitor. When
a bi-directional pass gate, e.g., a complementary metal

20 oxide semiconductor (CMOS) pass gate, is used as a switch
to access a ferroelectric memory capacitor, data can be
stored and restored without degradation because there is
no voltage drop across the pass gate. However, in high
density FERAM designs, a pass gate having a single

25 transistor is preferable because it uses less silicon area
than a bi-directional pass gate.

As those skilled in the art are aware, a high level
voltage transmitted through a single n—éhannel insulated
gate field effect transistor pass gate is degraded by an

30 amount equal to one transistor threshold voltage, which
results in a voltage degradation when storing and
restoring a high voltage represénting a logical "one" in a
FERAM cell. Similarly, a low level voltage transmitted
through a single p-channel insulated gate field effect

35 transistor pass gate is degraded by an amount equal to one

transistor threshold voltage, which results in a voltage
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2 degradatlon when storing and restoring a | ow vol tage representing a
Iﬁgl cal "zero" in a FERAMcell. As-a result, the nenory cell does not
operate synmetrically and I ess charge is extracted fromthe nenory cell
during 5 subsequent "read" operations. One technique for preventing data
degradation in a FERAM having a single transistor pass gate is to use a
word |ine booster. This technique uses a Booster to apply a word |ine
vol tage, which is one threshol d vol tage higher 10 t_kll_ﬁn LhehsuppI%/ vol T?gee
to the gate el rode .of t pa ate t anS|stqr e higher gate vo g
preventg t he v% 4"?9%51% Sy & 5 |8§ I%B FHIr e LRY ¥BLBagene, vol tage
I s boost ed, theemrmoas&nascpbvxemr&urimer IFERAM bed3ti ngstyhe word |ine

vol tage requir c [ gt takes silicop are
Accor di ngly, |]§ésv\1£)1 d \E/}lg% ag%gg;ﬁ% hav ETENEr Smﬁﬁf’%ﬁyt%m que
for reading ari’tfsfsulqh;ﬁrlg@stlér ergraatedi frem ridres olesorlve ceodyried | t hat has

a singl e tsansdudddquats nggtagn 5befggighg)e of further advantage 20 for the

techni que to be inplenen ut using additional circuitry. Brief
Descri gt ion of the (%f qﬁ’g’é‘lﬂgeF er Er?YﬁP%‘é’trF%t%taa@@ﬁéﬁ‘ﬁ??—@ndiagﬁam of a

ferroelectric Ewylamdhlg BNsanghe- transi o pRe- g&aaaggt 26 eoafdguration
use in a nmethod

connected to 1 ne tor.and a sense anpli for

in accordancez%‘éd(g':l ]ﬁl% b%% %kenbo tFrente WQ%FES&H#OPﬁEE:ﬁtF%FPPEF]pG. 2
il lustrates aadesatliinedvadtageof wiaidlkerioeainectthresheldr yoteadge i i gher
two-transigt ortHaMthe supply voltage, to the gate electrode of the pass

gate transistor. The higher gate voltage prevents the

voltage degradation. However, each time the word line -
voltage is boosted, the booster consumes power.
Furthermore, boosﬁing the word line voltage requires

15 additional circuitry that takes silicon area.

Accordingly, it would be advantageous to have an
energy efficient technique for reading and fully restoring
data in a nonvolatile memory cell thét has a single
transistor pass gate. It would be of further advantage

20 for the technique to be implemented without using

additional circuitry.

Brief Description of the Drawings
25

FIG. 1 illustrates a schematic diagram of a
ferroelectric memory cell in a one-transistor one-
capacitor configuration connected to a bit line capacitor
and a sense amplifier for use in a method in accordance

30 with a first embodiment of the present invention;

FIG. 2 illustrates a schematic diagram of a
ferroelectric memory cell in a two-transistor two-
capacitor configuration connected to a bit line capacitor,
a complementary bit line capacitor, and a sense amplifier,

35 for use in a method in accordance with a second embodiment

of the present invention;
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capacitor configuration connected to a bit |ine capacitor, a conplenentary
Bt line capacitor, and a sense anplifier, 35 for use in a nethod in
accordance with a second enbodi nent of the present invention,; 3 FIG 3
illustrates a prior art hysteresis |oop of polarization charge as a
function of voltage in a ferroelectric capacitor during a readi ng process
in accordance with an prior art enbodiment; and 5 FIG 4 illustrate a
hysteresis | oop of polarization charge as a function of voltage in a

ferroelectric capacitor_apgd during reading and witin F 0CEesses in
accordance with enbofr ment l‘&ﬁtﬁﬂ'geﬁ)rae% T ﬁ%nlf‘:}’%ﬁ‘?g‘i%l%)e]t%ﬁ &f
Descri pti on opolaeikseibvmgshdirrerad lay funbeipheseénvol taugntirpm provi des a

met hod for ac ' [ lat r.age_e uch as, .for 15
exanple, a fer%rgggkég???%&ne& %&%e(% ﬁ’%ﬁ?‘% Salf%fggﬁ%fq@?c%ﬁ?e 151r esent
i nvention proacdesdaneetwikh fan pusiroetgenbedinent; FERAM cel | after a

‘read” opegation. Ekl 1 jilustrles, %ﬁ%@%@%gclgba%ﬁrg&iaﬁéa&&r&e' ectric

menory cell 10 in a one-transistor one- 20 capacitor contiguration. Menory
cel | 10 inclugBgrgf &5 2hBmrLAMAf acddags: anf peferedelratnicansi stor (FET)

11 serving ascaps¥itéh, amd i fiff RRIGERY hedCRPAEihprocsEad g as a
capacitor with &glgrizatio@hre ent.l on. FE% %% has a gate el ectrode
connected to B°WBFERPFRM Y TS 081 B8 BERS TR U EE G %% pl ate i ne
15 via ferroelectric capacitor 12, and a drain connected to a bit line 16.
It shoul e noted that for a FET, a gate el ectrode serves as a control

el ectrode, and source and i
Detailed Description of the Drawings

Generally, the present invention provides a method
for accessing daté in a data storage element such as, for

15 example, a ferroelectric memory cell. More particularly,
the present invention provides a method for restoring data
in a FERAM cell after a “read” operation.

FIG. 1 illustrates a schematic diagram of a _
ferroelectric memory cell 10 in a one-transistor one-

20 capacitor configuration. Memory cell 10 includes an n-
channel insﬁlated gate field effect transistor (FET) 11
serving as a switch, and a ferroelectric capacitor 12
serving as a capacitor with polarization retention. FET
11 has a gate electrode connected to a word line 14, a

25 source electrode coupled to a plate line 15 via
ferroelectric capacitor 12, and a drain connected to a bit
line 16. It should be noted that for a FET, a gate
electrode serves as a control electrode; and source and
drain electrodes serve as current conducting electrodes.

30 . Word line 14 transmits control signals to FET 11, plate
line 15 transmits restoration signals to ferroelectric
capacitor 12, and bit line 16 transmits data. The use of
word lines, plate lines, and bit lines in memory devices
ig more fully described in "An Experimental 512-bit

35 Nonvolatile Memory with Ferroelectric Storage Cell" by
Evans and Womack (IEEE J. Solid-State Circuits, vol. 23,



x

drajh'electrodes serve as current conducting el ectrodes. 30 Wrd line 14

teansmits contro

signals to fe
use of word |
fully describ
Ferroelectric
Crcuits, vo

her eby i ncorp
capacitor 17

signals to FET 11, plate line 15 transmts restoration

rroel ectric capacitor 12, and bit line 16 transmts data. The

ines, plate lines, and bit lines in nmenory devices is nore

ed in "An Experinental 512-bit 35 Nonvolatile Mermory with
Storage Cell" by Evans and Womack (| EEE J. Solid-State
. 23, 4 no. 5, pp. 1171-1175, Cctober 1988), and which

ted h ' erence. Fl furthey.includes a bit
Hsfnai o8- bTpRY L The GShar 19980 c ol WRAFRT & Barebimen

i's
i ne

enabl ed duri ngrsorpsdatgdshpretessy mefereraem | Firer. 18fsetiies iﬂt?.ut;[éé i’ige
'  t n r ence ential .
% W14 Q9RRAEESakL It (Y ac%f‘e%gﬁ%r Ponede! SR eNEe 0P i

at bit line 1
The | ogical v

al ue being read from neno I'S determ ne

relation bet wsPEh@™WRILfage 18- biWhen mnakd eghduringpacteading ned ref er ence

potential .510
determ ned by
vol t age acros

sign is highe
capacitor 12.
defined as po

capaci tor182 wHe 1082 cR2SVALYE & Khd RS ido¥ea 30 memory g%ﬁ 2]%0 is

illustrates a
two-transi sto

15

20

25

30

35

pitedseyi eahsuakmsl DFidhel glalehsuls0kad LB1RBHD" ¥ G5 zljlqﬁelhz

téma ol ari zation state of ferroelectric capacitor 1
6 &

SPERRFPE thp%th? ot PEAITIBERREITaESHRaTei ve when the
potential at tdetesitdefrodtheflégteael acivd Geditpatiehar £43mWidhoR, Rasitti ve 15

o bechther Ll ) AL ARIeE Sheeh pls ohy gt ogf oot ¢
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rdset e?&%‘lﬁgag}lfﬁ g#;ec%‘?l]f?]@’tﬁae{:ﬂoé’n?tﬁ@ﬁo9§ gerroebestiqides two n-

capacitor 12. The voltage across ferroelectric capacitor
12 is defined és positive when the potential at the
electrode of ferfdelectric capacitor 12 with a positive
sign is higher than the potential at the other electrode
of ferroelectric capacitor 12. The polarity of the charge
in ferroelectric capacitor 12 is defined as positive when
the charge on the electrode of ferroelectric capacitor 12
with the positive sign is positive.

FIG. 2 illustrates a schematic diagram of a
ferroelectric memory cell 20 in a two-transistor two-
capacitor configuration. Memory cell 20 includes two n-
channel insulated gate field effect transistors 21 and
21‘, and two ferroelectric capacitors 22 and 22‘. A gate
electrode of FET.21 and a gate electrode of FET 21’ are
connected to a word line 24. A source electrode of FET 21
and a source electrode of FET 21’ are coupled to a plate
line 25 via ferroelectric capacitor 22 and ferroelectric
capacitor 22, respectively. A drain electrode of FET 21
and a drain electrode of FET 21’ are connected to a bit
line 26 and to a complementary bit line 26°, respectively.
FIG. 2 further includes a bit line capacitor 27 connected
to bit line 26 and to a first channel of a sense amplifier
28. Likewise, a complementary bit line capacitor 27’ is
connected to complementary bit line 26’ and to a second

channel of sense amplifier 28. The polarization state of



channel insulated gate field effect transistors 21 and 21', and two
f@rroelectric capacitors 22 and 22'. A gate 25 el ectrode of FET 21 and a
gate el ectrode of FET 21' &are connected to a word line 24. A source

el ectrode of FET 21 and a source electrode of FET 21' are coupled to a
plate line 25 via ferroel ectric capacitor 22 and ferroel ectric capacitor
22", respectively. A drain el ectrode of FET 21 30 and a drain el ectrode of
FET 21' are connected to a bit line 26 and to a conplenentary bit |ine 26,

respectively. furt.her _include i,t |i.ne capacitor 27 connected to
bi tpl i ne 26yan§é]%c? egl efc:éF tslf ¢ sﬁﬁﬁ%fszi dks)eetrﬁg'lélﬁﬁl ?Q“P‘Febﬁﬁé?aii et a
conpl enent ary Hie datee stapadi inrm@iory 83 @énnelhedpbdar bzt borendete bi t
ine 26 and td aerecudorbannElyRls SIS AT bk 28 e, R0l g¢ | zation
state of 5 ferroelectric capacitor_ 22 deter es the Togical value of
the data stor €fEhPeHSFbT}CcepPaghton |y peichdergrmonest the of ferroelectric
capacitor 82" dangleiesitheyt Dogiedl ofal e Idreltel HataCaPaRs b1 Rdgdd
determnes the 5 ata. The voltages

| ogi cal val f, the d |
across ferroel®e 0%%219@%%5%#?%?%‘29%3@%%“ézggspggr.gpeg WP PPIHeL POt ent i al

at the el ect rGdamfthbeppoehei:aliatct&pmoélemtrbaevvbtfp farﬁeéiféwﬁijc:‘i ggoi S

hi gher than t P%@J | L4 h . tro . ferr ect.ric .
cagaci tor 22. % he S_%Fjarélbt ?EB# %héé%%lr‘}g%eesﬁ g%’r %épielgfr%a{?:arr}é%i tor 22 is
defined as poRateptipflentt Rbecothee okeatnods oft fedroele¢erioel ectric

citori1d2 v i Lt | | teh\ae velt :
copas 182 Wdghditerhas ' e e%%%tyggﬁptggi\ét F\l}éggﬁeghtﬁﬁ%?%éntlacat 15

ferroel ectric capagitor 22 i Ep | .
the el ectrode ci?f‘doafcé'ttPﬁeFéciLFi @e etiasPositiye whenpbhet charges g ithehi gher
than the pot elieddtraidet b€ Geheselectric capacitor 22 with the positive -

sign is positive. The voltages across ferroelectric

capacitor 22’ is defined as positive when the potential at
15 the electrode of ferroelectric capacitor 22’ with a

positive sign is higher than the potential at the other

electrode of ferroelectric capacitor 22’. The polarity of

the charge in ferroelectric capacitor 22’ is defined as

positive when the charge on the electrode of ferroelectric
20 capacitor 22’ with the positive sign is positive.

FIG. 3 illustrates a prior art hysteresis loop 40 of
polarization charge (Q) as a functioh of voltage (V) in a
ferroelectric capacitor during a reading process. When a
zero voltage is across a ferroelectric capacitor in a

25 nmemory cell with data stored, the ferroelectric capacitor
is in either of two polarization states: a logical “one”
polarization state 41 or a logical “zero” polarization
state 48. In one example, the state of'ferroelectric
capacitor in memory cell 10 of FIG. 1 follows hysteresis

30 loop 40. If a logical “one” is stored in memory cell 10,
ferroelectric capacitor 12 is in polarization state 41.
If a logical “zero” is stored in memory cell 10,
ferroelectric capacitor 12 is in polarization state 48.
In another example, the states of ferroelectric capacitors

35 22 and 22’ in memory cell 20 of FIG. 2 follow hysteresis

loop 40. 1If a logical “one” is stored in memory cell 20,



el ectrode of ferroelectric capacitor 22'. The polarity of the charge in
ferroelectric capacitor 22' is defined as positive when the charge on the
el ectrode of ferroelectric 20 capacitor 22' with the positive sign is
positive. FIG 3 illustrates-a prior art hysteresis |oop 40 of polarization
charge (Q as a function of voltage (V) in a ferroelectric capacitor during
a reading process. Wen a zero voltage i sacross a ferroelectric capacitor
ina 25 nenory cell with data stored, the ferroelectric capacitor is in
either of two polar |on st at es; "one" . arlztlon tate 41 or
cither of 100 ROALLZALLON ASLERcoR APULT, L9te Bl BCh TACD o 3
ferroelectric ﬁeap@el'eotrm nep@c:ytm:elzz'l(is)flanGlatiﬁ@timttm &sis 30

| oop 40. If gi 9N lgrSiored, rx_’?,nm‘er‘ I erroelectric
capaci tor %sé %n 1%%%5??25?16% s%%te Af'léh 89|§Cg i.gzzeéo is stored in
menory ceII lcferfr@ﬁrlééll‘—@é?rfiépéfabfa%# 137 i dng PPﬁaEéFaF-I-?%ﬁW%t% @B, |n

anot her exgmf)'ﬁrﬂo@e’éﬁ:&'ﬁ.@sc%aéﬂté@eiﬁctl@ qncglaaaﬁaasl&é @@a@é\anZ' I n,
menory cell 20 of FI G I | ow histerem S If a i C one

stored in menory cei afﬁ’or anger Wi HioFRe (¢ é[‘t,sll[‘lgrm??°1’:¥ ‘F

pol ari zati on sifatrail 1an6etereoal eréadt capend ds 2Recusedn xmnfdarl:zmé I on
state 48. If I0| I . rLy..C err ric
capaci tor 22 ?ls4| %g arﬂggt |1(5)h s’?%t?kéﬁgg'lglnd E a%&rﬁhg é‘gt#céc pacfi or 22
is in polarizatdihegst devedl. FETattolslata womrcopduekivipl etake mpdenory

cel | 10 of gFl Cier%oeﬁ%%%ﬁ:@cac {35@5?' foi’ﬁm:ﬂéj isdo1XeaUEedn ¥RE1iADE 44, plate

line 15, and bit line 16 are aced ground voltage level. FET 11 is in
a non- conduct i e é@éﬁég&nécfessf@?o%}%ﬁsr idf ELFZOPLEFtYSC| SapRBIERR from
bit line 16. 12 is zero. If a logical “one” is stored in memory cell

10, ferroelectric capacitor 12 is in polarization state
41. 1In accordance with the prior art embodiment using

15  hysteresis loop 40 in FIG. 3, a “read” operation includes
the following steps:

1) Bit line 16 is isolated froﬁ bit line voltage
signals, i.e., bit line 16 is floating. The voltage at
word line 14 and the voltage at plate line 15 are raised

20 to a voltage level such as, for example, a supply voltage
(Vpp) . FET 11 is in a conductive state and couples
ferroelectric capac1tor 12 to bit line 16. An electric
field created in ferroelectric capacitor 12 by the voltage
at plate line 15 is in the opposite direction from its

25 initial polarization field. The electric field
depolarizes ferroelectric capacitor 12 and may polarize
ferroelectric capacitor 12 in the opposite direction
depending on the ratio of the capacitanée of ferroelectric
capacitor 12 to that of bit line capacitor 17. The

30 polarization charge extfacted from ferroelectric capacitor
12 charges bit line capacitor 17 and raises the voltage at
bit line 16. Ferroelectric capaditor 12 is now in an
extraction state 42. A large amount of electric charge,
which is equal to the difference in the polarization

35 charge between extraction state 42 and polarization state

41, is extracted from ferroelectric capacitor 12 and



The vol tage across the plates of ferroelectric capacitor 12 is zero. If a
Mbgical "one" is stored in nmenory cell 10, ferroelectric capacitor 12 is in
pol ari zation state 41. In accordance with the prior art enbodi nent using 15
hysteresis loop 40 in FIG 3, a "read" operation includes the follow ng
steps: 1) Bit line 16 is isolated frombit |line voltage signals, i.e., bit
line 16 is floating. The voltage at word Fine 14 and the voltage at plate
line 15 are raised 20 to a voltage |level such as, for exanple, a supply
voltage (VDD). FET 11 is.in_ a conductjve state and couples ferroelectric

capaci tor 12 fRIa58E EPnBlteling eARAGHEQT fiTel d TEReSPREIE nEF TR ri ¢
capaci tor 12 o tdie ldhkagapatipdatEy |daliesekb the vblthgeoppdsit elidig ad i on

fromits 25 iégig %ﬁggobﬁikéﬁ%ifgbéifﬂ d. The electric field depolarizes
ferroel ectric capacCitor and may pol arize ferroelectric capacitor 12 in

the opposite directdloSedsgepupbyfoerth® imtenmhifed, heenapacthearicighof
ferroel ectgi ¢ LARAG Qevd? LP %{‘@tlfﬁe big, ldne thdRackhl Qbs Lhe Rh:ﬁl.éa%e ,
e 2 charges bit

pol ari zation charge extracted fromferroelectric capacitor 12 [
| i ne capacit orPUPEndiPgi $8stPhkonyoF EEYLELRI IR 7 i 4RIIFEL FOPRGePELRS ¢

capacitor 12 ired®DWriom @Bmex{r8611 010 St atérrbdlebitirabgeapa®itdy of2 alectric
charge, which s equal Lfference iy the polarization 35 charge

to,the g
bet ween ext r adt¥br*s £5 dHST AR l?ﬁﬁeﬁ?%ﬁﬁi M state 41, is extracted from
ferroel ectric capadit @lat2 ande 157iplphackd mthigrounde lewphcandrtig. The

‘1326‘[96 ”iﬁsmﬁ:}%@ﬁ Jo‘it%%;le Eic“§i§a£’fr?étf’é afﬁiz%gsflaﬁ}?oéég{eé cat bit line
o a high voltage level. 2) Sense anplifier 18 is ena , senses the
hi gh capacitor 12 in its original polarization direction. FET
11 becomes non-conductive when the voltage at the source
electrode of FET 11 reaches a value that - is less than the
voltage at the gate electrode of FET 11 by an amount equal
15 to the threshold voltage of FET 11. The voltage across
ferroelectric capacitor 12 is less negative than -Vpp by
an amount egual to the threshold voltage of FET 11 and
ferroelectric capacitor 12 is in a negatively charged
state 44.
20 4) Ferroelectric capacitor 12 is isolated from bit
line 16 by grounding word line 14, i.e., switching FET 11
off. The state of ferroelectric capacitor 12 changes from
negatively charged state 44 to a degraded logical “one”
polarization state 46 because of the leakage from
25 ferroelectric capacitor 12.
In a subsequent “read” operation, ferroelectric
capacitor 12 is initially in degraded polarization state
46, resulting in less charge being extrécted from
ferroelectric capacitor 12 when raising the voltages at
30 word line 14 and plate line 15 to Vpp. One approach to
avoid such a degradation in the quality of logical signals
uses a booster to boost the voltage at word line 14 to a
voltage that is greater than Vp; by an amount equal to the
threshold voltage of FET 11. Thus, FET 11 remains
35 conductive until the voltage across ferroelectric
capacitor 12 reaches Vpp. Instead of stopping at



5 vdftage | evel at bit line 16, and then raises the voltage at bit line 16
t& VDD, resulting in a logical "one" being read from nenory cell 10.
Ferroelectric capacitor 12 is nowin an internediate state 43. 3) Plate
line 15 is placed at ground | evel and the 10 high voltage at bit line 16
pol ari zes ferroelectric capacitor 12 in its original polarization
direction. FET 11 becones non-conductive &hen the voltage at the source

el ectrode of FET 11 reaches a value . that is less than the voltage at the
gate el ectrode of EET_11 an_anount equal 15 to the_threshold voltage of
FET 11. The VSi%kjyed¥, Sggr%‘?r%‘a%t%'c thenstpter of2fexreelactidsat i ve
than [err] by capaarmont 12quhbnges t fywon Bealold vel hagetefation It and
ferroelectric pacitor 12 _is.in.a negatively charged state 44. 20

4) Ferroel ect r4|05§ %%pg’g‘rlf %ir S&%‘% strlleso‘f%tateac?ef Férﬁoﬁlst gﬂ‘”ﬁ%eﬁ%cfbf/l‘br oundi ng
word |ine 14, dapacitey ighing-Vier 1Whenffemmeelachnicofcapeciteretris
capaci tor 32 Ghajigesd EeBhMBYati M n&%g&ﬁuﬁgﬁhs f:éraolfngeﬂi,ad&% | ogi cal

"one" polarization state 46 because of 1€ | eakage from25 ferroelectric
capacitor 12. 9t%tse edpfegnentecteig cannsidiorod2 Forpgeset¥emc capacitor 12

is initially is&tﬁ(ﬂﬁ@t&?ﬁdsﬁé}:érlzaﬁd %154@&&% éeauéthpglpéé\adgﬁésoﬁtrﬁtrge
bei ng extract r.Q errqelectric ci.tor en I Si t vol t ages
at 30 word i ff% SplaPt %?’ﬁ’éoéﬁép‘i%%ﬁépﬁ‘?é Sﬁpﬁ'gach‘r %r%’?%ﬁ% fich a
degradati on i niddicajuabney Dé regiocdd svighohut degradabbost erHéwehmnst the
vol t age at gwor ' 4 a t . t J.S gr e V Qg anmount
equal to taﬁe t‘%régs %gim% y%??aglgggéfﬁgéé Eo.o#%&é, (EgETLi&Q?%rmalggn%é )
conductive untR9wsthe V5| pdgetier odeodatringe Moxds lingapdcreariyegs rextotres VDD.
Instead of stQERiMEt®%y and extra silicon area. In portable electronic

applications, power and silicon area are precious and,
therefore, any extra consumption in power or silicon area
15 is undesirable. )

FIG. 4 illustrates a hysteresis loop 50 of
polarization charge (Q) as a function of voltage (V) in a
ferroelectric capacitor during reading and writing
processes in accordance with embodiments of the present

20 invention. When a zero voltage is across a ferroelectric
capacitor in a memory cell with data stored, the
ferroelectric capacitor is in one of three polarization
states: a logical “one” polarization state 52, an
asymmetric logical “one” polarization state 53, or a

25 logical “zero” polarization state 62. In one example, the
state of ferroelectric capacitor 12 in memory cell 10 of
FIG. 1 follows hysteresis loop 50. If a logical “one” is
stored in memory cell 10, ferroelectric.capacitor 12 is in
state 52 or state 53. If a logical “zero” is stored in

30 memory cell 10, ferroelectric capacitor 12 is in state 62.
In another example, the states of ferroelectric capacitors
22 and 22’ in memory cell 20 of FIG. 2 follow hysteresis
loop 50. If a logical “one” is stored in memory cell 20,
ferroelectric capacitor 22 is in state 52 or state 53, and

35 ferroelectric capacitor 22’ is in state 62. If a logical

“zero” is stored in memory cell 20, ferroelectric



8 negatively charged state 44, the state of ferroelectric capacitor 12
changes fromstate 43 to a saturation state 45, in which state the vol t age
across ferroelectric capacitor 12 is [err]. Wen ferroelectric capacitor 12
is 5 isolated frombit line 16 by grounding word |line 14, the state of
ferroelectric capacitor 12 changes fromsaturation state 45 to polarization
state 41 because of the | eakage fromferr8electric capacitor 12. Therefore,
a logical "one" is restored wthout degradation. However, 10 each tine
word line 14 is boosted, the hooster consunes power. |In addition, boosting
word |ine 14 reRRAT LTl 25cRCHFREG Ghd aG ERTIPRILEERTAF cBAPAGLERK t abl e
el ectroni c app@acais dis sta@ee62a08 Stats BB .ar gd AceoRBRAEEUFI e,

th f , £ ti ' ower or sil.icon.area 15 is .
undesi rabl e HAL A% RS REREs 10 hy o tatent, 5 VBBt b oFERR SERI B har ge
(Q as a functd chegifcalol"rage @efai firomfemeeimciceld , capaubsbantiuihg
reading ang Wddidig SRS SESc Brgg ot WBhER R IO DPRIE Plpd Ne PIesent

20 invention. Wen a zero vo I'S across a ferroel ectrrc capacitor in
a menory cel | SAREFFATa t& 6r éGFr?ﬂ%e?:@*%é?aé@torlithc5_93@1—’@%@%sofn one of
three pol ari zaitiedheit mife?rbégéﬁéfié.%@a&gﬂéé‘r Iiéatihggtﬁlﬁéts%z?r an
asymmetric |ogi,cal "wone" _polarizatign state , Or. a ogi cal "zero"
pol ari zation s ta"'f(’at-'ee 65% Fﬁe5ﬁg°5§an€]?%,qlfar?e"t§‘t Sfcdgtar in, BPeRPYY cell
capaci tor 12 ivhererorfervelelletOrdé &faciltdwlilsovim byater B3i sl egpably |1 a

aci tor 12 i _ | ! Pty If &
tare 52 a0 st S o ReBINLLEYTOL dike WHIGOERE ek ERERRACHICT ol ' 10,

ferroel ectri c eapRditady is2insstatet®®e 62. In another exanple, the states
of ferroelectric capaGdddrilageedtitR2thd NeXEiPle vihly 20191 15! G Rr&ol l-ow
hysteresis 1, before a “read” command or a “write” command is
executed, word line 14 and plate line 15 are placed at a
15 ground voltage level. FET 11 is in a non-conductive
state. Ferroelectric capacitor 12 is isolated from bit
line 16 and the voltage across ferroelectric capacitor 12
is zero. '
In accordance with a first embodiment of the present
20 invention using hysteresis loop 50 in FIG. 4, when memory
cell 10 stores a logical “one” and ferroelectric capacitor
12 is in logical “one” polarization state 52, a “read”
operation includes the following steps:
1) A predetermined amount of charge is placed on bit
25 line capacitor 17 by applying a charging voltage such as,
for example, a supply voltage, Vpp, to bit line 16. Bit
line 16 is then isolated from bit line voltage signals,
i.e., bit line 16 is floating. -
2) A control signal such as, for example, the supply
30 voltage, Vpp, is applied to word line 14, resulting in FET
. 11 being switched into a conductive state. Ferroelectric
capacitor 12 is coupled to bit line capacitor 17 via FET
11. Ferroelectric capacitor 12 and bit line capacitor 17
share the electric charge that is initially stored in bit
35 1line capacitor 17. Because the poiarity of the charge

transmitted from bit line capacitor 17 to ferroelectric



| oop 50. If a logical "one" is stored in nenory cell 20, ferroelectric
sapacitor 22 is in state 52 or state 53, and 35 ferroelectric capacitor
22' is in state 62. |If a logical "zero" is stored in nmenory cell 20,
ferroelectric 9 capacitor 22 is in state 62, and ferroel ectric capacitor
22' is in state 52 or state 53. In accordance with various enbodi nents of
the present invention, when reading a Ioépcal "one" data froma nenory

cell, a substantially 5 equal anount of charge i s transm' tted froma bit
line capacitor _to a fer | C._capaci | ess. Qf whet her the
ferroel ectri ccggﬁﬁtF?Br ﬁe‘r%ftbset Se8535, Er”g‘?t ﬂ1fec£ ore, the quality

of data in a peiimryzcewnvmrfea:rfoerlle@ehrect capacaipm:llb,r whsiadhnist ate 53 i s
equally 10 as; Pyt aual a f%g_t, capaci tor
is in state SQQQ?gagccoir}gance évm ttfl?% rg;gwgﬂﬁgtﬁ%?éﬁ FEFI G 1,
before a "reaHOlééhﬁ%ﬁdf%FrQ?lﬂmﬁHNS Cé@#ﬁﬁﬁﬁrl%z LﬁhﬁPQQﬁoﬁbelﬁﬁét§4 and

plate |ines 1508 €epl8sEstBtict cipadi®erd moti:aﬁesi;&wlsz E%Ta}dl isin a
non- conductive state., Ferroel ect | c capac;!l?J 12 | s e(;L ated frombit |ine

16 and the volPEGEMSRiate T@toa%ect A STBADaBTPBRE 1 eLdC FR2%88or dance
with a first enhelli tenthefdiffferamescin 28el pokatipatimm ndhadrgel beesiesnl oop

50 in FIG 4, Jphen BETBLY Selde B) SU €948ch00L 8! er g Ard feer ool ectri ¢

capaci tor s 1n gi cal dolarization 24d" operation
i ncl udes the fteppohFoy L1 cms: feE)rqelﬁCéd'éFeFﬁPEEEtle&{ dhhecismedd i s pl aced

on bit 2561 NameARRCHE Okhadrigd Y 2RIYAER@da £EBA Bi 001 M taffaSWh ay, for
exanpl e, a supply_voltage, DD tg bit line 16. Bit
results in a small voltage drop at bit line 16. The

voltage at bit line 16 ig still hlgher than the

predetermined reference potential.

3) Sense amplifier 18 is enabled, compares the
15 voltage at bit line 16 with the predetermined reference
. potential, and then applies a data value voltage such as,
for example, Vpp, bit line 16, resulting in a logical
“one” being read from memory cell 10. The state of
ferroelectric capacitor 12 changes to an extraction state
20 56 while FET 11 becomes non-conductive when the voltage at
its source electrode reaches a value less than the voltage
‘at word line 14 by an amount equal to the threshold
voltage of FET 11. The voltage across.ferroelectric
capacitor 12 is now less negative than -V, by an amount
25 equal to the threshold voltage of FET 11.

4) FET 11 is switched off by grounding word line 14,
resulting in ferroelectric capacitor 12 being isolated
from bit line 16. The state of ferroeléctric capacitor 12
changes from state 56 to state 52 because of the leakage

30 from ferroelectric capacitor 12. If both plate line 15
and bit line 16 are grounded before switching FET 11 off,
the voltage across ferroelectric capacitor 12 becomes zero
and the state of ferroelectric capacitor 12 changes to
state 52. In either case, a logical “one” is restored in

35 memory cell 10.



line 16 is then isolated frombit line voltage signals, i.e., bit line 16
i§ floating. 2) A control signal such as, for exanple, the supply 30
voltage, VDD, is applied to-word line 14, resulting in FET 11 being
switched into a conductive state. Ferroelectric capacitor 12 is coupled to
bit 1ine capacitor 17 via FET 11. Ferroelectric capacitor 12 and bit |ine
capacitor 17 share the electric charge thek is initially stored in bit 35
line capacitor 17. Because the polarity of the charge transmtted frombit

| i ne capacitor 17 to_ferroel: ric 10 capacit 12 is the sane as the
polarity of the pol®ff%ad && %%ﬁnPePFBE?%%H . qu tl13s §Ritabed
initially in soff éoﬁ?qrd lyeroundhagi plete chiziga & wﬂmmitpmhﬁél Ies a

ferroel ectric Sapachidl: 12.A3oChAO0ES: (N RUALS 290 B foe! seliic

capacitor 12 fromstate erne
el ectric char d@f@tﬁjéertr@etlﬁétmﬁf@metqm 121610{mllart|e§antentmmgmduet ween

state 54 amd SEad® ftd %6t &ang%ﬁéeﬂzfr%mﬂlé 'd&%ecalﬂﬁg' 8iad

t
ferroelectric acitaor The spal | 10 anobunt of charge %rans?e#redfrom
bit line capacC]T ref“P‘rnéé’é’l %eFﬁréc STRAFIY M FFFrPedSCEEini FapRekta’s. The

vol tage at bit12ine tie isanst bkl thegﬂi@lafft@ﬂ dmethw edxah:geﬁtﬁéﬂs:hﬂi@é&nce _
potential. 3) l.ifier bI edfieéﬁﬁ° &S .the 15 volt at bit

ine ¢a ac1#§ §ﬁ& FﬁBﬁchb%T *a data

line 16 with the pre et'éerm ne
val ue vol t age Trtefore.f or Smnéﬂrpreammmx dﬁ tcham 1@ tressiitbedi firam

| ogi cal " ae” Rl N dPUelcWLECHD! Yo CoLLr diockltd S abEcRE e 5 00! ect T i c

capacitor 12 changes to .an extraction state becones
non- conduct i ver‘%ﬁg‘rﬁt% iPopt gHBLaer Voltage drOP at blt line 16

compared with the case in which ferroelectric capacitor 12 -
is in state 52. A smaller voltage drop at bit line 16
transmits an enhanced logical “one” signal to sense

15 amplifier 18.

In accordance with the first embodiment of the
present invention using hysteresis loop 50 in FIG. 4, when
memory cell 10 stores a 1ogical “one” and ferroelectric
capacitor 12 is in asymmetric logical “one” polarization

20 state 53, a “read” operation includes the following steps:

1) a predetermined amount of charge is placed on bit
line capacitor 17 by applying a charging voltage such as,
for example, a supply voltage, Vpp, to bit line 16. Bit
line 16 is then isolated from bit line voltage signals,

25 i.e., bit line 16 is floating.

2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 14, resulting in FET
11 being switched into a conductive staﬁe. Ferroelectric
capacitor 12 is coupled to bit line capacitor 17 via FET

30 11. Ferroelectric capacitor 12 and bit line capacitor 17
share the electric charge that is initially stored in bit
line capacitor 17. - Because the polarity of the charge
transmitted from bit line capacitor 17 to ferroelectric
capacitor 12 is the same as the polarity of the

35 polarization in ferroelectric capacitor 12, which is

initially in state 53, the transmitted charge further



its source electrode reaches a value |less than the voltage at word line 14
by an anmpunt equal to the threshold voltage of FET 11. The vol tage across
ferroelectric capacitor 12 is now | ess negative than [err] by an anount 25
equal to the threshold voltage of FET 11. 4) FET 11 is switched off by
grounding word line 14, resulting in ferroelectric capacitor 12 being
isolated frombit line 16. The state of flroelectric capacitor 12 changes
fromstate 56 to state 52 because of the | eakage 30 fromferroel ectric

capacitor 12. 1f. hath plate line 15 and bit i 16 .ar rounded before
swi t chi ng FET PRL3FFeS ﬁ3r5813#3§tér’a%r%as%aqléﬁplrogﬁeéﬁii Sﬁﬁ"g%%%i‘f 7 SRY%%cones
zero and t he sifatferyfoelectvétecapacittapdd tfooml 2tabanf@stboast ate 52. I n

ei t her case, o . e o) ' cejl After a
readi ng pr ocega'sglﬁﬁle\%hqjilghq%%?ﬂﬁdli%é%vé tc éegsg?fn%g%%é g%oﬁ%%‘lngal%?uanfte l'i ne
15 and bit |iRf Bdeckrdghsbauent eawrh rkp fhecddSfstenenpiy eoe| 10 may

start befose fESI08lR&H6NC cRAPGE bOFwdeh GUAYLESS ahliSstL88S53] 0 5 from
state 56 to state 52. ' .the polarity_of the remaining electric

I his case
charge on fer rtﬁé?%g@llﬁt@gc%ﬁ%‘i ’Lng Line canae 1dstPnéeprPeleetrif the
charge transmdapediftoamlBi.t Theesmaphcncmtl 6t ehkeyeoel&ns férr &@d PRI Or .

12. Therefore,,s | ' e i.s tr itrted from10 hit line
capacitor 17 tbo1 ggﬂge%%&ggggg%aﬁag%%ﬂﬁ,ﬁr eas%ﬁélg%gv?gt%g%na Rr2Vol t age

drop at bit |iki& ddneodfar eFhai voltdge ats diitn Likech6f éer bl kbthighempaci t or

12 is in shat e vheSprblite¥ihéderdfdfimie Pokehi?g116 transmts an
enhanced | ogical "qne" signal to _sense 15 anplifier 18. In accordance with
the first enbodine&v & amplifier 18 is enabled, compares the

voltage at bit line 16 with the predetermined reference
potential, and then applies a data value voltage such as,
for example, Vpp, bit line 16, resulting in a logical

15 “one” being read from memory cell 10. The state of
ferroelectric capacitor 12 changes to an asymmetric
extraction state 57 while FET 11 becomes non-conductive
when the voltage at its source electrode reaches a value
less than the voltage at word line 14 by an amount equal

20 to the threshold voltage of FET 11. The voltage across
ferroelectric capacitor 12 is now less negative than -Vpp
by an amounﬁ equal to the threshold voltage of FET 11.

4) FET 11 is switched off by grounding word line 14,

resulting in ferroelectric capacitor 12 being isolated

25 from bit line 16. The state of ferroelectric capacitor 12
changes from state 57 to state 53 because of the leakage
from ferroelectric capacitor 12. If both plate line 15
and bit line 16 are grounded before swifching FET 11 off,
the voltage across ferroelectric capacitor 12 becomes zero

30 and the state of ferroelectric_capacitor 12 changes to
state 53. 1In either case, a logical “one” is restored in
memory cell 10.

After a reading process in which FET 11 is switched

off before grounding plate line 15 and bit line 16, a

35 subsequent reading process of memory cell 10 may start

before ferroelectric capacitor 12 completes its transition



LY

present invention using hysteresis loop 50 in FIG 4, when nenory cell 10
stores a logical "one" and ferroel ectric capacitor 12 s in asymretric

| ogi cal "one" polarization 20 state 53, a "read" operation includes the
following steps: 1) A predeternined anobunt of charge is placed on bit Iline
capacitor 17 by applying a charging vol tage such as, for exanple, a supply
voltage, VDD, to bit line 16. Bit line 183 s then isol ated frombit line
voltage signals, 25 i.e., bit line 16 is floating. 2) A control signa

ch as, for I the.supply voltage, VDD, is appljed ta word |ine 14,
fgsul ting in %%gﬁf%ﬁ‘éﬁng%gft %%%rde i#a'o é[ncgﬁdﬁcf:?ﬁg' stRE PorRIteI Mt ri ¢
capaci tor 12 ithecagpeéding blectrie duwpas tor fé¥roetettdidcagkcitor
Ferroel ectric 108RaCkhar sdnedRd il %61%‘;‘31&%‘)%%' LRE. %ﬁa?%%r@]é%ﬂtee[%“ ¢
charge that is initially stored In'Dit line capacitor 17. 'Because the
polarity of tHEEhEiGe lEPranSAPREEEPT rlonts tferrreleapnis terpaditar 12.

ferroel ect5i c MRRREOke], 42sh811l&f &VEEDH RBapPGRAL Lt YrMshO-RP from

pol ari zati on inﬁf nroelectrlé CQP?C|to 12, mhkch Isinitia In state 53,
the transmitt&d cﬁépﬁecf’lﬁ??ﬁ Qr L7180 péﬂrgﬂe}é§ Fifr oYL Tapacitor 12
and changes t ressflgtingofinf ar smel bt il tegeadicbpr aft 2bi t o red ;nel 53 to an
asymetric in&g&&@%% tessta 5 A nt of el.ectri
charge, equal to't ead?%?felr%ﬁ%eé?%ét%gq@ﬂﬁ& afr%fq?é%ll%lgy%l}l%r%aepabc@t et at e

55 and state 3% 1NsStakAshPtt el smahhay vdlitagecdpapi abrbilt7 tind & oel ectric
capaci tor142. tHaesaiekl aAMBHRinAda CIGY it r“%ﬂéfv%igﬂ?i rogn Qéﬁsé]' ne

capacitor 17 resylts in ﬁ smal | voltage drop at bi I ne 16. e vol tage at
bit line 16 i AEreRi §Ber 10 than the predetermined reference potential .
. In accordance with the first embodiment of the '

present invention using hysteresis loop 50 in FIG. 4, when
memory cell 10 stores a logical “zero” and ferroelectric

15 capacitor 12 is in logical “zero” polarization state 62, a
“read” operation includes the following steps:

1) A predetermined amount of charge is placed on bit
line capacitor 17 by applying a charging voltage such as,
for example, a supply voltage, Vpp, to bit line 16. Bit

20 1line 16 is then isolated from bit line voltage signals,
i.e., bit line 16 is floating.

2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 14, resulting in FET
11 being switched into a conductive state. Ferroelectric

25 capacitor 12 is coupled to bit line capacitor 17 via FET
11. Ferroelectric capacitor 12 and bit line capacitor 17
share the electric charge that is initially stored in bit
line capacitor 17. Because the polarity of the charge
transmitted from bit line capacitor 17 to ferroelectric

30 capaéitor 12 is opposite to the polarity of the
polarization in ferroelectric capacitbr 12, which is
initially in state 62, the transmitted charge depolarizes
ferroelectric capacitor 12 and may polarize ferroelectric
capacitor 12 in the opposite direction, depending on the

35 ratio of the capacitance of bit line capacitor 17 to that

of ferroelectric capacitor 12. The state of ferroelectric



3). Sense anplifier 18 is enabl ed, conpares the voltage at bit line 16 with
the predeternined reference potentlal and then applies a data val ue

vol tage such as, for exanple, VDD, bit Iine 16, resulting in a |logical 15
"one" being read frommenory cell 10. The state of ferroelectric capacitor
12 changes to an asymetric extraction state 57 while FET 11 becones

non- conductive when the voltage at its sotfce el ectrode reaches a val ue

| ess than the voltage at word line 14 by an anount equal 20 to the

t hreshol d voIt e of FE;_ 1. The valtage acr %% ferroelectric, capacitor 12

i s now | ess neg a|K\:/]et‘?rn DApaeEy FhAm A G ke 3o 1pheTPRALaERI d vol t age
of FET 11. 4) #Eate164s s'ﬂwllacbedambﬁnbyogre)lauhmg: whiathglei, neqnlél £8Sthd i ng

f | ect b m. bi t e, 16,  The_state
of ferr ool oot rSEEESRANG O HeDBb 2L EUE il dd Blekletn, pB%Ed Gt anite. o
the | eakage fr%ﬁﬂerﬁ?oellectt#‘aeseapaedt@romlu flimst icaphgtieori he 46 and bi t
line 16 are grﬂmm&e;fxqrcecgwae%begleTﬁleOﬂ‘atrget Ro¥Rk! g@%ﬁ&é

ferroel ectric capacitor econes_zero 30 and t e state of ferroelectric
capaci tor 12 chx eﬁrc?di%ﬁ’g‘ 3T IR FRACIERS: 17, negyilEdl inghetarge
restored i n neveltameldroplatAbter 1ine ebsli ngriy aeAsadenavhbeh THle ligi s

SUbsencont 1 ootk Hidts USRI AP LAL oL LA ke YileereRBe ! Bordefiat e cotri

subsequent reading process 0 Uy S
capacitor 12 conpl etlkesSense taﬁ@ﬁsﬁtteenli? ig Fenalledt atospeFesotheate 53. In

this caseio hovopiayd ot ofitt NeneCTBi il 6y GheGhiddarehtiogaoneternel ectric

capacitor 12 is the same as the polarity of the charge transmt frombit

line capaci t orPAFERG &ler ARG EE‘FFH E°‘(§%ﬁc"r1!%rv°112tage at bit line 16 to

ground voltage level, resulting in a logical “zero” being
read from memory cell 10. The voltage across
ferroelectric capacitor 12 is zero and the state of

15 ferroelectric capacitor 12 changes to a intermediate state
66.

4) An restoration signal such as, for example, the
supply voltage, Vpp, is applied to plate line 15. The
voltage across ferroelectric capacitor 12 is Vpp and the

20 state of ferroelectric capacitor 12 changes to a
saturation state 68.

5) FET 11 is switched off by grounding word line 14,
resulting in ferroelectric capacitor 12 being isolated
from bit line 16. The state of ferroelectric capacitor 12

25 changes from state 68 to state 62 because of the leakage
from ferroelectric capacitor 12. If both plate line 15
and bit line 16 are grounded before switching FET 11 off,
the voltage across ferroelectric capacifor 12 becomes zero
and the state of ferroelectric capacitor 12 changes to

30 state 62. 1In either case, a logical “zero” is restored in
memory cell 10.

After a reading process in which FET 11 is switched
off before grounding plate line 15 and bit line 16, a
subsequent reading process of memory cell 10 may start

35 Dbefore ferroelectric capacitor 12 completes its transition
from state 68 to state 62. 1In this case, the polarity of



5 Tﬁerefore, a small er amount of-. charge is transmtted frombit |ine
Capacitor 17 to ferroelectric capacitor 12, resulting in a snaller voltage
drop at bit line 16 conpared with the case in which ferroelectric capacitor
12 is in state 53. A snmaller voltage drop at bit line 16 10 transmts an
enhanced | ogi cal "one" signal to sense anplifier 18. In accordance with the
first enbodi mnent of the present |nvent|oﬂ5u5|ng hysteresis loop 50 in FIG
4, when nenory cell 10 stores a Iog|cal 'zero" and ferroelectric 15 _
capacitor 12 i§1|n | oqi cal ero olarlzatloEsstat 62,.a "read" operation

i ncl udes the 19 &% n%flgpg STIC Shargle PR AEEFARDENEEHF <aRAYEIS pl aced
on bit line cd@adist oppd8ibyg ‘apptlye r@]an?m&r gitngheotharge Sthcd:nfm.tﬁ‘eﬁfh

| e, t n ne
Csol ated 11 ommon ik 338e, dibholerlly lod Fetbpetbiratc (difaditefadle ) A
control si gnaIThﬁaf@ﬁoé@ ﬁolaést%'pﬁf@urtth@fsafbplrgevb‘p‘tngansmiIt;ed srapplied to

word line 34, gigsulihengaplcEEdr 17 hed r&ﬁ%&@t&%ﬁlbnwp&f@dwlﬁ lve state.
Ferroel ectric 25 qanaci tor | i ne capacitor '17 via FET

1 Cco Q
11. Ferroel ecthS &P tPof i?r%‘?i‘a ‘fﬁp]ttalgien@reﬁp%l Pit hmeplf camparedectric
charge that i sviithi thel kgset bneshidch tﬂérziderléct&maCbapacilt?or Bexrausegrt he

polarity of t arge tra edfrom pacito 7to
ferroel ectri cr%’@%%cg%am Té%é} s"'%lptﬁ_=1 3 roPoa hglg f BT 140 o qnits
pol ari zati on ian feahepgedcilegicahptasnadr s_t.zpa\]\htohsense rmtmhlﬂ:;en nsstate 62,

the transmptted changacdepahattzset ezﬂéveéﬁ%tcr bﬁbsaﬂxgghé%f 1g,@nd may

pol ari ze ferroelectrlc capagitor 12 posite direction, depending on
the 35 ratio &FSSRE céBH@PFé%eu%’Fn%lthﬁtleﬁ@Séﬁpé@PP050 I BIGha. of

ferroel ectric ‘eafaei"t epetdtidherStisicredfa flogiealeebhée in memory cell
includes the following steps:
1) The voltage at bit line 16 is raised to, for
15 example, Vpp, which represents logical “one”.
2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 14, resulting in FET
11 being switched into a conductive state. Ferroelectric
capacitor 12 is coupled to bit line capacitor 17 via FET
20 11. FET 11 becomes non-conductive when the voltage at its
source electrode reaches a value less than the voltage at
word line 14 by an amount equal to the threshold voltage
of FET 11. The voltage across ferroelectric capacitor 12
is less négative than -Vp; by an amount equal to the one
25 threshold voltage of FET 11. The state of ferroelectric
capacitor 12 either changes to state 56 if ferroelectric
capacitor 12 is initially in state 52, or changes to state
57 if ferroelectric capacitor 12 is inifially in state 53
or state 62,

- 30 3) FET 11 is switched off by grounding word line 14,
resulting in ferroelectric capacitor 12 being isolated
from bit line 16. The state of ferroelectric capacitor 12
changés either from state 56 to logical “one” polarization
state 52, or from state 57 to asymmetric logical “one”

35 polarization state 53 because of the leakage from
ferroelectric capacitor 22. If both plate line 15 and bit



14 capacitor 12 changes fromstate 62 to an internediate state 64. A large
ahount of electric charge, equal to the difference in the polarization
charge between state 64 and state 62, is transmitted frombit |ine
capacitor 17 to 5 ferroelectric capacitor 12. The |arge anount of charge
transferred frombit line capacitor 17 results in a |arge voltage drop at
bit line 16. The voltage at bit line 16 i%®now | ower than the predeterni ned
reference potential. 3) Sense anplifier 18 is enabl ed, conpares the 10

I bit,lli 6 wth th I ned ref ential, and then
ouera the vol FRE 1 B4 1 EOLBO6Y BrGURG VES59 EBE 1L, BhI (HHS i n a
| ogi cal "zero"VQkﬁaqpr&nanSwﬂanmsaﬁeytré¢Icé@hciﬂm&;ualbegemasr?eﬁo and
[ | ' r ctric
ferroel ectric CRPUHAGL I dckrB8iQoRRto DERlals b Mhankeli 08l Sblale

capacitor 12 changes to a internediate s éstoratTon _
such as, for ekefmpIEatnSbEepisfFatel bager from|state Fpkpoedtavepbdite |ine

15. The vols agen agissr fRideNeletbllicatapaet Ofs Lt dred ¢hl heRBgyt B8 20
state of ferro #ectric capacitor 12 changes to a saturation state 68. 5)
FET 11 is smﬁti ed off by grounding word line 14, resulting in

ferroel ectric capacin cacddeeicegwiithl ahedfirein dnibodimeatlof The state of

ferroelectric 54 1.t ar. ] e m st at.e. 68 .t.0,st 62 because of
t he | eakage fronnf%#%g% ectﬁgg %ggggiﬁ%%éééfsﬁ%:%§¥hséléﬁe§#§he315aand bi t
line 16 are gr oWwmHeRl" [RFferedion tohBhore = ldgisfdl “Zexrololihagemaryossll -

ferroel ectyo ¢ CRPREAdPLthE? H2AGBWES, zggg?gpd the state of ferroelectric
capacitor 12 chang 2. n,either, case, a logical "zero" is

30 st at ,
restored in nenorye]i)efﬁ’eldfo%@g@?aﬁ pisaiiRe pko des daverse &r sEPund s

swi t ched voltage level, which represents logical “zero”.
2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 14, resulting in FET

15 11 being switched into a conductive state. Ferroelectric
capacitor 12 is coupled to bit line capacitor 17 via FET
11. The voltage across ferroelectric capacitor 12 is zero
and ferroelectric capacitor 12 remains in its initial
state.

20 3) The voltage at plate line 15 is raised to Vpp.

The voltage across ferroelectric capacitor 12 is now Vpp,
and the state of ferroelectric capacitor 12 changes to
state 68, regardless of the initial state of ferroelectric
capacitor 12.

25 4) FET 11 is switched off by gfounding word line 14,
resulting in ferroelectric capacitor 12 being isolated
from bit line 16. Ferroelectric capacitor 12 changes from
state 68 to logical “zero” polarizatioﬁ state 62 because
of the leakage from ferroelectric capacitor 12. If both

30 plate line 15 and bit line 16 are grounded before
switching FET 11 off, the voltage across ferroelectric
capacitor 12 becomes zero and the state of ferroelectric
capacitor 12 changes from state 68 to state 62. In either
case, a logical “zero” is stored in memory cell 10.

35 In accordance with the example using memory cell 20

of FIG. 2, before a “read” command or a “write” command is



of f before grounding plate line 15 and bit line 16, a subsequent reading
process of nenory cell 10 may start 35 before ferroelectric capacitor 12
conpletes its transition fromstate 68 to state 62. In this case, the

pol arity of 15 the remaining electric charge on ferroel ectric capacitor
12 is opposite to the polarity of the charge transmtted frombit |ine
capacitor 17 to ferroel ectric capacitor ® Therefore, a |arger amount of
charge is transmitted from5 bit line capacitor 17 to ferroelectric

capacitor 12, resulting in_a_larg voltage drqp at _bit lipe 16 conpared
with the case ‘?’ﬁa%’ﬁeél V@Fﬁoé?‘ﬁ‘étﬁcarb‘%ég%tteorllg‘? %? PReRALSAE & | arger
vol t age drop ardirtd Miol¢age Leaadm tEERMRIerndnEFEd Rogi apé niger 0" signal f-to
sense anplifie L i, t e fiLrst e di.ment o
the present i névoerglcﬁllc_:é%'%&é i ngeﬁ#s)?%%g%?isg%g%cg& olp'n%gl f‘faﬁeﬁme §qtaLe
operation to staRasiforogiddahreoheslaredeinmmy kil Lihack6dardt he fol | owi ng

steps: 1) Ehe didiRGRmRbr) bili 18nd 6245 faied ibR1yf Or Tl v, £, VDD,
whi ch represents | ogical "gne". 2) A control si gna?’ such as, for exanple,
the supply vol3SKRSS FSBropleghpl T etPRIFWALE 132081 E4227 ¥R 1FHEPi n FET 11
bei ng switched i nt arm aerddahceewitAt &. s&Edid &rdRdimeneapacthepiedsdrsc
coupled to bit, li net.capaci.tor 17 via FET 20 1. . FET 11 beco%l_sgq/ I

al ue

non- conduct i ve- et e AP PaBESEETTIE° SRR @ Vel ¥REPOHETPRA F
| ess than t he stoinesge dogicad 'one” Witly farrmmlectréquespacitde 2hrieshol d

vol tage of oFER dulicahne el 3882 RELOSPor GIHAR] @5 Lhi ¢8PAGLI Qe lfc 1S | ess
? 5 'thres o"r Y

negative than [err] by an anount equal to the one ) ol tage of
FET 11. The 3RaCIFOH @er odRetPgicat amRyQ oPolarizphépn chbMeR 540 State 56

i f ferroel ectrifead” operation includes the following steps:
1) A predetermined amount of charge is placed on both

bit line capacitor 27 and complementary bit line capacitor

15 27 by applying a chérging voltage such as, for example, a
supply voltage, Vpp, to both bit line 26 and complementary
bit line 26’. Bit line 26 and complementary bit line 26°
are then isolated from bit line voltage signals, i.e., bit
line 26 and complementary bit line 26’ are floating.

20 2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 24, resulting in FET
21 and FET 21’ being conductive. Ferroelectric capacitor
22 and ferroelectric capacitor 22’ are coupled to bit line
capacitor 27 via FET 21 and to complementary bit line

25 capacitor 27’ wvia FET 21’, respectively. Ferroelectric
capacitor 22 and bit line capacitor 27 share the electric
charge that is initially stored in bit line capacitor 27.
Because the polarity of the charge transmitted from bit
line capacitor 27 to ferroelectric capacitor 22 is the

30 same as the polarity of the polarization in ferroelectric
capacitor 22, which is initially in state 52, the
transmitted charge further polarizes férroelectric
capacitor 22 and changes the state of ferroelectric
capacitor 22 from state 52 to intermediate state 54. A

35 small amount of electric charge, equal to the difference

in the polarization charge between state 54 and state 52,
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capamtor 12 is initially in state 52, or changes to state 57 if
ferroelectric capacitor 12 is |n|t|aIIy In state 53 or state 62. 30

3) FET 11 is switched off by grounding word line 14, resulting in
ferroelectric capacitor 12 being isolated frombit line 16. The state of
ferroelectric capacitor 12 changes either fromstate 56 to Iog| cal "one"
pol ari zation state 52, or fromstate 57 t¥ asynmetric |ogical "one" 35
pol ari zati on state 53 because of the Ieakage fromferroel ectric capacitor

22. If both plate line nd bit., ne 1 are unded. before
swi t chi ng FE‘FI)' Sl toﬁns%j*‘%e%b%f’gﬁ‘eb%r%?é Céarl?‘a(?ét@&? ga gEFeotedtrifcones
zero and the stapacidfod &2r.oelThet sinall:aqnmﬂmroﬂEWQESahsfﬁffé‘&rffdmm
56 t t eit case
PLale 2, L0 SBLe FROCAUUIL? Sols 5l Miand bl BB g,

| ogical "one" Is store rdance
enbodi ment of bife bine - |ﬁ#§ﬁ’!’i’-§ﬁ: u%?—lf’ﬂg)?ﬂ;mté}i@spgphgeposonh &G 4, a

"wite" operatésiplanaiteng dikogigal caga%ftof @ﬁ@ﬁ%&ecehé éPectPfé udes the
ine 16 is | owered to ground voltage

foll owi ng step Tevqltaeat

| evel , which réb?"e%eerfg?tl ddi ¢ Ftli‘%i)%"St%e% o ForeLegeghary shih Bine f or
exanpl e, the scmlgitel Dige, WBWeves, dpabdw tthavpod alrti 69 <|1~ﬂ thesul ting in
FET 15 11 bei | t I a ductive state. . .Ferroelectrig capaC|tor
12 i s coupl ed '{'}gaﬁ% tlcj'lg(r%%mclg})%gi Fggﬂﬁo (R LeneErary bT‘E i%ﬂ?tﬁ@%a%

ferroel ectric Topaded tiarrpeliestracocaprcittyr &3 ‘edtsr ioppoaptei tortie r emal ns

f[ n I\/}DE) I nilol Al pSiddtity T the poldridBei P! Aot ikl BEpdeilsy @i sed
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22’', which is initially in state 62, the transmitted
charge depolarizes ferroelectric capacitor 22’ and may
polarize ferroelectric capacitor 22’ in the opposite
direction, depending on the ratio of the capacitance of
15 complementary bit line capacitor 27’ to that of |
ferroelectric capacitor 22’. The state of ferroelectric
capacitor 22’ changes from state 62 to 1ntermed1ate state
64. A large amount of electric charge, equal to the
difference in the polarization charge between intermediate
20 state 64 and state 62, is transmitted from complementary
bit line capacitor 27’ to ferroelectric capacitor 22°’.
The large amount of charge transferred from complementary
bit line capacitor 27’ results in a large voltage drop
complementary bit line 26’. The voltage at bit line 26 is
25 now higher than the voltage at complementary bit line 26°’.
3) Sense amplifier 28, having the first channel
connected to bit line 26 and the second channel connected
to complementary bit line 267, is enabléd, compares the
voltage at bit line 26 with the voltage at complementary
30 Dbit line 26’, and then raises the voltage at bit line 26
to Vpp, and lowers the voltage at complementary bit line
26’ to ground voltage level, resulting in a logical “one”
being read from memory cell 20. The state of
ferroelectric capacitor 22 changes to extraction state 56
35 while FET 21 becomes non-conductive when the voltage at

its source electrode reaches a value less than the voltage
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.The voltage across ferroelectric capacitor 12 is now VDD, and the state of
ferroelectric capacitor 12 changes to state 68, regardless of the initial
state of ferroelectric capacitor 12. 25 4) FET 11 is switched off by
grounding word line 14, resulting in ferroelectric capacitor 12 being

i solated frombit line 16. Ferroelectric capacitor 12 changes fromstate 68
to logical "zero" polarization state 62 B8cause of the |eakage from
ferroelectric capacitor 12. If both 30 plate line 15 and bit line 16 are
grounded before switching FET 11 off, the voltage across ferroelectric
capacitor 12 B&cYREL 2iRE hdPY AR amQuRtoedpel, %I'gr&?rqltreé;?&@itor 12
changes from stodteage8oEOFET a2E. 62rhd Frdithlger acases Bedwgplcltrizero” i s

stored in ne 1 .acc nc At h_1h Usi ng
menory cel | gg:r%)? %ﬁ:ér gz g%f%er'ses a edrarelég% g%rgnﬁfangmg%&aaﬁwg?wéo cEIJ"'fld S
17 execut ed, wor ¢hei bhredhobd phktawd iafe FEF 3le pThectbldtage gwowss vol t age
| evel . FET521 snd JBELcR o A gpdiofko P0G YeroFEhd WS Wi Gapaci tor 22
and ferroelectric capacitor " are isolate From it Tine 26 and 5

conpl enent ar y fsrropilaetyse FaRREIIN A/, chpeges| Fagtrtemissiiatieestaseect ri c
capacitors 22egnd 22' are zero. In accordance with a second enbodi nent of
the present invent i4 n_usi ng h%steresis | qop_ 50, whep nenory cell .20 stores
a logical "one" with fBrFERFRERHE SFHRL SPCH2Fn 18F FRYRS i

pol ari zati on suppdyS2odhdoeerVmel det applieddm rdat221lihg Rbgi cBécduse 0"

pol ari zat y gn 16 oL JudPaFat i t d | Qi steps: 1)
A predet e%% ne a%nu%’f %?nc glgd% 'S eg'l a%e@;ogglagg?%c blg?p%c?lnée czggggci tor 27
and conpl enentt@mpipst 1ni geakapaki t ffhe voltage across ferroelectric

capacitor 22’ is now Vpp and the state of ferroelectric

capacitor 22’ changes to saturation state 68. _
5) FET 21 and FET 21’ are switched off by grounding

15 word line 24, resulting in ferroelectric capacitor 22 and
ferroelectric capacitor 22’ being isolated from bit line
26 and complementary bit line 26, respectively. The
state of ferroelectric capacitor 22 changes from state 56
to state 52 because of the leakage from ferroelectric

20 capacitor 22. The state of ferroelectric capacitor 22°
changes from state 68 to state 62 because of the leakage
from ferroelectric capacitor 22‘. If both plate line 15
and bit line 16 are grounded before switching FETs 21 and
21’ off, the voltage across ferroelectric capacitors 22

25 and 22’ become zero. The state of ferroelectric capacitor
22 changes from state 56 to state 52; and the state of
ferroelectric capacitor 22’ changes from state 68 to state
62. In either case, a logical “one” is.restored in memory
cell 20.

30 After a reading process in which FETs 21 and 21’ are
switched off before grounding plate line 25, bit line 26,
and complementary bit line 26’, a subsequent reading
process of memory cell 20 may start before ferroelectric
capacitor 22 completes its transition from state 56 to

35 state 52 or before ferroelectric capacitor 22’ completes

its transition from-state 68 to state 62. In this case,



15 27" by applying a charging voltage such as, for exanple, a supply
voltage, VDD, to both bit |ine 26 and conplenentary bit line 26'. Bit line
26 and conplenentary bit line 26' are then isolated frombit |ine voltage
signals, i.e., bit line 26 and conpl enentary bit line 26' are floating. 20
2) A control signal such as, for exanple, the supply voltage, VDD, is
applied to word line 24, resulting in FER®21 and FET 21' bei ng conducti ve.
Ferroel ectric capacitor 22 and ferroelectric capacitor 22' are coupled to
bit line capacitor 27 yvia FET 21 and to conplenentary bit |line 25

capaci tor 27 thea PEERT3EY | Of cEBR T$RiTLiNg IQ&FFGEFECF\P/?’&Q%a‘ﬁhci tor 22 and
bit line capacﬂetx&rerEcslaaeecaﬂs@cietL@ctzz Qs:mgeamhaasiShé dlsadilty sfored in
bit line capa el .. Becaus Iarl f, char et smtted from
bit line capag-'l }%'7 € elg?%Jé{: r| T céoﬁgf‘c:i §3Pac ?‘h ij‘q; %ame as the
polarity of tHiﬁrmeélelcmmcoqapﬂdmro%ﬂ-ect’lhe@‘eéapacl aosn@mem\/ramdunts
initialy 5n J@ihadge t0CEARRMLLL b ChO e LehbNEL RO &L 2P ¢
ferroelectric capacifor 22 an changes the state of ferroe ectrlc capaci t or
22 from st at e BBFrroslesteifearprel tehi22 SHesn1Egngsinl ¢ FWBLART ofoldlasst ri ¢

charge, equal dx‘bﬁ Ia& o Ef Qﬁ.ﬁQCEGI(Eb:ﬁ;b'@:é@'vﬂrthz%hle08a§éaiﬂan]:bﬁih/\een state 54
and state 52, stransmttedfrzoglblt | i ne caggmt 27 to

ferroelectric ft?dcﬁa?&lfe&f:rii CHRBEN | “afsudt §H3ERa S HYFEEY r om bi t
| i ne capaci toroﬂkheemhxasmngae]seaithc/odhaa:@ cbno;ﬁearoélecﬂ:rne 26. Likew se,

ferroel ectpic r ,32' 27"
share theagl to rzé 9?12 gfn?%) Iy s g&t% aéﬂél ey bi t

| i ne capaci tort@ﬁsmlf% véromb@@m]s%m@ﬁeal@blh&rtl tlynéf C?—F\@Cb‘h@? & treghsmitted
from conpl emerdeidbdlielcthiBEcSBRELESPI22 . Therefore, a larger amount '

of charge is transmitted from complementary bit line

capacitor 27’ to ferroelectric capacitor 22°, resulting_in
15 a larger voltage drop at complementary bit line 26’
compared with the case in which ferroelectric capacitor
22’ is in state 62. The smaller voltage drop at bit line
26 or the larger voltage drop at complementary bit line
26’ transmits an enhanced logical “one” signal to sense
20 amplifier 28.

In accordance with the second embodiment of the
present invention using hysteresis loop 50, when memory
cell 20 stores a logical “one” with ferroelectric
capacitor 22 is in asymmetric logical “one” polarization

25 state 53 and ferroelectric capacitor 22’ in logical “zero”
polarization state 62, a “read” operation includes the
following steps:

1) A predetermined amount of charée is placed on both
bit line capacitor 27 and complementary bit line capacitor

30 27’ by applying a charging voltage such as, for example, a
supply voltage, Vpp, to both bit line 26 and complementary
bit line 26’. Bit line 26 and complementary bit line 26°
are then isolated from bit line voltage signals, i.e., bit
line 26 and complementary bit line 26’ are floating.

35 2) A control signal such as, for example, the supply
voltage, Vpp, is applied to word line 24, resulting in FET
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27 io ferroelectric capacitor 22" is opposite to the 10 polarity of the
polarization in ferroelectric capacitor 22', which is initially in state
62, the transmtted charge depol arizes ferroelectric capacitor 22' and may
pol arize ferroelectric capacitor 22' in the opposite direction, depending
on the ratio of the capacitance of 15 conplenmentary bit |ine capacitor 27
to that of ferroelectric capacitor 22'. Thke state of ferroelectric
capacitor 22' changes fromstate 62 to internediate state 64. A large
amount of elecfric charge, e to the djifference in the polarization

char ge betmeenéid?ﬁf gﬁlngtﬁ?% deat bRy stfaraosiectsier ampagiten from
conpl enentary 22 tand r&x&m&@thECZEap&@nf@f I’2|E'| edld lc@u%&éét?té%ltgzllne;rhe

| arge anount o nsfe ro onp nt ar it. Ling, capacitor

27" results .r§%ﬁ$aﬂ§§’@@?ﬁ&&e%§§ c® ?%E%? FVnBlEGflnqhe vol t age
at bit |ine 26capaggom@n’ hNgheFETh&h theeﬁmﬁduxyelat cBapkeabattaric bit |ine
20" 3) Sewse amphdildy 3B endyipoyife éalsa?%n_f&aw' aan ﬁéngZ%&be { line

26 and t he second channel connecte to conpl ement ar I ne
enabl ed, conpafRRTIHERAN tagdratiplly| shered i it ﬁénﬁopﬁﬁgél‘a‘?r 27.

conpl ement arly ﬁ@calbétéh ﬂneupoaamtgndftb@@ EIH RS %ﬁ?sfﬁ@h&é&ef%m%iﬂ I Se 26
to VDD, and rs the v ar | L ne roun

vol t age | evel Of\fré%uqﬁqar? 9-1 g% g@l g%ﬂgP %Gtrdéyrﬁ?praé’&&"ﬁ%% h%n‘bli‘?/ cel | 20.
The state of fme)e‘.tsedihe podapatit of 2Re ghwlmycixzatd oaxtihaterpoebéat2id6 35
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el ectrode rea | ess than e VO WO ne 24 by an
anount equal t%ﬁ%nﬁﬂ%qﬁﬂﬁsW@ﬁ&gﬁoﬁvﬁghebfp¢¥ﬂrxzﬁs Texreeleageiacr oss

ferroelectric capasidd¥ 222an8 tREAGEEIALL VEcdthal 1 ¢kkobYedPrflOUNt equal

capacitor 22 from state 52 to asymmetric intermediate

state 55. A small amount of electric charge, equal to the
15 difference in the polarization charge between state 55 and
state 53, is transmitted from bit line capacitor 27 to
ferroelectric capacitor 22. The small amount of charge
transferred from bit line capacitor 27 results in a small
voltage drop at bit line 26. Likewise, ferroelectric
20 capacitor 22’.and complementary bit line capacitor 27°
share the electric charge that is initially stored in
complementary bit line capacitor 27’. However, because
the polarity of the charge transmitted from complementary
bit line capacitor 27’ to ferroelectric capacitor 22’ is
25 opposite to the polarity of the polarization in
ferroelectric capacitor 22’, which is initially in state
62, the transmitted charge depolarizes ferroelectric
capacitor 22’ and may polarize ferroeleétric capacitor 22°
in the opposite direction, depending on the ratio of the
30 capacitance of complementary bit line capacitor 27’ to
that of ferroelectric capacitor 22’. The state of
ferroelectric capacitor 22’ changes from state 62 to
intermediate state 64. A large amount of electric charge,
equal to the difference in the polarization charge between
35 intermediate state 64 and state 62, is transmitted from

complementary bit line capacitor 27’ to ferroelectric
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to the threshold voltage of FET 21. The voltage across 5 ferroelectric
capacitor 22' is zero and the state of ferroelectric capacitor 22' changes
to internediate state 66. 4) An restoration signal such as, for exanple,
the supply voltage, VDD, is applied to plate Iine 25. Because 10 FET 21 is
non-conductive, ferroelectric capacitor 22 renains in state 56. The voltage
across ferroelectric capacitor 22' is nowa/DD and the state of
ferroelectric capacitor 22' changes to saturation state 68. |5)_ FET 21 and
FET 21' are switched off grounding 15 word line 24, resulting_in
ferroel ectri c CHHCIYSr zfgxanal e??B ¢ YR Cfpsbprgr brangkerred sol at ed
frombit |ine 2fmambrpdrepeataniabyt bl iné i dpatl'tor espeﬁé!'sﬂﬂéybiﬂ'hﬁ st a]'E et ﬁf
ferroelectric i3 Qr, g rom state 56.L tate ause o e
| eakage from ferr oelvteoc tra%% gg@cé%a%?’f‘éﬁraﬁ?aq’hglgt if’%eo?éf er ?]g'é? ectric
capacitor 22' HiRfss oty dittsidne 88 io mowmtldgderbebansthef veheageakage from
ferroel ect bi ¢ SARACENRta2¢ bikf 1PRLM2pt ate line 15 and bit line 16 are

grounded before switching FETs 21 and_21' off, the voltage across
ferroel ectric capacih oi=2 91iigr 228, hating Adep firskechanpel of

ferroel ectric capseited t32bihangrs £6 GRS tHE fobohd shahRed2comidbide State
om.state.68_.to state 62.. I n either

of ferroelectrjc capacitor 22'.changes fr

case, a |ogical® "Oh ielméanrtgﬂ’ oPég ?%“ ry EeEpabgedggcompares fhe, 4 _
readi ng processltmgshiathbEET3i8¢ A6dwixih e volithgkedt oébmbbémertagrwundi ng
plate |ingo25 pifi tyilkid© 626, aﬁﬁdgg%pi%ég Tk Qﬂoﬁt!a%;@eag 1t 3 flbsgquent
readi ng process of nmenory. ce may_start before ferroelectTTc capacitor
22 conpl et es %% YorarR?d | Vs hbs: ¥pdtage at ITrmkenentexyoPieldne

ferroel ectric X@pa@ g@oudd veERYE! B&vdl S AddTihbonnf Ao gIAdE GShd0 state
62. In thls ‘“Eé%ng read from memory cell 20. The state of
ferroelectric capacitor 22 changes to asymmetric

15 extraction state 57 while FET 21 becomes non-conductive
when the voltage at its source electrode reaches a value
1ess.than the voltage at its gate electrode by an amount
equal to the threshold voltage of FET 21. The voltage
across ferroelectric_capacitor 22 is less than -Vpp by an

20 amount equal to the threshold voltage of FET 21. The
voltage across ferroelectric capacitor 22’ is zero and the
state of ferroelectric capacitor 22’ changes to
intermediate state 66. _ '

4) An restoration signal such as, for example, the

25 supply voltage, Vpp, is applied to plate line 25. Because
FET 21 is non-conductive, ferroelectric capacitor 22
remains in state 57. The voltage across ferroelectric
capacitor 22’ is now Vpp and the state of ferroelectric
capacitor 22’ changes to saturation state 68 shown. '

30 5) FET 21 and FET 21’ are switched off by grounding
word line 24, resulting in ferroelectric capacitor 22 and
ferroelectric capacitor 22’ being isolated from bit line
26 and complementary bit line 26’, respectively. The
state of ferroelectric capacitor 22 changes from state 57

35 to state 53 because of the leakage from ferroelectric

capacitor 22. The state of ferroelectric capacitor 22
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20 the polarity of the remaining electric charge on ferroelectric capacitor
22 is the same as the polarity of the charge transmtted frombit |ine
capacitor 27 to ferroelectri.c capacitor 22. Therefore, a smaller anount 5
of charge is transnmitted frombit |ine capacitor 27 to ferroelectric
capacitor 22, resulting in a smaller voltage drop at bit |line 26 conpared
with the case in which ferroelectric capaZ¥tor 22 is in state 52. The
polarity of the remaining electric charge on ferroelectric 10 capacitor
22' is opposite to thexpolarlt of the charge transmtted from

conpl ement ary FHARIGHE T EERESr 687t01 Btates rerelkacEmise ehphbet bealaye

Therefore, a Iﬂrcgmrfeamuﬁnecmﬁ:lehaageciSOi rmsmtltﬁ%oftho a@@iﬂ&@igisﬂry bit
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whi ch ferroel e%lrmf%a;t&xa voltage asrosssfatmedactiie saphtttowsldage drop
at bit |ing 261 dde yaicifl 2Lobl A0fndr 0P, Al SOTRLEEAL £¥1$'}‘f?!%?',é‘,§§.?§| i

transnits an enhanced | o one" S gnal 10 Sense
accor dance wi t3¢ tFhengsso °§‘n§6§Fﬁeﬁ? o stateSBsennd nhenst@tleuﬁng

hysteresis | omﬁ%enﬁmlﬁe@wc@ebf 29 Sé&l’:%%sa g Qélateoé‘ﬁ tdiddlhee
ferroel ectrlcgﬁapa ' gi.cal "one" pol ari zation 25

2 1s Sy
state 53 and ferrog];meéetlrt 8%5858”6 imelc"i‘% ]Cﬁtﬁ cdf TeEFeredoln menemon
state 62, a "remkl' Zdperation includes the foIIovm ng st eps: 1) A

predetermlraed anoung £Qf,. cahqregglha kageds on, e i;or 27 and
3§ g% & a voTtQge

conplenentary bit |1 ne capacit by app ylng
such as, for eSwifshed @fs‘-ubsrﬁyreogmg@dlmlatue Bdne BBt blnelﬂﬁeerzﬂj,

CO”p|enentary and complementary bit line 26’, a subsequent reading
process of memory cell 20 may start before ferroelectric
capacitor 22 completes its transition from state 57 to

15 state 53 or before ferroelectric capacitor 22’ completes
its transition from state 68 to state 62. 1In this case,
the polarity of the remaining electric charge on
ferroelectric capacitor 22 is the same as the polarity of
the charge transmitted from bit line capacitor 27 to

20 ferroelectric capacitor 22. Therefore, a smaller amount
of charge is transmitted from bit line capacitor 27 to
ferroelectric capacitor 22, resulting in a smaller voltage
drop at bit line 26 compared with the case in which
ferroelectric capacitor 22 is in state 53. The polarity

25 of the remaining electric charge on ferroelectric
capacitor 22’ is opposite to the polarity of the charge
transmitted from complementary bit line capacitor 27’ to
ferroelectric capacitor 22°’. Therefore; a larger amount
of charge is transmitted from complementary bit line

30 capacitor 27’ to ferroelectric capacitor 22°', resulting in
a larger voltage drop at complementary bit line 26°
compared with the case in which ferroelectric capacitor
22’ is in state 62. The smaller voltage drop at bit line
26 or the larger voltage drop at complementary bit line

35 26’ transmits an enhanced logical “one” signal to sense

amplifier 28.



bit line 26'. Bit line 26 and conplenentary bit line 26" are then isolatad
f'rom bi t I|ne voltage signals, i.e., bit line 26 and conplenentary bit |ine
26' are floating. 35 2) A control signal such as, for exanple, the
supply voltage, VDD, is applied to word line 24, resulting in FET 21 21
and FET 21' being conductive. Ferroelectric capacitor 22 and ferroelectric
capacitor 22' are coupled to bit line capdcitor 27 via FET 21 and to

conpl ementary bit line capacitor 27 via FET 21', respectively.
Ferroelectric 5 ca citor I ne capaC|tor 27 share the electric

2 bit
charge that is init Ihlaﬁcf°§§8?"88 Y"ﬁtlb ?h¢.%r§%§eﬂ°9éﬂmzvt ®eciRe the
polarity of tfnreﬂmxtgdnhreaﬁontﬁsmd rehe biysderﬁeleamaeptm # 1%, 4,

ferroelectric e as, the pol a of . the o”Iarlzatlon
in ferroelectric E'B?léle? QZOE%E&ChS% SQ’I r’ﬁoe P‘?gf‘?\a]st aﬁee‘pqSS’ & he
transmtted chepdf @P@Netlpnl int¢keded dtheoaltepsr anad:aga@astm %samtfoﬁ:hanges

the state gf fernQal@ch bEaE?Bﬁ%ﬂ&{ ﬂe%néfw@eitlabs Ego{@saé {da1C
i ntermedi ate state 55. anount of électric charge, 0 the 15

di fference i n 9% pol 3fi fﬁﬂl@)ﬂ %ﬂa‘?‘b"ee%é%hﬁéfeﬁ%tlﬁgetbs W%ﬁ%t%ﬁ 53, is

transmtted fraading i 0egtapdct t&Fo2 Fhdn frr%ﬁde?' eelli gofaReidAtage The
smal | anmount of %ha__r g tr sferred frcg bit line c aC|t1c_>V 7r ults in a

smal | vol t age %t op at Bet i he 2B7°1Y 3E e %%?r FS t or
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because the polarity of argetransmtte fromco erren aryeblt l'ine
capacitor 27' RFaerthaél vbepia tegiral oizexp” iis §50r9@p1-)13|m%§nqny toed. 1

polarity of tim pHediroeakb@PitNcapacitor 22 is initially in logical
“zero” polarization state 62 and its state changes from
state 62, through intermediate state 64, intermediate

15 state 66, and saturation state 68, back to state 62 during
the reading process. On the other hand, ferroelectric
capacitor 22’ is either initially in logical “one”
polarization state 52 and its state changes from state 52,
through intermediate state 54 and extraction state 56,

20 Dback to state 52 during the reading process, or initially
in asymmetric logical “one” polarization state 53 and its
state changes from state 53, through asymmetric
intermediate state 55 and asymmetric extraction state 57,
back to state 53 during the reading process.

25 In accordance with the second embodiment of the
present invention, a “write” operation to store a logical
“one” into memory cell 20 of FIG. 2 includes the following
steps: |

1) The voltage at bit line 26 is raised to, for

30 example, Vpp, which represents logical “one”. The voltage
at complementary bit line 26’ is lowered to ground voltage
level, which represents the complementary value of logical
“one”,

2) A control signal such as, for example, the supply

35 voltage, Vpp, is applied to word liné 24, resulting in FET

21 and FET 21’ becoming conductive, ferroelectric



Y

ferroelectric capacitor 22', which is initially in state 62, the
fransmitted charge depol arizes ferroelectric capacitor 22' and may pol ari ze
ferroelectric capacitor 22' in the opposite direction, depending on the
ratio of the 30 capacitance of conplenentary bit |line capacitor 27" to
that of ferroelectric capacitor 22'. The state of ferroelectric capacitor
22' changes fromstate 62 to intermedi at@Xstate 64. A | ar ge anmount of

el ectric charge, equal to the difference in the polarization charge between

35 internedi ate state 64.and:.state 62, Js transmtted omc ntary
bit |ine capaditsi- Pt écz) ﬁg??%%]l"%c‘f?lli%led tfzgé‘gp;%fl?o% 22 Oé#ille rge
anount of charay@ tfearoledectdi€r capzoitpire @Rt degoming| coepbeapdm t or 27

results in a |aagn MAHags B5eP1fhe O IGIEWER 1kt Fipfiey 26, m%voltage
at bit line 26 ingﬂnow hi gher than ?he vol tage at 5 corrp?errenteaﬁ%/ It Iine

26'. 3) Sense MAHIGFRCLI¥E WRFPnEhe Herkhags athdffeForbRRcRteettsi®i t | i ne
26 and thessegutHdARNGa1GeNDess eehd® KHETRIARGaRY Wbidliinee 261 by S

enabl ed, conpares the voltage _at _bit lin wi th the yo at

conpl enent ar y 3 2F9RY Fﬁb‘ath? Bﬁﬁ ‘f%??ei}é%sé@&ttﬁgev#t%%ﬁg%{' bit’S i ne 26
to VDD, and | omeltsagehacrossaferadeentpt nmrspacy thirt 2Ri he Péss troeggrtailired

vol tage | evel ,tﬂﬁLU‘}DLr]gyla{h %I{oggﬂtcghuggnﬁéng@é nghL&ad 1y g@lgg%rgfcel | 20.

The state of ferroel ectric capacitor 22 c ges to asymmetric

extraction st &R 24 whilhe BEFtelobetormeclnatriongaprritoringh eldaw| t age at

its sourcepel el RAGREEea5EA HerdBSselidtdrilcheapabiage 28 ids gate
el ectrode by an anmpuynt equal to tjéﬁe t hreshol d voltagrgﬁof FET 21. The

|
vol t age acrossti¥r Yodty PLakgpati toF F¥nges s st Per#% by an

ferroelectric capacitor 22 is initially in state 53 or
state 62. The vbltage across ferroelectric capacitor 22’
is zero and ferroelectric capacitor 22’ remains in its
15 initial state.
3) The voltage at plate line 25 is raised to Vp.
Because FET 21 is non-conductive, ferroelectric capacitor
22 is isolated from bit line 26 and remains in either
state 56 or state 57. The voltage across ferroelectric
20 capacitor 22’ is now Vpp, and the state of ferroelectric
| capacitor 22’ changes to state 68, regardless of the
initial state of ferroelectric capacitor 22‘.
4) FET 21 and FET 21’ are switched off by grounding
word line 24. Ferroelectric capacitor 22 and
25 ferroelectric capacitor 22’ are isolated from bit line 26
and complementary bit line 26’, respective. Ferroelectric
capacitof 22 changés either from state 56 to logical “one”
polarization state 52, or from state 57 to asymmetric
logical “one” polarization state 53 because of the leakage
30 from ferroelectric capacitor 22. Ferroelectric capacitor
22' changes from state 68 to logical “zero” polarization
state 62 because of the leakage from ferroelectric
- capacitor 22’. Therefore, a logical “one” is stored in

memory cell 20.



20 anmpunt equal to the threshold voltage of FET 21. The voltage across
ferroelectric capacitor 22' is zero and the state of ferroelectric
capacitor 22' changes to internediate state 66. 4) An restoration signal
such as, for exanple, the 25 supply voltage, VDD, is applied to plate line
25. Because FET 21 is non-conductive, ferroelectric capacitor 22 renains
in state 57. The voltage across. ferroel e&&ic capacitor 22' is now VDD and
the state of ferroelectric capacitor 22' changes to saturation state 68
shown. 30 5). FET 21 .and FET 21' are swtched _off by groundi ng word
line 24, resulting qnn 3CEPraanER: Vi Eh celi aond smadinent dégé'éﬁl c

capaci tor 22' preisepti dakahedon | o bintidd Nopdeadiién COSPEEIRNtANbAIdall | Ne

26', respectiy «Th tate of f gpac 22 changes from
state 57 35 t?%toat e%§§ seause egj;ft eﬂ%t f%%g fFBﬁ{[‘f‘i‘Fﬁ R ric
capaci tor 22. anedogousetof theseo&blecd riwricsjacpevat 2@ to @dmhanges from

state 68 tg sth;gqc@’zl bgﬁgusgng(f) ﬁ&ﬁ?ﬁ%@qe zforonk{:egléglgicgaéé I freapaci tor

22' . |If both plate i.ne brt Ti'ne 16 are groun ore swtching
FETs 21 and 2¥ eerf"rlttﬁégvél %a%bC%r‘b%%rGr etcoBrBerY| eethpdti ttdis 22 5 and

22' becone zemlt‘élg@ atabetoinf;@rz@eiemdwe&eaaﬁacgfeun@&r&t@wiéd&m state
57 to state 53, .a the sta qel ectri épgagﬁmto 22" changes from

state 68 to sta e fepFﬁng%ﬁef %’acé £98gic 8" VoLaR¥red in menory
cell 20. 10 complemengary biéhdline p?ﬁ)'cesss radseddi th WplswBichnd 21' are

swi tched gpf %qure%eaegueﬂgngo%ﬂﬁeﬁd pd bel 108120 A4 Honp: ementary

bit line 26", subsequent rea ss o nemnory may start
bef or e ferrcxﬂﬂhquﬂgre, the state of ferroelectric capac1tor 22 changes

to logical “zero” polarization state 62 via saturation
state 68 regardless of its initial state. The state of
ferroelectric capacitor 22’ either changes to logical

15 “one” polarization state 52 via state 56 if ferroelectric
capacitor 22’ is initially in state 52, or changes to
asymmetric logical “one” polarization state 53 via state
57 if ferroelectric capacitor 22‘' is initially in state 53

or state 62.



capacitor 22 conpletes its transition fromstate 57 to 15 state 53 or
before ferroelectric capacitor 22' conpletes its transition fromstate 68
to state 62. In this case, the polarity of the remaining electric charge on
ferroelectric capacitor 22 i's the same as the polarity of the charge
transmtted frombit line capacitor 27 to 20 ferroelectric capacitor 22.
Therefore, a smaller anount of charge is 8fansmitted frombit |ine
capacitor 27 to ferroelectric capacitor 22, resulting in a snaller voltage

drop at bit line 26_conpared wit e case in which ferroelectric capacitor
22 is in state 53. The® %Iﬁ?i%"géit @faPHEeFéﬁﬁ?‘%ﬂiﬁbatelae&elt#@dcﬁaFge on

ferroel ectric repding an@Pestordppodata in &heomadlartilye akmbl¢ 6881 ge

transmtted from cooml §IEN bi tw,Li ' o to ferrqelectric

capaci tor 22'. Ther%%yf)r e, al.égfgeﬁrhgrr@%ﬁ%gg?é;éc%% g%atlas FPEn & t%‘éﬁ?’r om

conpl ement ary BPELPTeR dara dapacnesvoratile meouie| el wi thapasingle 22'

resul ting 151 ackran@Btod!sA0e e watheaPLEIRALAhtldudd! BECROqs CRRPET o0
: e

with the case Ln ich ferroelectric, capacitor 22" is In state

smal | er vol t age* BT PRS- | iHrePFEVIHeEhaR | SRy A figdendr op at

conpl enent ary alternaeids t2Ghe pisk hstabesiibncsd | sureabrmope’ ehgnal
to sense anplif] .3 n accordance with the .second enbodj nent of
the present inéié%%?%‘% 1u%‘f?r¥§:%lok‘edﬁ$§t Iel?gsflge%mo%pw%;ﬁfi]ﬁ‘nﬁ COFLeTNER menory
cell 20 of FIGriteidats imtlng semotyerel]. a ThemeFompenatingnthacl udes t he

Steps analugousietiod NP eadraincd wiBAnOPEEAILAN MRRATBIDLY Gel | 20
stores a | ogical "on%':. I't. shqul d be noted at during the process of
readi ng a | ogi HPLlYki%s qirsmitewoapdcanvesositiron @neggeompared with

the prior art.
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at Bit line 26 is lowered to ground voltage level and the voltage at _

conpl ementary-—bit—line 26" is raised to VDD 10 when the sense anplifier is

enabled. It should also be noted that when a |ogical "zero" is stored in

menory cel | ZgJuﬂmmum liltlicapacitor 22 is initially in logical "zero"

pol ari zati on mmmlgt ate changes fromstate 62, through

i ntermedi ate staté 64, Fn:}%rrf‘edijfate 15 @a8at e026{ handt ﬁatuLat hon state 68,

back to state 62 during the readi ng process. the ot her hand,

ol ar'i zati on st ate 52 and its state chatgdUS rom State 52, ¢ hrough

ol arization state and its sta : _

Pntermedi ate state 54 and extraction state 56, 20 back to state 52 during

the readi ng process, or initially in asymmetric |ogical "one" polarization
i : d ¥ i nd mestghingydata rirc a

state 53 and its stlate éh&E§EeAf For seadineR 9 y!

i ntermedi ate datle s$5ragd asMREmY ) idonprlisadeki eReSkabSs X5, Pack to state 53
during the.readi ng rocags. ég I n accordance wth the second
nE TR IR

embodi ment°of the BroYa HorRgS ELeBFBE PFBHT R St | ogi cal
"one" into memmdy acebbadftof With pbliardlzagesnt b@tél?)ti%\ﬂDgﬂléi@.@ﬁm_ hithla) The t
vol tage at bi ! [ | t g, r .30 _ex wWhich represents
| ogi cgl "one" ts“}l'F%gl étg)ft gggé&ﬁﬁ%lq%eg&%ﬁtdger ?oﬁpig% ﬁ%r FEC]IYING o ed to
ground vol t ag€om&rell, siinehsr cpritiestt surirentorphénening elalturedef | ogi cal

" "9 A i a 3 . a . . Y. v Ql age,
V(II))rII]),e S 231g&’l ?gglohtbgh\?ﬂs)?ggl {l:rrlé 2 _,é?fletSirFﬁlﬁg ?Ehglé#%%%% ?t;fn %é’géom ng

conduct i veY f &FFEEVEREr FEStoraiony, sHenads  2andedofeeond cistnaiti o bit |ine

26 via FET 2lconducting electrode coupled for transmitting data;

providing data in the data storage element;
placing the switch in a non-conductive state;
applying a first restoration signal to the first
15 current conducting electrode of the switch via the
capacitor with polarization retention;
applying a charging voltage to the second current
conducting electrode of the switch;
removing the charging voltage applied to the second
20 current conducting electrode of the switch;
placing the switch in a condugtive state;
applying a data value voltage to the second current
conducting electrode of the switch in response to a
voltage at the second current conducting electrode of the
25 switch to read data from the data storage element;
applying a second restoration signal to the first
current conducting electrode of the switch via the
capacitor with polarization retention; and
placing the switch in the non-conductive state to
30 restore data in the data storage element. '
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and ferroel ect r| c capacitor 22' becom ng coupled to conplenentary bit |ine
26' via FET non conductive when the voltage at its
source el ectrode 5 reaches. al ue less than the voltage at word |ine 24 by
an amount equauumuumjmwm m d voltage of FET 21. The voltage across
ferroelectric ess negative than [err] by an amount equal
to the threshol d voltage of FET 21. The 2fate of ferroelectric capacitor 22
either 10 changes to state 56 if ferroelectric capacitor 22 is |n|t|aIIy
in state 52, or ch nges e b7 if ferroelectric, ca or

hitially in otate sy omté: HeBhgg Fahreat i e50. rosLSTERS (ifke T
capacitor 22' dasazeltoragel ébemm&eas raltameﬂadnt ola?f' 1y ewteerresin thiet s 15
initial stateg e | J . Because
FET 21is non- co d-hglgt P%gl’gégﬁ?o rtf\ac éé%%aégt gfi ?gﬂf]’tso ated frombit
line 26 and rémlﬁéeSnP(EPVh@%ngt%ltv@l% lomescaupled. tqhighe gtantgelacr oss

ferroel ectsic e&%ct%@écbtoﬁhgzswi@cl{m\/& mteaﬂgnéhéoﬁﬁfé& o duy regelsgetric
capacitor 22' changes to _state 68 ?’gf({ﬁ(ilesso Inifial state of

ferroel ectri c TIFLEGH 6Pndygcting efee d’fFE;PerWlE?]% it tidied off by
groundi ng wor capaiad to4. wEEhrpelsﬁiiat’:Ld}ﬁ[lﬁmehﬂﬁ.oBZ and 2%it flmeel ectric
capacitor 22' are. |%0I at %Hefsgc% ét Ilnee 26 rrg ggn&% ebl],:I I|ne 26",
respective. Ferrc?eleectrl C Capaci UF nhanges st T O St ate

| ogi cal "one" sydltghi.zati on state 52, or fromstate 57 to asymTetrl o Iogi cal
“one" pol gapi zation state 53 because of the | eakage 30 fromferroelectric
capacitor 22. Ferroelectric capacitor changes fromstate 68 to | ogi cal
"zero" polarizatior st at%*%@eﬁéeéuéero?e%wq e’é%ad’@sFPGHﬁ?eii?B%I Hidic
capacitor 22' .datheistttge albAghtads "dNEmdd igt eladmi D, Eh@ryialde 20.

step of providing the data storage element includes

providing an n-channel insulated gate field effect

15 transistor serving as the switch and providing a
ferroelectric capacitor serving as the capacitor with
polarization retention,.wherein the n-channel insulated
gate field effect transistor has a gate electrode serving
as the control electrode of the switch, a source electrode

20 serving as the first current conducting electrode of the
switch, and a drain electrode serving as the second '
current conducting electrode of the switch.

4, The method for reading and restoring data in a
25 data storage element as claimed in claim 1, wherein the
step of providing data in the data storage element
includes the steps of:
applving the first restoration signal to the first
current conducting electrode of the switch via the
'30 capacitor with polarization retention;
applying a data storing voltage to the second current
conducting electrode of the switch;
rlacing the switch in a conductive state;
applying the second restoration signal to the first
35 current conducting electrode of the switch via the

capacitor with polarization retention; and



26 I n accordance with the second enbodi nent of the present invention, a
‘wite" operation to store a |logical "zero" into nenory cell 20 of FIG 2
i ncl udes steps analogous to those for a "wite" operation to store a 5

| ogi cal- "one" ij L 20. It should be noted when witing a

| ogi cal "zer o““ﬂﬁwmgﬂwzo the voltage at bit line 26 is lowered to
ground vol t age *l evel ran mepresents | 8§ical "zero", and the voltage at
conpl'ementary bit line 26" is raised to VDD, which 10 - represents the
conpl enentary val ue,of .| ochaI "zero". Therefore, the state of

ferroel ectric capaPrESFRI2"RRAGEEH 01t GoiPPRrCODEREEIYR)| Sh3tAativFtors e 62
vi a saturati odastatie tBerdga Btessngef dliemenni.tial state. The state of
ferroelectric capacitor 22' either changes to logical 15 "one"

pol ari zation state 52 via state 56 if ferroelectric capacitor 22' is
initially in state552, dhechabed for asafima iand sgstaringmistapdime zati on
state 53 via ghihesbdradelETRBIEHY i GRRACEHOL122m 4 5 WHldidl kel N state
53 or state 62 %7 BBé now it should be appreciated that a nethod for
readi ng and r 85E8r PRgPRRIRRS & FteEPre MehbRrge cErqlusies SERAYRREVi ded.
The net hod r eadsollatgef determichddilby thestarastdaba &toredGRY @hat @heanenory
cell with a sggg@rggg jLA05i stor pass gate wi t hout using techni ques such as
word |ine boosting: 1§ provi des an energy efficient alternative to the
prior art techniques. Furthernore, the present invention does not need a

word |inejpooster %0 The method for reading and restoring data in a

data storage element as claimed in claim 1, wherein the

step of placing the switch in a non-conductive state
includes applying a first control signal to the control
electrode of the switch.

15 -

7. The method for reading and restoring data in a
data storage element as claimed in claim 1, wherein the
step of applying a second restoration signal includes
applying the first restoration signal.

20



.

wrlte data into a nenory cell. Therefore, using the 10 nethod in
.accordance with the present invention also sinplifies circuitry and saves
silicon area conpared wth the prior art. 28 CLAI M5 1. A et hod for

r eadi ng and r a data storage el ement, conprising the steps
of : ﬁmm{”ﬂﬂlmymjuiﬂ storage el ement having a switch and a

capaC| tor with*pofartzation retention, w#dr ei n. the switch has a control

el ectrode coupl ed for receiving contr ol signals a first current conducting
el ectrode coupled via the ca agltor Wi th, polarjzation. retention for 10
receiving restorati®n sifyfg abat A REUM WP FETEOEIRIUBREAGIRI Rt r ode
coupl ed for tl’ﬂﬁiﬁdﬂieﬂ_blclﬁgldait&nowmléﬂl ng:ad@tr&sh.ﬁgt hhedat@pstcm*.age el enent ;

pl acing the switch_jin_a on-¢cond tiv ate rest or tion
signal to the first fé’ldéﬁl rgﬁ g‘(g)ﬁr |ntgrle %Frgrée ?‘f% W TSN the
capaci tor wit Rips,aei pétatenlieeenaim ldmsl.yien§igléhaf feely vransigearo t he

second cur entypRducti-Rgl 8LeF] & 0dg i ddie smekeln Eﬁgnfié‘ﬂdté'@féélarg' ng
vol tage applied to the second 20 current conductlng el ectrode_ of

swi tch; placi FaFdssert BRSi A S2tritRItrAdes coupledppPyhg W%t]al%l ue
vol tage to the seeoke eueeeﬂbdeoe@lmtedlg:celtﬁet padeeoll ihbevia thed | n
response to a Vol t%q.‘eg .t he secot[Jd curr nduc ﬁEectro t he 25
switch to read &g ﬁlfhgaﬁﬁ?h or ﬁ'é‘ﬁlt e Sﬁgt’y %gc%u% d’
restoration sitgralbitto lihe:first current conduct| ng el ectrode of the switch
via the 10

writing data into the' ferroelectric memory cell;
placing the field effect transistor in a non-
conductive state;
applying a first restoration signal to the plate
~line;
15 charging the bit line;
placing the field effect transistor in a conductive
state;
applying a data value voltage to the bit line in
response to a potential at the bit line to read data from
20 the ferroelectric memory cell;
applying a second restoration.signal to the plate
line; and
placing the field effect transistor in the non-
-conductive state to restore data in the ferroelectric

25 memory cell. -

9. The method for reading and restoring data in a
ferroelectric memory cell as claimed iﬁ claim 8, wherein
the step of providing the ferroelectric memory cell

30 includes providing an n-channel insulated gate field
effect transistor serving as the field effect transistor,
wherein the n-channel insulated gate field effect

transistor has a threshold voltage.



~

capaC| tor with polarization retention; and placing the switch in the
.non-conducti ve-state to 30 restore data in the data storage el enent. 29
The net hod for reading and restoring data in a data storage el enent as

2.
clainmed in cl ai mmﬁ umﬁ step of providing the data storage el enent
further includ rd line coupled to the control 5 el ectrode
of the switch, a p ate 1" né cbupled to tBR@ first current conducting

el ectrode of the switch via the capacitor with polarization retention, and
a bit line coupled to t second c%;rent conducting el ectrode of, the

Saten 10 SoUP oAbt BBe ReE R et aadi A aht FRGERBTas RLE R B st or age
el enent as cl &eedel8ctt it Mémomhesediln ashelaimpd ofn prladnding whistedat a

storage el enen |nIud an ha [ tefleld ef f ect
Bhel DELUCS? Brovidi ng.2hiLiahapnek, | Dol ol & 03l

15 tranS|stor Sefvih provrdrng a rroel scy PeR
capacitor ser ¢pnguaStheSt;atpmanQirudﬂSt lappdliangzat voktags ciowegn thanerei n t he

-channel §nsubl ed-g8hs1dl Ak eI ol chenBSbAbhe] A Glda ol 1 0de

serving as the contrg ectrode of the switc a, source el ectrode 20
serving as t h&ipildseEEart chFanRGiahiak ity theeWPFEdeine- t he switch, and a
drain el ectrode serving as the second current conducting electrode of the

switch. 4. The hod ng_and storing data in a 25 data

st orage el enent arsrié'l'al PF%‘& F‘ﬁgﬁ?é ﬁ? %ﬂ%ﬂg "‘Eh@egi:gﬁl%? %%B%i]&fr?g dat a
in the data s@feragelebtamtl_ttermmn laes sflepmedf inapldim i}y twWherfbinst
restoratipg SEgQaEtEB BEeaéﬁi§§ng a first restoration signal includes

applying a ground voltage to the plate line.

12. The method for reading and restoring data in a
ferroelectric memory cell as claimed in claim 8, wherein
15 the step of applying a second restoration signal includes

applyving a supply voltage to the plate line.

13. The method for reading and restoring data in a
ferroelectric memory cell as claimed in claim 8, wherein
20 the step of charging the bit line includes the steps of:
applving a charging voltage to the bit line; and
removing the charging voltage applied to the bit
line.

25 14. The method for reading and restoring data in a
ferroelectric memory cell as claimed in claim 8, wherein
the step of appiying a data value voltage to the bit line
in response to a potential at the bit line includes the
steps of:

30 providing a predetermined reference potential;

applying a ground voltage to the bit line in response.
to the potential at the bit line lower than the
predetermined reference potential; and
applying a supply voltage to the bit line in response
35 to the potential at the bit line higher than the

predetermined reference potential.
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current conducting el ectrode of the switch via the 30 capacitor with
.polarization retention; applying a data storing. voltage to the second
current conducting elecirode of the switch; placing the switch in a
conductive s wiigi hlle second restoration signal to the first 35
current condlﬂl'muﬂgmmmmlgﬂof the switch via the capacitor with

pol ari zati on retéentyon ands pl acing tBé switch in a non-conductive state
to store data in the data storage el enent. 5. The net hod for readi ng and
restoring data in a 5 data storage elenent as clainmed in claim4, wherein
the step of applying a data storing voltage includes applying a voltage
determ ned by the data hombehésd ofefl deudigy daBarekesAley adaterin al0

6. The net hqd forlreédj n%ﬂand res (1ri n data.riln &dast%st%%a.ge el enent as
clained in cl &FFFISFRer &7 TR stceeE)L of < F‘Bléf'ﬁjg T SiTER °Fa

non- conducti ve st apeoviding esheapidnyriae]egtiricsnenory reglkilpviing @ woed
control elpctiofg, of biges W) ol it 1inlllCa ELAOLAM cLLAYiR013RAE,
restoring data 1n a data storage elenment as clained 1 n clamal, erein the
step of appl yRn§ilasteEbntr rekisitatiransis§rar rneeerRS Hhd iaffecke first

restoration scgaakis@fr, a3didst fehrdRhbedriercasaci tr anthd eSkecona data
In a

ferroelectric capacitor, wherein a gate electrode of the
"first field effect transistor and a gate electrode of the
10 second field effect transistor are coupled to the word
line, a source electrode of the first field effect
transistor and a source electrode of the second field
effect transistor are coupled to the plate line via the
first ferroelectric capacitor and the second ferroelectric
15 capacitor, respectively, and a drain electrode of the
first field effect transistor and a drain electrode of the
second field effect transistor are coupled to the bit line
and the complementary bit line, respectively;
writing data into the ferroelectric memory cell;
20 placing the first and second field effect transistors
in a non-conductive state;
applying a first restoration signal to the plate
line;
charging the bit line and the complementary bit line;
25 placing the first and second field effect transistors
in a conductive state;
applying a first data value voltage to the bit line
and applying a second data value voltagé to the
complementary bit line in response to a potential at the
30 bit line higher than a poteﬁtial at the complementary bit
line to read a first logical value from the ferroelectric
memory cell; |
applying the second data value voltage to the bit
line and applying the first data value voltage to the
35 complementary bit line in response to a potential at the

bit line lower than a potential at the complementary bit
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ferroel ectric nmenmory cell, conprising the steps of: providing the
ferroelectrif%+ﬁﬁﬁﬁ1f1nﬂﬂ—‘havrﬁg a wrd line, a plate line, a bit line, a
field effect tra a ferroelectric capacitor, wherein the field
ef f ect tran3| i\:“ iﬂ ﬂ&l Iectrode coupled to the word line, a source
el ectrode cou line via the ferroelectric capacitor, and a
drain eIectrode coupled to the bit Iine; 340 witing data into the
ferroelectric nmenmory cell; placing the field effect transistor in a non-

conductive stat.e; plying a first restorati on sign to the plate line; 15
charging the PPeIFg rg%@ai|§ﬁquéayQQ%9& LeVpete ?ééﬁiﬁQﬁQiathtQ Eﬁﬁductive
State;.applyiE@r&td3691MQIUGaLudtﬂnymIﬂhdiE&rbbéléctﬁn¢rmémbﬁQO@%ﬁlLO a
potential at the bit ggﬁgsgoé {gh&k%égébf&pl%g ﬁégﬁ?ae££0§A rlc menory

cell; applying a s&88N I on “si gnhal te I|ne 5 pl aci ng
the field ef f @dnetrandi stor in the non- conductive state to restore data in

the ferroesectric %ﬁaEFEHBrMhEeﬂrT@ and E&o‘i’iﬁt '?%lfioéfféé@'t{%r@l%tr gstoring

data in a ferroel eCtric menor as claimed 1n claim8, wherein the step
of providing ﬂﬁeth@rFS@T%@?@??F%ﬁﬁnﬁFft@bFP zestore| Sfed I dNsdi ng an
n- channel i nsfleatredlgateiéimbmblf ferl.transi stor serving as the field
effect transistor, wherein the n-channel insulated gate field effect
transistor has a t hreshol d ‘vol t age.

16. The method for reading and restoring data in a

10 ferroelectric memory cell as claimed in claim 15, wherein
the step of providing the ferroelectric memory cell
includes providing a first n-channel insulated gate field
effect transistor having a first threshold voltage serving
as the first field effect transistof andlproviding a

15 second n-channel insulated gate field effect transistor
having a secohd threshold voltage serving as the second
field effect transistor.

17. fThe method for reading and restoring data in a
20 ferroelectric memory cell as claimed in claim 16, wherein
the step of placing the first and second field effect
transistors in a conductive state includes applying a
voltage higher than the first and second threshold
voltages to the word line.

25
18. The method for reading and restoring data in a
ferroelectric memory cell as claimed in claim 15, wherein
the step of charging the bit line and the complementary
bit line includes the steps of:
30 applving a charging voltage to the bit line and the

complementary bit line; and
removing the charging voltage applied to the bit line
and the complementary bit line.



32 "10. The%and restoring data in a ferroelectric nenory
cell as clained in clai ; rein the step of placing the field effect
transi stor in“ ctive state includes applying a voltage | ower
than 5 the th m"gm”qﬁn agH"tf the n-channel insulated gate field effect
transi stor to the werds ¥¥11. The method for reading and restoring data
inaferroelectric nenory cell as clainmed5n claim8, wherein 10 the step

of applying a first restoration signal includes applying a ground voltage
to thée plate line. 12. The nethod for rqu' and restoring_data,in a

In _
ferroel ectric menory celfre@ethof £8r; Feadingnand pestoringsdataciii®p of
appl yi ng a sedfurtoedsicntrdci memsrgnaéll s wdedmedplini 6ladmsLpplwhermdirage to
the plate lin 13,..Th hod.for_reading and.restokin ata in. a
ferroel ectri c%%enﬁtfpcglfrgégggf% rr%acetganr%ﬁ% r‘ﬁo&‘},ta\%ﬁerl F%u(g%é ?Q%%Jtneqp of
chargi ng the B tsupply viedtedestehehstleils ldme apdl ¢hegcamphementayrwdiittage t o
the bit lige; b removing the charging voltage applied to the bit line. 25

14. The nethod for reading and restoring data in a ferroelectric nenory
cell as clained in claim8, wherein the step of applying a data val ue

vgl tage to ]Ehe bit 40.ne THe lirab‘i:h@aseoto]éaa@mggsraﬂcﬂlri’gto&hagbaatgi ﬂﬁajancl udes
the steps of: 30 rovidi ng a et erm.ned reference, potential ;
appl yi ng a gro‘%ﬁﬁf%&etcé: &%t B‘e{“ﬁgyb?%){ i GIRPESHIRs SLEE™ h p@?%?ﬁli%l at
the bit |ine |ldwerstiepawft bpppyidgt @r fimsd dedfeevarive poltageato thmel kaippl yi ng
a supply It 3g6,d Qi hi, sl ne | p&%}ﬁe t o] ial at the
bit line Eiagher t%]an t%ggg&éhgtgr%‘lg%%lgére eré%?gepg?gggggl {:gn&lé
: complementary bit line in response to a potential at the

bit line higher than a potential at the complementary bit

line includes applying a supply voltage to the bit line

and applying a ground voltage to the complementary bit
15 1line. | |



33 15. A nmethod for reading and restoring data in a ferroelectric nmenory
cell, conprising the steps of: providing the ferroelectric nenory cel
having a word 5 line, a plate line, a bit line, a conplenentary bit |ine,
afirst field effect transistor, a second field effect transistor, a first
ferroelectric capacitor, and a second ferroelectric capacitor, wherein a
gate electrode of the first field effect 364ansi stor and a gate el ectrode of
the 10 second field effect transistor are coupled to the word line, a
source electrode of the first field effect transistor and a source _
el ectrode of the secondBTHODHFORf READING AND tRESTORINGoDRTAdINO the pl ate
line via the first ferroelectri g papRcCEtOkad Erigdengecond ferroel ectric 15
capacitor, respectively, and a drain electrode of the first field effect
transistor and a drain electrode of the second field effect transistor are
coupled to the bit line and the conplenentary bit |line, respectively;
witing daka into the ferroel r J 5 220 pl aci ng the
first and Eecond field effectg%%é%%?ﬁ?%?séﬁﬁfg%%ﬁﬁ?§85ﬁductive st at e;
applying a first restoration signal to the plate line; charging the bit

line and the conpl emamitdod ok kieBA d restdii hgnflr d second
field effect t&@ﬂSIStOFS |gea condué?ﬁvgpstgﬁ% %% @gtg g leE?Rggta val ue
p

vol tage to the'Blh 48 PEFXH pl 1A gFERAN O mrﬁﬁpﬁeavﬁﬁ'?a@elk @nde
conpl ement ary abiﬁe::indﬁeldtrliespapaeltsra(m entir rair t(he) 3Qasbé.t?$t£é‘e

hi gher tha ' at the _conple ry bit line to.read a Tifst
| ogi cal vaI ue %Ih% fterroeP]éét ??1?: :Pr‘br'y F &quree Soupledto a plate

11ne (15) via the ferroelectric capacitor (12), and a

drain connected to a bit line (16). The reading process
begins by placing a predetermined amount of charge in a
bit line capacitor (17), which in turn charges the

15 ferroelectric capacitor (12) after the FET (11) is
switched on, resulting in a voltage drop determined by
data stored in the FERAM (10) at the bit line (16). A
sense amplifier (18) adjusts the voltage at the bit line
(16) accordingly to read data from the FERAM (10).

20 Applying a voltage at the plate line (15) and switching
the FET (11) off restore the data to the FERAM (10).

Figure 1 accompanies this abstract.



applylng t he second data val ue voltage-toﬁﬁhe bit line and applying the
first data value voltage to the 35 conplenentary bit line in response to a
potential at the bit line |lower than a-potential at the conplenentary bit
line to read a second | ogical value conplenentary-to the first | ogical
value fromthe ferroelectric nmenory cell; applying a second restoration
signal to the plate line; and 5 pl agfhg the first and second field
effect transistors in the non-conductive state to restore data in the
ferroelectric nmenory cell. 16. The nmethod for reading and restoring data in
a 10 ferroelectric nenory cell as clainmed in claim15, wherein the step of
providing the ferroelectric nenory cell includes providing a first

n-channel insulated gate field effect transistor having a first threshold
vol tage serving as the first field effec ransistor and providing a 15
second n-channel insul ated gate r having a second
threshol d voltage serving as thg second figqld effect tiransistor. 17. The
met hod for reading andl4estorin ’g ta in al20 ferroel ctr|9 menory cell as
clainmed in claim16, wherlein t ep of pllacing the ,ﬂ and second field
effect transistors in a dqonductHyve state ircludes ap ng a vol tage hi gher
than the first and second thresHol d voltagdqs to the d line. 25 18. The
met hod for reading and restolfﬂg ata in alferroelectMc nenory cell as
clainmed in claim15, wherein Lgﬁégtep of charging the bit line and the

conplenmentary bit line includ t4he steps (f:
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&

30° applying a charging voltage to the bit line and the conpl enentary

bit line; and renoving the charging voltage applied to the bit |line and the
conpl emrentary bit |ine. 35 19. The nmethod for reading and restoring data

in a ferroelectric menory cell as clainmed in claim15, wherein the step of
appl yi.ng a charging vol tage includes applying a supply voltage to the bit
line and the conplenmentary bit 5 line. 2. Tbe nmet hod for reading and
restoring data in a ferroelectric nmenory c as cl ai ned4 ai m 15,
wherein the stgggggz yin first data vjl ue v he bit 10 line
and applying a ata %dl ue voltage to] t ary'bit line in
response to a po'tPeRiEQBI ART+he bit 1ine 48 tentikl at the
conplementary bit line includes applying age to b'he bit Iine

and applying a ground vol4Gge to the co 15 Iink.

supply vo
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