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During recent years, data storage has been demonstrated in electrically
polarizable media consisting of thin films of ceramic or polymeric
ferroelectrics. A major advantage of such materials is that they retain their
polarization without the permanent supply of electrical energy, i.e. the data

20 storage 1s non-volatile.

Two main classes of memory devices have been demonstrated where the
logic state of an individual memory cell is represented by the polarization
direction of the ferroelectric thin film in that cell. In both cases data are
written into the memory cells by polarizing the film in the desired direction

25 through the application of an appropriately directed electrical field exceeding
the coercive field of the ferroelectric. However, device architectures are
fundamentally different:

In the first class of devices, each memory cell incorporates at least one
transistor. The overall memory architecture is of the active matrix type, the

30 major advantage compared with traditional SRAM and DRAM devices being
the non-volatile nature of the ferroelectrically stored logic state.

One broad sub-class of such ferroelectric-based memory devices, commonly
termed FeERAM or FRAM (a Symetrix Corp. copyrighted term), is extensively
described in the scientific and patent literature and is presently being



described in the scientific and patent literature and is presently being 2 4
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sinplest form (IT-1C architecture), each FeRAM nenory cell has a single

transi stor and capacitor as illustrated in fig. 1, where the capacitor
contains a ferroelectric which can be polarjized in one or the other
direction, representing a logic "0" 5 or "I", respectively. A given nmenory -
cell is witten, i.e. prepared with the ferroelectric capacitor polarized
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20 5,883,828 (Symetrix Corp.). The patents address both circuit architectures
and materials, reflecting difficult problems that have hindered practical
implementation of ferroelectric memories since their conceptual introduction
decades ago. Thus, the destructive read aspect of these memories has
comported fatigue in the ferroelectric materials used, limiting the operational

25 lifetime and thus basic usability for large classes of applications. Following
intensive efforts, certain materials (e.g. PZT and SBT) have been refined and
modified so as to sustain the large number of switching cycles (10'% to 10'%)
of relevance in the most demanding applications, as well as exhibiting
adequate resistance to imprint, etc. However, these optimized materials

30 require annealing at high temperatures, are vulnerable to hydrogen exposure,
etc, and generally pose costly and complex problems in connection with
integration into high volume production based on established silicon device
manufacturing. Further, their requirement for thermal treatment makes them
unsuitable for future integration in polymer-based electronic devices. Some

35 of the patents reflect efforts to circumvent drift and manufacturing tolerance
problems by making use of more complex architectures. This may include
memory cells containing two ferroelectric capacitors and two transistors (2C-
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pollarlzed in one or the other direction, representing a logic “0” or “1”. The

20 polarized ferroelectric provides bias on the gate of a transistor, thereby
controlling the current flow through the transistor. An obvious advantage of
this mode of operation is that the Jogic state of the memory cell can be read
non-destructi'vwely, i.e. without incurring polarization reversal in the
ferroelectric capacitor. A related concept disclosed in US Pat. No. 5,070,385

25 (J.T. Evans and J.A. Bullington), is based on a semiconductor material in
close contact with the ferroelectric. Here, the semiconducting material
exhibits an electrical resistance which depends on the state of polarization in
the ferroelectric. Unfortunately, there remain severe unsolved materials- and
processing issues in connection with all of the above-mentioned concepts

30 (cf.,e.g. D. Hadnagy, “Making ferroelectric memories”, The Industrial
Physicist, pp. 26-28 (December 1999)), and their successful
commercialization in the foreseeable future is at present doubtful.

In both subclasses referred above, the need for one or more transistors in
each cell represents a major disadvantage in terms of complexity and reduced
35 areal data storage density.
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be made with nuch r menory cell densi ty and the menory matrix 1tself
current ﬂows through the cell. If, however, the material had been polarized
20 in the opposite direction, polarization reversal takes place, causing a much
larger transient current to flow through the cell. Thus, the logic state, i.e. the
direction of the electrical polarization in the individual memory cell, is
determined by application of a voltage of magnitude sufficient to exceed the

coercive field in the ferroelectric, and detection of the resulting current.

25 Compared to active matrix based devices, the passive matrix based ones can
be made with much higher memory cell density, and the memory matrix itself
1s much less complex. However, the readout process according to prior art is
destructive, involving loss of the data content in the cell that is read. Thus,
data that are read must be written back into the memory device if further

30 storage of those data is desired. A more serious consequence of the _
polarization switching is fatigue, i.e. a gradual loss of switchable polarization
which typically is accompanied by a need for higher applied voltage to the
cell to effect the polarization reversal. Fatigue limits the number of read
cycles that can be sustained by a given memory cell and thus the range of

35 applications. In addition, it leads to slower response and higher voltage
requirements for the memory device. The attendant gradual variation in the
operation parameters for individual memory cells in a given device cannot be
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descri bes a dewstdee performed on time scales that are compatible with such charge
accumulation. Furthermore, Brennan’s patents contain no teachings on how
20 the small-signal and biasing voltages shall be timed and correlated in relation
to each other, which is of paramount importance for implementation in
practical devices. The above mentioned US Pat. 5 140 548 describes a device
which does not require bias from an external source, deriving an internal bias
from a contact potential difference between the electrodes sandwiching the
25 ferroelectric core. While elegant in principle, this solution suffers from
serious drawbacks when faced with the task of implementations in practical
devices. Thus, the predictability and control that can be achieved by external
biasing is sacrificed, being replaced by a fixed bias which is explicitly

10

dependent on materials purity and processing conditions as well as operating

30 temperature. The unipolar and continuous nature of the internally generated
bias promotes imprint in the ferroelectric, a well-known and highly
undesirable phenomenon in ferroelectric memory devices. Finally, a fixed
bias is of little or no value when implementing correlation strategies as
taught in the present document.

35 Japanese patent publications Nos. JP-A-06275062 and JP-A-05129622

(Masayoshi Omura) disclose non-destructive readout of a passive
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20 These latter five patent publications having in common that they all base a
non-destructive readout by generally applying a read or probing signal at a
voltage level appreciably smaller than the coercive voltage and then
performing the detection of a logic state on some parameter of a current
response. In one case a second harmonic response is used for the detection.

25 Generally of these prior art methods are encumbered by inherent weaknesses
with regard to providing a reliable determination of a memory cell logic
state, the more so as the use of a single read signal will not allow the
application of more sophisticated correlation techniques which shall be a
requirement when a non-destructive readout is to be performed in the small

30 signal domain.

Finally, with regard to obtaining a more reliable non-destructive readout in a
passive matrix-addressable ferroelectric memory, US patent No. 5,530,667
(Omura & al.) proposes a memory device with a ferroelectric memory
material providing hysteresis curve with non-linear portions in two steep



20 These latter five patent publications having in comon that they all base
a non-destructive readout by generally applying a read or probingzﬁhggﬁmsat
a voltage |level appreciably smaller than the coercive voltage an

perform ng the detection of a logic state on sone paraneter of a current
response. In one case a second harnonic resgonse is used for the detection.
25 CGenerally of these prior art nethods are encunbered by inherent
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for more. rel Mard parogatiablb he- 3o O2ad AR ode Bl bR g oo
suggest &8 by spegestedry asioriareds aedeabavie.i s a nmmj or obj ect of the present

invention to provide a conceptual basis for non-destructive read-out of

data from dafpisi ngee dlgyétceBtheopitadent 10/ eiridSto prévidel £ebhegmubY basis for
pol ari zabl e rredlg in partic Ia{ f%rro?lectdrlcs i .. ,
non-déstructive read-out of data from data storage devices containing cells

with electrically polarizable media, in particular ferroelectrics.

By extension of the above, it is another object of the invention to permit

20 read-out of data without incurring the fatigue and wear that accompany the
traditional read-out by polarization switching and which limits the usable life
span of memory devices based on ferroelectrics. Further it is an object of the
invention to obviate the need for restoring the data content of cells that have
been read, which is required in destructive readout techniques, and thus to

25 simplify the readout protocol and reduce the hardware complexity.

It is a further object of the invention to enhance the reliability in the readout
process by providing more than one discrimination criterion for
determination of logic state in a given memory cell.

Finally, it is also an object of the present invention to describe generic
30 procedures and hardware to implement such non-destructive read-out of data.

The above objects as well as additional featﬁres and advantages are achieved
with a method according to the present invention which is characterized by
steps for applying a first time-dependent small-signal voltage over said
capacitor, said small-signal voltage having an amplitude and/or duration less



By extension of the above, it is another object of the invention to permt
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i s consi dere €0us 1% &M corr on ana sn
st ages, the fcqngclagtoag@naiysxsagqmprlsmg recording a temporal COI‘IClatIOI'l between

said small-signal voltage and said at least one recorded characteristic of a

20 generated small-signal current response over said capacitor to establish the
magnitude(s) of at least one parameter which characterizes said at least one
recorded characteristic of a generated small-signal current response over said
capacitor, and the second stage of said correlation analysis comprising
recording the correlation between said at least one parameter on the one hand

25 and the magnitudc, sign and/or phase of said second time-dependent voltage
on the other hand.

In the method according to the invention it is also considered advantageous
performing the correlation analysis in a single stage where said at least one
characteristic of a generated small-signal current response over said capacitor

30 is correlated with a reference signal derived from both said first and second
applied time-dependent voltages.

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

the second time-dependent voltage applied over said capacitor is a quasi-static voltage
of either polarity, and then it is preferred that it is switched between a set of

35 positive and negative values.
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recorded at the sum and difference frequencies ©;+ ©, and @;- ®,, and said
phases compared with a reference phase derived from said time-dependent
voltages impressed on said capacitor. In that connection it is considered

20 preferable selecting said periodically varying voltage components as
sinusoidal. It is also then preferable recoding the phases of two or more of
the non-linear current response components, at 2®; and/or 2®, and/or ©;+ ®;
and/or ®; . ®,, and comparing said phases with a reference phase derived
from said time dependent voltages impressed on said capacitor, or comparing

25 said phases with the reference phase derived from a reference cell of a known

logic state that is subjected to the same impressed voltages.

In a third preferred embodiment of the method according to the invention
recording said at least one characteristic of a generated small-signal response
over said capacitor comprises recording the ratio between the magnitude of
30 said small-signal current response to said first time-dependent small-signal
voltage on the one hand and the magnitude of said first time-dependent
small-signal voltage on the other hand, said ratio corresponding to the slope
of the hysteresis curve, at two or more values of said second time-dependent
voltage. In that connection it is considered preferable selecting said second
35 time-dependent voltage as a low-periodic or slowly varying offset voltage
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a memory cell connectable therewith, the memory cell in response to said

read signals outputting a response signal having two or more non-linear
20 current components; a phase sensitive detector connectable with the memory
cell and adapted for performing a phase sensitive detection of at least two
phases in the.response signal output from the memory cell; a reference source
connected with said signal generator and adapted for generating phase
references from the sum and differences of the phases of the input read
25 signals to the phase sensitive detector connected therewith for detecting and
correlating said response components, and performing a phase comparison
between the phase references and at least one detected and correlated
response component; and a discriminator/logic circuit being connected with
the phase sensitive detector for receiving the output thereof and adapted for
30 determining a logic state of the memory cell.

In that connection it is considered advantageous that an @+n phase shifter is
connected with the reference source for receiving the output thereof and
delivering the o+n phase shifted output to the phase sensitive detector and
optionally also to the discriminator and logic circuit.



The above objects and as well as additional features and advantages are al so
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fig. 1 shows an example of a prior art 1C-1T ferroelectric memory cell
20 structure incorporating one transistor and one ferroelectric capacitor in each
cell, as mentioned above,

fig. 2 shows épassive matrix addressing structure with memory cells formed
at the intersection of crossing electrodes in an orthogonal grid pattern, as

~ mentioned above,

25 fig. 3a shows a generic hysteresis curve for a memory substance of the
ferroelectric type, with certain salient features highlighted,

fig. 3b shows a generic high-frequency small-signal polarization response as
a function of polarization history and applied bias voltage,

figs. 4a-4d show examples of read-out by local slope detection, i.e. the
30 polarization vs. voltage response for a memory cell that is excited by a
voltage signal as shown, as applied in the present invention,

fig. Sa shows the principle of read-out by second harmonic detection as
applied in the present invention,



|l ogic state of the nmenory cell by the magnitude and/or the phase of the
phase-correl ated response signal. 15 The foregoing and ot her objects,
features and advantages of the invention will becone nore readily) apdhrleht
fromthe follow ng detail ed description of preferred enbodi nents of the

i nventions, when read in conjunction with th2 appended draw ng figures, of
which fig. 1 shows an exanple of a prior art 1C 1T ferroelectric nenory cell
20 structure. incorporating one transistor and one ferroel ectric capacitor

in each cellfigasbr@wordsloakaliegrdrh ®f aZﬁsﬂ@@\ast 8ppassiy ess@fbl xeadislitelsgi ng

structure with :nengr cella fogned at the intersection of crossing

el ect rodes i nS&PTS W%BBﬂﬁi GetiOBattern, as nentioned above, 25 fig. 3a

shows a generic hysteresis curve for a nenory substance of the
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a generic highs | L~ sl i l.ari zation response as a function
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of polarization history an as voftage, figs. 4a-4d show exanpl es
of read-qut by Igcal slope detection, i.e. the 30 polarizatiyon vs, .voltage
response 5 or gngﬁéﬁﬂy%sg%e PHREIRLS O_E;Lxr@@fi@at Ey e&haveﬁrfﬂé_@éé’ia?gn ArgOMAown, as
applied in tﬂ%s@b%@’@fy_pé}‘i’@cﬂﬂc’aﬂ@,sﬁift@d_ﬁ@s@h&bﬂ@agéﬁeadlfdrﬂﬁ!%%@ﬂ% E"r@ﬁﬁnom by
second harnoni c detectiion as applied in the present invention, 4 MAY 2005

fig. 5b shows™¥®BH88k di agram of a prior art apparatus used for readout by
second harnoni c detection, fig. 6 shows block diagram of an apparatus
accordi ng to fipe7bshemts ablaciddiagredh bor vaaadw! the gapantuy irciig. ibngnd 5

fig. 7a sho t ri.0nGi f 4l : i .
responge by REFCoStdarry oL By Anis TP Rty ¥ (P AREG AT B R in S P T P B Cripe
i nventi df, fitg.thZlprehomsinventiock di agram of a variant of the apparatus in

fig. 5b and used for readout by enhancenent of the second harnonic response
according 1G7# 084 BRoWsaRePrihdipeabif@Baddiitdby BeriodeusnddieaBionnef @‘I’deh@fmonic

readout by periodic dul.at’i on, of 2nd har noni c esponse by a i nusoidal,
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present invention, and
fig. 8b a shows block diagram of a variant of the apparatus in fig. 5b and

15 used for readout by periodic modulation of the second harmonic response

according to the present invention.

As described above, prior art techniques for reading of logic state stored as a
polarization direction in a ferroelectric capacitor in a memory cell shall
typically involve either one of the following, viz. employing a microcircuit in

20 each memory-cell, where the sense of polarization in the memory capacitor
(i.e. its logic state) determines the bias at the gate of a transistor and thus the
current flow to a sense amplifier reading that cell, or imposing a voltage
across the ferroelectric capacitor, and of sufficient magnitude to cause
polarization reversal in the capacitor. Depending on whether the sense of

25 polarization in the capacitor is parallel or opposite to the imposed field,
polarization will remain unchanged or flip to the opposite direction. While
the former provides non-destructive read-out, there are severe problems
relating to materials and processing, cf. the prior art discussion above. The
latter set of readout techniques are destructive, involving polarization

30 switching with inherent fatigue problems, etc., and loss of data content.

As shall now be described with reference to generic electrical polarization
response characteristics of materials exhibiting polarization remanence, in
particular ferroelectrics, there exist alternative read-out methods that are non-



fig. 8b a shows bl ock diagram of a variant of the apparatus in fig. 5b and
15 used for readout by periodic nodul ati on of the second harnoni c response
according to the present invention. As described above, prior art 2th ﬁhﬁ@bes
for reading of logic state stored as a polarization direction in a
ferroelectric capacitor in a menory cell shh¥l typically involve either one
of the following, viz. enploying a mcrocircuit in 20 each nenory cell,
where the sense of polarization in the nenory capacitor (i.e. its logic
state) deter rﬁ&séﬂlqtﬁ@,tsiiwlatmtihn)lgme@t ehdaxampaigbkt vithaactivhusatriveas suglt ent
flow to a sensge Lifier: i g : i NG & 5

the ferroel ec rP%g?H%é%ﬁ%g{?ggﬁgggﬁpgﬁyiﬁ%+éﬁ?aﬁggﬁi 68%@?33%%%@%30m@%5Qﬁ§t
pol ari zat i on areusvehied arg hemfapasiandrcormebehdlmdgt%@neﬁmeuhé& nepeswende tafops
pol ari zati on 4 3 i i . I i i - £ ,
poIarizationtaFf%ggéﬁgﬁﬁ%ﬁné%g%g@gﬁgggbﬁkp%{g%ﬁﬁgﬁg%gSégggggf?ggﬁfgﬁ}ﬁwiﬁﬁe
the fornér privvdagbsgiven-sdesitiarct i ve read-out, there are severe probl ens
relating to materials and processing, cf. the prior art discussion above.

The latter setcqidingagdadt presitiventidhe ke sddidasthtee il ANOlte@ion of the
pol ari zati on ?o swi tching wi.th jnherent faﬂt_l gue problenp, .etc., and ] oss of
data cont ent Cle@EICahROlamzR 108, Yed @iV eR4eli pHheanemtiydevdcgdndeiermined by

el ectrical pekasidiakitAB ndefiPeAs 8lediAlkast i daaideGespbns@beshil 8e8XBI Dtikid1g
pol ari zati on remanence, in  particular ferroel ectr&cﬁ%, t here e>ij|{,s )

al ternative MERUIBUYORREHIULN Arveltage cronson mpeh KeghandhabethigBiisve,
sinple 10 | mpeguERLE tandTeQAmALIRhe oW fehentll e ai@tellX saswiRiHe sipewpasisisve
matri x addressing schenes. However, .the tﬁh%/SI al phenonena th ﬁ .are

i nvol ved ar e MRUAER6Hs SRANSE MR £xX Y artHar sodiager P drdtt saallys1gpak ai | or .
the read-out impeéarce wldre tietranpaitade afahid fapudascaosn bensorseialted vath the

interest 5 in each given situation. Accordi to t resent j.nvention, the
| ogi c state, Ib?%SeYOIttﬂge g? FSX??IO eolpgg%égagglogléﬁgicgilr ‘%ﬁ?’gﬁ%k\’aﬁ?i’/b Cin a gi ven
cell in the neneliycatéwi ergérsdateteraspoade by diffecendiprttdidraguendneantent
P e PR SR BE PR R e o b EOR A PR e
pol ari zat i onsuevenddlffienesad fregakehcy Apmpdr ertie relaoive, td tliesfreqaanty reatent
response may i byt ' I - | ] - s |, 4 ce. re
the rmgni t uggt B¢ EhrithensRake. WasRe BEP BB RaRlY Bk iR o, TR RO FiSHRT o
reveal the |magiponse avenpdnante shelll be Adiffferamdt depénydinghen the logic state of the

cell.

20 In the present context, it is important to distinguish between the polarization
response through interaction with the dipoles that are responsible for the
remanent polarization, on the one hand, and on the other hand the response
from the quasi-bound mobile charges that accumulate in response to the
polarization set up by these dipoles and by the impressed field from the

25 electrodes. This shall have an impact upon the frequencies and readout pulse
protocols that can be used in each case, as well as vupon possible restrictions
that apply with respect to the selection of electrode materials.

With reference to the former case, the generic hysteresis loop shown in fig.
3a illustrates the response of a pre-polarized medium to an impressed

30 external voltage on the electrodes in the capacitor-like structure. The
impressed voltage in this case follows a cyclic variation between two extreme
values at positive and negative polarities as shown. The relationship is
complex, where the local polarization vs. voltage response at a given point
on the curve 15 dependent on previous polarization/voltage history as well as

35 being non-linear on macroscopic as well as microscopic scales. Depending



non-linearity engenders a response of different spectral frequency content
15 than that of the exciting voltage, e.g. it may contain higher harnonics
and/ or sumand difference frequency conponents relative to the?2fidbuliticy
content of the exciting voltage, where the phase and/or magnitude of said
non-linear response conponents shall be diflfderent, depending on the |ogic
state of the cell. 20 In the present context, it is inportant to
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to reveal the logic

Turning now to the latter case, where the polarization response is-due to

20 quasi-bound or mobile charges that accumulate under the influence of
internal fields in the material, a survey of the scientific literature shows that
the basic phenomena of polarization-dependent asymmetry, bias dependence
and non-linear response appears to be a general attribute of all ferroelectric
materials in capacitor-like structures of the type relevant here. Although in

25 many cases the magnitude of the polarization response is greatly diminished,
this applies even at frequencies far exceeding those where the ferroelectric
polarization can follow, in which case it is not pertinent to explain these
phenomena in terms of the hysteresis curve of fig. 3a.

In the present invention, the logic state, i.e. the direction and/or magnitude of

30 the remanent polarization, is determined by exploiting the nonlinearities
inherent in the polarization response of the material under an impressed
electric field. Two basic approaches shall now be described.

In the first, the material 1s subjected to a small-signal probing voltage
superimposed on a bias voltage, and the polarization response at the same
35 frequency as that of the probing voltage is determined as a function of the



state of the nenory cell. It nust be observed that the frequencies of the
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20 one may note that the readout schemes taught by C. Brennan in his above
cited patents are explicitly based on interaction with accumulated space
charges, according to a specific model where the probed space charges are
proximate each electrode with a neutral region between, the relative size of
the neutral and space charge regions defining the perceived capacitance. This

25 places Brennan’s schemes outside the realm of that part of the present
discussion that is based on the hysteresis curves, as well as ignoring
numerous other physical phenomena leading to small-signal response

characteristics of the type shown qualitatively in fig. 3b.

In the second, the material acts as a polarization-state dependent parametric

30 mixing device, yielding an output response which contains new frequency
components in addition to those present in the small-signal excitation
voltage. Thus, driving the polarization at a given frequency engenders a
polarization response and thus a detectable current which in addition to the
fundamental frequency also contains higher harmonics. If the driving voltage

35 contains several frequency components, the response may contain sum-and
difference frequency components also, with specific phase relationships that
can be uniquely linked to the remanent polarization state of the medium.
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20 Example 1: Differentials in small-signal polarization response

The slope, 1.e. the small-signal linear polarization response representing the
first derivative dP/dV of the hysteresis curve, is voltage- and history-
dependent. In the generic curve shown in fig. 3a the siope is identical for the

((l)’

two logic states at “0” and and a slope measurement at these points shall

25 not reveal the logic state. By imposing a certain voltage bias V and probing
the slope behaviour in the vicinity of the points “1” and “0”, the logic state
can be determined. Now defining :

Slope near “0” and at bias voltage V = Slope-g- (V)
Slope near “1” and at bias voltage V= Slope»;» (V),
30 one obtains from fig. 3:
Slopesy» (+AV) < Slope»)» (+AV)

Slope~y» (-AV) > Slope~1» (-AV).



curves cannot follow being |linked to quasi-bound or nobile space char ges
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15 while for a “1” logic state,
| P(+AV) — P(0)l > | P(0) - P(-AV).

d) By recording the asymmetry of the polarization excursions (peak-to-
peak, RMS, or the like) in response to imposed sweeping voltages of positive
and negative polarity. An example showing two separate sweeps is shown in

20 Fig. 4d, but the asymmetry can be detected in a number of ways apparent to a
person skilled in the electronic art.

Example 2: Harmonic detection of response to sinusoidal input voltage

The following simple treatment may be helpful in gaining an intuitive insight
into the basic idea.

25 Referring to fig. 3a, it is desired to establish whether the memory material in
a given memory cell is in the logic state 0 or ”1”. The two logic states are
characterized by different curvatures at the points where the hysteresis curve
intercepts the V = 0 axis. Expanding to 2" order, one may write:

(1) P(“0”)=Py+aV-pV?

30 () PE1™)=-Py+aV+pV?



b) By nonitoring the nmagnitude of the small-signal polarization response
whi | e i nposing a probing voltage consisting of a slow periodic svvee?gA ﬂ? 0
vol tage on which is superinposed a snmall periodic voltage swi ng at B?ug?'

10 frequency, as illustrated in fig. 4b. c) By recording the differential
pol ari zati on between sel ected discrete poings on the hysteresis curve. An
exanple.-is illustrated in fig. 4c. For a"O" | ogic state, one has | P(+AV) -

P(O)I <1 P(0O) - P(-AV)I 15 while for a "1" logic state, | P(+AV) - P(O)I >
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of ways apparent to a person s illed in the electronic art. Exanpl e 2:
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vol tage of anplitude nuch less than that which is reqwred to swltch t he
polarity of tamed cell, as illustrated in fig. 5a, one has (3) V(t) = Vo cos
(cot) 5 The pol ari zation response becones (4) P("0") = Pa + a Vo cos ((at) -

p Vol cost (\A§9) (PP(«17*y2a.p, VO&)V cBs vgtprVB(V Pt dos? Q@t p V02 cos(2()t +7r)
and (5) P( —-Pp+aVo (8 ol cost (

10 =-(Pp-%PV 0 cos (ot) + %2 B VO cos(2(ot)

Thus, the polarization response of the memory cell at the 2*° harmonic
frequency depends on whether the cell is in a “0” or a “1” state, i.e. the o
harmonic responses in the two states are in anti-phase to each other (mutually
out of phase by 180 degrees). By suitable detection, e.g. coherent averaging
15 (lock-in detection), this difference can manifest itself in a qualitative manner,

for instance as a positive or negative polarity in a detection signal.

A prior art apparatus for performing a detection of the polarization response
at the second hamonic is shown as a schematic block diagram in fig. 5b. A
signal source-inputs a sinusoidally varying voltage at the frequency o to a
20 memory cell which outputs a response signal with harmonics to a
phase-sensitive detector as shown. The phase-sensitive detector can in
variant embodiments be regarded as a combined phase-sensitivé detector and
discriminator. Simultaneously the signal source also generates an input phase
reference to a reference source which outputs a reference signal at twice the
25 frequency w of the read signal to the phase-sensitive detector. The output
voltage from the phase-sensitive detector shall be dependent on the logic
state of the memory cell, and the actual logic state can be based on simply a
qualitative parameter, e.g. the polarity of the detection signal as stated.

As can be readily ascertained and as is apparent to pérsons skilled in the art
30 of signal analysis, higher order non-linearities in the polarization response of
the memory cell shall more generally result in higher than second harmonics
appearing in the detected signal. By the same basic principles as outlined
above and depending on the specific response characteristics of the memory
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phase-sensit iq%t %\éeﬁljéglfq %rd @Q%&ﬁs&?@g@}??ﬁ%&gﬁ%%&%ﬁ@ %géﬁgég%pg%ﬁ%s a

conbi ned Sphastearseasics iasehdetperative gnincigie fon déteanonati e il therlegis state rd
signal sourc I 3 an i nput phase reference to a reference source
whi ch out put gthg (%gI‘ g‘?éﬁégﬁgﬁ‘gnal at twice the 25 frequency co of the read

signal to the phase-sensitive detector. The output voltage fro e
phase- sensi t iAvb TRGTRRAE] 2BAKS A la@nﬁéb@mﬁ er @ﬁ@qddglf@t? geax shah Yane
menory cell, #pgudded iaciniekem@Uasy Sadlner CRRidlesPASadt A iy Rnkedbe regarded
gual itative paraneter, | ar rctéfyt&(égat he .detection signal as Stated.

e.g. the po

As can be reé&illlﬂmtd%épfég?léat%écﬁé’ei ¥ERHORo persons skilled in the
art 30 of signal analysis, higher order non-linearities in the polarization
responséfof Hxwnpindr fuoehkhd shiferemos &egenpenldeyeatesulof respdngghty twban
second har m)rgiu Sri %ré'i goI(Palti ‘El%to‘f‘t gg signal. By the sane basic
principles as ou g on the specific response
char act er i st iSgmibdrly he the trgajmzn i 20060us FecHPh, Arsimppde Enahysisweh ¢ gnal
conmponent s r : lelsy S I I
i rect | on' of PeEar o tic SREPRREFOMS PEaRiGh 3 (ne (BORors Ty EXE R Ve
above exanpl eésbhsedmoaf 2¢ohsinneaidallyevaringivodtagies ativio distingplireguencies o,
construpd to, ppecl ‘ﬂeth%gggéio% H{as hi gher than 2d 5 harnonics as the
operative princi pI'e for detérmnation of the logic state of the cell in
guestion. As pentioned gbove a rBu r of preferred enbodi nents now shall be
di scussed i n(@h eQ&ﬁbFa y CREAAGE), Twhi €PS 6821 not in any sense be regarded
as limting for the actual scope of the invention.

and the polarization responses become

(7)) P(40”) = [Po— Y& B(V*+ Vo)) + o [V cos (at) +V cos(w,t)]
+ Y B [V,? cos (2ot+n) + V,? cos (2o,t+n)
20 + 2V Va(cos((@+wy)t+m)tecos((@-dy)t+m)],

and

(8)  P(*17) =-[Pg~ %5 B(Vi*+ Vo)) + a [V cos (@) +V, cos(w,t)]
+1% B [V,? cos (2ot) + V52 cos (2wat) + 2V1V2(cos(m1+®2)t
+cos(w;-wy)t)], ' |

25 which can be seen to collapse to the expressions (4) and (5) by inserting
Vl = Vz = V0/2 and W =W = 0.

In addition to the linear time dependent responses at @, and @, and the 2™
harmonic responses at 2®; and 2, there are now response components at the
sum and difference frequencies (®; + ®,) and (®; - ®,), as shown in fig. 6.
30 The latter are in anti-phase to each other, in analogy with the case discussed
in the previous paragraph, depending on whether the cell 1s in a logic “0” or
*“17 state. This provides an alternative non-destructive route to data read-out,



10 Exanple 3: Sum and difference frequency detection of response to two

superi nposed sinuoi dal input voltages Simlarly to the treatnent :3?6\}%’@?
previous section, a sinple analysis can be perforned for the cas éméhe
excitation of the nenory cell can be witten as the sumof two sinusoidally
varyi ng vol t ages at two distinct frequenciegOwl 15 and w2. In this case,
one has (6) V(t) = V1l cos (At) + V2 cos (w2t), and the polarization
responses becone (7) P("QO') [Po -'/2 R(V12+ V22)] + (X [VI cos ((olt) +V2
cos(wt)] + WIrrRi}Wpossidl¢ bnselen) the valiasost @2wad+oc)n 20ch a manner that

VIR 00 (WML IGHIEPHLENnEH2) 1M o, 706 (L9), D' e ohB i L3 02"
(2w2t) + 2V1Veégion( wig(®hpte nemsesypebiram@enyity 123owhindyoc anhére theefreqoency is
colLapse to LBSHRATARENRA(H): A0 (Al DL RERUILO0 ML iSYBONORBeaRd W

=w2=w. | n addi ent pon es’a
the 2nd 5Shar nﬂmcmlmﬁsqaer@asi;nsathazmmnsj of\nﬁe tebce[tatlanevqiwgerseﬁmmse mmqbcrhent S

at the - sum adodh! B ERAE, (SRGIIP B bahiSOZLaPORIALR e B RiadBoshoN

infig. 6. 30 er are’in‘a ase tdeal Qrar

t he case di SC[&S@@@SGIQ‘f inheregt heran(&gpaoadnaq:ﬁmldsapeﬁm dgvumgmdehe‘rtlone cel |
isina Ioglc rgmtﬁ% 1" state. This provides an alternative
non-destructi Ve ro to data read-out. 2 4 MAY 2005 20 where it is

possi ble to select the values of w, and w2,in suchfa manner that _the
detection fredietRBRIAIUY degordingfo éhe {ventiqn 39t perigsaing gnaymianddifference

conveni gqt rﬁaqaencyd@{ed@mr 1 fpd $& féttbadmd%@al Ynp$t YOMagatdaor where
the frequency is aoptimal for the sensing and rocessm% circuitry. It is
al so possi bl eraspestivelefiequaneesaRnpngd wohiaryhoe $n Sloek dizgrem é@manmvﬁgt figes

that are injegeedn 4 E?&atl @%uf@é gEﬁéx%’t‘m FeGl §1g}iaf%y &Fr%ﬂﬁ@hé U&‘i&'aﬁzt ed to

t he poI ari zation response o terest “here T hon-Tineatities in the
driving or detspesianelycinpuithes SIgmﬁl%bparra@m@ra@@Hrmdwglft be&pr@@Sierf\y@m pbihe

for perform naeﬁlo%?reeamis ffdtabenpRasel feddiBGeandycidetekichopedbribeheesponse
to sinusoidal i nput voltages. at
15 detection at respectwe]y the sum frequency ; + w; or the difference
frequency ®,; - ©,. A reference source is connected with a signal source for
receiving the appropriate phase relationships and outputs reference sum and
difference frequencies to the phase-sensitive detector, the output of which is
connected to a discriminator/logic circuit for performing the necessary phase
20 comparison in order to determine the actual logic state of the memory cell.
Optionally a w+n phase shifter is connected between the reference source and
the phase-sensitive detector for delivering the reference shifted by = to the

phase-sensitive detector and optionally to the discriminator/logic circuit.

Since the logic state of the cell manifests itself in the phase responses at
25 several different frequencies simultaneously (i.e. 20;, 2w,, ®; + ®; and

® . @), the phase detection results can be correlated at two or more

frequencies to enhance the confidence and/or speed in each readout

operation.

Example 4: Non-linear response detection where input voltages have a

30 slow-periodic or Jow-frequency offset
A nearly universal attribute of non-linear responses in matter is the strong
dependence on the amplitude of the excitation. As was mentioned in the
above, it must in the present case be selected an excitation which is
sufficiently strong to permit rapid and reliable detection of the non-linear




respectively frequencies wi and w2 is shown in block diagramformin fig. 6.
Herein a signal source generating read signals as frequency co, and?w@Mygg5
respectively input these signals to a nenory cell and the response Tromo
the menory cell is input to a phase-sensit%ie detector which perforns the
15 detection at respectively the sumfrequefney wil + w2 or the difference
frequency w - w2. A reference source is connected with a signal source for
recei ving the appropriate phase relationshi ps and outputs reference sum and
di fference frEgROREre¥ il & eptiaRe 1 yBaPELD 80 qutR AL ¢ ClEatZRAMOTHIN (i ch

i's connect edmledn @ydineri Al 1Rl OF fddRBed il fetdkded.Or perform ng the necessary
phase 20 conparison in order to determne the actual logic state of the

menory cell. ,Optionally a 2t phase shif.ter is connected between the ..
ofer once. soubdBibaatrsthed i sboBRErs M LT ERA tofy U5 g pBerating
reference shipséied tbya relgivn dihthe hinsiseessenattd wehedetthetlartearsthipits anatdygt o
t he di scrim’natorlllo i~Cl ircyi.t. Si ncghthe | ogi ¢ _state of thﬁtﬁe” .

mani fest s | t ST ITFA HEIARISDIP RehWRsads POIEIZeUeR P BOR I PRA T ABmSLi e
si mul t aneouslwolfage. TRs carlhl illwgtratedbaneferfihg-to0higs. 34 hedphase detection
results can be correlated at two or nore frequencies to enhance the

confi dence anﬁ%ﬂméaﬁg th& BACLe 1 ?fﬂ?‘dt”l’ R)gi@tsit%[g; aFHacHH{Q.s%aalm%ﬁédlﬁﬁfly
response detection e T hput voltages have a sl ow: peri odi ¢ "o
| ow f r equencyarfirseficAd né drdquantiyvens appatedr tiobprtod eothendn-hameenicr esponses i n

matter is th p i ¢ i was
mont oned | n i TREMOR BRARISE PR RErRIERE o108 Bedheg BV Bllag
exci tat i@On whwitichi mayshd s¢leictadt toypesitimythtecowpeking poayi oh e hiystdrabisecurve,
detection of the non-linear 2 4 MAY 2005 21 response, while at the sane
time being so Weak that the polarization in the nenory material is not
reduced or reyersed. Anaqther strategy for increasing the detection signals
is to nove th&) op'e\’éltr)i“_ng\"orﬁmiiint+ Vocé’sr(éﬁ? on on the hysteresis curve where
the latter exhibits a strong 5 non-linear relationship between the

pol ari zati on Assspomgef@ndntpieciapidtatie MOlhaagenid s slimml}bprqumt{{rra'd}ttedhby
State and M s dh Fnfgr SRt b dSbretfisafimectuthcdonting ° ©
appl i edl3 o ppolet, tone Cndstabyunspedtésponidey. 3d\Ndvat flooveewelt inttherd i lbgac state,
sl ow-peri odi (fheoﬁnd H&’fﬁcﬂ) Pcugi?g%%] %flfaﬁelkcf/eoé!stealgestrength as VorrseT increases from
zero and approaches V¢ (in practice, the maximum voltage permissible in a
passive matrix addressed memory shall be V¢/3, to avoid disturbing the other
memory cells in the matrix), and for a cell in the ”0” logic state, the 2nd
20 harmonic signal is in anti-phase to the 17 signal and remains small as

VorrseT 1ncreases from zero and upwards.

Conversely, if Voprsgr is negative, the result is the mirror image of that

above: As the offset voltage is given increasing negative values, the 2"

harmonic signal remains small if the cell is in the “1” logic state, and
25 increases if the cell is in the “0” logic state.

Thus, in addition to a possible enhancement of the 2™ harmonic signal
strength, the application of an offset voltage introduces additional
phenomena which can be exploited to reveal the logic state of the cell, as
shown in fig. 7a. In a 1 state the 2" harmonic signal amplitude increases in
30 - response to an offset voltage of positive polarity, while remaining small at
negative polarity offset voltages. In a ”0” state the signal increases in
response to an offset voltage of negative polarity and remains small at
positive polarity offset voltages. Amongst several excitation voltage
protocols which can be used for data read-out based on this asymmetry, one



10 which may be selected to position the working point on the hysteresis
curve, viz. (9 V(t) = VOFFSET + VO COS (L)t) Assum ng for sinplicity that
the 2"d harnonic is directly proportional to the upwards or downwaridgpy 2005
curvature of the hysteresis curve at the working 15 point, one can see by

i nspection of fig. 3a that for a cell in thg2"1" logic state, the 2nd

har noni ¢ signal shall increase in strength as VOFFSET i ncreases from zero
and approaches VC (in practice, the nmaxi mum voltage permssible in a
passive matriprafigtessathdmmmint iabalVesbesd@ichcet Of A Or dthshtsr Wi thgdifiereat her
menory cells in the ma 'rlcgr) agfd for a c in the "0O" Io%c tate, the 2"d
20 hat moni ¢ sPINADEEONE GIqWHREBREISY PFact Y01 REh AXCAHRITEHAPNLIS SHTP Cas
VOFFSET i ncr eaggs Wiae ey 0" aRsnioMRs 415 plifady 81 6 ¢fhase irhe MOTEREEhts Sroegadd, ve,
the result is the mrror ivrr%? of tha\t] abovsf: AS tlhe of fset, voltage is

gi ven i ncr easPR§ Aegat aRFeET 8¢ gtieV orrsEhdr tBRICEISISgRat L embtifs isaihall ¢
the cell §s ipetdd itd1f hoailarsé atehapnenitbsicnal edsesniphasbeosadlhtion withtde
"0" logic state. Thus,.in ad}ﬁ' tion &.@ a.gosii bl e enh(gnc%%rt a%Jd t he 2nd

har moni ¢ si gn&FTETERreAENR! Wi HipPEiSat ion YerearnAS R SMAHage HHMWces
addi tional  pbrirnemhwhe cintaphbs expVoiied dffsdteVeele tER it 0giac Gt atage Ofhe
the cell, as in fi : ate the 2nd hatnoni.c signal

wn .g. . dn a "1" st
bl tude | ncPonasEnpRictEnal Shalderomal ey EGdOdne dag iense S enal
pol arity, whilhdrerie offeet BmalVo@ter, tedaktye bpokall fnyaefi fgeisewoht AgRs offdeta
"o" stat% t he. signpal increases in response to an offset voltage of negative
pol ari tyl and PFemdiQi§SEmal | at positive polarity offset voltages. Anpngst
several excitation voltage protocols which can be used for data_read-out
based on t hi sFaspenermingonaor-linesyespasse dotegtionez¢d danb el the mtvemven ves
a sequence of ,nga i i i r{-adie. f
of fset voltages, %ﬁp@%@eﬁd%ghﬁgﬂﬁﬁgﬁ%& %Jggié&édq\émdé?ghf&g{ qzljﬁgl\@-%/aéﬁng%?%%ﬁal
anpl i tude andephRaat rekedienettef hecappagatus Sewvan Hy/ArsEy hadsede Tads -

VOFFSET. | f tPgrigfl b difedt cdnfé@h€to Y Scidiphiic Eblf)@}‘{"?ﬁégliatrﬁ%lffﬁ%W@. harge
2nd harmonic signal with in-phase correlation wwth a . reference sjgnal when

the of fdét i sSIBNYOEEBEMRIORANIRNISHRF PEFIONE har AvAPEsOidpgigrdiigRat he same
phase at - VCEFp%EiFm?t)fsé@bn_ bifasiteveRhke is$ thé ferm O £ ERIve-pdriflic s dray dTes
signal shall be small . arfd in anti -dohase fto t hel refefence si gnal
or alternatively a low-Irequency offset voltage. The memoxgy cell outputs a
response signal with a frequency component at 2o which is input to a
combined phase-sensitive detector and discriminator for determining the
20 Jogic state of the memory cell. The combined phase-sensitive detector and
discriminator is also connected with the signal generator for receiving a
reference signal in the formr of e.g. sinusoidal varying voltage at frequency o

| superimposed on the offset voltage as shown.

Example 5: Frequencv detection of response when using an offset voltage
25 and sinuoidal voltage with widely different frequencies and voltage values

Another preferred embodiment exploiting the asymmetric offset dependence

of the 2™ harmonic response involves the application of a continuouély

varying offset voltage, e.g. a sinusoidal offset voltage that oscillates at a

frequency Q which is much less than the frequency o of the voltage that
30 excites the 2™ harmonic, as shown in fig. 8. Then

(10) V(1) = VorrseT cos(Qt)+ V; cos (ot)

This is a special case of the two-frequency excitation described above, but

now Q << o, and Voprser >> V. Since the non-linear response coefficient

in (1) and (2) depends on the offset voltage, an implicit time dependence is
35 obtained as



when the offset is + VOFFSET, and | arge but still in anti-phase when the
offset 10 is - VOFFSET. For perform ng a non-linear response detection
according to the invention wth input voltages with either a sl odvpéyiloli c
or |owfrequency offset signal a variant enbodi nent of the apparatus shown
in fig. 5b may be used. This variant enmbodldent confornms to the schematic
bl ock diagramof fig. 7b. A 15 signal generator outputs the periodic, e.g. a
si nusoi dal, read signal superinposed on biasing voltage in the formof a

sl ow peri odi c(Dbff s@t=\3gl Vagarreosaltyrnatively a | owfrequency of fset
vol tage. The nenory cell outputs a response signal with a frequency

t at hd
i sort m nat or A e pABRL rodBseliS b AER M A e BRI LY Ll pRRek
conbi ned phas@hseﬂr&pemld\zacd@tfe&tmonathd ofds&cwlhagﬂadopem(ts ahsf.beanmtmf[aled Wit h
th I t fo f t f
Sinusordal vapsria Lyl e R alhay Tt 600 PRiEDial I e B et S
vol tage @s shbswguitexeompkexd:Héwegeent hysdeeresiticurvefofrtas pumeea Wieap el shognaim
ffset | t . 25 i tag t h wid diff t f
and vl { age vaitds TRLaTHRE or cheifRabREfsbiarie S ek arer fE e LETRRI iR
of f set dependmmi'rnjmtdt& ﬂdqdl'q,rwhanaheeﬁmsmltagmﬂaaehes s lafﬁﬂi rvahid mtled a
conti nuously soi-da ta e t hat

caci 11t es atP%SIW HE B efiion 1P e il sHRAROT e Tt Slen@y B3 B
vol t age t hat }mxmdras rb I&wohalmWealmegdtwmpohrmygn t&e d'iffeet v(mt@ge

V(t) = FSET wt dlS_a speci a

t wo- f reX ency" %%ﬁﬁrﬁe tor H cr| g%lﬂé \IF’!ZI hgaponﬁ%w%lflg%aégs aé%éln\‘?aglf’éﬁe»
VD. Since t hennibie-twao aestanesyp ohsencthet & meargfiéstptions, ﬂa)ersmdskﬂ)edj&pdmis on

t he of f set voIt . a it en 24NAY
2005 23 (1 15°¢ §Q§n§~av%égggg St Ui st Rt e"’grbg o&t
modul at ed at whethfer éfeertlyinQuuesidn [Sin ardéror “OChbogleptaidence of (i upon the
of fset voltage depends on the material in question, and the tenporal

behavi our of F&eda@l:ﬁbhzcﬁtﬂh%&ers§§ﬁ@@%e@1tuﬁwﬁr@yoﬁs@@vgwag@ mls%smdal
However, _a hystereS| s .curve of general

ape shown C{/:Wl s aII
yield aldnd h4Hiass s Asshereseinicaboye sﬁﬁmptad%vmmsv@w gt of t

apparatus in fig. 7b can be used. This variant embodiment is shown in block
diagram form in fig. 8b and comprises a signal generétor outputting the V
sinusoidally varying voltage of frequency ® superimposed on a slowly
varying sinusoidal offset voltage at a low frequency Q as shown, to the

20 memory cell which outputs a response signal component at the frequency 2w
to the phase-sensitive detector and discriminator for determining the logic
state of the meémory cell. The signal generator also outputs a phase reference
at respectively 2o for recording the antiphase of the second harmonic signal
phases as well as the offset signal of frequency Q2 for recording the

25 magnitude in the response signal.

Since this concept for data read-out does not cause polarization reversal in
the memory medium, it carries with it substantial advantages, as set out and
high-lighted below.

30 * Being non-destructive, no refresh writing cycle needs to be
implemented, conferring speed and simplicity to the memory device.

» In al] presently known memory substances of relevance, fatigue is
linked to the number of polarization reversals that the material has



a mximnumat a tinme tP when the offset voltage reaches its peak value in the
positive polarity direction, for a "1" logic state. For a "0" state, the
maxi mum 2nd harnoni ¢ response occurs at peak negative polarity id 4N 2005
offset voltage, 10 i.e. at tinme tP + nm S2. Again, the 2d harnonic signal

phases are in antiphase in the two instances’ Fromthese nmanifestations, a
person skilled in the electronic art shall be able to design electronic
circuitry which can detect., whether the cell in guestion is in a "1" or "0"

|l ogic state. For deresatsuhicsted e PlevisbmeethineeedisompomizatraseswWitshinge and

a si ”_USOi dal 15 V%drﬁ%r@%-@ﬁ@ﬂﬁa‘%g ihﬂ)lié@ea apﬂ’ﬁ@ti%ﬂ@%a‘%e 18 l\i’ﬁrtirﬁgtfor_
enbodi nent of the apparatus in fi can be used. This variant enbodi nent

. 7b
is shown in block ‘dragHanmlt &ymes ﬁ?mf‘gno%dﬁﬁ’d:eéoﬁ@qesré@dé)l%qréﬁézps@éﬁerator
outputting the si Wﬁﬂia@@'dﬂ)é’r%%)éﬁrlﬁoi@bﬁ%ﬂeth%h WS WpRENti &3 . superi nposed on
a slowy varying sinusoidal offset voltage at a | ow frequency a as shown,
to the 20. nenory cell ,which t puts a response signal, conponent at.the
frequency’ 2w to"thB tbﬁﬁégé)glri%fmiff}%q%)ccé’c?ro a%ag’(ﬁ g%trepﬁgﬂagibsrcrfrg}natlon
determ ni ng the | odeewesh at 8)°0hntihe” rebir garckt lcasifetaingnal ggeliedtdt ©eridéise
out puts a phase ref erﬁnce at respe%'tgiﬁllél ¥ 2wff or ];Becor di n? &he an}ighase of
the second har noni SUEP GHACICPRYNEE RHtR 9T o lirgS &t thet dhaw 2prlegi&uency
S2 for recording thiere2hobddeidattte b voltegeespongecwsgaiel The nedy timmplicpacept
for data read-out doef n?t [Gause ﬁQ[| a[dilzatiﬁn reversal in_.the MeoLy,
medium it carriesPRFTACTCIILEESRITAMARIARES JESTSIQRS Legardine Jogic state.
hi gh-l1ighted bel ow. 30 Being non-destructive, no refresh witing cycle
needs tdbe inpy elrémléy, theorseeet twg bipsiag emdlisehpbltepey at apprapmatedy y
devi ce. Inall p : : C I t IS
i nked to the numég%ggdpzﬁegﬁ??g%%ﬁmr%bérﬂg g}a?at ﬁ%a?{ogg%%?@?]iqgfv %%s?gélgf MAY
2005 24 been subj éetesgionosclennenbisesl oheoteddtiparmgthads, »ehiicbrdramateealiyg
during read-out of ekl @AM AN OF A MEREASCANdditRbMf o
virtually all types of nmenory devices, since read operatfons are typically
perforned nore of t BANtdfEHr UGt eeragglouAiRpRkyIng small§ignal respensss enn.
frequency or harnonic detection, discrimnation between a "0" and a "1" bit
can be dast in terns of qualitative criteria such as determ ning the
polarity of a voltage rather than anal ogue



t hreshol d detection of voltages on a grey scale. This may sinplify the
post-detection circuitry that nmakes decisions regarding logic state. 10
Finally, the use of two biasing or offset voltages at appropriatel Y 4 MAY 2005
sel ected frequencies, anplitudes and durations shall allow the use”of
detection schenmes based on correl ati on net hggs, which dramatically enhances

the determnation of a nenory cell logic state in a non-destructive readout
i nvolving snall -signal responses only. 15 2 4 MAY 2005 25 CLAIMS 1. A
met hod for deterKinM$g a logic state of a nenory cell in a data storage

device, wherein said cell stores data in the formof an electrical

pol arization state jn_a,capacifor containin ol ari zabl e mater] al erein
DO ol 0 bol ari dabl o AdpEoar i dedet il artoads Biabe ﬂ?ﬁg’“&%"&{[@&ﬁfiﬁi%w

el ectrical psteragzatévioe, wheteinabiboeld sedreadatx irethnafénym ioffareckeetrival t age
Vol tage. - sai d POk raen SRR e RBRYPT SPRLE I e AP OIHIE NG PRI SORBBHEnt s
and wherej n saidlpobirivable snatbanbid eqpabee ofynsinegpiniiga ddh-appishing ededtricat
ti me-dependent snal | - si ?ngll% Vﬁ| tr%%e ver S’%i d cagltacgt or,, sl?igi smal | - si,gnal
vol tage havi ng R IZaHHPR 1R dae aheg exbnpllE dmprgssedhupTtage atr 4ss paidy
causi ng a si goapaciant, e obpemdrachgngeurirent fesppakato aatdppiiat abkHagefsaidi d .
ol d second B8R e B P Ea e Dol Ty Pt 3 g G o ghd WieHetn
sai d second : I € I 5

ti me- dependensanoinesiyed is biearastemizzfd bhstefpisrfor and second ti me- dependent

vol t age avi I Lar i . e f
causi ng B o1 oAPPREad P Blseiie: P oRinb Al FRanCaPUbEE bbb Shid Sl R, Ll
capaci tor, resmall-signal volfage haveng haraanplénidstansd/of durajeoretessethamthidt- si gnal
current 20 re id.c { 1.Qr i : | St
havi ng ei ther arirh 4reanthg HRAMCAl netladelt ch AR LT BBRLPALRN Shté
second appl i edf saidecappsptondent vol t ages, perfornming a correlation analysis

e e A8 L LRI GRAEn, OSAERLF SRS 1 S
15 time-dependent voltage being added to said first time-dependent voltage, the
sum of the first and second tir’ne—'dependent voltages having an amplitude
and/or duration less than that required for causing a significant permanent
change in the polarization state of said capacitor,
recording at least one characteristic of a generated small-signal current
20 response over said capacitor, said at least one characteristic having either a
linear or non-linear relationship to said first and/or second applied time-
dependent voltages,
performing a correlation analysis based on correlation reference signals
derived from both said first and said second time-dependent voltages applied
25 over said capacitor,
determining the logic state by establishing a numerical value for the result of
said correlation analysis, and
assigning the determined logic state a logic value according to a

predetermined protocol.

30 2. A method according to claim 1,
characterized by said correlation analysis being performed in two stages,
the first stage of said correlation analysis comprising recording a temporal
correlation between said small-signal voltage and said at least one recorded
characteristic of a generated small-signal current response over said capacitor
35 to establish the magnitude(s) of at least one parameter which characterizes



determning the logic state by establishing a nunerical value for the result
of said correlation analysis, and assigning the determned logic state a

| ogi ¢ val ue according to a predetermned protocol. 30 2. A net HotMAEEHh di ng
to claim1, characterized by said correlation analysis being perfornmed in
two stages, the first stage of said correl dabion analysis conprising
recording a tenporal correlation between said snall-signal voltage and said
at | east one recorded characteristic of a generated small-signal current
response over sgid dt tegsdoneoiecasladckaragisirisic eha geagniteddenal)-segnak cursast

one paraneter r&‘%ﬂ&ﬁkecgé‘é?ﬁiﬁrd'aéﬁéitg 4, MAY 2005 26 said at |east one
C of ag ‘e

recorded characteristic ner a smal | -signal current response over
sai d capaci t othe apgonestagecofsaidtcayecletionantlysis comurivngaicabyding henpri si ng
recording the f ty] t i t one
and and ¢ he. SORRLATTHtheRE SARFR, RAECRE Jofdnbi R, B B BRI M )
vol t age oh t henagiitiede, sagel ang/orphasehoidsaid secdind gime- deipeindent voltagaairetliezed
by said correlo éro}tp 1,g?l(pal ysis being perforned in a single stage, where said
-at least one C arac%er'i stic of a generated small-signal current 10 response
over said capacitor, is correlated with a reference signal derived fromboth
said first and- secéeh@@ppriacgording @leiBeht vol tages. 4. A nethod according

to claim1l, chpapcterizd@dynidbsrelfcOndnhiyies HeRgnskerTormeltingesiappe sakeover
sai d capacitor bei ngqa uasL-s;?ltl c val t,agog of eltgeg% po&arjty 55 A
met hod accor diMH§TE §26] af [Rast OBR AhaEIFTISER Afye GencTakect el piggal chEi e nt

vol t ?ge prlj; gk poviee cﬁ@r%aﬁ?l@aﬁadigdr igh%rﬁ@ageﬁ m«n}eg _r@@r?ﬁ@@lsﬁgr&@'flde@fved

posi tive an rn ive val ues. 6. od according to claim1,
characteri zedgrwli)gﬁl %@c%‘ﬁﬁa”(di%(?’lﬂ’eap?@ﬁg‘iﬁ?’eifgp? at ‘é‘g\@g%d over said
capacitor 20 being a low frequency or slowy varying voltage. 7. A nethod
accordi ng to ¢l ai mMemeathad accerdingdomlaigaild second ti me-dependent vol t age

applied over saidiGRRABYSAN selRldMnAd PRl VORI ApYREY VY %8 ch Al or

being a quasi-static voltage of either polarity.

15 5. A method according to claim 4,
characterized by said second time-dependent voltage applied over said capacitor

being switched between a set of positive and/or negative values.

6. A method according to claim 1,
characterized by said second time-dependent voltage applied over said capacitor

20 being a low frequency or slowly varying voltage.

7. A method according to claim 6,
characterized by said second time-dependent voltage applied over said capacitor
being a sinusoidally varying voltage.

8. A method according to claim 2,

25 characterized by selecting said first tifne-dependent small-signal voltage as
being periodic with a dominant Fourier component at frequency ®, recording
the phase of the 2™ harmonic component of said current response, and
performing said first stage of said correlation analysis with a reference phase
derived from said first time-dependent small-signal voltage impressed on

30 said capacitor.

9. A method according to claim 8,
characterized by selecting said first time-dependent small-signal voltage as

being sinusoidal.



8. A nethod according to claim2, 25 characterized by selecting said first

ti me- dependent small-signal voltage as being periodic with a doninant
Fourier conmponent at frequency w, recording the phase of the 2n? q@m
conponent of said current response, and performng said first stage of said
correlation analysis with a reference phagd derived fromsaid first

ti me-dependent small-signal voltage inpressed on 30 said capacitor. 9. A

nmet hod according to claim@8, characterized by selecting said first

ti me- dependeh®. smminamqmabcwuﬁnggecaﬁnlbeing sinusoidal. 2 4 MAY 2005 27
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ti me- dependen a es onrnant
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phases of the ¢ rren spon
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12. A et hodimprsseld og st.amdcclapamtdﬂ characterized by recordi ng the phases of
two or more of the non-linear current response conmponents, at 2w and/or

202 and/or cef+ 03 ﬁlll’é@l}ll@d aE@d)r(ﬁﬂ%’to cfifh gonparing said phases with a
reference phase derived fromsaid tinme 15 def)endent vol t ages i npressed on

sai d capaci t gharactesized bpsalsgtiag widipsgodica ay aiying VOMILs Componentsps
recording thenpkasrs. of two or nore of the non-linear current response
conponents, at 2a>> and/ or 202 and/or col+ 0)2 and/or w, - 0)2i and
conparing sa ses.wmth a I£ 2f erence se derived froma reference 20
cel |l of know;l|91 og cmglﬂ:‘ﬂ af%%]i g tgﬁfﬁlgﬁ]@d to the sane inpressed voltages.
14. A net hodchmtaotedlzagl by)rcct@dmmgthe:phasmstafrtivz@dr yoreexfothdi mun -Siacdr at | east

h terist ted | - si d t
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and comparing said phases with a reference phase derived from said time
15 dependent voltages impressed on said capacitor.

13. A method according to claim 10,

characterized by recording the phases of two or more of the non-linear

current response components, at 20, and/or 2w, and/or ®;+ ®, and/or ®; - ®,,

and comparing said phases with a reference phase derived from a reference
20 cell of known logic state that is subjected to the same impressed voltages.

14. A method according to claim 1,
characterized by recording said at least one characteristic of a generated
small-signal response over said capacitor comprising recording the ratio
between the magnitude of said small-signal current response to said first

25 time-dependent small-signal voltage on the one hand and the magnitude of
said first time-dependent small-signal voltage on the other hand, said ratio
corresponding to the slope of the hysteresis curve, at two or more values of
said second time-dependent voltage.

15. A method according to claim 14,

30 characterized by selecting said second time-dependent voltage as a
low-periodic or slowly varying offset voltage which is varied between a set
of predetermined positive and/or negative values.



bet ween the magni tude of said small-signal current response to said first 25
ti me- dependent snmall-signal voltage on the one hand and t he magni tude of
said first time-dependent small-signal voltage on the other hand, 7spMgy 1083 i o
corresponding to the slope of the hysteresis curve, at two or nDre val ues of
said second tine-dependent voltage. 15. A neghod according to claim 14, 30
characterized by selecting said second time-dependent voltage as a

| ow- periodic or slowy varying offset voltage which is varied between a set

of predeterm nggd poﬁ'r?x'eﬁf‘ocﬁ@é’éd}ﬁlﬁgﬁ%la‘{ﬁ }/§.| ues. 2 4 NMAY 2005 28 16. A

met hod according to c/arm 15 cterized by selecting said second
ti me- dependentchasaetggigedarty sejeciingiser seaand baendependgysialiage vaaiag

negative valu erydlcﬁ‘ll??}ﬁe?@geﬁ‘% 54108 a }’19 £h m\;’-él'vaﬁleChar acterized by

sel ecting sal secon epe ent VO tage snoot hly varying vol t age
sweepi ng a vol t.age bet wee 0Si t vaI ues or two negative val ues
or a positive lafl a(g‘ @ﬂ%% o glatiy thod according to claim17,

charact erfzed dparsareepedd bgasdie@teﬁg)@d@sdmnda@mreMendHn&a«gﬁt rémi cally at

10 a frequency | o t han sal first ti.ne dependent vo]ta . A net hod
accor di ng to ém%i&vaaﬂaga Qg BUCIRINE & ‘é@gﬁlgﬁ;r%ﬁ% §té’g"oeﬁ’d rPé’SéITé}S%ndent

vol tage as vanpilings ostwoseigdaiveywaMieédof bpsitide ad ehdgative ool ng to claim
1, 15 characterized by sai predeterm' ned protocol assigning said |ogic

state either qf two Pg avc% P@%rgdt%pagﬂﬁ% on the established nuneri cal

val ue. 21. An appar at us hdse conparison in the nethod
accor di ng tocbheﬁmmzeéharmmngédl sleczs:rmpfrlm-dgp@@gneqltmpmodrcaﬂlofrat

SUPPL YT ey WO 5O odfBE Sy Rffer2fhad] A8 Rorirddagiel @ RDRARS 10 a merory cel |

connectabl e there e nennry ce esponse to said read signals
outputting a response s a t wo. nore non-linear current
conponent s; ghas%%‘ﬁbg&a\%%‘ﬁ gf’ %rjrr?ect able with the nenory cell and
adapted for pehﬁmcmmge(ﬂbph@mtﬂ'@”@ilﬂIs\teoﬁl@ttﬂﬁé-ldwpeﬁﬂeﬁt vbhagt aswaryptmses

in the reSponglenusébchﬁky gvux{}PHtm f.r omthe menory cell; a reference source

20. A method according to claim 1,
15 characterized by said predetermined protocol assigning said logic state either
of two logic values dependent on the established numerical value.

21.  An apparatus for performing a phase comparison in the method according
to claim 1, _
characterized in comprising a signal generator for supplying two or more read

20 signals with giveri phases to a memory cell connectable therewith, the memory cell
in response to said read signals outputting a response signal having two or more
non-linear current components; a phase sensitive detector connectable with the
memory cell and adapted for performing a phase sensitive detection of at least two
phases in the response signal output from the memory cell; a reference source

25 connected with said signal generator and adapted for generating phase references
from the sum and differences of the phases of the input read signals to the phase
sensitive detector connected therewith for detecting and correlating said response
components, and performing a phase comparison between the phase references
and at least one detected and correlated response component; and a

30 discriminator/logic circuit being connected with the phase sensitive detector for
receiving the output thereof and adapted for determining a logic state of the

memory cell.

22.  An apparatus according to claim 21,
characterized in an o+n phase shifter being connected with the reference



25 connected with said signal generator and adapted for generating phase
references fromthe sumand differences of the phases of the input read
signals to the phase sensitive detector connected therewith for q’e% @{ﬁng
and correlating said response conponents, and performng a phas@ C Ef) 1 son
bet ween the phase references and at |east ppe detected and correl ated
response conponent; and a 30 discrimnator/logic circuit being connected
with the phase sensitive detector for receiving the output thereof and

adapted for dghgfa f'?)ir“rgc@iv'iﬂgitﬁe%txﬁlgﬁt HerbHLan TRRPREr G the 41 pHa&PPRITRIMS
according to claim 21, characterized in an cot+r phase shifter_ belng

connect ed wi t e tpehembsse senaitngeydesetor aird epticnallycilse degheidigcripgnator
out put thereofy andpdelikMgki ng the co+m phase shifted output to the phase
sensitive detector“and optionally also to the discrimnator and |ogic :

circuit. 23. apparat us for erfg.rm'n a phase conparison 'hn tht?] Eethod 5
according to < ai  apRATALRS E9T BEidOT R aSE FQMAP SN JRALGNGT £ or
suppl yin§ a fdocirdyes todiaim tgad signal superinposed on a second periodic
read signal w.th |lower ,frequency than the first rgad signal tq.a, nenor

coll connect 1A RS THEOMPAP DBy L ert Bt S oy S e & JAL ettt
at twice the rfeﬁdcaign@ysxqferhhpoiedfdnra;tsecc@aﬂﬁsfigdiad reahsigmapivask-leersi ti ve
detector and discrim natop cennectabl.e ith said mempry cel |l for.receiying
Lhe response SFAREION HEVEM R o 5l 3 £ o 2amPuY B 1 posisiciphl gherewith, S
respectivel y sand ohembeoy relifoutbatfing streapdnsesipnd! neadicestign flegjuenomdfndie

090l 96T B8R, 0L SL AU PR S RUAOE el OSRRR s T e
det ect or and wlithcyai dinm@hory detleforireteiyiag | hgi iespons @ sgnatl Heeradfnmmyas ealll abpy
the magni tude;and/ k. Lige RIASAs YOG RAP IR 1RO RN £ APAMREscSo AN Bl ad
signals from the signal generator, and correlating the phase of the response
signal with the phase of either phase reference signal or both, said phase
15 sensitive detector and discriminator determining a logic state of the memory
cell by the magnitude and/or the phase of the phase-correlated response
signal.



