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The above objects as well as additional features and advantages are also realized
with an apparatus according to the invention which is characterized in comprising
30 a phase-sensitive detector and discriminator connected with a memory cell for
receiving one or more response signals therefrom and via a reference source with
the signal generator for receiving a phase reference for the read signal input to the
memory cell, said phase reference being applied as a reference in the phase
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coherent aver 5 etection ference can manifest itself
in a qualantén b’&Eﬁrt@rthefijCflmlﬁfﬁﬁééndsloﬁlcp@ép‘ﬂitve or negative polarity in
a detection signal. An apparatus according to the invention for performng
a detect iThe ﬁiretgben anf@thei gbjecty) feaspenand advhhtageearfitiiciavemiien i s shown
as a schem&ﬁ ecom%cmore readily apparent from the following detailed description of
20 preferred embodiments of the inventions, when read in conjunction with the

appended drawing figures, of which

fig. 1 shows an example of a prior art 1C-1T ferroelectric memory cell
structure incorporating one transistor and one ferroelectric capacitor in each
cell, as mentioned above,

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

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

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



diagramin fig. 5b. A signal source inputs a sinusoidally varying voltage
at the frequency wto a nenory cell which outputs a response signal wth
har noni cv@ o/80phase- sensitive detector as shown. The phaBETA@IENI7Ye
detector can in variant enbodi nents be regarded as a conbi ned 25
phase-sensitive detector and discrim or. Sinultaneously the signal
source al so generates an input phase reference to a reference source which
outputs g.reference signal at twce t frequenc u of. the read signal to
t he phasgl%ser@l“?&\ﬁoﬁ’e B&.S (’I‘f\#"@aatﬂ‘gﬁ?y {Rﬂ%hlég@q ﬁ?)‘i’?lcflﬁga bﬁaﬁ'@- sensitive
det ect or poializathén depeslage rédponke fopgirmesioay eellf thiahés sremsd beal |, and the
30 actual Io%igc.st%lte can be base&]g‘ion s%' rrpé% a tqlual i %.ati ve paraneter, e.qg.
the pol aMAREGrSIBRRISAs AW ACOETing tosthe DEESENt INGALGS, 3070 PCT/ NOD1/ 00~72
17 As can be readily ascertained and as is apparent to persons skilled in
the art dig.sigslowaithe psinsiplei eftisadosuidry sesond hammonicedeteetione
-pol aki zatajcggr({iﬁgggr\%%ﬁgsélﬂqng@ﬁﬁw cell shall nore generally result in

n a

hi gher than sec noni cs appearing in the detected signal. By the sane

basic principles as tlined 5 abqve and dependi ng. on the specific response
char act erf?%*t §ﬁ‘6\“’staﬁ€1°ﬁkrfﬁ?‘§ra€’élq% %nnam?ééf'ﬁo?ﬁcogae}ggq a‘InVEBhﬂBr‘?é‘rﬁf s may
al so be axeddor edaddwtrby beconEhadmomsicgiwbction, reveal the direction of

pol ari zation and thus the logic state of the cell. Thus, the above exanple

s od . $ cel . _
oot ude 16 &SR0 FR"blod 4RI CAF hbp i3 FoC TR E To P ERATHIUE ©
pri nci pl eisedrfodacadontrby paramétrichimixidg, c state of the cell in question.
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si nusoi dghkygntiefiyi ng vol tages at two distinct frequencies wl and w2. In
this case, one has (6) V(t) = V1 cos (cult) + V2 cos (c~2t), and the

ol ari zatg -/, 0 ; ~i 2 + a [Vl
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2V1V2( cosised: fer rendgutlyy prlvmsrgraont of the) secvap harmenicgpspynse,) ~ -[po - 1/2
~(~j 12+ V22)] + OF, [Vl COS (CO L) +V2 COS(C02t)~ 25 + /z ~3 [V12 cos
(2wi15) + 2285 shotaahRiprincigéloRigade(c blyyerRdic modilation2df 21 hashiomticcan be

seen to coll apse, to t.he e ssi Q 4) an ) i nserti V1=V2=Vo/ 2and
o oo, TPPERRR bY o inos TRl PR Redirbed el LRl I B Sn v
and the 2nds&ft inaentiongcandsponses at 2wl and 2w2 there are now response
components at the sumand difference frequencies (W + w2) and (W - w2),

as shown 0 &b Q. sHywsl Q?a‘rﬁﬁﬁ of thé ﬁngJ]QraQﬁé in B2 40 9364 £8F R¥dout Byanal ogy
with the case_ di scusse 02/ 30711 PCT/.NOO1/011-472 18 in the pfevious

par agr apmera@beﬁapﬁglaéwwgt%fewqowé OmE ILpPYY€gic * 0" or "1" state.
This provides an alternative non-destructive route to data read-out, where
it 20 posAkldesctibed abeet, ptier adl teehninfuealfoameadin g of bgit stateatured ashat

polarization direction in a ferroelectric capacitor in a memory cell shall
typically involve either one of the following, viz. employing a microcircuit in
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

25 current flow to a sense amplifier reading that cell, or imposing a voltage
across the ferroelectric capacitor, of sufficient magnitude to cause
polarization reversal in the capacitor. Depending on whether the sense of
polarization in the capacitor is parallel or opposite to the imposed field,
polarization will remain unchanged or flip to the opposite direction. While

30 the former provides non-destructive read-out, there are severe problems
relating to materials and processing, cf. above. The latter set of readout
techniques are destructive, involving polarization switching with inherent
fatigue problems, etc, and loss of data content.
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response to an offset voltage of negative polarity and remains small at
positive polarity offset voltages. Anongst several excitation voltage
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25 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 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
30 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
mixing device, yielding an output response which contains new frequency
components in addition to those present in the small-signal excitation

35 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



characterized by applying said small-signal voltage superinposed on a | ow
frequency or slowy varying voltage across said capacitor, said
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havi ng an anplitude and/or duration |less than that required for causing a
significant permanent change in the pO]| rization state of said capacitor.
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20 Now a number of preferred embodiments shall be discussed in an exemplary
manner, which shall not in any sense be regarded as limiting for the actual
scope of the invention.

Example 1: Differentials in small-signal polarization response
The slope, i.e. the small-signal linear polarization response representing the
25 first derivative dP/dV of the hysteresis curve, is voltage- and history-

dependent. In the generic curve shown in fig. 3a the slope is identical for the

two logic states at “0” and “1” and a slope measurement at these points shall

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 “07, the logic state
30 can be determined. Now defining :

Slope near “0” and at bias voltage V = Slope»y» (V)
Slope near “1” and at bias voltage V= Slope-1» (V),

one obtains from fig. 3:
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phase of said biasing voltage. 13. A nethod according to claim 12,
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read signal input to the nenory cell, said phase reference being applied as

a refkerergs 4 Aot h@gﬁhﬁaﬁg,mdg ve detector and discrimnator for
determning a logic 5 state of the nenory cell by neans of a phase

conpari s A par at f Op,_ orm ng a phase conparison in a nethod
accordi ngri)t(?)%é{)ai %@ﬁ ﬁait#@al gl?q 3%\{)11 an enbodi rent of the nethod as stated
inclaiml I, ) .

while for a “1” logic state,

| P(+AV) = P(0)| < | P(0) - P(-AV)|.

d) By recording the asymmetry of the polarization excursions (peak-to-

20 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
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
25 The following simple treatment may be helpful in gaining an intuitive insight

into the basic idea.

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
30 intercepts the V = 0 axis. Expanding to 2™ order, one may write:
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generati ng phase references fromthe sumand differences of the phases
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_ phase-sensitive detector. The output voltage from the phase-sensitive
detector shall be dependent on the logic state of the memory cell, and the
30 actual logic state can be based on simply a qualitative parameter, e.g. the
polarity of the detection signal as stated.
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e SS “‘above and depending on the specific response characteristics of the memory

cell in question, such signal components may also be extracted from the

overall signal and reveal the direction of polarization and thus the logic state

of the cell. Thus, the above example based on 2™ harmonic detection shall

not be implied or construed to preclude detection of higher than 2nd
10 harmonics as the operative principle for determination of the logic state of

the cell in question.

Example 3: Sum and difference frequency detection of response to two

superimposed sinuoidal input voltages

Similarly to the treatment in the previous section, a simple analysis can be

15 performed for the case where the excitation of the memory cell can be written
as the sum of two sinusoidally varying voltages at two distinct frequencies o,
and ®,. In this case, one has

(6) V(t) =V, cos (ot) + V; cos (0,t),
and the polarization responses become

20 (7) P(“0”) =[Py — % B(Vi*+ V2] + o [V cos (wt) +V; cos(aat)]
+ Y% B [V cos (at+m) + V,? cos (20,t+T)
+ 2V Va(cos((o+wp)t+m)+cos((m-m2)t+m)],

and

(8) P(“1”) = -[Pg — ¥4 B(V >+ V9] + o [V cos (@1t) +V; cos(w,t)]
25 +% B [V42 cos (2m1t) + V2 cos (2a,t) + 2V Va(cos(@rtmo)t
+COS(C01-(,02)t)],

which can be seen to collapse to the expressions (4) and (5) by inserting
V1 = V2 = V0/2 and ®; = O = Q.

In addition to the linear time dependent responses at ®; and », and the ond

30 harmonic responses at 2®; and 2o, there are now response components at the
sum and difference frequencies (0, + ®,) and (»; - ®;), as shown in fig. 6.
The latter are in anti-phase to each other, in analogy with the case discussed
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5 region, e.g. where noise spectral density is low and/or where the frequency is
optimal for the sensing and processing circuitry. It is also possible to
discriminate against harmonics of the excitation voltages that are injected
into the detection circuitry by mechanisms unrelated to the polarization
response of interest here (e.g. non-linearities in the driving or detection
10 circuitry).

An apparatus for performing a sum and difference frequency detection of the
response to sinusoidal input voltages at respectively frequencies ®; and o, is
shown in block diagram form in fig. 6. Herein a signal source generating read
signals as frequency o, and o, respectively input these signals to a memory

15 cell and the response from of the memory cell is input to a phase-sensitive
detector which performs the detection at respectively the sum frequency o, +
®, 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

20 output of which is connected to a discriminator/logic circuit for performing
the necessary phase comparison in order to determine the actual logic state of
the memory cell. Optionally a ®@+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

25 discriminator/logic circuit.

Since the logic state of the cell manifests itself in the phase responses at
several different frequencies simultaneously (i.e. 2@, 20,, ®; + ®; and
®1 . M), the phase detection results may be correlated at two or more
frequencies to enhance the confidence and/or speed in each readout

30 operation.

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

low 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
35 above, it must in the present case be selected an excitation which is
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nl m nyn pr Siategy for increasing the detection signals is to move the operating

5 point to a region on the hysteresis curve where the latter exhibits a strong
non-linear relationship between the polarization response and the applied
voltage. This can be illustrated by referring to figs. 3a and 7a.

Assume, e.g. that the cell is in a ”1” logic state, and that a small sinusoidally
varying field at frequency o is applied to probe the 2" harmonic response.

10 Now, however, there is a DC offset voltage which may be selected to
position the working point on the hysteresis curve, viz.

(9) V(t) = VOFFSET + VO cos ((l)t)

Assuming for simplicity that the 2" harmonic is directly proportional to the
upwards or downwards curvature of the hysteresis curve at the working

15 point, one can see by inspection of fig. 3a that for a cell in the 1 logic state,
the 2™ harmonic signal shall increase in strength as Vgppser 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 and

20 harmonic signal is in anti-phase to the ”1” signal and remains small as
Vorrser increases from zero and upwards.

Conversely, if Voppser i negative, the result is the mirror image of that

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

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. 7. 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
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Vorrser. If the cell is in a “1” state, this shall reveal itself as a large 2
5 harmonic signal with in-phase correlation with a reference signal when the
offset is + Voppser, and a smaller 2™ harmonic signal with the same phase at
- Vorrser offset. If the cell is in a “0” state, the 2™ harmonic signal shall be
small and in anti-phase to the reference signal when the offset is + Voppser,
and large but still in anti-phase when the offset is - VoprseT.

10 For performing a non-linear response detection with input voltages with
either a DC or low frequency offset a variant embodiment of the apparatus
shown in fig. 5b may be used. This variant embodiment conforms to the
schematic block diagram of fig. 7b. A signal generator outputs the sinusoidal
read signal superimposed on biasing voltage in the form of a DC offset

15 voltage or alternatively a slowly varying offset voltage. The memory cell
outputs a response signal with a frequency component at 2« which is input to
a combined phase-sensitive detector and discriminator for determining the
logic state of the memory cell. The combined phase-sensitive detector and
discriminator is also connected with the signal generator for receiving a

20 reference signal in the form of the sinusoidal varying voltage at frequency ®
superimposed on the offset voltage as shown.

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

Another preferred embodiment exploiting the asymmetric offset dependence

25 of the 2" harmonic response involves the application of a continuously
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
excites the 2" harmonic, as shown in fig. 8. Then

(10) V(t) = Vorrser cos(Qt)+ V, cos (wt)

30 This is a special case of the two-frequency excitation described above, but
now Q << o, and Voprser >> Vo. Since the non linear response coefficient
in (1) and (2) depénds on the offset voltage, an implicit time dependence is
obtained as

(11) B = B( Vorrser cos(€2t)),
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: questlon and the temporal ehav10ur of the polarlzatlon response at 20) may
be quite complex. However, a hysteresis curve of the general shape shown in
5 Fig. 1 shall yield a 2™ harmonic response which is amplitude modulated with
a maximum at a time t, when the offset voltage reaches its peak value in the
positive polarity direction, for a “1” logic state. For a “0” state, the maximum
2" harmonic response occurs at peak negative polarity in the offset voltage,
i.e. at time t, + n/Q. Again, the 2™ harmonic signal phases are in antiphase
10 in the two instances. From these manifestations, a person skilled in the
electronic art shall be able to design electronic circuitry which can detect

whether the cell in question is in a “1” or “0” logic state.

For detection of the response when using an offset voltage and a sinusoidal
voltage as disclosed in the above example, a variant embodiment of the

15 apparatus in fig. 7b can be used. This variant embodiment is shown in block
diagram form in fig. 8b and comprises a signal generator outputting the
sinusoidally varying voltage of frequency ® superimposed on a slowly
varying sinusoidal offset voltage at a low frequency  as shown, to the
memory cell which outputs a response signal component at the frequency 2o

20 to the phase-sensitive detector and discriminator for determining the logic
state of the memory 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 Q for recording the
magnitude in the response signal.

25 *

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.

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

¢ In all presently known memory substances of relevance, fatigue is
linked to the number of polarization reversals that the material has
been subjected to. Obviating the need for polarization switching
during read-out of data implies a dramatic increase in lifetime for



L11f 109078 ()- ! y&H#109%TE ()-! &10%& ()-! @OY%$& () - Fl

10947&' () - GLO%T& () - W(da?dY: 1

111 Z109%Q /437 10907& () - 10907& () - : 1096$& () -: 109%LE (PETNOMIEIL} -
d2z[9dY: 1 !!1111$10%g& ()-y- 10%Th& (é-!‘,)#lO%gg&' ()- !,)#10%DTD& () -

1 "$1090T& ()-f!109@& ()-T&uVA 1 11$10983& ()-10%& ()-s& 10%& ()- 10bmbm
10bnbm 10brbm 99$10%nbng () - 7! 1099d&' () - &miZx}[<uV4 1

' MLO%g & -1 $10%h& -7 "10%9G& - s, "10%& - )

L BT00 e 1) ViRt RealltyDss A Akmars deviees, sk tad pPeTigRg ¥F. ) 10002 () -
11 & 10%J& () - 8510 perfortelose OftentthRB4vditd og@@molﬁpp

10pp! " 6310%pp&”~ () - | 6S10% Y% () - s310%& () - F110%9&' () -

e In the case of sum frequency or harmonic detection, discrimination
between a ”0” and a ”1” bit can be cast in terms of qualitative criteria
5 such as determining the polarity of a voltage rather than analogue
threshold detection of voltages on a grey scale. This may simplify the
post-detection circuitry that makes decisions regarding logic state.
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storage device, wherein said cell stores data in the form of an electrical
polarization state in a capacitor containing a polarizable material, wherein
5 said polarizable material is capable of maintaining a non-vanishing electrical

polarization in the absence of an externally impressed voltage across said
capacitor, and of generating a current response to an applied voltage, said
current response comprising linear and non-linear components, and wherein
said method is

10 characterized by steps for applying a time-dependent small-signal voltage
over said capacitor, said small-signal voltage having an amplitude and/or
duration less than that required for causing a significant permanent change
in the polarization state of said capacitor, and recording at least one
component of a generated small-signal current response over said capacitor,

15 said at least one component having either a linear or non-linear relationship
to said small-signal voltage, whereby said logic state is determined by at
least one parameter, being a characteristic of said at least one recorded
component, the determination of the logic state taking place by temporal
correlation between said small-signal voltage and said at least one recorded

20 component, and subject to a predetermined protocol.

2. A method according to claim 1,
characterized by said small-signal voltage being applied superimposed on a
quasi-static voltage of either polarity across said capacitor.

3. A method according to claim 2,
25 characterized by said voltage having either polarity or being switched
between a set of positive and/or negative values.

4, A method according to claim 1,

characterized by applying said small-signal voltage superimposed on a low

frequency or slowly varying voltage across said capacitor, said small-signal
30 and said low frequency or slowly varying voltages in sum having an

amplitude and/or duration less than that required for causing a significant

permanent change in the polarization state of said capacitor.

5. A method according to claim 4,
characterized by recording a non-linear component of the current response
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 s$10%iu&id sleTYPRdrying voltage.

6. A method according to claim 1,

characterized by selecting said small-signal voltage as being periodic with a
5 dominant Fourier component at frequency o, recording the phase of the ond

harmonic component of said current response, and comparing said phase with

a reference phase derived from said time-dependent voltage impressed on

said capacitor.

7. A method according to claim 6,
10 characterized by selecting said small-signal voltage as being sinusoidal.

8. A method according to claim 1,

characterized by selecting said time-dependent small-signal voltage as the

sum of two periodically varying components with dominant Fourier

components at frequencies ®; and ®,, respectively, recording the phases of
15 the components of said current response at the sum and difference

frequencies ®;+ ®, and ®,- ©,, and comparing said phases with a reference

phase derived from said time-dependent voltage impressed on said capacitor.

9. A method according to claim 8,
characterized by selecting said periodically varying voltage components as
20 sinusoidal.

10. A method according to claim 9,
characterized by recording the phases of two or more of the non-linear
current response components, at 2®; and/or 2w, and/or ®;+ ®, and/or ®; . ®,,
and comparing said phases with a reference phase derived from said time

25 dependent voltage impressed on said capacitor.

11. A method according to claim 9,

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

current response components, at 2¢; and/or 2m, and/or ®;+ ®, and/or ®; - ®,,

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

12. A method according to claim 1,
characterized by superimposing said time dependent small-signal voltage on
a biasing voltage of amplitude less than that required for causing significant,
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13. A method according to claim 12,

characterized by selecting said biasing voltage as a DC offset voltage.

14. A method according to claim 13,
characterized by said selecting biasing voltage as a DC offset voltage which
10 is varied between a set of predetermined positive and/or negative values.

15. A method according to claim 14,
characterized by selecting said biasing voltage varying periodically between
a positive and a negative value.

16. A method according to claim 12,

15 characterized by selecting said biasing voltage as a smoothly varying
voltage sweeping a voltage range between two positive values or two
negative values or a positive and a negative value.

17. A method according to claim 16,
characterized by sweeping said biasing voltage periodically at a frequency
20 lower than said time dependent voltage.

18. A method according to claim 16,
characterized by selecting said biasing voltage as varying sinusoidally with
time.

19. A method according to claim 1,
25 characterized by said predetermined protocol assigning said logic state either
of two logic values dependent on the value of said at least one parameter.

20.  An apparatus for performing a phase comparison in a method according to
claim 1, particularly in an embodiment as stated in claim 6, wherein the apparatus
comprises a signal generator for supplying a read signal with given phase to a

30 memory cell, wherein the memory cell in response to the read signal outputs a
response component at twice the given frequency of the read signal, and wherein
the apparatus is
characterized in comprising a phase-sensitive detector and discriminator connected
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21.  An apparatus for performing a phase comparison in a method according to
claim 1, particularly in an embodiment of the method as stated in claim 11,
wherein the apparatus comprises a signal generator for supplying two or more read
signals with given phases to a memory cell, wherein the memory cell in response
10 to said read signals outputs a response signal having two or more non-linear
current components, and wherein the apparatus is
characterized in comprising a phase sensitive detector connected with a memory
cell and adapted for performing a phase sensitive detection of at least two phases
in the response signal output from a memory cell, a reference source connected
15 with said signal generator and adapted for generating phase references from the
sum and differences of the phases detected in the response components, to the
phase sensitive detector connected therewith, and a discriminator/logic circuit
being connected with former for receiving the output thereof in the form of a
phase comparison performed therein and adapted for determining a logic state of
20 the memory cell.

22.  An apparatus according to claim 21,

characterized in an w+n phase shifter being 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
25 and logic circuit.



