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[571 ABsTRAcr 
An electrically programmable, optically readable data 
or memory cell is configured from a thin film of ferro- 
electric material, such as PZT, sandwiched between a 
transparent top electrode and a bottom electrode. The 
output photoresponse, which may be a photocurrent or 
photo-emf, is a function of the product of the remanent 
polarization from a previously applied polarization 
voltage and the incident light intensity. The cell is use- 
ful for analog and digital data storage as well as opto- 
electric computing. The optical read operation is non- 
destructive of the remanent polarization. The cell pro- 
vides a method for computing the product of stored 
data and incident optical data by applying an electrical 
signal to store data by polarizing the thin film ferroelec- 
tric material, and then applying an intensity modulated 
optical signal incident onto the thin film material to 
generate a photoresponse therein related to the product 
of the electrical and optical signals. 
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THIN FILM FERROELECIRIC ELECI'RO-OPTIC 
MEMORY 

Origin of the Invention 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in which the Contractor has elected to retain title. 

BACKGROUND O F  THE INVENTION 
1. Field of the Invention 
The present invention relates to data storage devices, 

such as analog and digital memories used by and within 
computer systems, and more particularly to radiation 
hard, non-volatile data storage devices with non- 
destructive readout. 

2. Description of the Prior Art 
Conventional non-volatile memories (NVM's)  fall 

into two broad classes,; archival and interactive. Archi- 
val N " s  use magnetic tape, floppy diskettes and hard 
disks. Interactive NVM's utilize digital integrated cir- 
cuits (IC's) for electrical storage and read out of data. 
Such digital IC memories are widely used but have 
many limitations in terms of speed, density, cyclability 
and difficulty in configuring massively parallel systems 
and/or providing interfaces with optical signal handling 
systems. 

Many alternate memory approaches have been pro- 
posed and are continuing to be developed. One promis- 
ing approach has been the development of ferroelectric 

2 
means for applying a level of remanent polarization to 
the ferroelectric material, said level being related to an 
analog value to be stored, and means for applying light 
having an intensity in a wavelength near the bandgap of 
the ferroelectric material the light being applied to gen- 
erate a photoresponse therein a magnitude of which is 
related to the product of the analog value and the inten- 
sity. 

In another aspect, the invention provides a method 
for storing data by polarizing a thin film of ferroelectric 
material to obtain a level of remanent polarization 
therein related to an analog value to be stored and ap- 
plying light to the thin film, the light having a wave- 
length near the bandgap of the ferroelectric material to 
generate a photoresponse related to said analog value. 

In st i l l  another aspect, the invention provides a 
method for computing the product of stored data and 
incident data by applying an electrical signal to store 
analog data in a photoresponsive, polarizable material, 

2o by poiarizing th;material-to a level of remanent polar- 
ization related to said analog value and then applying an 
intensity modulated optical signal incident onto the 
material to generate a photoresponse related to the 
product of the intensity and the analog value. 

The foregoing and additional features and advantages 
of this invention will become further apparent from the 
detailed description and accompanying drawing figure 
or figures that follow. In the figures and written de- 

3o scription, numerals indicate the various features of the 
invention, like numerals referring to like features 
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throughout both the drawing figur-es and the written 
description. memory systems in which the remanent polarization of 

the ferroelectric material is used to store the data. Cur- 
rent approaches to such ferroelectric memory systems 
have included both bulk and thin film ferroelectric ma- 35 
terials but have required destruction of the remanent is a cross sectional view Of thin film ferroelec- 
polarization in order to electronically read or retrieve tric memory cell lo to the 
the data. present invention. 

put photocurrent of thin film ferroelectric electro-opti- 

BRIEF DESCRIPTION OF THE DRAWING 

A ~provement  in systems has been FIG. 2 shows graph 12 which indicates that the out- 
in which bulk ferrmlectric are used s 1  

in a ceramic form as a non-volatile memory storage 
element. In such devices, optical addressing of the data 
stored produces an electrical output signal without 
destruction of the remanent polarization. 

What is needed, however, is a new approach to mem- 
ory storage elements providing increased density, elec- 
tro-optic compatibility, high speed operation, increased 
cyclability and improved radiation hardness. The new 
approach should provide non-destructive optical ad- 
dressing of stored information and overcome the elec- 
tronic cross talk and pinout limitations inherent in con- 
ventional large interconnection arrays. 

In addition, computer system architecture design 
would benefit greatly from the availability of memory 
systems capable of analog as well as digital data storage 
ability. The ability to perform some computing func- 
tions in the memory, that is, alter the output resulting 
from a read out of the memory as a controllable func- 
tion of the input and stored information, would substan- 
tially enhance computer architecture design flexibility 
and performance. 

SUMMARY OF THE INVENTION 
The preceding and other shortcomings of the prior 

art are addressed and overcome by the present inven- 
tion that provides, in a first aspect, a data cell including 
a transparent top electrode, a bottom electrode, a thin 
film of ferroelectric material sandwiched therebetween, 

-" - - 
cal memory cell 10 is a function of both input remanent 
polarization as well as input incident light intensity. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

FIG. 1 is a cross sectional view of thin film ferroelec- 
tric electro-optical data or memory cell 10 according to 
the present invention. Thin film ferroelectric layer 18 is 
sandwiched between transparent top electrode 16 and 

M bottom electrode 20. These electrodes may conve- 
niently be formed on a conventional insulated substrate, 
such as silicon substrate 24 insulated by an oxide layer 
such as silicon dioxide, or SiOz, layer 22. 

To write data to thin film ferroelectric electro-optical 
55 memory cell 10, a polarizing voltage is applied between 

top electrode connection 26 and bottom electrode con- 
nection 28. After removal of the applied polarizing 
voltage, the remanent polarization of thin film ferro- 
electric layer 18 represents the stored data. In known 

60 ferroelectric electro-optical memory systems, as noted 
above, the data stored was a binary bit used to represent 
a digital value. That is, the remanent polarization is 
either high enough (e.g. above a predetermined thresh- 
old) in a first direction, such as vertically up, perpendic- 

65 ular to the plane of thin film ferroelectric layer 18 to 
represent a first value, (e.g. bit one) or high enough in 
the opposite direction, such as vertically down, to rep- 
resent a second value, (e.g. bit zero). 

45 
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In accordance with the present invention, as will be 
discussed in greater detail below, the analog value of 
the remanent polarization may be determined from 
memory cells. Such cells may therefore be configured 
for use in analog as well as digital memory value stor- 
age. 

After removal of the polarization voltage, the data 
stored in thin film ferroelectric electro-optical memory 
cell 10 may be read out optically by application of opti- 
cal input light beam 14. The intensity of optical input 
light beam 14 may be a fued constant value or, as de- 
scribed in greater detail below, the intensity of optical 
input light beam 14 may be modulated to alter the out- 
put. 

Thin film ferroelectric layer 18, in response to the 
application of optical input light beam 14, produces an 
output photoresponse, such as a photocurrent or photo- 
emf, between electrode connections 26 and 28, in Bccor- 
dance with the well known properties of ferroelectric 
materials. 20 

The magnitude of this output photoresponse repre- 
sents the magnitude of the stored data. It is important to 
note that the above described read operation, whether 
optical input light beam 14 is intensity modulated or has 
a constant value, is a non-destructive read operation. 25 
That is, the application of optical input light beam 4 to 
read the value of the data stored as the remanent polar- 
ization of thin film ferroelectric layer 18 does not alter 
the magnitude of the polarization. Subsequent read 
operations may therefore be performed without loss of 30 
data integrity and without the requirement of an inter- 
vening write operation to restore the data stored, as is 
the case with current electronically addressed, destruc- 
tively read ferroelectric data storage devices. 

tionship between the output photocurrent and the inten- 
sity of light incident from optical input light beam 14 as 
a function of increasing levels of remanent polarization, 
Pi, P2 and P3. As can be seen from FIG. 2, for a fued 
value of incident light intensity L, a remanent uolariza- 40 

Referring now to FIG. 2, graph 12 shows the rela- 35 

tion value of P3 results in an output photocurrent having 
a relatively low value, I[. A higher remanent polariza- 
tion value Pi results in a output photocurrent having a 
relatively high value, Ih.  

In accordance with known techniques, a preselected 
polarizing field may be applied to thin film ferroelectric 
layer 8 to produce remanent polarization values that 
will consistently result in either Iior I), when read with 
a relatively fued value of incident light intensity L@ 
This permits use of thin film ferroelectric electro-opti- 
cal memory cell 10 in digital memory systems which 
may be written electrically and nondestructively read 
with an optical input signal. 

However, as shown in graph 12, for a fued value of 
incident light intensity Lo, the magnitude of the output 
photocurrent is a function of the magnitude of the rema- 
nent polarization. This magnitude is itself a function of 
the applied polarizing voltage, i.e. the stored memory. 

Thin film ferroelectric electro-optical memory cell 10 
may therefore be used as an analog storage element. 
The analog value to be stored would be applied to thin 
film ferroelectric electro-optical memory cell 10 via 
electrode connections 26 and 28. The stored value of 
the cell would be read by application of a fued intensity 
of optical input light beam 14, such as incident light 
intensity Lo. The resultant output photocurrent would 
then have an analog magnitude, I,,, intermediate I h  and 
II 
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Because the memory cell is read by optical input light 

beam 14 applied to transparent top electrode 16, cell of 
the present invention may be utilized in a vast array of 
such cells which can be selectively read by control of 
the path of an incident light beam. In addition, multiple 
optical input light beams 4 may be used to read multiple 
cells permitting massively parallel memory systems to 
be easily and conveniently configured. 

In addition, to use as an electrically written, non- 
destructively optically readable digital or analog mem- 
ory cell, thin film ferroelectric electro-optical memory 
cell 10 is usable as a digital or analog computing unit. In 
particular, the analog or digital value stored in cell 10 as 
a remanent polarization, proportional to a previously 
applied polarizing field, may be read by a selectable 
value of optical input light beam 14. 

As noted above, the resultant photocurrent output 
would be proportional to the magnitude of both the 
remanent polarization as well as the incident light inten- 
sity. 

This feature of the present invention may be advanta- 
geously employed to configure a monolithic analog or 
digital optoelectronic vector matrix multiplier which 
forms an output related to the product of an input elec- 
trical signal and an input optical signal. 

As noted above, however, the incident light intensity 
need not be fued at any particular value, but varied as 
desired. The output photoresponse is a function of the 
product of the remanent polarization and the incident 
light intensity. The magnitude of the incident light in- 
tensity may therefore be used to represent some other 
desired value. 

This feature of the present invention may be used 
advantageously to configure optical or optoelectronic 
computing systems involving large two dimensional 
(2D) memory arrays. One convenient configuration 
would utilize a memory array to store individual image 
pixels. When a new image is made incident on the mem- 
ory array, the total electronic output from the array 
would represent the measure of correlation, or match, 
between the incident and the stored image. The output 
would be maximum when the incident and stored image 
match perfectly. 

Similarly, this feature of the present invention may be 
advantageously employed in the creation of large neu- 
ral networks, such as networks with 2D layers of neu- 
rons and synapses, which is not possible with conven- 
tional VLSI electronic implementations due to input- 
/output (I/O) limitations, e.g. the number of pins re- 
quired as well as crosstalk problems. 

For example, the non-volatile digiWanalog ferro- 
electric memory array could act as a synaptic memory 
array. The output from a neuron array could be made 
incident as an optical pattern onto the fmoelectric 
synaptic array. The electrical output from the synaptic 
array will then be a product of the incident neuron input 
times the stored synaptic memory. 

With regard now to a physical embodiment of the 
present invention, transparent top electrode 6 may con- 
veniently be a layer of deposited gold, platinum, indium 
tin oxide @TO) or tin oxide (TO). Thin film ferroelec- 
tric layer 18 may conveniently be constructed from a 
layer of lead zirconate titanate, commonly called PZT, 
in the range of about 0.05 pm to 1 pm thick. Lead Ian- 
thanate zirconate titanate ( P U T )  also appears suitable 
for use in constructing thin fh ferroelectric layer 18. 
Platinum may be used for bottom electrode u). 
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The incident light should have a wavelength near the 

bandgap of the ferroelectric material. For PZT, an 
optical input in the range of about 350 to about 450 nm 
is preferred. Experimental results have confirmed the 
suitability of 365 nm laser light for use with a PZT 5 ingthestepsof: 
element. 

Programming could be as fast as 100 ns using pro- 
gramming voltages in the range of about 5 volts. With 
incident optical signal intensity in the range of 1 to 100 
mW/cmz and quantum efficiency on the order of I%, 
output current signal densities may be achieved in the 

should be achievable. 

laser light of appropriate wavelength for pixel by pixel 
readout. On the other hand, continuous wave lasers 
with high frquency acoustmptical Scanning c d d  
also be Uti l ized  for readout from such an may.  Further- 
more, with availability of semiconductor lasers in the 20 is in the range of about 350 to 450 nm. 
desired wavelength range, the readout system could be 
made extremely compact. 

While this invention has been described with refer- 
ence to its presently preferred embodiments, its scope is 
not limited thereto. Rather, such scope is only limited in 25 data and incident data, comprising the steps of: 
so far as defined by the following set of claims and 
includes all equivalents thereof. 

What is claimed is: 
1. A data cell comprising: 
a transparent top electrode; 
a bottom electrode; 
a thin fdm of ferroelectric material therebetween; 
means for applying a level of remanent polarization 

to the thin film of ferroelectric material, said level 
being related to an analog value to be stored; and 

means for applying light to said thin film, said light 

electric material, said light being applied to gener- 

5. The data cell claimed in claim 1, wherein the inten- 
sity of the applied light is in the range of 1 to 100 
mw/Cm2. 
6. A method for storing and retrieving data, compris- 

polarizing a thin f im  of ferroelectric material to ob- 
tain a level of remanent polarization therein related 
to an analog value to be stored; and 

applying light to said thin film, said light having a 
wavelength near the bandgap of the ferroelectric 
material, said light generating a photoresponse 
therein related to said analog value. 

10 

range Of to pNcm2. Bs (lop)2 7. The method for storing and retrieving dab claim& 
in claim 6, wherein the ferroelectric material is PZT. 

8. The method for storing 9 d  retrieving data claimed 
in 6, wherein the film of ferroelectric mate, is in 
the range of about 0.05 pm to 1 pm thick. 

9. The method for storing and retrieving data claimed 
in claim 6, wherein the wavelength of the applied light 

10. The method for storing and retrieving data 
claimed in claim 6, wherein the intensity of the applied 
light is in the range of 1 to 100 mW/cmz. 
11. A method for computing the product of stored 

applying an electrical signal to store analog data in a 
photoresponsive, polarizable material by polarizing 
the material to a level of remanent polarization 
related to an analog value; and 

then applying an intensity modulated optical signal 
incident to the material to generate a photore- 
sponse therein, a magnitude of said photoresponse 
being related to the product of said intensity and 
said analog value. 

12. The method of claim 11, wherein the material is 

13. The method of claim 12 wherein the material is in 

signal is near the bandgap of the femele- 

Fast readout could be accomplished using pulsed 15 

30 

35 
ferroelectric. 

having a near the bandgap Of the the form of a thin film and the wavelength of the inci- 
dent ate a photoresponse therein a magnitude of which 4o tric material. 

said intensity. material is PZT. 
is to the product Of Said analog and 14. The method of claim 13 wherein the ferroelectric 

2. The data cell claimed in claim 1, wherein the ferro- 

3. The data cell claimed in Claim 1, wherein the film 45 

15. ne method ofclaim 14, wherein the f&,, is in he 
range of about 0.05 pm to 1 pm thick. 
16. The method of claim 14, wherein the wavelength 

of the applied light is in the range of about 350 to 450 

17. The method of claim 14, wherein the intensity of 

electric material is PZT. 

Of ferrC&CtriC material is in the range Of about 0.05 pm 

4. The data cell claimed in claim 1, wherein the wave- 
length of the applied light is in the range of about 350 to 
450 nm. 50 

to 1 pm thick. nm. 

the applied light is in the range of 1 to 100 mW/cm*. * * * * *  
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