
1 Memory device which comprises a multi-layer
capacitor *159159*   *G00002* Field of the invention
The present invention relates to a memory devices. In
particular, the present  5 invention relates to memory
device having a capacitor structure. Background of the
invention The capacity of semiconductor memory devices
such as Dynamic Random  Access Memory (DRAM) or Static
Random Access Memory (SRAM) is io increasing steadily
following Moor's law which predicts that the number of
transistors on a chip doubles every 18 months.
Manufacturers are making great  efforts to maintain
this rate of improvement. One of the major issues is
how to  fabricate a capacitor in a smaller area
without reducing its capacitance, since in  order to
obtain reliable data retrieval large capacitance is
required. 15 One solution is to form a deep trench on
a silicon substrate and fabricate a  capacitor in it
so that the surface area, which is proportional to the
capacitance,  is increased. This structure is
illustrated in Fig. 1(a), and the equivalent circuit
diagram is shown in Fig. 1(b). A transistor (the
region marked generally as 1) is 



20 formed on a substrate 7 with two of its terminals
connected respectively to a  word line 5 and a bit
line 6. The third terminal of the transistor is
electrically  connected to an electrode 3 which is one
of a pair of electrodes 2,3  sandwiching a dielectric
layer 4. The electrodes 2, 3, expend over the surfaces
2  of a trench in the substrate 5. Unfortunately, this
structure requires a  complicated fabrication process
that pushes up its production cost. In separate
developments, ferroelectric random access memory
(FeRAM) is  5 starting to be utilized for a certain
category of products making use of its non volatility.
Since it does not require any electric power to
maintain the stored data,  it is suitable for use in
passive devices, such as RF tags or IC cards. A single
memory cell consists of a thin film of a ferroelectric
material and a pair of  electrodes which are located
respectively on the top and bottom surfaces of io said
ferroelectric thin film. Information is stored as a
direction of polarization  induced in the
ferroelectric film. The ferroelectric material itself
may be organic  or inorganic. In general, organic
ferroelectric materials have the advantages of  easier
fabrication and inexpensiveness. However, the remanent
polarization of  organic material is not as large as
that of inorganic material, so the readout is signal
is lower. Raising the read-out signal would be
advantageous, to obtain  more reliable data retrieval.
Summary of the Invention The present invention aims to
provide new and useful memory devices. 



20 In general terms, the present invention proposes a
memory device comprising  memory cells having at least
three stacked electrodes, spaced apart pairwise by
dielectric material, so that the pairs of electrodes
form respective capacitor  layers. The capacitors are
connected electrically in parallel to each other. 3
The invention may make it possible to store a larger
amount of charge (or  dipole) per unit area than a
memory cell having only one capacitor. Accordingly,
it may enhance the readout signal. In one form of the
invention, the dielectric material is a ferroelectric
material, so  5 that each of the capacitors is a
ferroelectric capacitor. The memory device may be of
the type in which each memory cell comprises a
transistor having inputs for receiving a test signal
and a control signal, so that  transistor applies the
test signal to the capacitor structure according to
the  voltage of the control signal. io Alternatively,
the memory device may have a so-called cross point
structure, in  which the word and bit lines themselves
play a role as electrodes. In this case,  the memory
device includes at least two sheets of ferroelectric
material arranged in a face-to-face configuration.
Each sheet of ferroelectric material is  between a set
of word lines and a set of bit lines, and each memory
cell is is constituted by an intersection between the
word lines and the bit lines.  Optionally, the sheets
of ferroelectric material may be separated by an
isolation  layer. 



Brief description of the drawings 20 Preferred
features of the invention will now be described, for
the sake of illustration only, with reference to the
following figures in which: 4  Fig. 1 is composed of
Figs. 1 (a) and 1 (b), which are respectively a
schematic cross-sectional view of a conventional DRAM
memory cell structure  which has a trenched capacitor,
and an equivalent circuit; Fig. 2 is a schematic
cross-sectional view of a memory cell which is a  5
first embodiment of the invention comprising four
layers of capacitors; Fig. 3 shows an equivalent
circuit to the memory cell of Fig. 2; Fig. 4 is a
schematic cross-sectional view of a memory cell which
is a  second embodiment of the invention comprising
two capacitor layers; Fig. 5 shows an equivalent
circuit to the memory cell of Fig. 4; 10 Fig. 6, which
is composed of Figs. 6(a) and 6(b), shows
schematically a  third embodiment of the invention
which is a ferroelectric memory device having  cross
point memory cells; Fig. 7 shows a fourth embodiment
of ferroelectric memory device which  has an isolation
layer; 15 Fig. 8 shows an equivalent circuit diagram
of the memory cells of Figs. 6  and Fig. 7; and Fig. 9
shows experimental results comparing a single layer
capacitor  



structure with a multilayer structure which is an
embodiment of the invention.  Detailed Description of
Preferred Embodiments 2o Referring firstly to Figure
2, a memory cell which is a first embodiment of the
invention is shown schematically. Elements of the
structure of Fig. 2 identical to  those of the
structure of Fig. 1 are given the same reference
numerals. In  contrast to Fig. 1, the single-layer
capacitor is replaced by a structure having  two
mutually electrically insulated conductive structures
23, 25 spaced apart by 5  a dielectric layer 27. The
conductive structure 23 consists of three electrode
layers, vertically disposed one above the other, and
electrically connected to  each other by a vertically
extending conductive wall portion 28. The conductive
structure 25 consists of two electrode layers
electrically connected to each other 5 by a conductive
wall portion 29. The electrode layers of the
conductive  structures 23, 25 are interleaved with
each other, so that each pair of vertically  adjacent
electrode layers forms a capacitor. Thus, there are
effectively four  capacitor, where each capacitor
consists of a pair of electrodes spaced apart by  an
insulator layer which is a portion of the dielectric
layer 27. The electrodes are lo connected alternately
by the walls 28, 29, so that they form a set of four
parallel  capacitors. Each capacitor may be considered
as a capacitor layer comprising:  the upper portion of
one of the electrodes, the section of dielectric
directly  above it, and the lower portion of the
electrode directly above that. A conductive metal
material such as TIN, W, Al or Cu can be used for the



15 electrode layers of the conductive structures 23,
25. A material which has a  larger dielectric constant
such as Ta205 or Zr02 is suitable for use as the
dielectric layer 27. Fig. 3 shows the equivalent
circuit to Fig. 2. Since several capacitors are
stacked in a small area, several times the capacitance
can be obtained in  20 comparison with a case in which
a single capacitor is used. Thus, sufficient
capacitance is achievable without a deep trench. The
writing and reading processes are the same as the
conventional DRAM.  The writing procedure is as
follows. When information " 1 " is intended to be
stored in a memory cell, a voltage of "high" level is
applied to both the 6  corresponding word line 5 and
bit line 6. By this operation, a positive charge is
stored in all the parallel capacitors. When
information "0" is intended to be  stored, a voltage
of "high" level is applied to the word line 5 and a
voltage of  "low" level is applied to the bit line 6.
By this operation, any charge in the 5 parallel
capacitors is discharged. The reading procedure is as
follows. If the  information stored in the memory cell
is 1", a current induced by a discharge of  the
parallel capacitors is detected on the bit line 6
while a high level voltage is  applied to the word
line 5 and a low level voltage is applied to the bit
line 6. If  the information stored in the memory cell
is "0", no current is induced on the bit lo line 6
while a high level voltage is applied to the word line
5 and a low level  voltage is applied to the bit line
6. 



Note that the number of capacitor layers is not
limited to four. As long as there  are at least two
capacitor layers, there is an increase in capacitance
compared  to the case of a single capacitor layer
which is proportional to the number of 15 capacitor
layers. Figure 4 is a schematic view of a
ferroelectric memory device which is a second
embodiment of the invention. Elements of the structure
of Fig. 2 identical to  those of the structure of Fig.
1 are given the same reference numerals. In this
case, the capacitor structure comprises a first
conductive structure having 2o electrode layers 33, 35
connected by a vertical wall portion of the first
conductive structure. The capacitor structure further
comprises a second  conductive structure comprising
the electrode layer 34. The electrode layers 33,  34
are spaced apart by a ferroelectric layer 34, and the
electrode layers 34, 35  are spaced apart by a
ferroelectric layer 37. Thus there are two capacitor
layers, 7  each being a ferrocapacitor. The
ferroelectric layers 34, 37 are part of a single
ferroelectric body having a folded configuration. A
copolymer of vinyl idenefl uoride and
trifluoroethylene (P(VDF/TrFE)), for example, is a
suitable material for the ferroelectric layers 34, 37,
or alternatively PbZrTi03 5 (PZT) or SrBi2Ta2O9 (SBT).
The electrodes 33, 34, 35 are connected alternately
so that they form a set of parallel capacitors. When a
certain electric field (E)  larger than the coercive
field of the ferroelectric material (Ec) is applied
between  the two conductive structures, alternate
polarization is induced as shown by the  



arrows in Fig. 4. Fig. 5 shows an equivalent circuit
to Fig. 4. By utilizing this io structure, the
effective area of the surface electrodes is multiplied
compared to  a case in which there is only a single
flat ferrocapacitor, and so the readout  signal is
enhanced. The storing and retrieving schemes are as
follows. When a certain level of  positive electric
field (E) which is higher than the coercive field of
the 15 ferroelectric thin film (Ec) is applied (i.e. E
> Ec) between two conductive  structures, the
spontaneous polarization in the ferroelectric thin
films 34, 37  become aligned with the applied electric
field. Suppose this state to be "Il ". On  the other
hand, when a negative field (-E) stronger than -Ec is
applied (i.e. JEJ >  jEcl), the spontaneous
polarization aligns with the negative direction, which
is 20 opposite to the direction associated with state
"l ". Suppose this state to be "0".  Thus the single
memory cell which consists of a multiple capacitors
can  memorize one data bit, namely, state "Il " and
"0". The readout procedure is as follows. Suppose that
the information "l " has been  stored in the memory
cell. When a negative field -E is applied between the
electrodes on the cell, the field reverses the
spontaneous polarization. At this  time, electric
displacement current caused by the polarization
reversal can be  observed on the lead attached to one
group of electrodes. If the electric displacement
current is observed, it is considered that the stored
information 5 was "I". Now, suppose that the
information "0" had been stored in the memory  cell.
In that case, when the negative field -E was applied
between the two  



groups of electrodes, the spontaneous polarization
would not have been  reversed by the field -E, because
the polarization was already oriented in the  negative
direction. Therefore, no electric displacement current
can be observed io in case of state "0". Thus, it is
determined whether the stored data is "l " or "0".
The number of capacitor layers in the second
embodiment is not limited to two.  As long as there is
more than one layer, this structure improves the
readout  signal proportionally to the number of
capacitor layers. Fig. 6 shows a third embodiment of
the invention which is a ferroelectric 15 memory
device based on a so-called cross point structure. The
memory device  includes two parallel, flat
ferroelectric layers 61 arranged touching each other
in  a facing configuration. On the respective outer
surface of each of the layers 61,  a plurality of
parallel word lines 65 are formed. Each word line is
in register with  a corresponding word line on the
outer surface of the other of the ferroelectric 20
layers 61. Each pair of respective word lines 65 is
electrically connected by an  interconnection 62.
Between the two ferroelectric layers 61 are bit lines
64  transverse to the word lines 65. Each memory cell
is at the intersection of one  of the bit lines 64
with one of the pairs of word lines 65. A portion of
the  structure including only a single memory cell is
shown in top view (i.e. looking 9  towards one of the
layers 61) in Fig. 6(b), which additionally shows the
position  of the bit line 64 (which in this top view
would normally be hidden between the  layers 61). Fig.
6(a) is a cross-sectional view in the plane A-A'marked
on Fig.  



6(b). The upper surface (in Fig. 6(a)) of the bit line
64, the portion of the upper 5 word line 65 facing it,
and the ferroelectric material in between, together
constitute a first ferrocapacitor. Similarly, the
lower surface (in Fig. 6(a)) of the  bit line 64, the
portion of the lower word line 65 facing it, and the
ferroelectric  material in between, together
constitute a second ferrocapacitor. Both these
ferrocapacitors are within the region marked by a
circle on Fig. 6(a). Information io can be stored in
this memory cell by applying an electric field (E)
larger than the  coercive field of a ferroelectric
layer (Ec) between the pair of word lines 65 and  the
bit line 64 (i.e. E > Ec). This structure does not
require a transistor for each  memory cell, so its
fabrication process is easier than the structures of
Figs. 1, 2  and 4. 15 Note that the number of
capacitor layers can be increased by increasing the
number of ferroelectric layers. Each ferroelectric
layer would have parallel bit  lines located on one of
its sides, and parallel word lines on the other. The
word  lines adjacent different ferroelectric layers
would be in register with each other,  as would the
bit lines adjacent different ferroelectric layers.
Thus, each memory 20 cell includes a number of
capacitors which is equal to the number of
ferroelectric layers. Fig. 7 shows a fourth embodiment
of the invention which is a variation of the  third
embodiment. Elements having the same meaning as in
Fig. 6 are given the  same reference numerals. In
contrast to the third embodiment, an additional 10  



isolation layer 71 is located between the adjacent
capacitors. Insulation layers  are convenient in case
of using solvent to coat a ferroelectric layer. They
prevent damage of the layer underneath while the upper
layer is fabricated. An  inorganic material such as
Si02 or an organic material which does not dissolve 5
in the solvent used for coating of ferroelectric layer
is suitable for the isolation  layer. The isolation
layer can also be placed above the bit line instead of
below  the bit line. Fig. 8 shows an equivalent
circuit diagram for the memory cells of Figs. 6 and
Fig. 7. The ferrocapacitors are marked as 65-1 and
65-2. io Fig. 9 is experimental results comparing two
hysteresis loops. In fact, both loops  were obtained
using a device as illustrated in Figs. 6 to 8. The
smaller loop is  measured between the electrodes 64
and 65-1 in Fig. 8, and thus represents  results for a
single layer structure, essentially equivalent to the
a known capacitor having a single layer structure. The
larger loop is observed between  is the electrodes 64
and 65. Fig. 9 indicates that by using a structure
with multiple  layers, the memorized polarization
(i.e. the polarization at the electric field of  zero
MV/m) can be multiplied proportionally to the number
of ferroelectric layers.  Although only four
embodiments of the invention have been described in
detail  here, many variations are possible within the
scope of the invention. 20 For example, while in Figs.
2 and 4 the same dielectric material is shown as
winding continuously through all the capacitor
structure, alternatively different  insulating
materials could be used to form different insulating
parts of the  



capacitor structure. For example, in Fig. 4 it is not
necessary that the insulating  material which is
laterally to the sides of the electrodes 33, 34, 35
(i.e. at the 11  same height above the substrate 7 as
one of the electrodes 33, 34, 35) is the  same
ferroelectric material as that which is located
between pairs of those  electrodes. In some
fabrication techniques the two different sections of
insulating material may be formed at different times,
and in this case it may be 5 convenient to use
different materials in the different fabrication
steps. As a further example while the capacitor layers
of the above embodiments are  substantially flat and
in the plane of the substrate surface, the invention
is not  limited in this respect either, and it would
be possible to produce an  embodiment which combines
the present invention with the concept of a lo
trenched capacitor, in which multiple capacitor layers
are stacked one or more  of the sides of a trench
formed in the substrate. 12 Claims  1 . A memory
device comprising a plurality of memory cells, each
memory  cell including a capacitor structure having: 5
at least three stacked electrodes, spaced apart
pairwise by dielectric  material, whereby each pair of
electrodes and the dielectric between the pair  of
electrodes form a respective capacitor; the capacitors
being connected electrically in parallel to each
other. 



10 2. A memory device according to claim 1 in which
the dielectric material between the pairs of
electrodes is ferroelectric material. 3. A memory
device according to claim 1 or claim 2 in which each
memory  cell further comprises a transistor having
inputs for receiving a test signal and 15 a control
signal, the transistor being configured to apply the
test signal to the  capacitor structure according to
the voltage of the control signal. 4. A memory device
according to claim 2 which comprises at least two
sheets of ferroelectric material arranged in a
face-to-face configuration, a 20 plurality of word
lines and bit lines extending across the sheets and
each  memory cell being located at an intersection of
one or more of the word lines  with one or more of the
bit lines, said electrodes of the capacitor structure
being portions of the word lines and bit lines. 13  5.
A memory device according to claim 4 in which the
sheets of ferroelectric  material are separated by an
isolation layer. 


