SPECIFICATION

[Title of the Invention]
SEMICONDUCTOR APPARATUS
[What Is Claimed Is]

[Claim 1]

A semiconductor apparatus having a memory cell
comprising an MOS transistor for holding an information
voltage at its gate, a write transistor for providing the
information voltage, and a capacitor for controlling the
voltage of the gate.

[Clalm 2] -

A semiconductor apparatus characterized in that, in
the memory cell of Claim 1, first and second terminals of
the wrlte trans:Lstor are respect:.vely connected to the gate
and a data line prov1d1ng wrlte data, a third terminal is

connected to a word line, an electrode at one end of the

- capacitor'is conneoted to the gate, and the electrode

voltage at the other end is controlled ﬁhen the memory cell
undergoes reading.

[Claim 3]

A semiconductor apparatus characterized in that, in
the memory cell of Claim 2, the electrode of the other end
of the capacitor is connected to the word line.

[Claim 4]

MR



A semiconductor apparatus characterized in that, in
the memory cell of Claims 1 through 3, the drain (or source)
of fhe MOS transistor is connected to the data line.

[Claim 5]

A semiconductor apparatus characterized in that, in
the memory cell of Claim 4, the drain (or source) of the MOS
transistor is controlled so as to take on different voltages
at the time of reading out of and at the time of writing or
‘rewriting into the memory cell.

[Claim 6]

A semicénductbr'apparatus'characterized in that, in
thé:mamory cell of Claim 3, the amplitude of the selecting
pulse voltage of the word line at the time of reading out..
is smaller than the amplitude of the _selecting pulse voltage
at the time"df rewriting or writing. |

[Claim 7] - |

A semiconductor apparatus characterized in that, in
the memory cell of Claim 5, the sources (or the drains) of
a plurality of memory cells connected in the direction of
the word line are commonly wired, and cells, having
substantially the same structure as those memory cells, for
controlling the voltage of the common connecting wires are
. provided correspondingly to the plurality of memory cells.

[Claim 8]

AN



A semiconductor apparatus having a memory cell
comprising an MOS transistor for heolding an information
voltage at its gate and a write transistor for providing the
information voltage, characterized in that first and second
terminals of the write transistor are respectively
- connected to the gate and a data line, a third terminal is
connected to a word line, and the drain (or source) of the
MOS transistor is connected to the data line either directly
or via another transistor, whérein the write transistor
consists of a structure of a multi-layered semiconductor
region and a barrier insulaﬁing fiim,'and.performs writing
and deletion of electric charges or éifher of them'thfough
the barrier insulating film.

_[ Claim 9]

A semiconductor apparatus having an array of-mgﬁory
cells each comprising at least of an MOS transistor for
-ﬁoiding an information voltage at its gate and a write
transistor for providing the information voltage, and the
drain (or source) of the MOS transistor is connected to a
data line, wherein the data line is precharged to a high
voltage before reading out of the memory cell takes place,
the data line discharges to a low voltage if the MOS
transistor becomes conducting according to an information
voltage at the time of reading or the data line is held at

the previous high voltage when the transistor does not
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become conducting, wherein a sense amplifier on common data
lines provided correspondingly to a plurality of data lines
operates with reference to an intermediate voltage between
the high voltage and the low voltage.

[Claim 10]

A semiconductor apparatus of Claim 8, characterized
in that the threshold voltage of the write transistor is
higher than the threshold voltage of the MOS transistor
holding an information voltage at its gate.

[Claim 11}

A semiconductor appa‘ratus having a memory cell
conprising at least of an MOS transistor for holding an
information voltage at its gate and a write transistor for
providing the information voltage, the memory cell being
characterized by the orthogonality o.f the current paths of
the.two transistors to each other. |

[Claim 127 -

A semiconductor apparatus having a memory cell
characterized in. that the write transistor comprises a
barrier insulating layer structure, controls an information
voltage by writing and deleting electric charges via the
barrier insulating layer, and is arranged
three-dimensionally relative to the MOS transistor.
[Detailed Description of the Invention]

[0001]
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[Industrial Field of Utilization]

The present invention relates to a highly reliable
large capacity semiconductor memory apparatus.

[0002]

[Prior Art]

Semiconductor memories can be broadly classified into
. RAMs (random access memories) and ROMs (read only memories).
of them, the type used in the greatest quantity as main
‘memories for computers is the dynamic RAM (DRAM). A memory
cell for storing information comprising a capacitor and a
read transistor for reading electric charges stored.
therein. This memory, as it is realized with a smallest
number of constituent elements as a RAM, is suitable for use
on a large scale. Accordinglj, it has been mass produced
at a relatively low cost. A problem with DRAMs, however,
is that their operation is susceptible to instability. The
greatest destabilizing factor is that the memory cell itself
has no amplifying capability, and therefore the voltage of
signals read out of the memory cell is low, making the
operation of the memory cell sensitive to various Kinds of
noise. Furthermore, the information charge stored in the
capacitor is extinguished by a pn junction (leak) current
existing in the memory cell. Therefore, the stored
information is conserved by causing the memory cell to

refresh itself (undergo rewriting) periodically before the
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information disappears. This period, known as refreshing
time, is about 100 ms at present, but it will have to be
increasingly elongated with an increase in storage
capacity. Thus it is necessary to suppress the leak current,
but this is becoming more and more difficult as elements
become finer. Memories to solve this problem are ROMs,
especially flush memories. A flush memory, as is well knowh,
is as small as a DRAM cell or even smaller, and its signal
voltage is high because it has a gain in the memory cell,
resulting in stable operation. Moreover, as it stores

memory charges in a storage node surrounded by an insulating

- £ilm, it is free from a pn junction current unlike a DRAM,

and accordingly needs no refreshing. However, the storage .
node, because it flows an extremely weak tunnel current to

the storage node to accumulate chérges, it takes an -

‘extremely long time to write. Moreover, repeated writing

‘results in forced flowing of currents through the insulating .

layer, which accordingly is gradually deteriorated and
eventually turns into an conducting layer and becomes
unable to store information. It is therefore usual to limit
the times of writing to 100,000 for a commercial product.
Thus, a flush memory cannot be used as a RAM. Thus, though
a DRAM and a flush memory are both large capacity memories,

each has its own strengths and weaknesses, and therefore
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they have to be differentiated in use to take advantage of
their respective favorable features.

[0003]

[Problems to be Solved by the Invention]

An object of the present invention is to provide a
small memory cell capable of RAM operation and having a gain
and a semiconductor memory apparatus using such cells. A
further object is to provide a nonvolatile RAM capable of
warranting a holding time of about 10 yeafs- with its memory
cell structure free from a pn junction current in its storage
(memory) .node.'

-[0004]

[Means for Solving the Problems]

.In order to achieve the above-stated objects, a memory
cell is confiqured of two transistors and one capacitor-as
is s-hown, for instance, in the circuit diagram of the memory
cell of a first embodiment and its operational timing
illustrated in Fig. 1 and Fig. 2. Thus the memory cell
consists of a read transistor QR, a write transistor OW and
a coupling capacitor C for controlling the voltage of a
memory cell node N. One end of the electrode of C and the
gate of QW are connected to a word line WL, and one end each
of OR and QW is connected to a data line. Here, QR is supposed
to be, for example, an N channel MOSFET (hereinafter MOS

transistor). Also, QW may be composed of an MOSFET, but a
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transistor utilizing a tunnel phenomenon (hereinafter
tunnel transistor) as will be described later may as well
be used. In the case of a tunnel transistor, terminal names
will be defined in the same way as for the MOSFET for the
convenience of explanation. Thus, the terminal connected
to the node N will be called the source (or the drain), the

- terminal -connected to the data line DL, the drain (or the

St source), and the terminal connected to the word line WL, the

gate. In this memory cell, because of the presence of the
capacitor C, the voltage of the memory node N can be varied
according to the word line voltage. Thérefdre, without
having to take the trouble of providing another traﬂsistor'
for selection, the memory cell can be selected, and
accordingly a small memory cell can be realizeci. : Eséecially
as will be described below, if a longitudinal or vertical
‘transistor is used as QW and C and/or QR is structured
three-dimensionally, the advantage of size reduction will
be even more effective. As will be described below, it would
be possible to fabricate a memory cell whose area is about
half and whose surface is less rugged than a known DRAM cell
comprising one MOSFET and one capacitor in a smalier number
of masks. Therefore, the memory chip will become easier to
fabricate and less costly. Furthermore, if QW is a tunnel
transistor, the memory node in the memory cell will have a

structure surrounded by an insulating layer, and



accordingly there will be no problem of a leak current
attributable to a pn junction current or soft errors as a
matter of principle unlike in the case of a DRAM cell.
Therefore, as the current flowing from the memory node to
the data line through QW (fhe so-called sub-threshold -

. current of MOSFET) when the memory cell is not selected can
be suppressed to a sufficiently low level by setting the
threshold voltage (VIW) high enough, the data retention time
'is ‘extended. Therefore, DRAM operations with an extremely
long refreshing time or nonvolatile operations needing
virtually no refreshing are made pos'sible.. -

[0005]

[Preferred Embodiments]

Enibodiments of the present invention will be
described below with reference to d_ra-wings . Incidentally,
in the specification of the present application, N denotes
the memory node of the memory cell; WL, the:word line; and
DL, the data line. To the word line WL is inputted a word
voltage pulse of a ternary level. Thus, a negative voltage
-VB is applied at the time of non-selection, VR at the time
of reading, and VW at the time or writing or rewriting.
Reading is done with the write transistor QW kept
non-conducting. Therefore, the read voltage VR is selected
to be a smaller value than the threshold voltage VIW of QW

(the gate voltage with reference to the source voltage when
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OW begins to conduct). And the write voltage VW is selected
to be not smaller than VDD + VIW. This is to write into the
cell node N a write voltage (VDD or 0 V) matching binary
information (1 or 0) without affeet of VIW. The coupling
capacitor C performs the role of shifting the voltage (VDD
or 0 V) written in the node N toward the negative side, when
the write operation has been completed and a shift to the

state of non-selection is to be accomplished by altering the

“word voltage from VW to -VB. It is with a view to increase

the voltage amplitude of the word voltage and thereby to
shift the voltage of the node N more greatly to the negative
side that the word voltage in the state of non-selection.is
set here to -VB, a negative value. If this voltage of the
node N shifted to the negative side is set smaller than the
threshold voltage VTR of QR, OR of the non-selected cell will

be non-conducting. Of course, QW will also be

- non-conducting because the gate voltage of :QW is -VB.

Therefore, even if another memory cell connected to the same
data line DL is selected and that data line takes on any
voltage between VDD and 0 V, none of unselected cells will
adversely affect the selected cell because QR of every one
of the plurality of unselected cells is non-conducting. A
source voltage control circuit SVC here is a circuit to

control the voltage of the source line SL of QR according

to read operation and write (or rewrite) operation.
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The conducting state of QR is controlled by fixing SIL
~at 0 V at the time of reading and by releasing or feeding
an appropriate positive voltage to SL at the time of writing.
This makes it possible to solve the following problems which
arise‘at the time of writing (or rewriting) involving the
application of the high voltage VDD from the data line DL
to the node N. Suppose, for instance, a case in which SL
is fixed at 0 V. When the D.C. voltage of VDD is to be applied
from the data line to the node N, the read transistor QR is
conducting, and the continuous flow of the conducting
-current results in increased power consumption. Or in the’
case.of rewriting to apply a floating voltage VDD held by
the data line to the node, the resultant condudtihg state
of QR causes discharging from the data line and the node N
until a drop to about the level of VTR, where the dischargdging
stops. As this reduced voltage is written into the node N,
the voltage margin on the high voltage side of the memory
cell significantly drops. These problems are solved by, for
" instance, bringing SL into a release state (a floating
voltage of 0 V) at the time of writing. - In this case, too,
OR becomes conducting and begins to charge SL, but if the
incidental capacity CSL of SL is negligibly small relative
to the incidental capacity CD of the data line, the SL
voltage will be rapidly charged to VDD-VTR to make QR

non-conducting. The voltage of the data line, because CSL
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<< CD, will remain substantially at the VDD level, and this
voltage will be written as it is into the node N. Therefore,
there will be neither continuous flow of a current through
OR or nor narrowing of the voltage margin on the high voltage
side of the memory cell as referred to.above. .

[0006]

The write, hold and read operations will be described
in further detail below with reference to Fig. 1.

It is supposed that, in a state in which no memory
whatsoever is selected, a precharging circuit places the
data line in a floating VDD state as in a DRAM. .In other
words, it is precharged to VDD.. It is further supposed that
the source line SL, at the time of writing or rewriting,
turns into a floating 0 V state from the previous fixed 0
V' voltage, and that CSL is far smaller thanICD.

[0007]

(1) Write operation

An information voltage (VDD or 0) written into the -
‘cell node N, in the process of the descent of the word voltage
to -VB, the voltage in the off state, is affected by
capacitance coupling from the cell capacitor C, becomes the
final voltage. Here, VN(H) and VN(L) are supposed to be the
final voltages of the node N when the high voltage VDD and
the low voltage 0 V, respectively, have been written in.

Therefore, this VN(H) or VN(L) becomes the node voltage of
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the unselected cell. Here, VN(H) is figured out as stated
below. Thus, until VW falls to VDD + VTW, the node N is
charged from the data line by W, which is still conducting,
even if an attempt is made to lower it with capacitance
coupling from C, and therefore is held at VDD after all.
During its descent from VDD + VIW to -VB, QW is
non-conducting, ‘and accordingly the node N drops at a
capacitance coupling ratio a. Therefore:

VN(E) = VDD - o(VDD + VIW + + VB)

a = C/(C + CN) (1)
where CN-is the incidental capacity of the node N. VN(L)
is figured out similarly. In this case, as QW is conducting
until VW drops to VIW, the node N is held at 0 V for the
above-stated reason. After that, however, it is brought
down by capacity coupling, and the following holds:

VN(L) = -a(VIW + VB) (2)
Expressions (1) and (2) represent cell node (N) voltages in
the state of non-selection.

[0008]
(2) Hold operation

Unselected cells should hold data in any state and
should not adversely affect the operation of the selected
cell. Even where all the cells are unselected as in the
precharging period shown in Fig. 1, or where one of a

plurality of cells connected to one data line is selected
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and the voltage on that data line is varying from 0 to VDD,
this condition should be met. This cbndition can be met if
QW and QR are completely non-conducting. Evidently in an
unselected cell, QW is completely non-~conducting because
the threshold voltage of QW (VIW) is sufficiently high, and
moreover a negative voltage is applied to its gate. On the
other hand, since the SL voltage of an unselected cell is
a fixed 0 Vv, in order for QR to be non-conducting all the
time, both of the voltages represented by Expressions (1)
and (2), i.e. VN(H) and VN(L), should be lower than the
threshold (VIR) of QR. Since VN(H) is always higher than-
VN(L), this condition can be represented by the following
equation.

[0009]

" VN(H) = VDD ~a(VDD + VIW + VB) < VIR - (3)

(3) Read operation |

When data are read out of a cell, the cell node N is -
raised in voltage by the applied word voltage VR and the
coupling capacitance C, and VN(H) and VN{L) are respectively

raised to the voltages VN{(H) and VN(L) expressed below.

[06010]
VN(H) = VN(H) + a(VR + VB)
= VDD - a(VDD + VIN - VR)

VN(L) = VN(L) + o(VR + VB) = a(VR - VTW)
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1f, for instance, information “1” and information “0"
are to be distinguished from each other here, QR should be
conducting at VN(H) and non-conducting at VN(L). As a result
of this, the data line precharged to VDD either discharges
to 0 V as illustrated or holds VvDD. At this time, it is.
necessary to make the write transistor QW non-conducting to -
prevent the read operation from being adversely affected by
QW. For this purpose, the condition which makes OW
non-conducting at VN(L) should be met.because QE has a lower
source voltage and more readily becomes conducting at VN(L)
than at VN(H). Therefore:

VN(H) = VDD — a(VDD + VIW - VR) > VIR (4)

VN(L) = o(VR - VIW) < VIR (5)

VR - VN(L) < VTW (6)
From Expressions (5) and (6):

VR < VTIW (7)
If the VIR is-a positive value, as long as Expression (7)
is met, Expression (5) will hold. Therefore the voitage
-margins of memory cells are determined by Expressions (3),
(4) and (7).

[0011]

Fig. 3 shows the voltages VN(H) and VN(L) of the memory
nodes of unselected cel.ls and the voltages VN(H) and VN(L)

of the memory node N of the selected cell at the time of

reading, figured out with respect to a. The voltage
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condition is that VIW + VB is variable when VDD = 2.5 V and
VIW - VR = 0.25 V. The solid line represents VIW + VB = 2.5
V, and the dotted line, VIW + VB = 3.5 V, provided that VN(H)
and VN(L), as is evideht from Expressions (4) and (5), are
constant irrespective of the value of VIW + VB. 'The range
of values VTR can take on are determined by Expressions (3),
(4) and (5), represented by the darkened region in the
diagram. Here, let’s see the relationship between VIR and
the voltage margin of the memory cell in the case of o = 0.4
as an example. At VIW =2 V and VB = 0.5 V, i.e. at VIW +-
VB = 2.5V, VIR can take on any value in the range from point
a to point b, but suppose VIR = 0.75 V (point A), then, in.
an unselected cell VN(H) = 0.5 V (point b) and VN(L) = -1
V (point d), therefore the transistor QR is completely
non-conducting. _

On the other hand, if the cell is selected, VN{(H) =
1.4 Vv (point a), VN(L) = -0.1 V (point c¢). Therefore, QR -
becomes conducting at VN(H) and non-conducting-at VN(L).
The effective gate voltage of QR when it is conducting is
VN(H) - VIR = 0.65 V. If the word voltage here is further
biased toward the negative side by 1 V to VIW = 2 Vv and VB
= 1.5 V to make VIW + VB = 3.5 V, the effective gate voltage
of OR will become even greater to achieve high speed
operation. The range of values VIR can take on in this case

is extended to between point a and point b, so that VIR can
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be lowered to 0.35 V (point A’) while keeping the voltage
margins (the differences between point A and point b and
between point A’ and point b‘) in the non-conducting case
substantially the same. Therefore the effective gate
voltage of QR is increased to VN(H) - VIR = 1.05 V.

[0012]

Fig. 4 is a schematic diagram of a memory cell array.
and its peripheral circuits, and Fig. 5, their timing chart.
A memory cell MC is connected to intersections between a
plurality of word lines (WLO, ..., WLn - 1) and a plurality
of data lines .(DLO s ++«y DLm - 1). Each data line is selected
accordinglto row signals (¥S0, ¥YSm - 1) activated by known.

address signals, and connected to common data input/output

paired wires (I1/0, 1 /0) via a row selecting transistor (QY).
[0013]

The I/0 paired wires are connected to a data output
Do via a sense amplifier SA and a data I/0 buffer DB, and
to a data input Di via DB. To each word line is connected
a data control register (DCR) for detecting the selection
state of the word line, and DB is controlled with a signal
from its output signal line (DCL).

[0014]

Features of this embodiment are as described below.
As there is a gain in the memory cell, i.e. the current

continuously flowing to the read transistor QR is converted
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into a voltage on the data line, the signal voltage emerging
on thé data line becomes extremely high. As stated above,
it can be turned into the amplitude of the source voltage
depending on the design. Further, the number of memory cells
that can be connected to one data line is unlimited as a
matter of principle. As there is a gain even if the
incidental cépacity (CD) of the data line increases, the
memory cell will operate properly. As opposed to this, since
any known DRAM cell has no gain, the signal voltage emerging
on the data line is extremely small. For this reason, it
is neceséary-to take the trouble of arranging paired wires
to make the data line suitable fof noise suppression, and
provide a large area differential CMOS sense amplifier for
~each data.wire pair of a narrow pitch to amplify signals.
Furthermoré, to reduce CD and enhance the signal voltage,
multiple division of data wire pairs and equipment of each
divided data wire pair with the aforementioneéd differential
amplifier. All these become a factor to enlarge the chip
area. Therefore, this embodiment provides the advantage
over any DRAM of stabilizing the operation and making
possible reduction of the chip area. The operation of this
embodiment will be described below.

[0015]

When the memory cell array is inactive, the

precharging transistor QP on each data line is kept
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conducting, and every data line is precharged to VDD. The
paired I/0 wires are also precharged to their half voltage
VDD/2 and equalized in potential. Further the control
signal RWC for each source line (SLO, SLn-1) is raised to
a high level, the transistor QSL on each source line is made
conducting, and each source line is fixed at 0 V. When the
memory cell array is activated, one word line (e.g. WLO)
designated by a line address signal is selected, and a VR
voltage is applied to start read operation. This causes
reading out of every memory cell on WLO, and a read signal
voltage emerges on each corresponding data line. If, for
instance, the cell node is VN{H), QR will become conducting,
and accordingly DLO, which has been in a floating state of
VDD, will be discharged to 0 V. On the other hand, if it
is VN(L), QR will be non~conducting, and accordingly DLO
will remain at VDD. When a row address signal causes a row
-selecting switch (e.g. QY) to be made conducting after the
voltage on the data line that has been read out is fixed to
either VDD or 0 V, the voltage on DLO will be taken out onto
the I/0 line by charge sharing between DLO and I/0. If DLO
is VDD, a +us signal voltage will emerge on the I/0 line for
vDD/2, or if it is 0 V, a -us signal voltage will appear.
The incidental capacities of DLO and I/0 being

represented here by CD and CI/O, respectively:

us = (CD/(CD + CI/0)) * (VDD/2) (8)
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Since the voltage on the other I/0 of the paired I/0 wires
remains VvDD/2, if the sense amplifier SA is operated with

this voltage as the reference voltage, information on the
read voltage can be distinguished. Fig. 6 illustrates a
latch type CMOS sense amplifier. If SP and SN which are
common terminals of P channel and N channel MOSFETs are
driven from VDD/2 to VDD and from VDD/2 to 0 V, respectively,
+us information and -us information of the I/O0 will be
amplified to VDD or 0 V, and taken out to the data output -
terminal Do via the data I/0 buffer DB. In parallel with
this, the amplified voltage of the 1/0 is rewritten as it
is into the memory cell node N by the application of the VW -
word -voltage following VR. The reason is that, as the
voltage of VDD or 0 V read out to DL0O is deteriorated to below
VDD -oxr above 0 V by connection to the I/O, it has to be
regenerated by the sense amplifier to VDD or 0 V and

- rewritten. Since other data lines (DLl to DLm-1) are free
from the aforementioned voltage deterioration as a matter
of principle, the read-out data line voltage is rewritten
as it is into the cdrresponding memory cell. Hereupon, as
described above, immediately before VW is applied, the
control signal RWC is set to 0 V and each QSL is turned off
to keep each SL line in a floating 0 V state. This prevents,
for instance, the voltage level on the data line from

dropping at the time of rewriting. Whereas the read
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operation has been described so far, the write operation is
accomplished by utilizing the period of the above-stated
rewriting. Thus, a voltage corresponding to write data from
the data input terminal Di is provided to the paired 1/0
wires via the data I/0 buffer DB in the form of a differential
voltage, and the sense amplifier-amplified voltage is
replaced with this voltage. The resultant (VDD or 0 V) can
be given from the I/0 to the cell node via DLO. Since the
memory cell here is a sort of inverter, every time a word
liné is selected, the node voltages of all the memory cells
" on that word line are switched between high and low as shown
- in Fig. 5. Then, in order to ensure that the I/0 relationship
of data be free from logical inconsistency, the data I/0
buffer DB is controlled with the output signal of a data
control register (DCR) connected to each word line.
 [0016]

Fig. 7 illustrates a control system for the data
control register and the data I/0 buffer. The concept of
this control system is already described in the Digest, pp.
12-13, of 1S8SCC72 (International Solid-State Circuits
Conference in 1972), citing an example of a DRAM using cells
consisting of three transistors each. Thus, to each word
line is connected a data control cell (DCC) having the same
structure as the memory cell. When a word line is selected,

its read signal is outputted from the selected data control
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cell to a common output signal line (DCL). This signal and
a signal read out of a memory cell array via a sense amplifier
undergo exclusive-OR operation to give a data output DO. On
the other hand, a read signal to DCL and a data input Di
uhdergo exclusive-OR operation to give write data to the
memory cell array. Incidentally, for high speed control of
data input and output, the channel width of an output
transist;or (corresponding to QR) in the data control cell
can be ﬁade greater than the channel width of the memory
cell.

[0017]

Fig. 8 illustrates a voltage control system for SL
lines to prevent the high level (VDD) side of the data line
from dropping at the time of rewriting or writing. A feature
of this system is that each SL line is -multi-divided into
SL00, SLOl and so on to reduce the effective incidental
capacity (CSL) per SL line. As stated above, when RWC is
turned off to place each SL line in a floating state, the
aforementioned voltage level drop can be suppressed as much
as CSL is reduced relative to the data line incidental
capacity (CD). Another feature is that, a dummy cell (DC)
of the same structure as the memory cell is connected to each
of the divided segment of the SL line to control the voltage
of that segment, and its data lines (DDLO, DDL1 and so on)

are fixed at VDD all the time. This enables the maximum drop
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of the aforementioned voltage levels of the data lines to
be halved as will be described below. As stated above, a
read voltage (VR) is applied to a word line (WLO), and data
are read out of every memory cell (MC) on WLO, the read
voltage being oﬁtputted to each corresponding data line.
During this period, of course, SL00, SLO1 and-so on are fixed
at 0 V. After each data line has been sufficiently
discharged, SL00, SLO1l and so on are placed in a floating
state of 0 V, followed by the application of a write voltage
(VW) to WLO, and the voltage on each data line is rewritten
into the memory node (N) of each memory cell. The extent
of - the drop on the high level side of the data line here
depends on the number of memory cells having specific read
information. Thus, the greater the number (k) of the memory
cells on which the data line voltage rises to a high level-
after reading, the less the drop on the high level side,
because QR of more memory cells charges the incidental
capacities. of SL00 and the like to almost VDD-VIR. Thus,

with the voltage drop on a data line being represented by

~

AVD, CSL° (VDD - VTR)= KkCD* AVD holds. -Therefore when k
= 1, AVD takes on the greatest value. What halves this drop

is the aforementioned dummy cell (DC). QR in thé dummy cell
always becomes conducting at the time of rewriting or

writing, effectively resulting in k = 2 to halve AVD.

Besides the dummy cell system, as will be described later,
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there is a method to apply VW after fixing the SL line at
a certain voltage (e.g. VDD-VTR or above). Thus after
reading out has resulted in the outputting of a sufficient
read voltage to the data line, the SL line -is charged from
the previous 0 V to VDD-VTR or above, and then VW is applied.
Though the cycle time is extended as much as the charging
time, there will be no voltage drop on the data line.

[0018]

Fig. 9 illustrates an embodiment of a circuit for
controlling the voltage on the SL line. After reading takes
place and the data line voltage is fixed, the gate voltagés
of transistors QSLO, QSL1 and so on connected to the ends
of SIL lines are decoded with an address signal and .
individually controlled. For this reason, only the QSLO
corresponding to the selected word line (WLO) -becomes
non-conducting, only QLOO takes on a floating state of 0'V.
.Since other transistors in the state of non-selection remain
conducting, SL10 and others are fixed at 0 V. After that,
a word voltage VW is applied. Higher speed is achieved
because the load capacity of RWC is reduced compared with
the case of Fig. 8, wherein RWC collectively controls the
gates of a plurality of transistors.

[0019]

Fig. 10 shows an example of pulse drive without fixing

the voltage supply source PSL for the SL line at 0 V all the



~25-=

time as in Fig. 9. This results in forced drive of SL0O to
VDD-VTR at the time VW is applied. The gate voltages of QSLO,
0SL1 and so on are decoded with an address signal, and only
the selected transistor (QSLO) becomes conducting with the
result that SLO0 is substantially the only load capacity of
PSL and higher speed is achieved. -

[00207] -

Although the foregoing description assumed that
charging of the SL line to VDD-VTR would make QR
non-conducting, actually QR becomes non-conducting at a
considerably lower voltage than VDD-VTR; because, as is well
known, VTR is raised by the Body effect of QR as the SL line
is charged. Therefore, AVD is actually smaller, and the
charge voltage of the SL line may be lower.

[0021]

If a tunnel transistor to be described later is used

.here as the write transistor (QW) in the memory cell, a

§tructure in which the memory node is surrounded by an
insulating layer will be made possible, enabling
nonvolatile operation to be conducted. Since no pn junction
current is present in the memory node, the charge of the
memory node will be lost by as much as the route passing QW,
because, if the threshold voltage of QW (VIW) is set high
enough, around 2 V, the current passing OW will become

negligibly small. This will be described below with
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reference to the example of Fig. 3 in which VIW + VB = 3.5
V, VIW =2 V, and o = 0.4.

[0022]

As illustrated in Fig. 11, if the source voltage is
intercepted (turned. off), word lines and data lines will
eventually take on a floating state of 0 V. . Then, the
voltages stored in the memory node (points b’ and d’ in Fig.
3) are raised by the capacitor C of the memory cell. As the
variation of the word voltage isa=0.4 at 1.5V, VN(H) will
rise by 0.6 V to reach 0.7 V. On the other hand, N(L) will
also rise to -0.8 V. -During the ensuing period-in which the
power source is off (e.g. for a maximum of 10 years), OW is
weakly conducting and the memory node N is charged from the
data line. Here it is supposed that the minimum threshold
voltage of QW, at which QW conipletely turns off, is 1.6 V
as will be discussed in detail below. As the word voltage
is VIW=2Vat 0V, only the -0.8 V side, which posés a problem
among the aforesaid node voltages, is charged, and charging
stops when 0.4 V is reached. When the power source is turned
on again, the memory node is brought down by 0.6 V by a
variation in word voltage and by the capacitor., After that,
a voltage (VR) is applied to a word line to start read
operation. The memory node voltage then is raised by only
1.3 V, resulting in VN(H) = 1.4 V and VN(L.) = 0.3 V. The

evident turning-off of the power source reduces the voltage
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difference between VN(H) and VN{(L) from 1.5 V to 1.1 V.
However, if the threshold voltage (VTR) of QR is selected
to be 0.75 V, QR will become conducting ét VN(H) and
non-conducting at VN(L), and the memory cell will operate
properly. Thus, nonvolatile operation will be realized. Of
course, the voltage difference between VN(H) and VN(L) in
the second and subsequent rounds of read operation after the
power source is turned on will return to 1.5 V.

[0023]

FPig. 12 and Fig. 13 illustrate another embodiment of
. amemory cell and its operational timing. .The capacitor (C)
is eliminated from the memory cell of Fig. 1, and a read
‘'selecting MOSFET (QR2) is added. The memory cell area is
greater than that of Fig. 1, but the design is simplified.
Thus:

(1) A read only word line (RWL) is turned on to output
-memory information.in the node N to the -data line DL. If
the voltage of the node N is at a high level (VDD), both QR1
and QR2 will become conducting, and therefore the data line
(DL) so far precharged to the VDD level will discharge to
0 V. If the voltage of the node N is at a low level (0 V),
OR1 will be non-conducting, and therefore the data line will
remain at VDD. After the voltage of the data line is made
definitive by this read operation, RWL is turned off, and

after that a write only word line (WWL) is turned on. Read
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information is thereby rewritten onto the data line. Or
writing into a specific memory cell on the same word line
is accomplished by forcibly providing a write data voltage
from outside. Therefore, unlike in Fig. 1, memory cells will
not always dynamically operate, having a continuous flow of
a through current. Accordingly, there is no need for the
above-mentioned capacitor (C) or voltage control of SL .
lines, and the voltage on SL lines may be a fixed voltage
(0 V).
[0024]

| (2) As WWL is off while RWL is on, theré is no fear
'for memory information in memory cells to be destroyed by
read operation.

[0025]

(3) Any negative voltage need not be applied to word
lines (RWL and WWL) at the time of non-selection unless the
threshold voltage of QR2 or QW particularly drops. Of
course, if the aforementioned threshold voltage is too low,
the two transistors should be made non-conducting by feeding
a negative voltage.

[0026]

(4) There is no need for the voltage to be fed to word

lines to have a ternary level as shown in Fig. 2.
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[0027]

If a tunnel transistor is used as QW here, the memory
cells can be reduced in size because, as will be described
later, QW and QR1 can be three-dimens ionally structured. If
the coupling capacitance between WWL and the memory node N
here is made as small as possible, approximately VDD and 0
V are written into the memory node and held. The electric
charge of the node N is also held for a long period, and if
the threshold voltage of QW is set sufficiently high, the
éforementioned nonvolatile operation can be realized more
easily. Of course, a memory cell array ﬁsing such memory
cells can be configured in the circuitry illustrated in Fig-
4. The configuration would be exactly the same except that
there would be two word 1lines, RWL and WWL, and SL 1lines would
"be fixed to the ground voltage.

T [0028]

-~ Fig. 14 is a schematic diagram of a cross-sectional
structure of a tunnel transistor. A feature consists in that
it is'a longitudinal transistor in which gate electrodes G
are arranged on two sides of four stacked polys ilicon layers
{polysilicon 1 to polysilicon 4) via a gate oxide film (a
thermal oxide film of tox in thickness). Actually the gate
electrodes formed of polysilicon on the two sides are formed
solid as will be described below and always eqgual in

potential. Polysilicon 1 and polysilicon 2 are made of
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3

polysilicon doped with phosphorus of about 10*cm™, and

constitute the drain D (or the source S) and the source (or
the drain) of the transistor. Polysilicon 2 and polysilicon
3 are made of intrinsic polysilicon doped with an extremely
low concentration (about 10" to 10Ycm™) of phosphofus; and
constitute the substrate of the transistor. Between
‘polysilicon 1 and polysilicon 2, between polysilicon 2 and
polysilicon 3, and between polysilicon 3 and polysilicon 4
are formed tunnel films SN1, SN2 and SN3, each consisting
of a thin (2 to 3 nm) silicon nitride film for instance. SN1
-and SN3 are assigned the role of stoppers to prevent, at the
timé of transistor formation, phosphorus of a high
concentration in the drain or source region from diffusing
into the low concentration layers inside (polysilicon 2 and
polysiiicon 3). To let a current flow between the drain and
the source, these films should be tunnel films not too thick.
The central tunnel film SN2 is inte'nded to suppress the “off”
current of the transistor. Thus, it is a stopper to prevent
positive holes or electrons generating in the re.gion of
polysilicon 2 and polysilicon 3 in the transistor in an #off”
state from becbming a current and flowing between the drain
and the source. Incidentally, if a sufficiently high
positive voltage is applied to the gate, the potential
barrier of this tunnel film will lower, and allow a

sufficient large “on” current to flow between the drain and
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the source. Of course, depending on the target amperage of
the "off"” current, this central tunnel film can be dispensed
with. Further, although a single central film layer is
supposed to be provided, it may be a tunnel film consisting
of multiple layers-as required. Typical approximate
dimensions of the tunnel transistor of Fig. 14 are 1 = 0.4
pum, d = 0.2 -pm and tox = 10 nm. This kind of tramsistor,
if an appropriate tunnel film thickness is chosen, can
achieve ainperage/voltage characteristics similar to those
of a conventional transverse MOS transistor of an extremely
low substrate concentration. Fig. 15 roughly shows its:
- characteristics. The maximum tolerable amperage (i) of the
current flowing between the drain and the source (IDS) to
warrant nonvolatility for 10 years is now figured out. The
‘capacity (C) of the memory node (N) being supposed to be 5
fF and the tolerable voltage drop (AV) for 10 years (At)

to be 0.1 V and 1 = C*AV/At = 1.6 x 10%aA. oOn the other

hand, in a usual circuit design, the threshold voltage of
a transistor (corresponding to VIW mentioned above) is
defined by the gate/source voltage (VGS) for letting a
current of IDS = about 10°A flow. Since the relationship
between IDS and VGS is linear in the current region represent
semilogarithmically in the diagram from 10*A to 107°a, if

the value of VGS to increase IDS by one digit is 100 mv,

VIW0.1(V/digit) x 16 (digits) = 1.6 V. This VIW value is
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the minimum required to keep the transistor (QW) off for

about 10 years. In an actual design, the standard VIW is

set to 2 V as stated above, with the fluctuations of VIW and

temperature characteristics being taken into account.
[0029]

To add, where it is sufficient for one memory cell to

.hold data for a duration of one day or so, the maximum

amperage tolerance is about 107?° A, and therefore VIW
0.1(v/digit)x 12 (digits) = 1.2 V would be sufficient.
Considering possible fluctuations as mentioned above, the

standard VIW may be set to 1.6 V. Accordingly, the maximum

- required word voltage (VDD + VTW or more) is smaller by the

- decrease of VIW than in nonvolatile operation, so that the

requirement regarding the breakdown voltage of transistors
in peripheral circuits driving the write transistor (QW) and
word lines within the memory cell is eased. In this case,
incidentally, refreshing action well known for DRAMs would
enable data in the memory cell to be held. Thus, it is
sufficient to drive word lines and perform the
aforementioned read and write operations on each word line
sequentially and periodically.

[0030]

Fig. 16 illustrates the planar structure of the memory
cell of Fig. 1. The transistor of Fig. 14 is used as the

write transistor. Fig. 17 shows an AA cross section, and
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Fig. 18, a BB cross section. Over a data line (DL) formed
of a phosphorus-doped n type polysilicon film, a word line
(WL) formed of a boron-doped P type polysilicon film is
orthogonally arranged with a thick insulating layer
in-between. As the three-dimensional tunnel transistor of
Fig. 14 is stacked over the gate electrode (N) of a usual -
MOSFET (QR in Fig. 1), a memory cell of an extremely high
density can be realized. Evidently, while the current of
QR flows within a plane, the current of OW flow in a direction
vertical to that. For this reason, while the area of a DRAM -
memory cell of.the well known data line arrangement is 8F2
{F: the smallest dimension) as a matter of principle, that
- according to the present invention is 4F2, i.e. a halved cell
area. To add, the coupling capacitor (C) of Fig. 1 can be
formed, as shown in Fig. 17, of a thin thermal.oxide film
between the word line and polysilicon 4. The size of C can
be varied by adjusting the film thickness of polysilicon 4.
The memory cell hereunder can have a long enough data holding
period and be significantly strong against soft errors due
to the incidence of alpha rays or the like, if only the
threshold voltage (VIW) of OW is properly set as described
above. The reason is that, since the memory cell node (N)
has no pn junction, there is no junction leak current, and
that, even if the cell is irradiated with alpha rays and

electron-hole pairs generate inside, there will be no change
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in potential within the cell as the tunnel film serves as
a stopper against the respective streams of electrons and
positive holes.

[0031]

So far, a circuit system for memory cells intended to
reduce the dimensions of memory cells and an operational
system for a memory cell array comprising such memory cells
have been described. For a further reduction in dimensions,
an example of memory cell structure using a
three-dimensional transistor, such as a tunnel transistor,
was also presented.

[0032]

[Effects of the Invention]

The above-described invention can make it possible to
realize high density, large capacity memories and,
moreover, even high speed, nonvolatile memories. Further
can be realized a semiconductor apparatus, with such
memories and a large scale logic (e.g. a microprocessor)
built into a single chip. As is well known, semiconductor
chips with conventional DRAMs built intc them-are becoming
increasingly difficult to manufacture as they become finer.
Thus in laminated capacitor cells, the cell array is
structured with increasingly large disalignments or
multi-levels to achieve a high capacitance, and this

obstructs large scale logic parts from being made finer. On
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the other hand, groove type capacitor cells require grooves
of an increasingly higher aspect ratio, and therefore become
more difficult to fabricate. For instance, the aspect ratio
is even 40 in a 256M bit DRAM. By contrast, a memory
according to the present invention has a gain within memory
cells, and accordingly needs no particularly large
capacitance. Therefore, no large disalignment structures
and deep groove structures, whose difficulty becomes
further significant as ch;ps become finer, are needed, sO
that a semiconductor apparatus which is easy and inexpensive
to make can be provided.

[Brief Description of Drawings]

[Fig. 1]

This is a circuit diagram of a memory cell which is a first
embodiment of the present invention.

[Fig. 2]

This is an operational timing chart of the memory cell which
is the first embodiment of the invention.

[Fig. 3]

This is a node voltage chart of the memory cell which is the
first embodiment of the invention.

[Fig. 41}

This is a circuit diagram of memory cell array according to
the invention.

[Fig. 5]



B narriuss s Ao et e s

-36-

This is an operational timing chart of the memory cell array
according to the invention.

[Fig. 6]

This illustrates a CMOS sense amplifier consisting of a PMOS
transistor and an NMOS transistor applicable to the
invention.

[Fig. 7]

This illustrates a register consisting of a data control
cell applicable to the invention.

[Fig. 8]

This illustrates a circuit system for controlling the
terminal voltage of the memory cell according to the
invention.

[Fig. 9]

This illustrates another circuit system for controlling the
terminal VQltage of the memory cell according to the
invention.

[Fig. 10]

This is an operational timing chart of controlling the
terminal voltage of the memory cell according to the
invention.

[Fig. 11]

This is an operational timing chart of nonvolatile
operations of the memory cell according to the invenﬁion.

[Fig. 12]
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This is a circuit diagram of a memory cell which is a second
embodiment of the invention.

[Fig. 13]

This is an operational timing chart of the memory cell which
is the second embodiment of the invention.

[Fig. 14}

This is a schematic cross-sectional view of a tunnel
transistor of an embodiment of the invention.

[Fig. 15}

This illustrates current and voltage characteristics to
. figure out the .required threshold voltage of a write
transistor in the mehory cell.

[Fig. 16]

This is a plan of the memory cell which is the first
embodiment of the invention.

[Fig. 17]

This is a cross section of the memory cell which is the first
embodiment of the invention.

[Fig. 18]

This is another cross section of the memory cell which is
the first embodiment of the invention.

[Explanation of Reference Symbols]

N: memory node of memory cell
WL: Word line
DL: Data line



