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MULTI-BIT RESISTIVE-SWITCHING
MEMORY CELL AND ARRAY

FIELD OF THE INVENTION

[0001] The present invention relates to a nonvolatile ran-
dom access memory and array, and in particular relates to
multi-bit resistive-switching memory cell and array utilizing
localized resistive switching.

BACKGROUND OF THE INVENTION

[0002] Resistive-switching nonvolatile random access
memory (RRAM) has attracted wide attention and been
developed because of numerous advantages including its
simple cell structure, low operational voltage, fast switching
speed and high integration density.

[0003] Usually, RRAM is made in metal-insulator-mental
(MIM) configuration, which is simple but can be made by
backend manufacturing process only, and cannot be inte-
grated to the frontend process, which increases the manufac-
turing cost.

[0004] Recently, HfO,-based gate dielectrics and Ni gate
electrodes are used to form capacitors in a metal-insulator-
silicon (MIS) configuration, which was found to have the
characteristic of the resistive switching. Ergo, based on the
characteristic, the present invention proposes a multi-bit
resistive-switching random access memory cell and the detail
follows.

SUMMARY OF THE INVENTION

[0005] The present invention proposes a multi-bit resistive-
switching memory cell, which has multiple conduction paths
in a cell and each conduction path can be in high-resistance
state (HRS) or low-resistance state (LRS).

[0006] The present invention proposes a multi-bit resistive-
switching memory cell array, which comprises a plurality of
multi-bit resistive-switching memory cells and are arranged
in array, and each multi-bit resistive-switching memory cell is
capable of providing multiple bits.

[0007] A multi-bit resistive-switch memory cell comprises
a substrate, a resistive-switching oxide layer and a gate elec-
trode. A conduction channel is formed on the substrate, and a
drain and a source are formed on both sides of the conduction
channel. The resistive-switching oxide layer is deposited on
the conduction channel and the gate electrode on the resistive-
switching oxide layer. A source conduction path is formed
between the source and the gate, and a drain conduction path
between the drain and the gate.

[0008] Read voltage (Vggz,5,) can be applied on the source
and the drain to get the state of the source and drain conduc-
tion path, respectively, when a gate voltage, less than a thresh-
old voltage, is applied on the gate to cut the conduction
channel off.

[0009] Set voltage (Vzp) or reset voltage (Vg zsrr) can be
applied on the source and drain to set or reset the state of the
source and drain conduction path, respectively.

[0010] A multi-bit resistive-switching memory cell array
comprises a plurality of resistive-switching memory cells,
word lines and bit lines. The resistive-switching memory cells
are arranged in array with multiple columns and rows, the
gates of each row of the resistive-switching memory cells are
connected to a word line, the sources of each column of the
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resistive-switching memory cells to a bit line and the drains to
another bit line. This embodiment is proper to a low-bit
memory cell array.

[0011] A multi-bit resistive-switching memory cell array
comprises a plurality of resistive-switching memory cells,
first transistors, second transistors, word lines, bit lines and
source lines. The resistive-switching memory cells are
arranged in array with multiple columns and rows, the gates
of each row of the resistive-switching memory cells are con-
nected to a source line. The drain of each resistive-switching
memory cell is connected to the source of a first transistor and
the drains of the first transistors connected to the resistive-
switching memory cells in a column are connected to a bit
line. The source of each resistive-switching memory cell is
connected to the source of a second transistor and the drains
of the second transistors connected to the resistive-switching
memory cells in a column are connected to another bit line.
The gates of the first and second transistors in a row are
connected to a word line.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 shows the structure of a multi-bit resistive-
switching memory cell according to an embodiment of the
present invention.

[0013] FIG. 2 shows an equivalent circuit of a multi-bit
resistive-switching memory cell according to an embodiment
of the present invention.

[0014] FIG. 3 shows an equivalent circuit of a multi-bit
resistive-switching memory cell array according to an
embodiment of the present invention.

[0015] FIG. 4 shows an equivalent circuit of a multi-bit
resistive-switching memory cell array according to an
embodiment of the present invention.

DESCRIPTION OF THE EXEMPLARY
EMBODIMENTS

[0016] The present invention proposes a multi-bit resistive-
switching memory cell, which has multiple conduction paths
in a cell and each conduction path can be in a high resistance
state (HRS) or low resistance state (LRS). The conduction
path between the gate and the source and the conduction path
between the gate and the drain are respectively defined as a
source conduction path and a drain conduction path. It is
noted that the source conduction path and the drain conduc-
tion path are independent for each other, and can be operated
independently.

[0017] A voltage is applied on the gate, noted as gate volt-
age (V;), and the value (IV4l) is less than the value of a
threshold voltage (IV 1) to cut off the conduction channel,
the channel between the source and the drain. In the condition
of channel cut-off, a read voltage (Vzz,p) is applied on the
source or the drain to get the state information of the resis-
tance state of the source or drain conduction path.

[0018] A set voltage (V 47) is applied on the source or the
drain to change the resistance state of the source or drain
conduction path into LRS from HRS, and a reset voltage
(Vzeszr) 1s applied to change the resistance state into HRS
from LRS.

[0019] Itis emphatically noted that the conduction channel
between the source and the drain is turned on when the source
and drain conduction path are in HRS and the gate voltage is
larger than the threshold voltage (IV 51>V ;) and the multi-
bit resistive-switching memory cell can be utilized as a tran-
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sistor, i.e. the device can be transformed between a transistor
and a resistive-switching memory cell.

[0020] Many multi-bit resistive-switching memory cells
are arranged in an array with multiple row and columns to
form a multi-bit resistive-switching memory cell array. Word
lines or source lines are connected to the gates of the multi-bit
resistive-switching memory cell array and the bit lines to the
sources and drains of the multi-bit resistive-switching
memory cell array, and the states of the source and drain
conduction path can be set, read and reset.

[0021] Below, the concept and mechanism of the multi-bit
resistive-switching memory cell is explained by using some
embodiments of the present invention.

[0022] The structure of a multi-bit resistive-switching
memory cell, accompanied with FIG. 1, is introduced. The
multi-bit resistive-switching memory cell comprises a sub-
strate (B), a resistive-switching oxide layer (I) and gate elec-
trode (G). A channel (ch) is formed on the substrate (B), and
a source (S) and a drain (D) are formed on both sides of the
channel (ch). Then the resistive-switching oxide layer (I) is
deposited on the channel (ch), and the gate (G) is formed on
the resistive-switching oxide layer (I). Another oxide layer,
buffer layer, can be formed between the resistive-switching
oxide layer (1) and the channel (ch), optionally.

[0023] Theresistive-switching oxide layer (I) can be imple-
mented by Si0,, Al,O,, HfO,, ZrO,, TiO,, Ta,0;, La,0;,
NiO, CuO, ZnO or their derivatives, and the thickness is
ranging from 1 to 100 nanometers. The gate (G) can be
implemented by Ni, Co, Ag, Ti, Pt, Cu, Au, Hf, Zr, Ta, their
silicides or their alloys.

[0024] The structure of the multi-bit resistive-switching
memory cell is the same as that of a transistor. The gate of the
formed transistor is connected to the ground (voltage refer-
ence) and a forming voltage (V zop,,) 1s initially applied on
the source and the drain of the formed transistor to enable the
resistive switching of the source and drain conduction path,
1.e. the transistor is transformed into a resistive-switching
memory cell. It is noted that the forming voltage (V zoza,) 18
used one-time at initial and should be larger than or equal to
the set voltage (V¢zp). After enabling, the gate is connected to
the ground, and if the reset voltage (V g zsz7) 18 applied on the
source or drain then the state of the conduction path is
changed from LRS to HRS, if the set voltage (V ;) is applied
then the state is change from HRS to LRS, and if the read
voltage (Vx4 1s applied then the state can be read. It is
noted that the resistive-switching memory cell can be trans-
formed to a transistor when the state of the source and drain
conduction path are both in HRS and the gate voltage (V;) is
larger than the threshold voltage (V5), i.e. [V5I>IV 5l
[0025] IfVggzgrandV g have the same polarity (Vg zoprx
Ver0) then the resistive switching-memory cell is called
unipolar resistive switching, and if have different polarity
(VzeszrXVerr<0) then the cell is called bipolar resistive
switching. Regardless of the unipolar or bipolar resistive-
switching memory cell, the cell provides two conduction
paths, i.e. two bits, to form a multi-bit resistive-switching
memory cell. The source conduction path and the drain con-
duction path of a resistive-switching memory cell are inde-
pendent for each other, 1.e. to set, reset or read the state of the
source conduction path is independent from to set, reset or
read the state of the drain conduction path, and vice versa.
Therefore, the bit density is increased.

[0026] FIG. 2 shows an equivalent circuit of a multi-bit
resistive-switching memory cell. The gate is connected to the
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ground (voltage reference), and the source and drain of the
cell connected to a set, reset or read voltage (Vezr. Vigser
and V., ) to respectively set, reset or read the resistance
state of the source and drain conduction path.

[0027] A multi-bit resistive-switching memory cell array is
explained as below, accompanied with FIG. 3. A multi-bit
resistive-switching menory cell array comprises a plurality
of multi-bit resistive switching memory cells (RRAM), word
lines WL (including WL ¢ and WL .. where suffix S means
selected and suffix U means unselected), bit lines BL(includ-
ing BLgand BL,)). The multi-bit resistive-switching memory
cells (RRAM) are arranged in multiple rows and columns,
and the gates of the RRAM in a row are connected to one of
WL, and the sources of the RRAM in a column to one of BL
and the drains of the RRAM to another one of BL. Therefore,
each cell provides two bits.

[0028] The state of one bit selected can be set, reset or read
by applying Vszr, Vagser OF Vg, through the BL and the
WL should be connected to the voltage reference (the
ground). The unselected WL, ,and BL,,are biased at a specific
voltage or floating to maintain the state.

[0029] The embodiment shows a bipolar resistive-switch-
ing memory cell, which is similar with a p-channel transistor,
and the voltages on word lines and bit lines for different states
are shown in Table 1 below. It is noted that the optimal
voltages depend on the device design. The voltages in Table 1
are used to explain for better understanding and should not
limit the scope of the patent right.

TABLE 1
WLs WL, BLg BL,
Vezan ov open =05V =05V
Vser ov =25V -5V 25V
Vreser ov 13V 3V 15V

[0030] The embodiment shown as FIG. 3 is suitable for a
low-bit memory array, which means an array with a small
number of memory cells, but read error due to the cross-talk
effect would appear for a high-bit memory array, which
means an array with a large number of memory cells. The
embodiment shown as FIG. 4 can prevent the cross-talk effect
and can be applied to the high-bit array.

[0031] A multi-bit resistive-switching memory cell array,
shown as FIG. 4, comprises a plurality of RRAM, first tran-
sistors (1), second transistors (T), WL, BL and source lines
(SL). Each first transistor and each second transistor are
respectively connected to the drain and source of one resis-
tive-switching memory cell to isolate the cross-talk signals,
so the embodiment can be applied to a low-bit or high-bit
array.

[0032] The multi-bit resistive-switching memory cells are
arranged in multiple rows and columns, and the gates of the
RRAM cells in a column are connected to one of the SL. The
drain of each RRAM is connected to the source of one first
transistor and the drains of the first transistors connected to
the RRAM cells in a column are connected to one of the BL.
The source of each RRAM is connected to the source of one
second transistor and the drains of the second transistors
connected to the RRAM cells in one column are connected to
another one of the BL. The gates of the first and second
transistors in one row are connected to one of WL. In this
embodiment, three devices (including one RRAM and two
transistors) provide two bits.
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[0033] The embodiment is a bipolar resistive-switching
memory cells similar with a p-channel transistor, and the
voltages on word lines and bit lines for different states are
shown in Table 2 below.

TABLE 2
WL WL BLs BL, SL
Vaean -5V open -05V open ov
Vser -5V open SV open ov
VreSET -5V open 3V open ov

[0034] Inthis embodiment, the gates of the RRAM cells are
connected to the ground (V z=0), i.e. the SL are set to be 0V.
[0035] When being selected, the voltage on the gates of the
transistors should be larger than the threshold voltage to turn
on the transistors and, for example, the voltage on WL is
-5V. The selected bit lines (BLg) can be biased at Vg,
V rzser O Ve 10 set, reset or read the resistive state of the
source or drain conduction path via the first or second tran-
sistor. For unselected RRAM, the corresponding WL, and
BL,,can be floating. This embodiment can prevent the cross-
talk effect and can be applied to a high-bit or a low-bit array.
[0036] Tt is emphatically noted that the transistors used in
this embodiment can be just a general transistor or, particu-
larly, can be the device same as the RRAM without applying
the forming voltage (V zozs,) to simplify the manufacturing
process.

[0037] Although the present invention has been described
in accordance with the embodiments shown, one of ordinary
skill in the art will readily recognize that there could be
variations to the embodiments and those variations would be
within the spirit and scope of the present invention. Accord-
ingly, many modifications may be made by one of ordinary
skill in the art without departing from the spirit and scope of
the appended claims.

What is claimed is:

1. A multi-bit resistive-switching memory cell comprising:

a substrate,

a channel, a source and a drain formed on said substrate,
and said source and said drain separated and formed on
both ends of said channel;

a resistive-switching oxide layer deposited on said chan-
nel; and

a gate electrode deposited on said resistive-switching oxide
layer, wherein a source conduction path is formed
between said gate and said source and a drain conduc-
tion path is formed between said gate and said drain, and
said source conduction path and said drain conduction
path are operated independently.

2. A multi-bit resistive-switching memory cell according to
claim 1, wherein a state of said source conduction path and a
state of said drain conduction path is read by applying a read
voltage on said source or said drain respectively and a gate
voltage is applied on said gate to cut off said channel, said
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state of said source conduction path and said state of said
drain conduction path is set or reset by applying a set voltage
or a reset voltage on said source or said drain respectively.

3. A multi-bit resistive-switching memory cell according to
claim 1, wherein said resistive-switching oxide layer is made
from Si0O,, Al,O,, HfO,, ZrO,, TiO,, Ta,0s, La,0;, NiO,
Cu0O, ZnO or their derivatives.

4. A multi-bit resistive-switching memory cell according to
claim 1, wherein the thickness of said resistive-switching
oxide layer is ranging from 1 to 100 nanometers.

5. A multi-bit resistive-switching memory cell according to
claim 1 further comprising a buffer oxide layer, wherein said
buffer oxide layer is disposed between said resistive-switch-
ing oxide layer and said channel.

6. A multi-bit resistive-switching memory cell according to
claim 1, wherein said gate electrode is made from Ni, Co, Ca,
Ag, Ti, Pt, Cu, Au, Hf, Zr, Ta, their sillicides or their alloys.

7. A multi-bit resistive-switching memory cell according to
claim 1, wherein a forming voltage is applied to said source
and said drain one-time initially to form said source conduc-
tion path and said drain conduction path and to enable the
resistive switching.

8. A multi-bit resistive-switching memory cell array com-
prising a plurality of multi-bit resistive-switching memory
cells of claim 1, word lines and bit lines, wherein said multi-
bit resistive-switching memory cells are arranged in multiple
row and columns, gates of said multi-bit resistive-switching
memory cells in one row are connected to one of said word
lines, sources of said multi-bit resistive-switching memory
cells in one column is connected to one of said bit lines and
drains of said multi-bit resistive-switching memory cells in
one column is connected to another of said bit lines.

9. A multi-bit resistive-switching memory cell array com-
prising a plurality of multi-bit resistive-switching memory
cells of claim 1, first transistors, second transistors, word
lines, source lines and bit lines, wherein said multi-bit resis-
tive-switching memory cells are arranged in multiple row and
columns, gates of said multi-bit resistive-switching memory
cells inone row are connected to one of said source lines, each
drain of said multi-bit resistive-switching memory cells in
one column is connected to one source of said first transistors
and drains of said first transistors in one column are connected
to one of said bit lines, each source of said multi-bit resistive-
switching memory cells is connected to one source of said
second transistors and drains of said second transistors are
connected to another one of said bit lines, gates of said first
transistors and said second transistors in one row are con-
nected to one of said word lines.

10. A multi-bit resistive-switching memory cell array
according to claim 9, wherein said first transistor and said
second transistors are made the same as said multi-bit resis-
tive-switching memory cell without applying a forming volt-
age.



