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SEMICONDUCTOR MEMORY DEVICE
WITH VARIABLE RESISTANCE ELEMENT

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of

priority from Japanese Patent Application No. 2009-145469,
filed Jun. 18, 2009; the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor memory device.

BACKGROUND

Recently, a semiconductor memory such as a magnetic
random access memory (MRAM) using a variable resistance
clement as a memory element 1s attracting attention and
being developed. The MRAM uses, as a memory element, a
magnetic tunnel junction (MTJ) element using the magne-
toresistive effect by which the resistance value changes in
accordance with the magnetization direction. In particular, a
large resistance change i1s obtained by a tunneling magne-
toresistive (TMR) element using the TMR eflect.

The TMR element has a structure in which two ferro-
magnetic layers sandwich a nonmagnetic layer (insulating,
layer). While the magnetization direction 1n one ferromag-
netic layer (pinned layer) 1s fixed, the magnetization direc-
tion 1n the other ferromagnetic layer (Iree layer) 1s not fixed;
the magnetic direction in the free layer 1s parallel or anti-
parallel to that in the pinned layer. The TMR eflect 1s a
phenomenon in which the resistance of the TMR element
changes depending on the relative relationship (parallel/
antiparallel) between the two magnetization directions.
More specifically, a current readily flows through the 1nsu-
lating layer (the resistance decreases) when the magnetiza-
tion direction 1n the free layer 1s parallel to that 1n the pinned
layer, and hardly tlows (the resistance increases) when the
former 1s antiparallel to the latter. A memory element from
which data written 1n the TMR element can be read in
accordance with the resistance can be formed by making the
relative relationship between the two magnetization direc-
tions correspond to “0” or “17.

The TMR element has a resistance value Rmin or Rmax
(Rmax>Rmin) 1n accordance with whether the magnetiza-
tion directions 1n the free layer and pinned layer are parallel
or antiparallel. In a read operation of the MRAM, 1t 1s
necessary to supply a read current or apply a read voltage to
a memory cell as a read target, and read data by comparing
the change 1 voltage or current corresponding to the resis-
tance value of the TMR element with a reference signal. The
reference signal 1s formed from an external circuit or from
a reference cell mn which data “0” or “1” 1s prewritten.
However, the method of forming the reference signal from
an external circuit has the problem that the method requires
extra space and extra power consumption, and 1t 1s necessary
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2

to reproduce characteristics that follow the temperature
characteristics of the TMR element.

Accordingly, even when reading data from the MRAM by
using the reference signal, 1t 1s desirable to generate the
reference signal by using the TMR element. As a method of
generating this reference signal, a method using middle
resistance Rmid=(Rmax+Rmin)/2 of the TMR element has
been disclosed (Jpn. PCT National Publication No. 2005-
501370). In this method, however, the reference current 1s
not [middle] at an amperage level in between a current
flowing through the resistance value Rmin and a current
flowing through the resistance value Rmax, and as a con-
sequence the sense margin decreases.

Also, in the MRAM using the spin transfer method, as a
current 1s supplied to the TMR element 1n a read operation
in the same manner as 1n a write operation, a so-called read
disturbance by which a write error occurs during data read
1s highly likely to occur. Especially in the method of
generating the reference current from a reference cell 1n a
read operation, the reference cell 1s accessed more 1re-
quently than a cell as a read target. This increases the
probability that the reference cell suffers the read distur-
bance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a block diagram showing the arrangement of an
MRAM according to the first embodiment;

FIG. 2 1s a circuit diagram showing the arrangement of a
memory unit BLU;

FIG. 3 1s a schematic view showing the arrangement of an
MTJ element 21;

FIGS. 4A and 4B are views respectively showing the
low-resistance state and high-resistance state of the MTJ
element 21;

FIG. 5 1s a circuit diagram for generating a muddle
admittance Ymid;

FIG. 6 1s a circuit diagram showing the current paths of
a reference current generator 30;

FIG. 7 1s a circuit diagram showing the arrangement of a
memory unit BLU according to the second embodiment;

FIG. 8 1s a circuit diagram showing the current paths of
a reference current generator 30;

FIG. 9 1s a schematic view showing the arrangement of a
variable resistance element 21 for use 1n a ReRAM; and

FIG. 10 1s a schematic view showing the arrangement of
a variable resistance element 21 for use in a PCRAM.

DETAILED DESCRIPTION

In general, according to one embodiment, there i1s pro-
vided a semiconductor memory device comprising: a vari-
able resistance element configured to store data “0”” and data
“1” 1 accordance with a change in resistance value; a
current generator configured to generate a reference current
for determining data of the varnable resistance element, and
having an admittance [middle] zzat is at a level in between
an admittance of a varnable resistance element storing data
“0” and an admittance of a variable resistance element
storing data “1”; and a sense amplifier comprising a first
input terminal connected to the variable resistance element
and a second 1nput terminal connected to the current gen-
erator, and configured to compare currents of the first input
terminal and the second input terminal.

The embodiments will be described hereinafter with ret-
erence to the accompanying drawings. In the description
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which follows, the same or functionally equivalent elements
are denoted by the same reference numerals, to thereby
simplity the description.

(First Embodiment)

As a resistance-change memory, 1t 1s possible to use
various types of memories such as a magnetic random
access memory (MRAM), resistive random access memory
(ReRAM), and phase-change random access memory
(PCRAM). This embodiment will be explained by taking the
MRAM as an example of the resistance-change memory.
The MRAM includes an MTJ element using the magnetore-
sistive ellect as a memory cell, and stores information 1n
accordance with the magnetization arrangement of this MTJ
clement.

FIG. 1 1s a block diagram showing the arrangement of the
MRAM according to the first embodiment. The MRAM of
this embodiment 1s a so-called spin transter type MRAM in
which a write current 1s directly supplied to the MTIJ
element, and information is recorded 1n the MTJ element in
accordance with the direction of the write current.

The MRAM includes two memory cell arrays 11-1 and
11-2. Each memory cell array 11 includes a plurality of
memory units (BL umits) BLU formed for each bit line. For
the sake of simplicity, FIG. 1 shows an arrangement in
which the memory cell array 11-1 includes four memory
units BLU<0:3>, and the memory cell array 11-2 includes
four memory units BLU<4:7>. In practice, however, more
memory cell units BLU are arranged. Fach memory unit
BLU includes a plurality of memory cells.

Each memory cell array 11 includes a plurality of bit lines
BLR and a plurality of bit lines BLL runming 1n the column
direction. The number of bit lines BLR and the number of bit
lines BLL are the same as the number of memory units BLU.
A pair of the bit lines BLR and BLL are formed for each
memory unit BLU.

Each memory cell array 11 includes (N+1) word lines
WL<0:N> and four dummy word lines DWL<0:3> running
in the row direction. N 1s 0 or a natural number of 1 or more.

A row decoder 12 1s connected to the word lines WL<O:
N> and dummy word lines DWL<0:3>. Reference numeral
“12-1” denotes a row decoder for the memory cell array
11-1; and “12-2, a row decoder for the memory cell array
11-2. In a write operation, read operation, and erase opera-
tion, the row decoder 12 performs a selecting process on the
word lines WL<O:N> and dummy word lines DWL<0:3>
based on an externally supplied address.

Bit lines BLRO to BRL3 formed in the memory units
BLU<O0:3> are connected to a common line CL-1 wia
column gates 13-1. Bit lines BLLO to BLL3 formed 1n the
memory units BLU<0:3> are connected to a common line
bCL-1 via column gates 14-1.

Bit lines BLR4 to BRL7 formed in the memory units
BLU<4:7> are connected to a common lmme CL-2 wvia
column gates 13-2. Bit lines BLL4 to BLL7 formed in the
memory units BLU<4:7> are connected to a common line
bCL-2 via column gates 14-2.

Note that the column gates 13 and 14 are formed for each
memory unit BLU. Each column gate 1s, e.g., an N-channel
metal oxide semiconductor field effect transistor (MOS-
FET), and has a gate connected to a column decoder (not
shown). When the column decoder turns on a column gate
connected to a selected memory umit BLU, a write operation,
read operation, or erase operation 1s executed for the
selected memory unit BLU.

A sense amplifier circuit 17 1s connected to the common
lines CL-1 and CL-2. The sense amplifier circuit 17 includes
two clamp transistors 17-1 and 17-2, and a sense amplifier
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SA. Each of the clamp transistors 17-1 and 17-2 1s, e.g.,
N-channel MOSFET. The clamp transistor 17-1 has a source
connected to the common line CL-1, and a drain connected
to the first mput terminal of the sense amplifier SA. The
clamp transistor 17-2 has a source connected to the common
line CL-2, and a drain connected to the second input
terminal of the sense amplifier SA. A clamp voltage Vc 1s
applied to the gates of the clamp transistors 17-1 and 17-2.
By controlling the clamp voltage Vc, the clamp transistors
17-1 and 17-2 respectively set the common lines CL-1 and
CL-2 at desired voltages 1n a read operation.

In a read operation, the sense amplifier SA compares the
currents of the first and second iput terminals. More
specifically, a read current corresponding to data of a
memory cell as a read target 1s supplied to one input terminal
ol the sense amplifier SA, and a reference current 1s supplied
to the other input terminal. The sense amplifier SA senses the
data read from the memory cell as a read target by compar-
ing the read current with the reference current.

The common line CL-1 1s connected to the output of a
driver (write circuit) 15-1. The mput of the driver 15-1 1s
connected to a terminal D [.. The common line bCL-1 1s
connected to the output of a driver (write circuit) 16-1. The
input of the driver 16-1 1s connected to a terminal bD_L. In
a write operation, the drivers 15-1 and 16-1 supply bi-
directional write currents corresponding to data between the
bit lines BLR and BLL.

Similarly, the common line CL-2 i1s connected to the
output of a driver (write circuit) 15-2. The mput of the driver
15-2 1s connected to a terminal D R. The common line
bCL-2 1s connected to the output of a driver (write circuit)
16-2. The input of the driver 16-2 1s connected to a terminal
bD_R. In a write operation, the drivers 15-2 and 16-2 supply
bi-directional write currents corresponding to data between
the bit lines BLR and BLL.

FIG. 2 1s a circuit diagram showing the arrangement of
one memory unmt BLU. The memory unit BLU includes
(N+1) memory cells MC corresponding to the (N+1) word

lines WL<0:N>, and four dummy cells DCO0 to DC3 corre-
sponding to the four dummy word lines DWL<0:3>, The

memory unit BLU further includes a third bit line BLD 1n
addition to the two bit lines BLR and BLL. A ground voltage
VSS 1s applied to the bit line BLD.

Each memory cell MC 1ncludes a magnetic tunnel junc-
tion (MT1J) element 21 as a variable resistance element, and
a selection transistor 22. The selection transistor 22 1s, e.g.,
an N-channel MOSFET. The MTJ element 21 has one
terminal connected to the bit line BLL (or BLR), and the
other terminal connected to one end of the current path of the
selection transistor 22. The other end of the current path of
the selection transistor 22 1s connected to the bit line BLR
(or BLL). The gate of the selection transistor 22 1s connected
to the word line WL.

In this embodiment, two memory cells 1n each of which
one terminal of the MTJ element 21 1s connected to the bat
line BLL and two memory cells in each of which one
terminal of the MTJ element 21 1s connected to the bit line
BLR are alternately arranged along the column direction.
This implements a memory cell having a size of 8F*. “F” is
a minimum feature size resulting from the manufacturing
Process.

FIG. 3 1s a schematic view showing the arrangement of
the MTJ element 21. The MTJ element 21 1s formed by
sequentially stacking a lower electrode 23, a fixed layer 24,
an interlayer 23, a recording layer (also called a free layer)
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26, and an upper electrode 27. Note that the stacking order
of the layers forming the MTJ element 21 may also be
reversed.

The fixed layer 24 1s made of a ferromagnetic material and
has a fixed magnetization direction. The magnetization
direction 1n the fixed layer 24 can be fixed by, e.g., forming
an antiferromagnetic layer (not shown) adjacent to the fixed
layer 24. The recording layer 26 1s made of a ferromagnetic
material and has a variable magnetization direction. The
interlayer 25 1s made of a nonmagnetic material. More
specifically, 1t 1s possible to use, e.g., a nonmagnetic metal,
nonmagnetic semiconductor, or msulator. The interlayer 25
1s called a tunnel barrier layer when using an insulator, and
called a spacer layer when using a metal.

The direction of easy magnetization in the fixed layer 24
and recording layer 26 can be perpendicular to the film
surfaces (perpendicular magnetization), or parallel to the
film surfaces (in-plane magnetization). A perpendicular
magnetization type element 1s suitable for micropatterning
because the element shape need not be controlled to deter-
mine the magnetization direction unlike in an in-plane
magnetization type element.

Data 1s written 1n the MTJ element 21 by the spin transier
method by which a write current 1s directly supplied to the
MTJ element 21. The MTIJ element 21 1s set in a low-
resistance state or high-resistance state by changing the
direction of the write current 1n accordance with data.

FIGS. 4A and 4B respectively 1llustrate the low-resistance
state and high-resistance state of the MTJ element 21. In a
parallel state (the low-resistance state) in which the magne-
tization arrangements in the fixed layer 24 and recording
layer 26 are parallel, the resistance value of the M'TJ element
21 1s mimimum. This state 1s defined as data “0”. The
resistance value of the MT1J element 21 in the parallel state
1s represented by “Rmin”.

On the other hand, 1n an anftiparallel state (the high-
resistance state) in which the magnetization arrangements in
the fixed layer 24 and recording layer 26 are antiparallel, the
resistance value of the MTJ element 21 1s maximum. This
state 1s defined as data “1”. The resistance value of the MT1J

clement 21 1n the antiparallel state 1s represented by

“Rmax”™.

When writing data “0” in the MTJ element 21, a write
current 1s supplied downward in FIG. 3, 1.e., from the
recording layer 26 to the fixed layer 24. When writing data
“1” 1n the MTIJ element 21, a write current 1s supplied
upward 1 FIG. 3, 1.e., from the fixed layer 24 to the
recording layer 26. Note that when the stacking positions of
the fixed layer 24 and recording layer 26 are switched, the
direction of a write current 1s reversed accordingly.

Data 1s read by supplying a uni-directional read current to
the MTJ element 21. A value defined by “(Rmax-Rmin)/
Rmin” 1s called a magnetoresistive ratio (MR ratio).
Although the MR ratio changes in accordance with the
materials and process conditions of the MTJ element 21, the
MR ratio can take a value from about a few ten percent to
about a few hundred percent. Data stored in the MTIJ
clement 21 1s read by sensing the magnitude of a read
current caused by this MR ratio by the sense amplifier SA.
In a read operation, a read current to be supplied to the MTJ
clement 21 1s set to have a current value much smaller than
that of a current that reverses the magnetization of the
recording layer 26 by spin transier.

Letting Vb be the bit line voltage of a read operation, a
read current 10 flowing through an M'TJ element having the

5

10

15

20

25

30

35

40

45

50

55

60

65

6

resistance value Rmin and a read current I1 flowing through
an MTJ element having the resistance value Rmax are
respectively represented by

I0=(1/Rmin)*Vb

[1=(1/Rmax)*Vb

cenle®y =

where 1s a multiplication sign.

Accordingly, by setting a reference current Iref [middle}
at an amperage level in between the read currents 10 and I1,
the sense margin can be increased when determining the
read currents 10 and I1. This makes 1t possible to reduce read
errors. To generate the reference current Iref [middle] at ar
amperage level in between the read currents 10 and I1, 1t 1s
necessary to generate a middle admittance Ymid indicated

by
Ymid=(Rmax+Rmin)/(2Rmax*Rmin)
That 15, an admittance Ymin of an MTJ element storing

data “0” (an M1 element having the resistance value Rmin)
1s 1/Rmin, and an admittance Ymax of an MTJ element

storing data .

17 (an MTJ element having the resistance
value Rmax) 1s 1/Rmax. Therefore, the middle admittance
Ymid described above 1s obtained by calculating Ymid=
(Ymin+Ymax)/2.

FIG. 5 1s a circuit diagram for generating the middle
admittance Ymid. Two resistors Rmax are connected 1n
series between terminals T1 and T2. In addition, two resis-
tors Rmin are connected in series between the terminals T1
and T2 so as to be parallel to the two resistors Rmax.
Although nodes A are shortcircuited in the circuit diagram of
FIG. §, they need not always be shortcircuited.

The memory unit BLU 1ncludes a reference current gen-
erator 30 for generating a reference current to be used by the
sense amplifier SA in a read operation. The reference current
generator 30 includes four dummy cells DCO to DC3. The
dummy cells DCO to DC3 form the middle admittance
generator shown 1 FIG. 5. The dummy cells DCO0 to DC3
cach have the same structure as that of the memory cell MC.

As shown in FIG. 2, an MT1J element (resistance element)
31 included 1in the dummy cell DCO has one terminal
connected to the bit line BLL, and the other terminal
connected to one end of the current path of a selection
transistor 32. The other end of the current path of the
selection transistor 32 1s connected to the bit line BLLD, and
the gate of the selection transistor 32 1s connected to a
dummy word line DWLO0. The MT1J element 31 1s set at the
resistance value Rmin.

An MTIJ element (resistance element) 33 included 1n the
dummy cell DC1 has one terminal connected to the bit line
BLD, and the other terminal connected to one end of the
current path of a selection transistor 34. The other end of the
current path of the selection transistor 34 1s connected to the
bit line BLL, and the gate of the selection transistor 34 1s
connected to a dummy word line DWL1. The MT1J element
33 1s set at the resistance value Rmax.

An MTIJ element (resistance element) 35 included 1n the
dummy cell DC2 has one terminal connected to the bit line
BLL, and the other terminal connected to one end of the
current path of a selection transistor 36. The other end of the
current path of the selection transistor 36 1s connected to the
bit line BLR, and the gate of the selection transistor 36 1s
connected to a dummy word line DWL2. The MTJ element
35 1s set at the resistance value Rmax.

An MTIJ element (resistance element) 37 included 1n the
dummy cell DC3 has one terminal connected to the bit line
BLR, and the other terminal connected to one end of the
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current path of a selection transistor 38. The other end of the
current path of the selection transistor 38 1s connected to the
bit line BLL, and the gate of the selection transistor 38 1s
connected to a dummy word line DWL3. The MT1J element
37 1s set at the resistance value Rmin.

The dummy cells DC0O to DC3 having the connection
relationships as described above form the middle admittance
generator shown in FIG. 5. Accordingly, the dummy cells
DC0 to DC3 can generate the reference current Iref [middle}
at an amperage level in between the read currents 10 and I1.
(Operation)

The operation of the MRAM configured as described
above will be explained below. When a read process occurs
for one of the memory cell arrays 11-1 and 11-2 1in the
MRAM of this embodiment, the other 1s used to generate the
reference current Iref. The operation will be explained by
taking the process of reading data from the memory umt
BLU<0> 1included in the memory cell array 11-1 as an
example.

First, the column decoder (not shown) turns on the
column gate 13-1 connected to the bit line BLRO, thereby
connecting the memory unit BLU<0> to the common line
CL-1. The column gate 14-1 connected to the bit line BLLO
1s turned ofl. Subsequently, a desired clamp voltage Vc 1s
applied to the gate of the clamp transistor 17-1, and the
clamp transistor 17-1 sets the bit line BLRO at a desired read
voltage Vb. In this state, the sense amplifier SA applies a
power supply voltage VDD to the drain of the clamp
transistor 17-1.

Also, the column decoder turns on the column gate 14-1
connected to the bit line BLLO, thereby connecting the
memory unit BLU<0> to the common line bCL-1. The bit
line BLLO 1s grounded via the driver 16-1.

Finally, the row decoder 12-1 activates the word line WL
connected to the memory cell MC as a read target. The series
ol operations described above supply a read current corre-
sponding to the data to the memory cell MC as a read target.

On the other hand, a certain memory umt BLU, e.g., the
memory unit BLU<4> included 1in the memory cell array
11-2 generates the reference current Iref. First, the column
decoder (not shown) turns on the column gate 13-2 con-
nected to the bit line BLR4, thereby connecting the memory
unit BLU<4> to the common line CL-2. The column gate
14-2 connected to the bit line BLLL4 1s turned off. Subse-
quently, the desired clamp voltage V¢ 1s applied to the gate
of the clamp transistor 17-2, and the clamp transistor 17-2
sets the bit line BLR4 at the desired read voltage Vb. Then,
the row decoder 12-2 activates all the dummy word lines
DWLO0 to DWL3 to turn on the selection transistors 32, 34,
36, and 38 included 1n the dummy cells DCO0 to DC3.

FIG. 6 1s a circuit diagram showing the current paths of
the reference current generator 30. A first current path P1
runs through the bit line BLR, the resistance element Rmax
of the dummy cell DC2, the bit line BLL, the resistance
clement Rmax of the dummy cell DC1, and the bit line BLD.
A second current path P2 runs through the bit line BLR, the
resistance element Rmin of the dummy cell DC3, the bit line
BLL, the resistance element Rmin of the dummy cell DCO,
and the bit line BLD. That 1s, the reference current generator
30 forms the middle admittance circuit shown n FIG. 5 by
the first current path P1 and second current path P2. In a read
operation, therelfore, the reference current generator 30
generates the reference current Iref [middle] az an amperage
level in between the read current 10 of a “0” cell and the read
current I1 of a “1” cell.

The sense amplifier SA senses the data of the memory cell
MC as a read target by comparing a read current tlowing
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through the bit line BLRO with the reference current Iref
flowing through the bit line BLR4.

As described previously, the dummy cells DCO0 to DC3 of
this embodiment have the same structure as that of the
memory cell MC, 1.e., the dummy cells DCO to DC3 have
the structure shown 1n FIG. 3. When the current paths shown
in FIG. 6 are implemented, a current in the same direction
as that of a “0” write current flows through the MTIJ
clements 31 and 37 having the resistance value Rmin, 1.e.,
the M1 elements 31 and 37 storing data “0”. Also, a current
in the same direction as that of a “1” write current tlows
through the MTJ elements 33 and 35 having the resistance
value Rmax, 1.e., the MTJ elements 33 and 35 storing data
“17.

In the reference current generator 30 of this embodiment,
therefore, 1t 1s possible to prevent the magnetization arrange-
ments 1n the MTJ elements 31, 33, 35, and 37 included 1n the
dummy cells DCO to DC3 from reversing owing to the
influence of a read disturbance during a read operation.

Next, a write operation of the MRAM will be explained.
The drivers 15-1 and 16-1 write data in the memory cell
array 11-1. The drivers 15-2 and 16-2 write data in the
memory cell array 11-2. The operation will be explained by
taking the process of writing data in the memory umt
BLU<0> included 1n the memory cell array 11-1 as an
example.

First, the column decoder (not shown) turns on the
column gate 13-1 connected to the bit line BLRO, thereby
connecting the memory unit BLU<0> to the common line
CL-1. Also, the column decoder (not shown) turns on the
column gate 14-1 connected to the bit line BLLO, thereby
connecting the memory unit BLU<0> to the common line
bCL-1. The row decoder 12-1 activates the word line WL
connected to the memory cell MC as a write target.

In this state, one of the terminals D [ and bD L. 1s set at
a positive write voltage Vw and the other 1s set at the ground
voltage VSS (0 V) 1n accordance with the data to be written.
Consequently, the drivers 15-1 and 16-1 supply a write
current to the memory cell MC as a write target, thereby
executing the write operation.

(Effects)

In the first embodiment as has been described 1n detail
above, each memory unit BLU has the reference current
generator 30 for generating the reference current Iref to be
used 1n the sense operation of the sense amplifier SA. The
reference current generator 30 generates the reference cur-
rent Iref [middle] at arn amperage level in between the read
current 10 of a memory cell storing data “0” and the read
current I1 of a memory cell storing data “1”. To generate the
reference current Iref meeting the condition, the reference
current generator 30 1s configured to have middle admittance
Ymid=(Rmax+Rmin)/2Rmax*Rmin by using the resistance
clements Rmax and Rmin.

In the first embodiment, therefore, the read margin can be
increased for both the read currents 10 and I1. This makes 1t
possible to reduce read errors of the MRAM.

Also, the MTJ element having the same structure as that
of the memory cell MC 1s used as the resistance element
forming the reference current generator 30. A “0” write
current flows through the resistance element having the
resistance value Rmin, 1.e., the resistance element storing
data “0”. A “1” write current flows through the resistance
clement having the resistance value Rmax, 1.e., the resis-
tance element storing data “17.

In a read operation, therefore, 1t 1s possible to prevent the
magnetization arrangements 1n the resistance elements
forming the reference current generator 30 from reversing
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owing to the influence of a read disturbance. As a conse-
quence, the reference current Iref having high accuracy and
high stability can be generated.

Furthermore, all the memory units BLU each including
the reference current generator 30 have the same configu-
ration. This decreases the imbalance of the bit line capaci-
tance between a bit line for the reference current Iref and a
bit line for data read during a read operation. This makes it
possible to reduce read errors.

(Second Embodiment)

In the second embodiment, an MRAM 1s formed by using
a so-called double-gate type memory cell in which two
selection transistors are connected to one M'TJ element. In
this double-gate type memory cell, the two selection tran-
sistors are used to supply a write current to one MTIJ
clement, so a large write current can be supplied to the MTJ
clement. Note that the 1dea of generating a reference current
Iref [middle] at ar amperage level in between read currents
10 and I1 1s the same as that of the first embodiment.

FIG. 7 1s a circuit diagram showing the arrangement of
one memory unit BLU according to the second embodiment.

Note that the arrangement 1s the same as that shown 1n FIG.
1 except for the memory unit. The memory unit BLU
includes bit lines BLR, BLL, and BLD. The bit line BLD 1s
grounded.

The memory unit BLU includes (N+1) memory cells MC.
Each memory cell MC includes an MTJ element 21 as a
variable resistance element, and two selection transistors
22-1 and 22-2. The arrangement of the MTJ element 21 1s
the same as that shown in FIG. 3. Each selection transistor
22 15, e.g., an N-channel MOSFFET. The MTJ element 21 has
one terminal connected to the bit line BLL, and the other
terminal connected to one end of the current path of each of
the selection transistors 22-1 and 22-2. The other end of the
current path of each of the selection transistors 22-1 and
22-2 1s connected to the bit line BLR. The gates of the
selection transistors 22-1 and 22-2 are connected to a pair of
word lines WL. As the pair of word lines WL are activated
at the same timing, the selection transistors 22-1 and 22-2
are turned on at the same timing.

The memory unit BLU includes a reference current gen-
erator 30 for generating the reference current Iref to be used
by a sense amplifier SA 1n a read operation. The reference
current generator 30 includes four dummy cells DCO to
DC3. The dummy cells DCO0 to DC3 form a middle admiut-
tance generator shown 1n FIG. 5. The dummy cells DCO to
DC3 each have the same structure as that of the memory cell
MC.

An MTIJ element (resistance element) 31 included 1n the
dummy cell DCO0 has one terminal connected to the bit line
BLD, and the other terminal connected to one end of the
current path of each of selection transistors 32-1 and 32-2.
The other end of the current path of each of the selection
transistors 32-1 and 32-2 1s connected to the bit line BLL,
and the gates of the selection transistors 32-1 and 32-2 are
connected to a pair of dummy word lines DWL0. The MT]J
clement 31 1s set at a resistance value Rmax.

An MTIJ element (resistance element) 33 included 1n the
dummy cell DC1 has one terminal connected to the bit line
BLL, and the other terminal connected to one end of the
current path of each of selection transistors 34-1 and 34-2.
The other end of the current path of each of the selection
transistors 34-1 and 34-2 i1s connected to the bit line BLD,
and the gates of the selection transistors 34-1 and 34-2 are
connected to a pair of dummy word lines DWL1. The MTIJ
clement 33 1s set at a resistance value Rmin.

10

15

20

25

30

35

40

45

50

55

60

65

10

An MTIJ element (resistance element) 35 included 1n the
dummy cell DC2 has one terminal connected to the bit line
BLR, and the other terminal connected to one end of the
current path of each of selection transistors 36-1 and 36-2.
The other end of the current path of each of the selection
transistors 36-1 and 36-2 1s connected to the bit line BLL,
and the gates of the selection transistors 36-1 and 36-2 are
connected to a pair of dummy word lines DWL2. The MTJ
clement 35 1s set at the resistance value Rmin.

An MTIJ element (resistance element) 37 included 1n the
dummy cell DC3 has one terminal connected to the bit line
BLL, and the other terminal connected to one end of the
current path of each of selection transistors 38-1 and 38-2.
The other end of the current path of each of the selection
transistors 38-1 and 38-2 1s connected to the bit line BLLR,
and the gates of the selection transistors 38-1 and 38-2 are
connected to a pair of dummy word lines DWL3. The MTJ
clement 37 1s set at the resistance value Rmax.

Since the dummy cells DCO to DC3 form the middle
admittance generator shown 1n FIG. 5, the pair of bit lines
BLL and BLD are twisted 1n a specific position, and the pair
of bit lines BLR and BLL are twisted 1n a specific position.
More specifically, the bit lines of either pair need only be
crossed between adjacent dummy cells DC. The pair of bit
lines BLL and BLD are crossed once between the dummy
cells DCO and DC1, and further crossed once between the
dummy cells DC1 and DC2. The pair of bit lines BLR and
BLL are crossed once between the dummy cells DC2 and
DC3.

FIG. 8 1s a circuit diagram showing the current paths of
the reference current generator 30. A first current path P1
runs through the bit line BLR, the resistance element Rmax
of the dummy cell DC3, the bit line BLL, the resistance
clement Rmax of the dummy cell DCO, and the bit line BLD.
A second current path P2 runs through the bit line BLR, the
resistance element Rmin of the dummy cell DC2, the bit line
BLL, the resistance element Rmin of the dummy cell DCI1,
and the bit line BLD. That 1s, the reference current generator
30 forms the middle admittance circuit shown in FIG. 5 by
the first current path P1 and second current path P2. In a read
operation, therefore, the reference current generator 30
generates the reference current Iref [middle] az an amperage
level in between the read current 10 of a “0” cell and the read
current I1 of a “1” cell.

As described previously, the dummy cells DCO0 to DC3 of
this embodiment have the same structure as that of the
memory cell MC, 1.e., the dummy cells DCO to DC3 have
the structure shown 1n FIG. 3. When the current paths shown
in FIG. 8 are implemented, a current in the same direction
as that of a “0” write current tlows through the MTIJ
clements 33 and 35 having the resistance value Rmin, 1.e.,
the M1 elements 33 and 35 storing data “0”. Also, a current
in the same direction as that of a “1” write current tlows
through the MT1J elements 31 and 37 having the resistance
value Rmax, 1.e., the MTJ elements 31 and 37 storing data
“17.

In the reference current generator 30 of this embodiment,
therefore, it 1s possible to prevent the magnetization arrange-
ments 1n the MTJ elements 31, 33, 35, and 37 included 1n the
dummy cells DCO to DC3 from reversing owing to the
influence of a read disturbance during a read operation.

In the second embodiment as has been described in detail
above, the read margin can be increased for both the read
currents 10 and I1. This makes 1t possible to reduce read
errors. The rest of the eflects are the same as those of the first
embodiment.
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EXAMPLES

As described earlier, various memories other than the
MRAM can be used as the resistance-change memory. An
ReRAM and PCRAM will be explained below as other
examples of the resistance-change memory.

FIG. 9 1s a schematic view showing the arrangement of a
variable resistance element 21 for use 1in the ReRAM. The
variable resistance element 21 includes a lower electrode 23,
an upper electrode 27, and a recording layer 40 sandwiched
between them.

The recording layer 40 1s made of a perovskite metal
oxide, or a transition metal oxide such as a binary metal
oxide. Examples of the perovskite metal oxide are PCMO
(Pr, -Ca, ;MnQO;), Nb-added Sr11(Zr)0O;, and Cr-added Sr11
(Zr)O,. Examples of the binary metal oxide are N10O, T1O.,,
and Cu,O.

The resistance value of the variable resistance element 21
changes when the polarity of a voltage to be applied to the
clement 1s changed (a bipolar type), or when the absolute
value of the voltage to be applied to the element 1s changed
(a unmipolar type). Accordingly, the varniable resistance ele-
ment 21 1s set in the low-resistance state or high-resistance
state by controlling the application voltage. Note that
whether the variable resistance element 21 1s a bipolar
clement or unipolar element depends on a material selected
as the recording layer 40.

Assuming that the vanable resistance element 21 1s a
bipolar element, that a voltage for changing the variable
resistance element 21 from the high-resistance state (a reset
state) to the low-resistance state (a set state) 1s a set voltage
Vset, and that a voltage for changing the variable resistance
clement 21 from the low-resistance state (set state) to the
high-resistance state (reset state) 1s Vreset, the set voltage
Vset 1s set at a positive bias that applies a positive voltage
to the upper electrode 27 with respect to the lower electrode
23, and the reset voltage Vreset 1s set at a negative bias that
applies a negative voltage to the upper electrode 27 with
respect to the lower electrode 23. The variable resistance
clement 21 can store 1-bit data by making the low-resistance
state and high-resistance state correspond to data “0” and
data “17, respectively.

Data read 1s performed by applying a very low read
voltage about V1000 to 4 the reset voltage Vreset. Data can
be read by detecting a current flowing through the variable
resistance element 21 i this state.

FIG. 10 1s a schematic view showing the arrangement of
a variable resistance element 21 for use in the PCRAM. The
variable resistance element 21 1s formed by sequentially
stacking a lower electrode 23, heater layer 41, recording
layer 42, and upper electrode 27.

The recording layer 42 1s made of a phase-change mate-
rial, and set 1n a crystalline state or amorphous state by heat
generated during a write operation. Examples of the material
of the recording layer 42 are chalcogen compounds such as
Ge—Sb—Te, In—Sb—Te, Ag—In—Sb—7Te, and
Ge—Sn—Te. These materials are desirable to ensure high-
speed switching characteristics, high repetitive recording
stability, and high reliability.

The heater layer 41 1s in contact with the bottom surface
of the recording layer 42. The area by which the heater layer
41 1s 1n contact with the recording layer 42 1s desirably
smaller than the area of the bottom surface of the recording
layer 42, in order to decrease a portion to be heated by
decreasing the contact portion between the heater layer 41
and recording layer 42, thereby reducing a write current or
voltage. The heater layer 41 1s made of a conductive
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maternial, and desirably made of a material selected from.,
e.g., T1IN, T1AIN, TiBN, TiSiN, TaN, TaAIN, TaBN, TaSiN,
WN, WAIN, WBN, WSIN, 7ZrN, ZrAIN, ZrBN, ZrSiN,
MoN, Al, Al—Cu, A-——Cu—S1, WSy, T1, T1—W, and Cu.
The heater layer 41 may also be made of the same material
as that of the lower electrode 23 described below.

The area of the lower electrode 23 is larger than that of the
heater layer 41. The upper electrode 27 1s, e.g., the same as
the planar shape of the recording layer 42. Examples of the
material of the lower electrode 23 and upper electrode 27 are
refractory metals such as Ta, Mo, and W.

When the magnitude and width of a current pulse to be
applied to the recording layer 42 are controlled, the heating
temperature of the recording layer 42 changes, and the
recording layer 42 changes to the crystalline state or amor-
phous state. More specifically, when writing data, a voltage
or current 1s applied between the lower electrode 23 and
upper electrode 27 to supply a current from the upper
clectrode 27 to the lower electrode 23 via the recording layer
42 and heater layer 41. When the recording layer 42 1is
heated to nearly the melting point, the recording layer 42
changes to an amorphous phase (high-resistance phase), and
maintains the amorphous state even when the application of
the voltage or current 1s stopped.

On the other hand, when the recording layer 42 1s heated
to nearly a temperature suited for its crystallization by
applying a voltage or current between the lower electrode 23
and upper electrode 27, the recording layer 42 changes to a
crystalline phase (low-resistance phase), and maintains the
crystalline state even when the application of the voltage or
current 1s stopped. To change the recording layer 42 to the
crystalline state, the magnitude of a current pulse to be
applied to the recording layer 42 1s decreased, and the width
of the current pulse 1s 1ncreased, compared to those of a
current pulse applied when changing the recording layer 42
to the amorphous state. The resistance value of the recording
layer 42 can be changed by thus heating the recording layer
42 by applying a voltage or current between the lower
clectrode 23 and upper electrode 27.

Whether the recording layer 42 1s the crystalline phase or
amorphous phase can be discriminated by applying, between
the lower electrode 23 and upper electrode 27, a low voltage
or low current by which the recording layer 42 neither
crystallizes nor amorphousizes, and reading the voltage or
current between the lower electrode 23 and upper electrode
27. This makes 1t possible to read 1-bit data from the
variable resistance element 21 by making the low-resistance
state and high-resistance state correspond to data “0” and
data “1”, respectively.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel methods and systems described herein
may be embodied 1n a variety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the methods and systems described herein may be made
without departing from the spirit of the inventions. The
accompanying claims and their equivalents are itended to
cover such forms or modifications as would fall within the
scope and spirit of the inventions.

What 1s claimed 1s:

1. A semiconductor memory device comprising:

a variable resistance element configured to store a first
data and a second data 1n accordance with a change 1n
resistance value;

a current generator configured to generate a reference
current for determining data of the variable resistance
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clement, and having a middle admittance between an
admittance of the variable resistance element storing
the first data and an admittance of the variable resis-
tance element storing the second data; and

a sense amplifier comprising a first mput terminal con-
nected to the variable resistance element and a second
input terminal connected to the current generator, and
configured to compare currents of the first input termi-
nal and the second input terminal,

wherein the middle admittance Ymid satisfies the follow-
ing equation

Ymid =(Rmax +Rmin)/(2Rmax*Rmin)

where Rmin 1s a resistance value of the variable resistance
clement storing the first data, and Rmax 1s a resistance
value of the vanable resistance element storing the
second data.

2. The device of claim 1, wherein the current generator
comprises resistance elements having the same structure as
a structure of the variable resistance element.

3. The device of claim 1, wherein the current generator
COmMprises:

a first bit line, a second bit line, and a third bit line:

a first current path comprising a first resistance element
connected between the first bit line and the second bit
line, and a second resistance element connected
between the second bit line and the third bit line; and

a second current path comprising a third resistance ele-
ment connected between the first bit line and the second
bit line, and a fourth resistance element connected
between the second bit line and the third bit line,

the first resistance element and the second resistance
element have the same resistance value as a resistance
value of the vaniable resistance element storing the first
data, and

the third resistance element and the fourth resistance
element have the same resistance value as a resistance
value of the vanable resistance element storing the
second data.

4. The device of claim 3, wherein

the first bit line 1s connected to the second nput terminal
of the sense amplifier, and

the third bit line 1s grounded.

5. The device of claim 3, wherein a variable resistance
clement as a memory element 1s connected between the first
bit line and the second bit line.

6. The device of claam 3, wherein

the first resistance element and the second resistance
clement are configured to supply a current 1n a direction
to write the first data 1n a read operation, and

the third resistance element and the fourth resistance
clement are configured to supply a current 1n a direction
to write the second data in the read operation.

7. The device of claim 3, further comprising:

a first selection transistor connected to a first terminal of
the first resistance element;

a second selection transistor connected to a first terminal
of the second resistance element;

a third selection transistor connected to a first terminal of
the third resistance element;

a fourth selection transistor connected to a first terminal of
the fourth resistance element:

a first dummy word line connected to a gate of the first
selection transistor;

a second dummy word line connected to a gate of the
second selection transistor;
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a third dummy word line connected to a gate of the third
selection transistor; and

a fourth dummy word line connected to a gate of the
fourth selection transistor.

8. The device of claim 7, further comprising a row
decoder configured to control the first dummy word line, the
second dummy word line, the third dummy word line, and
the fourth dummy word line.

9. The device of claim 3, further comprising:

first and second selection transistors connected to a first
terminal of the first resistance element;

third and fourth selection transistors connected to a first
terminal of the second resistance element;

fifth and sixth selection transistors connected to a first
terminal of the third resistance element;

seventh and eighth selection transistors connected to a
first terminal of the fourth resistance element;

first and second dummy word lines connected to gates of
the first and second selection transistors, respectively;

third and fourth dummy word lines connected to gates of
the third and fourth selection transistors, respectively;

fifth and sixth dummy word lines connected to gates of the
fifth and sixth selection transistors, respectively; and

seventh and eighth dummy word lines connected to gates
of the seventh and eighth selection transistors, respec-
tively.

10. The device of claim 9, further comprising a row
decoder configured to control the first to eighth dummy
word lines.

11. The device of claim 1, further comprising:

a selection transistor connected to a first terminal of the

variable resistance element; and

a word line connected to a gate of the selection transistor.

12. The device of claim 1, further comprising:

first and second selection transistors connected to a first
terminal of the variable resistance element; and

first and second word lines connected to gates of the first
and second selection transistors, respectively.

13. The device of claim 1, wherein the variable resistance
clement comprises a fixed layer comprising a fixed magne-
tization direction, a recording layer comprising a variable
magnetization direction, and a nonmagnetic layer between
the fixed layer and the recording layer.

14. A semiconductor memory device, comprising:

a first memory array including a first memory unit com-
prising a plurality of memory cells and including
variable vesistance elements configurable to have one
of a first vesistive state and a second resistive state, a
variable vesistance element in each memory cell being
connected between a first bit line and a second bit line;

a second memory array including a second memory unit
comprising a plurality of memory cells and including
variable vesistance elements configurable to have one
of the first resistive state and the second rvesistive state,
a variable resistance element in each memory cell
being connected between a third bit line and a fourth
bit line; and

a sense amplifier connected between the first and second
memory arrvays and configured to read data from the
second memory array using a rveference curvent sup-
plied from the first memory array, wherein

the first memory array includes first through fourth
dummy memory cells which each include a variable
resistance element configurable to have one of the first
resistive state and the second resistive state,

the first dummy memory cell has a variable rvesistance
element that is configurable to have the first resistive
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state and is connected between the first bit line and a
fifth bit line having a fixed potential,

the second dummy memory cell has a variable vesistance

element that is configurable to have the second resistive
state and is connected between the first bit line and the
fifth bit line,

the third dummy memory cell has a variable vesistance
element that is configurable to have the second resistive
state and is connected between the first bit line and the
second bit line,

the fourth dummy memory cell has a variable vesistance
element that is configurable to have the first resistive
state and is connected between the first bit line and the
second bit line and to the fifth bit line through the first

and second dummy memory cells; and

a middle admittance of the first memory array is equal to
the sum of a first resistance value for a variable
vesistance element in the first resistive state and a
second resistance value for a variable resistance ele-
ment in the second resistive state divided by the product
of twice the first vesistance value and the second
resistance value, wherein

the first vesistance value is a vesistance value of a variable
vesistance element stoving first data, and the second
vesistance value is a resistance value of a variable
vesistance element storing second data.

13. The semiconductor memory device according to claim
14, wherein the rveference current is between a read current
of a memory cell having a variable vesistance element with
the first resistive state and a read current of a memory cell
having a variable vesistance element with the second resis-
live state.

16. The semiconductor memory device according to claim
15, wherein each variable vesistance element is a magnetic
tunnel junction element.

17. The semiconductor memory device according to claim
15, wherein each variable resistance element includes a
phase-change material.

18. The semiconductor memory device according to claim
15, wherein each variable resistance element includes a
recording layer made of a perovskite metal oxide or a
transition metal oxide.

19. A reference currvent genervator in a semiconductor
memory device, comprising:

a first variable resistance element in a first dummy
memory cell of a first memory unit and connected
between a first terminal and a first node;

a second variable vesistance element in a second dummy
memory cell of the first memory unit and connected
between the first tevminal and the first node;

a thivd variable resistance element in a thivd dummy
memory cell of the first memory unit and connected
between the first node and a second terminal; and
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a fourth variable vesistance element in a fourth dummy
memory cell of the first memory unit and connected
between the first node and the second tevminal, wherein

the first variable resistance element is configurable to
have a first resistive state,

the second variable resistance element is configurable to
have a second vesistive state that is less than the first
resistive state,

the thivd variable resistance element is configurable to
have the first resistive state,

the fourth variable resistance element is configurable to
have the second resistive state, and

a middle admittance of the reference curvent generator is
equal to the sum of a first vesistance value of the first
ov the third variable vesistance element in the first
vesistive state and a second resistance value of the
second or the fourth variable vesistance element in the
second resistive state divided by the product of twice
the first rvesistance value and the second resistance
value, wherein

the first resistance value corresponds to storvage of first
data, and the second resistance value corresponds to
storage of second data.

20. The rveference currvent genervator according to claim
19, wherein each variable vesistance element is a magnetic
tunnel junction element.

21. The reference curvent genervator according to claim
19 wherein each variable resistance element includes a
phase-change material.

22. The reference current generator according to claim
19 wherein each variable resistance element includes a
recording layer made of a perovskite metal oxide or a
transition metal oxide.

23. The reference current generator according to claim
19, wherein a reference curvent supplied by the rveference
current generator is between a vead current of a memory cell
having a variable rvesistance element with the first resistive
state and a vead current of a memory cell having a variable
vesistance element with the second resistive state.

24. The semiconductor memory device according to claim
14, wherein the sense amplifier is physically disposed
between the first memory array and the second memory
array.

25. The semiconductor memory device according to claim
24, wherein each variable resistance element is a magnetic
tunnel junction element.

26. The semiconductor memory device according to claim
24, wherein each variable resistance element includes a
phase-change material.

27. The semiconductor memory device according to claim
24, wherein each variable resistance element includes a
recording laver made of a perovskite metal oxide or a
transition metal oxide.
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