
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2008/0062750 A1 

Jeong et al. 

US 2008.0062750A1 

(43) Pub. Date: Mar. 13, 2008 

(54) 

(75) 

(73) 

(21) 

(22) 

(62) 

MAGNETIC RANDOMACCESS MEMORY 
DEVICES INCLUDING MAGNETS 
ADJACENT MAGNETIC TUNNEL 
UNCTION STRUCTURES AND RELATED 
METHODS 

Inventors: Won-Cheol Jeong, Seoul (KR): 
Jae-Hyun Park, Gyeonggi-do (KR) 

Correspondence Address: 
MYERS BGELSIBLEY & SAJOVEC 
PO BOX 37428 
RALEIGH, NC 27627 (US) 

Assignee: Samsung Electronics Co., Ltd. 

Appl. No.: 11/935,662 

Filed: Nov. 6, 2007 

Related U.S. Application Data 

Division of application No. 11/177,641, filed on Jul. 
8, 2005, now Pat. No. 7,307,874. 

(30) Foreign Application Priority Data 

Oct. 21, 2004 (KR)............................ 10-2004-0O84584 

Publication Classification 

(51) Int. Cl. 
GIC II/02 (2006.01) 

(52) U.S. Cl. .............................................................. 365/158 

(57) ABSTRACT 

A magnetic random access memory device may include a 
memory cell access transistor on a Substrate, a bit line 
spaced apart from the Substrate, and a magnetic tunnel 
junction structure electrically coupled between the bit line 
and the memory cell access transistor. At least one magnet 
may be positioned adjacent a sidewall of the magnetic tunnel 
junction structure and may be configured to provide a 
magnetic field through the magnetic tunnel junction struc 
ture. Related methods of operating magnetic random access 
memory devices are also discussed. 
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FIG. 4 
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MAGNETIC RANDOMACCESS MEMORY 
DEVICES INCLUDING MAGNETS ADJACENT 
MAGNETIC TUNNEL JUNCTION STRUCTURES 

AND RELATED METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims priority from Korean 
Patent Application No. 10-2004-0084584, filed Oct. 21, 
2004, the disclosure of which is hereby incorporated by 
reference herein in its entirety. 

FIELD OF THE INVENTION 

0002 The present invention relates to semiconductor 
memory devices and, more particularly, to magnetic random 
access memory devices and methods. 

BACKGROUND OF THE INVENTION 

0003 Magnetic random access memory (MRAM) 
devices are non-volatile memory devices, in which infor 
mation may be stored based on a magnetoresistive effect of 
an electrically conductive material therein. In particular, the 
resistance of the electrically conductive material may be 
changed depending on an applied magnetic field. MRAM 
devices may include a plurality of MRAM cells made up of 
magnetic tunnel junction structures (MTJs) on a single 
transistor. 

0004 The MTJ structure may include multiple thin lay 
ers, such as a thin insulating layer Sandwiched between two 
thin ferromagnetic layers. Electrons may tunnel through the 
thin insulating layer when an external electrical signal is 
applied. The upper thin magnetic layer is called a free layer, 
and the lower thin magnetic layer is called a pinned layer. 
0005. When the magnetization directions of the free layer 
and the pinned layer are parallel to each other, a tunneling 
current flowing through the MTJ may be increased. In other 
words, the tunneling resistance of the junction may be 
reduced. In contrast, when the magnetization directions of 
the free layer and the pinned layer are antiparallel to each 
other, the tunneling current flowing through the MTJ may be 
decreased, i.e., the tunneling resistance of the junction may 
be increased. 

0006 MRAM devices may employ magnetic charges to 
store information, in contrast to conventional memory 
devices which may employ electrical charges. In other 
words, digital data (represented by “0” and “1”) may be 
stored based on a low resistance state (in which the mag 
netization directions of the two thin magnetic layers are 
parallel to each other) and a high resistance state (in which 
the magnetization directions of the two thin magnetic layers 
are antiparallel to each other). 
0007 An anti-ferromagnetic layer, referred to as a pin 
ning layer, may be added to the pinned layer. The pinning 
layer may serve to fix the magnetization direction of the 
pinned layer. In particular, the pinned layer may be directly 
on the pinning layer and may have a relatively large Switch 
ing field. The magnetization direction of the pinned layer 
may be fixed in a constant direction when an applied 
magnetic field is less than the Switching field. Thus, the 
digital data stored in the MRAM cell (i.e., “0” or “1”) may 
be determined based on the magnetization direction of the 
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free layer. The magnetization direction of the free layer may 
be changed by the application of a magnetic field. More 
particularly, to change the magnetization direction of the 
free layer to a desired direction, conductive interconnections 
(such as a bit line and/or a digit line) may be formed 
orthogonal to each other above and below the MT.J. Then as 
current flows through each conductive interconnection, a 
magnetic field may be induced by the current. 
0008 MTJs may be provided having a rectangular or 
elliptical shape when seen in a plan view, as magnetic spins 
in the free layer may be in a more stable state when the 
magnetic spins are parallel to the longitudinal direction of 
the free layer. 
0009. An MRAM device may include a plurality of 
MTJs, which may have non-uniform Switching characteris 
tics based on their respective fabrication processes. As such, 
the external magnetic fields for storing desired data in the 
respective MTJs may be different from one another. Accord 
ingly, the greater the number of MTJs, having non-uniform 
Switching characteristics, the lower the write margin for the 
MRAM device. In particular, when the MTJs are scaled 
down to provide higher integration density, the write margin 
may be significantly reduced. In other words, during a write 
operation for storing desired data in a selected one of the 
MTJs, undesired data may be written to other non-selected 
MTJs that share the bit line and/or the digit line electrically 
connected to the selected MTJ. As such, with conventional 
writing methods, write disturbance may occur, and undes 
ired data may be stored in non-selected MTJs during a write 
operation for storing data in a selected MTJ. 
0010 Furthermore, a conventional MRAM cell may have 
a digit line disposed around the MT.J. Typically, the digit line 
may be positioned below the MTJ, and the MTJ may have 
a lower electrode overlapping the digit line. The lower 
electrode may be electrically connected to a drain region of 
an access transistor below the digit line. Thus, the lower 
electrode may extend along a horizontal direction to connect 
to a contact plug to be formed on the drain region. As a 
result, an amount by which the planar area of the MRAM 
cell can be reduced may be limited due to presence of the 
digit line. 
0011. In recent years, MRAM devices have been intro 
duced which employ a spin injection mechanism to address 
problems related to write disturbance and/or integration 
density. For example, MRAM devices employing a spin 
injection mechanism are disclosed in U.S. Pat. No. 6,130. 
814 to Sun entitled “Current-induced magnetic switching 
device and memory including the same'. Other MRAM 
devices employing a spin injection mechanism are disclosed 
in U.S. Pat. No. 6,603,677 to Redon et al. entitled “Three 
Layered Stacked Magnetic Spin Polarization Device with 
Memory”. The disclosures of U.S. Pat. Nos. 6,130,814 and 
6,603,677 are hereby incorporated by reference herein in 
their entirety. 

0012 However, in order to switch the MRAM cell using 
a spin injection mechanism, a write current density greater 
than a critical current density may be required. As such, the 
access transistor may require Sufficient drive current capa 
bility to provide a write current that is greater than the 
critical current density. In other words, for MRAM cells 
employing spin injection mechanisms, scale-down may be 
limited by current requirements of the access transistors. 
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SUMMARY OF THE INVENTION 

0013 Some embodiments of the present invention may 
provide methods of operating an MRAM device capable of 
reducing a write current used to successfully Switch the 
selected MRAM cell between a high and a low resistance 
State. 

0014. In some embodiments of the present invention, 
methods may be provided to program and read a magnetic 
random access memory device with a magnetic tunnel 
junction (MTJ). The programming methods may include 
disposing at least one pair of magnets at both sides of the 
MTJ to apply a hard axis magnetic field to the MTJ, and 
forcing a write current to the MT.J. The write current may be 
a positive write current flowing from a free layer of the MTJ 
to a pinned layer of the MTJ or a negative write current 
flowing from the pinned layer of the MTJ to the free layer 
of the MTJ. As a result, magnetic polarizations in the free 
layer may be oriented parallel to or antiparallel to magnetic 
polarizations in the pinned layer. 
0.015 Forcing the write current may include turning on a 
Switching device electrically connected to one terminal of 
the MTJ, and applying a writing signal to a bit line electri 
cally connected to the other terminal of the MTJ. In this 
case, the positive write current or the negative write current 
may flow through both the MTJ and the switching device 
connected to the MTJ. 

0016. The magnet may be a permanent magnet or an 
electromagnet in addition, the magnet may be disposed in a 
hard axis direction of the MTJ. 

0017. The free layer and/or the pinned layer may be a 
synthetic anti-ferromagnetic (SAF) layer including a bottom 
ferromagnetic layer, a top ferromagnetic layer, and an anti 
ferromagnetic coupling spacer layer positioned between the 
bottom and top ferromagnetic layers. 
0018 Reading the MRAM device may include applying 
a read voltage to both terminals of the MTJ to sense an 
amount of read current flowing through the MT.J. The read 
current may be smaller than the write current. 
0019. In other embodiments of the present invention, 
methods may be provided to program and read a magnetic 
random access memory device with a magnetic tunnel 
junction (MTJ) and a bit line. The programming methods 
may include disposing a magnetic layer covering sidewalls 
and a top surface of the bit line to apply a hard axis magnetic 
field to the MTJ, and forcing a write current to the MT.J. The 
write current may be a positive write current flowing from 
a free layer of the MTJ to a pinned layer of the MTJ or a 
negative write current flowing from the pinned layer of the 
MTJ to the free layer of the MTJ. As a result, magnetic 
polarizations in the free layer may be oriented parallel to or 
antiparallel to magnetic polarizations in the pinned layer. 
0020. The magnetic layer may be a permanent magnet or 
an electromagnet. 
0021. The bit line may be disposed parallel to an easy 
axis of the MTJ or disposed to have a plane intersection 
angle less than 90° from the easy axis. 
0022. In yet other embodiments of the present invention, 
methods may be provided to program and read a magnetic 
random access memory device with a magnetic tunnel 
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junction (MTJ) and a bit line. The programming methods 
may include disposing at least one pair of magnets at both 
sides of the MTJ, disposing a magnetic layer covering 
sidewalls and a top Surface of the bit line to apply a hard axis 
magnetic field to the MTJ; and forcing a write current to the 
MT.J. The write current may be a positive write current 
flowing from a free layer of the MTJ to a pinned layer of the 
MTJ or a negative write current flowing from the pinned 
layer of the MTJ to the free layer of the MTJ. As a result, 
magnetic polarizations in the free layer may be oriented 
parallel to or antiparallel to magnetic polarizations in the 
pinned layer. 

0023. In some embodiments of the present invention, a 
magnetic random access memory device may include a 
memory cell access transistor on a Substrate, a bit line 
spaced apart from the Substrate, and a magnetic tunnel 
junction structure electrically coupled between the bit line 
and the memory cell access transistor. At least one magnet 
adjacent a sidewall of the magnetic tunnel junction structure 
may be configured to provide a magnetic field through the 
magnetic tunnel junction structure. For example, the at least 
one magnet may be configured to provide the magnetic field 
along a hard magnetization axis of the magnetic tunnel 
junction structure. 

0024. In other embodiments, a distance between the bit 
line and the Substrate may be greater than a distance between 
the at least one magnet and the Substrate. The at least one 
magnet may include a pair of magnets adjacent opposing 
sidewalls of the magnetic tunnel junction structure at oppo 
site sides of the bit line. 

0025. In some embodiments, the magnetic random access 
memory device may further include a controller coupled to 
the memory cell access transistor, the bit line, and the 
magnetic field conductive line. The controller may be con 
figured to provide a writing current through the bit line, 
through the magnetic tunnel junction structure and through 
the memory cell access transistor while the at least one 
magnet provides the magnetic field through the magnetic 
tunneljunction structure. For example, the controller may be 
configured to provide a first writing current in a first direc 
tion to reduce a resistance of the magnetic tunnel junction 
structure. The controller may also be configured to provide 
a second write current in a second direction opposite the first 
direction to increase the resistance of the magnetic tunnel 
junction structure. 

0026. In addition, in some embodiments, the controller 
may be configured to provide a read current that is less than 
the writing current through the bit line, through the magnetic 
tunneljunction structure and through the memory cell access 
transistor. The controller may be configured to determine a 
program status of the magnetic tunnel junction structure 
based on the read current. 

0027. In other embodiments, the magnetic tunnel junc 
tion structure may include a pinned layer, a free layer, and 
an insulating layer therebetween. The at least one magnet 
may be configured to provide the magnetic field through the 
free layer of the magnetic tunnel junction structure. 

0028. In some embodiments, the free layer and the 
pinned layer may be formed of a same material. In other 
embodiments, at least one of the pinned layer and/or the free 
layer may be a synthetic anti-ferromagnetic layer. 
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0029. In some embodiments, the at least one magnet may 
be at least one permanent magnet. In other embodiments, the 
at least one magnet may be at least one electromagnet. 
0030. In some embodiments, the at least one magnet may 
be a first magnet configured to provide a first magnetic field 
through the magnetic tunnel junction structure. A second 
magnet on opposing sidewalls of the bit line and a surface 
therebetween opposite the magnetic tunnel junction struc 
ture may be configured to provide a second magnetic field 
through the magnetic tunnel junction structure along a same 
direction as the first magnetic field. 
0031. According to other embodiments of the present 
invention, a magnetic random access memory device may 
include a memory cell access transistor on a Substrate, a bit 
line spaced apart from the Substrate, and a magnetic tunnel 
junction structure electrically coupled between the bit line 
and the memory cell access transistor. 
0032. A magnet on opposing sidewalls of the bit line and 
a Surface therebetween opposite the magnetic tunnel junc 
tion structure may be configured to provide a magnetic field 
through the magnetic tunneljunction structure. For example, 
the magnet may be configured to provide the magnetic field 
along a hard magnetization axis of the magnetic tunnel 
junction structure. 
0033. In some embodiments, the magnetic random access 
memory device may include a controller coupled to the 
memory cell access transistor, the bit line, and the magnetic 
field conductive line. The controller may be configured to 
provide a writing current through the bit line, through the 
magnetic tunnel junction structure and through the memory 
cell access transistor while the magnet provides the mag 
netic field through the magnetic tunnel junction structure. 
For example, the controller may be configured to provide a 
first writing current in a first direction to reduce a resistance 
of the magnetic tunnel junction structure. Also, the control 
ler may be configured to provide a second write current in 
a second direction opposite the first direction to increase the 
resistance of the magnetic tunnel junction structure. 

0034. In other embodiments, the controller may be con 
figured to provide a read current that is less than the writing 
current through the bit line, through the magnetic tunnel 
junction structure and through the memory cell access 
transistor The controller may be configured to determine a 
program status of the magnetic tunnel junction structure 
based on the read current. 

0035) In some embodiments, the magnet may be a per 
manent magnet. In other embodiments, the magnet may be 
an electromagnet. 

0036). In some embodiments, the magnet may be a first 
magnet configured to provide a first magnetic field through 
the magnetic tunnel junction structure. A pair of second 
magnets adjacent opposing sidewalls of the magnetic tunnel 
junction structure may be configured to provide a second 
magnetic field through the magnetic tunnel junction struc 
ture along a same direction as the first magnetic field. 
0037 According to further embodiments of the present 
invention, a method of operating a magnetic random access 
memory device is provided. The magnetic random access 
memory device may include a memory cell having a mag 
netic tunnel junction structure connected between a bit line 
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and a memory cell access transistor on a substrate, and at 
least one magnet adjacent a sidewall of the magnetic tunnel 
junction structure. A magnetic field may be provided 
through the magnetic tunnel junction structure using the at 
least one magnet. A writing current may be provided through 
the bit line, through the magnetic tunnel junction structure 
and through the memory cell access transistor while pro 
viding the magnetic field. 
0038. In some embodiments, the at least one magnet may 
include a pair of magnets adjacent opposing sidewalls of the 
magnetic tunnel junction structure. The magnetic field may 
be provided along a hard magnetization axis of the magnetic 
tunnel junction structure. 
0039. In other embodiments, a first writing current may 
be provided in a first direction to reduce a resistance of the 
magnetic tunnel junction structure. Also, a second writing 
current may be provided in a second direction opposite the 
first direction to increase the resistance of the magnetic 
tunnel junction structure. 
0040. In some embodiments, a read current that is less 
than the writing current may be provided through the bit 
line, through the magnetic tunnel junction structure and 
through the memory cell access transistor. A program status 
of the magnetic tunnel junction structure may be determined 
based on the read current. 

0041. In other embodiments, the at least one magnet may 
be at least one electromagnet. A current may be provided 
through the electromagnet to generate the magnetic field. 
0042. In some embodiments, the at least one magnet may 
be a first magnet, and the magnetic field may be a first 
magnetic field. A second magnetic field may be provided 
through the magnetic tunnel junction structure in a same 
direction as the first magnetic field using a second magnet on 
opposing sidewalls of the bit line and a surface therebetween 
opposite the magnetic tunnel junction structure. The writing 
current may be provided while providing the second mag 
netic field. 

0043. According to still further embodiments of the 
present invention, a method of operating a magnetic random 
access memory device is provided. The magnetic random 
access memory device may include a memory cell having a 
magnetic tunnel junction structure connected between a bit 
line and a memory cell access transistor on a Substrate, and 
a magnet on opposing sidewalls of the bit line and a surface 
therebetween opposite the magnetic tunnel junction struc 
ture. A magnetic field may be provided through the magnetic 
tunnel junction structure using the magnet. A writing current 
may be provided through the bit line, through the magnetic 
tunneljunction structure and through the memory cell access 
transistor while providing the magnetic field. 
0044) In some embodiments, the magnetic field may be 
provided along a hard magnetization axis of the magnetic 
tunnel junction structure. 
0045. In other embodiments, the magnet may be an 
electromagnet. A current may be provided through the 
electromagnet to generate the magnetic field. 

0046. In some embodiments, the magnet may be a first 
magnet and the magnetic field may be a first magnetic field. 
A second magnetic field may be provided through the 
magnetic tunnel junction structure in a same direction as the 
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first magnetic field using a pair of second magnets adjacent 
opposing sidewalls of the magnetic tunnel junction structure 
at opposite sides of the bitline. The writing current may be 
provided while providing the second magnetic field. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0047 FIG. 1 is a perspective view of an MRAM device 
in accordance with some embodiments of the present inven 
tion. 

0.048 FIG. 2 is a cross-sectional view taken along line I-I' 
of FIG. 1. 

0049 FIG. 3 is a cross-sectional view taken along line 
II-II of FIG. 1. 

0050 FIG. 4 is a perspective view of an MRAM device 
in accordance with further embodiments of the present 
invention. 

0051 FIG. 5 is a cross-sectional view taken along line 
III-III of FIG. 4. 

0.052 FIG. 6 is a perspective view of a portion of an 
MRAM device in accordance with still further embodiments 
of the present invention. 

0053 FIG. 7 is a cross-sectional view taken along line 
V-V. Of FIG. 6. 

0054 FIG. 8 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
Some embodiments of the present invention. 
0055 FIG. 9 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
further embodiments of the present invention. 
0056 FIG. 10 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
still further embodiments of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0057 The present invention now will be described more 
fully hereinafter with reference to the accompanying draw 
ings, in which embodiments of the invention are shown. 
However, this invention should not be construed as limited 
to the embodiments set forth herein. Rather, these embodi 
ments are provided so that this disclosure will be thorough 
and complete, and will fully convey the scope of the 
invention to those skilled in the art. In the drawings, the 
thickness of layers and regions are exaggerated for clarity. 
Like numbers refer to like elements throughout the specifi 
cation. 

0.058 It will be understood that when an element such as 
a layer, region or Substrate is referred to as being “on” or 
extending “onto' another element, it can be directly on or 
extend directly onto the other element or intervening ele 
ments may also be present. In contrast, when an element is 
referred to as being “directly on' or extending “directly 
onto' another element, there are no intervening elements 
present. It will also be understood that when an element is 
referred to as being “connected' or “coupled to another 
element, it can be directly connected or coupled to the other 
element or intervening elements may be present. In contrast, 
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when an element is referred to as being “directly connected 
or “directly coupled to another element, there are no 
intervening elements present. 
0059. It will also be understood that, although the terms 

first, second, etc. may be used herein to describe various 
elements, these elements should not be limited by these 
terms. These terms are only used to distinguish one element 
from another. For example, a first element could be termed 
a second element, and, similarly, a second element could be 
termed a first element, without departing from the scope of 
the present invention. 
0060) Furthermore, relative terms, such as “lower” or 
“bottom' and “upper' or “top.” may be used herein to 
describe one element's relationship to another elements as 
illustrated in the Figures. It will be understood that relative 
terms are intended to encompass different orientations of the 
device in addition to the orientation depicted in the Figures. 
For example, if the device in one of the figures is turned 
over, elements described as being on the “lower side of 
other elements would then be oriented on “upper sides of 
the other elements. The exemplary term “lower, can, there 
fore, encompass both an orientation of “lower and “upper.” 
depending of the particular orientation of the figure. Simi 
larly, if the device in one of the figures is turned over, 
elements described as “below' or “beneath other elements 
would then be oriented “above' the other elements. The 
exemplary terms “below' or “beneath’ can, therefore, 
encompass both an orientation of above and below. 
0061 The terminology used in the description of the 
invention herein is for the purpose of describing particular 
embodiments only and is not intended to be limiting of the 
invention. As used in the description of the invention and the 
appended claims, the singular forms “a”, “an and “the are 
intended to include the plural forms as well, unless the 
context clearly indicates otherwise. It will also be under 
stood that the term “and/or as used herein refers to and 
encompasses any and all possible combinations of one or 
more of the associated listed items. 

0062 Embodiments of the invention are described herein 
with reference to cross-section illustrations that are sche 
matic illustrations of idealized embodiments (and interme 
diate structures) of the invention. As such, variations from 
the shapes of the illustrations as a result, for example, of 
manufacturing techniques and/or tolerances, are to be 
expected. Thus, embodiments of the invention should not be 
construed as limited to the particular shapes of regions 
illustrated herein but are to include deviations in shapes that 
result, for example, from manufacturing. For example, an 
implanted region illustrated as a rectangle will, typically, 
have rounded or curved features and/or a gradient of implant 
concentration at its edges rather than a binary change from 
implanted to non-implanted region. Likewise, a buried 
region formed by implantation may result in Some implan 
tation in the region between the buried region and the 
Surface through which the implantation takes place. Thus, 
the regions illustrated in the figures are schematic in nature 
and their shapes are not intended to illustrate the actual 
shape of a region of a device and are not intended to limit 
the scope of the invention. 
0063. Unless otherwise defined, all terms used in disclos 
ing embodiments of the invention, including technical and 
Scientific terms, have the same meaning as commonly under 
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stood by one of ordinary skill in the art to which this 
invention belongs, and are not necessarily limited to the 
specific definitions known at the time of the present inven 
tion being described. Accordingly, these terms can include 
equivalent terms that are created after such time. All pub 
lications, patent applications, patents, and other references 
mentioned herein are incorporated by reference in their 
entirety. 
0064 FIG. 1 is a perspective view of an MRAM device 
in accordance with some embodiments of the present inven 
tion. FIG. 2 is a cross-sectional view taken along line I-I" of 
FIG. 1, and FIG. 3 is a cross-sectional view taken along line 
II-II of FIG. 1. 

0065 Referring now to FIGS. 1, 2, and 3, an MRAM 
device according to Some embodiments of the present inven 
tion includes an isolation layer 3, a drain region 7d, a source 
region 7s, and a channel region in a predetermined region of 
an integrated circuit (IC) substrate 1. The channel region is 
positioned between the drain region 7d and the source region 
7s, and an insulated gate electrode 5 is positioned above the 
channel region. The gate electrode 5 may serve as a word 
line. Consequently, the drain region 7d, the source region 7s, 
and the gate electrode 5 define a switching device, for 
example, an access transistor TA, on the Substrate 1. 
0.066 A first lower interlayer insulating layer 9 is formed 
on the substrate 1 including the access transistor TA. The 
Source region 7s may be exposed by a source contact hole 
extending through the first lower interlayer insulating layer 
9, and the source contact hole may be filled by a source 
contact plug 11. A source line 13 is formed on the source 
contact plug 11. As such, the Source line 13 is electrically 
connected to the source region 7s via the Source contact plug 
11. 

0067. A first upper interlayer insulating layer 15 is 
formed on the substrate I including the source line 13. The 
first lower interlayer insulating layer 9 and the first upper 
interlayer insulating layer 15 form a first interlayer insulat 
ing layer 16. The drain region 7d may be exposed by a drain 
contact hole extending through the first interlayer insulating 
layer 16. The drain contact hole may be filled by a drain 
contact plug 17. As such, the drain contact plug 17 is 
electrically connected to the drain region 7d. 
0068 A magnetic resistor 45 is formed on the first 
interlayer insulating layer 16 and on the drain contact plug 
17. The magnetic resistor 45 includes a lower electrode 19, 
an upper electrode 43, and a magnetic tunnel junction 
structure (MTJ) 41 positioned therebetween. The MTJ 41 
includes a pinned layer 29, a free layer 39, and a tunneling 
insulating layer 31 positioned between the pinned layer 29 
and the free layer 39. Furthermore, the MTJ 41 may include 
a pinning layer 21 contacting the pinned layer 29. Respec 
tive layers 19, 21, 29, 31, 39, and 43 of the magnetic resistor 
45 may be stacked in various orders. For example, the lower 
electrode 19 may be in contact with the drain contact plug 
17, and the pinning layer 21, the pinned layer 29, the 
tunneling insulating layer 31 and the free layer 39 may be 
stacked on the lower electrode 19 in the above order. 

0069. The free layer 39 may be a single layer of ferro 
magnetic material, or a synthetic anti-ferromagnetic (SAF) 
layer having a lower ferromagnetic layer 33, an anti-ferro 
magnetic coupling spacer layer 35, and an upper ferromag 
netic layer 37 which are sequentially stacked as shown in 
FIGS. 2 and 3. 
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0070. In addition, the pinned layer 29 may be a single 
layer of ferromagnetic material, or a synthetic anti-ferro 
magnetic (SAF) layer having a lower ferromagnetic layer 
23, an anti-ferromagnetic coupling spacer layer 25, and an 
upper ferromagnetic layer 27 which are sequentially stacked 
as shown in FIGS. 2 and 3. 

0071. A second interlayer insulating layer 47 is formed 
on the first interlayer insulating layer 16 and on the magnetic 
resistor 45. A bit line 49 is formed on the second interlayer 
insulating layer 47. The bit line 49 is electrically connected 
to the magnetic resistor 45 via the upper electrode 43. 
0072 The MTJ 41 may have a rectangular or an elliptical 
shape (including a length and a width that is Smaller than the 
length) when seen in a plan view. As such, the MTJ 41 may 
have an easy magnetization axis along the length direction 
(parallel to the Substrate) and a hard magnetization axis 
along the width direction (parallel to the substrate and 
perpendicular to the length direction). 
0073. At least one pair of magnets 52 may be positioned 
at opposing sidewalls of the MTJ 41. More particularly, one 
of the magnets 52 may be positioned at one side of the hard 
axis, and the other may be positioned at the other side of the 
hard axis. The magnets 52 may be spaced apart from the 
MTJ 41 by portions of the second interlayer 47. The magnets 
52 may be permanent magnets and/or electromagnets. 
0074 Methods for writing and/or programming an 
MRAM device according to some embodiments of the 
present invention will now be described with reference to 
FIGS. 1, 2, and 3. 
0075) Referring again to FIGS. 1, 2, and 3, a word line 
signal is applied to the word line (i.e., the gate electrode 5) 
of the access transistor TA and a bit line write signal is 
applied to the bit line 49. The word line signal may be a 
Voltage pulse signal having a Voltage higher than a threshold 
Voltage of the access transistor TA, and may be applied for 
a predetermined time. The access transistor TA connected to 
the word line 5 is turned on while the word line signal is 
applied. The bit line write signal may be a current pulse 
signal providing current to the bit line when the word line 
signal is applied. As a result, an MRAM cell connected to 
the word line and the bit line may be selected, and a writing 
current may flow through the MTJ of the selected MRAM 
cell and the access transistor TA serially connected to the 
cell. For example, when the word line signal and the bit line 
write signal are applied to the word line 5 and the bit line 49, 
respectively, the MRAM cell connected to the word line 5 
and the bit line 49 may be selected, and the write current 
may flow through the MTJ 41 of the selected MRAM cell. 
0076. The write current may be a positive write current 
+IW which flows from the free layer 39 to the pinned layer 
29 in the selected MTJ 41, or a negative write current -IW 
which flows from the pinned layer 29 to the free layer 39 in 
the selected MTJ 41. As used herein, "current” refers to the 
flow of electrical charges from a higher potential to a lower 
potential. As such, the positive write current +IW flows in a 
direction of the negative Z-axis, as shown in FIGS. 2 and 3. 
and the negative write current-IW flows in a direction of the 
positive Z-axis, as also shown in FIGS. 2 and 3. More 
particularly, electrons flow in the positive Z-axis direction 
when the positive write current +IW is applied, and electrons 
flow in the negative Z-axis direction when the negative write 
current -IW is applied. 
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0077. When the source line 13 is grounded during a 
writing/programming operation, the positive write current 
+IW may be generated by applying a positive program 
voltage to the selected bit line. Similarly, when the source 
line 13 is grounded during the writing/programming opera 
tion, the negative write current -IW may be generated by 
applying a negative program Voltage to the selected bit line. 
0078. When the positive write current +IW flows through 
the selected MTJ 41, a majority of the electrons passing 
through the pinned layer 29 may be changed to have spins 
in the same magnetization direction as the fixed magnetic 
polarizations and/or moments in the pinned layer 29. For 
example, when a majority of the magnetic polarizations/ 
moments have up-spins in the pinned layer 29, a majority of 
the electrons passing through the pinned layer 29 may be 
changed to have up-spins. In particular, when the pinned 
layer 29 is a SAF layer as described above, a majority of the 
electrons are changed to have spins in the same magnetiza 
tion direction as that of the upper ferromagnetic layer 27 of 
the SAF pinned layer. 
0079 The up-spin electrons may pass through the tun 
neling insulating layer 31 to reach the free layer 39. The 
number of up-spin electrons reaching the free layer 39 may 
be proportional to the current density of the positive write 
current +IW. As a result, when the positive write current 
density is increased, a majority of the magnetic polariza 
tions/moments in the free layer 39 may be parallel to the 
fixed magnetic polarizations/moments of the pinned layer 29 
(regardless of the initial magnetization direction), due to the 
up-spin electrons injected into the free layer 39. For 
example, when the free layer 39 is a SAF layer as described 
above, application of the positive write current +IW orients 
magnetic polarizations/moments in the lower ferromagnetic 
layer 33 of the SAF free layer parallel to the fixed magnetic 
polarizations/moments in the pinned layer 29. In addition, 
when both the pinned layer 29 and the free layer 39 are SAF 
layers as shown in FIGS. 2 and 3, application of the positive 
write current +IW orients magnetic polarizations/moments 
in the lower ferromagnetic layer 33 of the SAF free layer 
parallel to the fixed magnetic polarizations/moments in the 
upper ferromagnetic layer 27 of the SAF pinned layer 29. 
Accordingly, when the positive write current density is 
greater than a critical current density, the selected MTJ 41 
may have a relatively low resistance value. 
0080. Similarly, when the negative write current =IW 
flows through the selected MTJ 411 electrons may be 
injected into the free layer 39. The electrons may include 
up-spin electrons and down-spin electrons. When a majority 
of the fixed magnetic polarizations/moments in the pinned 
layer 29 have up-spins, only the up-spin electrons injected 
into the free layer 39 may pass through the selected tunnel 
ing insulating layer 31 to reach the pinned layer 29. As such, 
the down-spin electrons may accumulate in the free layer 39. 
The number of up-spin electrons and down-spin electrons 
may be proportional to the current density of the negative 
write current -IW. Accordingly, when the negative write 
current density is increased, a majority of the magnetic 
polarizations/moments of the free layer 39 may be antipar 
allel to the magnetization direction of the pinned layer 29 
(regardless of the initial magnetization direction). Thus, 
when the negative write current density is greater than the 
critical current density, the selected MTJ 41 may have a 
relatively high resistance value. 

Mar. 13, 2008 

0081. In order to change the resistance of the selected 
MRAM cell using the spin injection mechanism as described 
above, a write current density greater than the critical current 
density may be required. Accordingly, an access transistor 
TA having drive current capability sufficient to transmit a 
write current greater than the critical current density may be 
required. As such, when the selected MRAM cell is pro 
grammed using a spin injection mechanism requiring a 
higher write current density, it may be difficult to scale-down 
the access transistorTA. In other words, the access transistor 
TA may be a limiting factor in improving the integration 
density of the MRAM device. Accordingly, in order to 
provide writing/programming operations capable of reduc 
ing the write current density used to Successfully change the 
resistance of the selected MRAM cell, some embodiments 
of the present invention may employ a magnet 52 positioned 
at one or more sidewalls of the MTJ 41 to generate a hard 
axis magnetic field Hh through the MTJ 41. 
0082) Writing/programming operations according to 
Some embodiments of the present invention may include 
applying the word line signal and the bit line write signal, 
and applying the hard axis magnetic field Hh via the 
magnet(s) 52 positioned adjacent sidewalls of the MTJ 41. 
The hard axis magnetic field Hh may be a magnetic field that 
is parallel to the width direction of the MTJ 41, i.e., the hard 
axis direction of the MTJ 41. 

0083 More particularly, the hard axis magnetic field Hh 
may be generated by at least a pair of magnets 52 which are 
adjacent to opposing sidewalls of the MTJ 41, as shown in 
FIGS. 1 and 3. The hard axis magnetic field Hh is parallel 
to the hard magnetization axis of the MTJ 41, (i.e., the 
X-axis or width direction). When the write current is applied 
in combination with the hard axis magnetic field Hh, the 
magnetization of the MTJ 41 may be more easily switched 
due to the presence of the hard axis magnetic field Hh. For 
example, when the positive write current +IW is provided in 
the presence of the hard axis magnetic field Hh, magnetic 
polarizations/moments in the free layer 39 may be arranged 
parallel to magnetic polarizations/moments in the pinned 
layer 29 more easily, even when the positive write current 
+IW is relatively low. Similarly, when the negative write 
current -IW is provided in the presence of the hard axis 
magnetic field Hh, magnetic polarizations/moments in the 
free layer 39 may be arranged antiparallel to magnetic 
polarizations/moments in the pinned layer 29 more easily, 
even when the negative write current -IW is relatively low. 
AS Such, the hard axis magnetic field Hh may reduce a write 
current required to Successfully Switch the magnetization of 
the free layer 39 of the MTJ 41. In other words, application 
of the hard axis magnetic field Hh may lower the critical 
current density. 
0084) Still referring to FIGS. 1, 2, and 3, methods of 
reading the data stored in the MRAM cell may include 
applying a read voltage to both terminals of the MTJ 41 of 
the MRAM cell. For example, in order to read the data 
stored in the MRAM cell, a word line voltage may be 
applied to the word line to turn on the access transistor TA 
connected to the word line, and a ground Voltage and a read 
voltage may be applied to the source line 13 and the bit line 
49, respectively. As a result, the read current may flow 
through the MTJ 41 of the MRAM cell, and it may be 
determined whether the data stored in MRAM cell has a 
logic “0” or logic “1” value according to the amount of the 
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read current. The read voltage may be sufficiently low in 
order to provide a read current that is less than a minimum 
write current. 

0085 FIG. 4 is a perspective view of a MTJ in a MRAM 
device in accordance with further embodiments of the 
present invention. FIG. 5 is a cross-sectional view taken 
along line III-III' of FIG. 4. 
0086) Referring to FIGS. 4 and 5, a MRAM device 
according to further embodiments of the present invention 
may include structures similar to those described above with 
reference to FIGS. 1 to 3, including the integrated circuit 
substrate 1, the first interlayer insulating layer 16 and the 
structures therebetween. In addition, the drain contact plug 
17 extending through the first interlayer insulating layer 16 
has a similar structure to that described above with reference 
to FIGS 1 to 3. 

0087. A magnetic resistor 45 is formed on the first 
interlayer insulating layer 16 and on the drain contact plug 
17. The magnetic resistor 45 includes a lower electrode 19, 
an upper electrode 43, and an MTJ 41 positioned therebe 
tween. The MTJ 41 includes a pinned layer 29, a free layer 
39, and a tunneling insulating layer 31 positioned therebe 
tween. Furthermore, the MTJ 41 may include a pinning layer 
21 contacting the pinned layer 29. Respective layers 19, 21, 
29, 31, 39, and 43 of the magnetic resistor 45 may be stacked 
in various orders. For example, the lower electrode 19 may 
be in contact with the drain contact plug 17, and the pinning 
layer 21, the pinned layer 29, the tunneling insulating layer 
31, and the free layer 39 may be stacked on the lower 
electrode 19 in the above order. 

0088. The free layer 39 may be a single layer of ferro 
magnetic material, or a synthetic anti-ferromagnetic (SAF) 
layer having a lower ferromagnetic layer 33, an anti-ferro 
magnetic coupling spacer layer 35, and an upper ferromag 
netic layer 37 which are sequentially stacked as shown in 
FIGS. 2 and 5. 

0089. In addition, the pinned layer 29 may be a single 
layer of ferromagnetic material, or a synthetic anti-ferro 
magnetic (SAF) layer having a lower ferromagnetic layer 
23, an anti-ferromagnetic coupling spacer layer 25, and an 
upper ferromagnetic layer 27 which are sequentially 
stacked, as shown in FIGS. 2 and 5. 

0090. A second interlayer insulating layer 47 is formed 
on the first interlayer insulating layer 16 and on the magnetic 
resistor 45. A bit line 49 is formed on the second interlayer 
insulating layer 47. The bit line 49 is electrically connected 
to the magnetic resistor 45 via the upper electrode 43. 
0.091 The MTJ 41 may have a rectangular or elliptical 
shape (including a length and a width that is Smaller than the 
length) when seen in a plan view. As such the MTJ 41 may 
have an easy magnetization axis in the length direction and 
a hard magnetization axis in the width direction, where the 
length and the width directions may be perpendicular to each 
other. 

0092. A magnetic layer 59 is formed on opposing side 
walls and an upper surface therebetween of the bit line 49. 
The magnetic layer 59 may be a permanent magnet and/or 
an electromagnet. The magnetic layer 59 may define a 
structure covering opposing sidewalls and a Surface ther 
ebetween (such as an upper surface) of the bit line 49. 
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Alternatively, the magnetic layer 59 may cover only portions 
of the sidewalls and the upper surface of the bit line 49. In 
addition, the magnetic layer 59 may include a plurality of 
magnetic layers covering portions of the sidewalls and/or the 
upper surface of the bit line 49. In such a case, the bit line 
49 may be positioned parallel to the easy magnetization axis 
or at an intersection angle of less than 90° from the easy 
magnetization axis. 
0093 Writing/programming methods according to fur 
ther embodiments of the present invention will now be 
described with reference to FIGS. 4 and 5. 

0094) Referring again to FIGS. 4 and 5, a word line signal 
is applied to the word line (i.e., the gate electrode 5) of the 
access transistor TA and a bit line write signal is applied to 
the bit line 49. The word line signal may be a voltage pulse 
signal having a Voltage higher than a threshold Voltage of the 
access transistor TA, and may be applied for a predetermined 
time. In addition, the bit line write signal may be a current 
pulse signal providing current to the bit line when the word 
line signal is applied. As a result, the MRAM cell connected 
to the word line and the bit line may be selected, and the 
write current may flow through the MTJ 41 of the selected 
MRAM cell and the access transistor TA connected in series 
with the cell. 

0.095 The write current may be a positive write current 
+IW which flows from the free layer 39 of the selected MTJ 
41 to the pinned layer 29 thereof, or a negative write current 
-IW which flows from the pinned layer 29 to the free layer 
39. 

0096. When the source line 13 is grounded during a 
writing/programming operation, the positive write current 
+IW may be generated by applying a positive program 
voltage to the selected bit line. Similarly, when the source 
line 13 is grounded during the writing/programming opera 
tion, the negative write current -IW may be generated by 
applying a negative program Voltage to the selected bit line. 
0097. When the positive write current +IW flows through 
the selected MTJ 41, a majority of the electrons which pass 
through the selected pinned layer 29 may be changed to have 
spins in the same magnetization direction as the fixed 
magnetic polarizations/moments in the pinned layer 29. 
Accordingly, when the positive write current density is 
increased, a majority of the magnetic polarizations/moments 
in the free layer 39 may be parallel to the fixed magnetic 
polarizations/moments in the selected pinned layer 29, 
regardless of the initial magnetization direction. For 
example, when the free layer 39 is a SAF layer as described 
above, application of the positive write current +IW orients 
magnetic polarizations/moments in the lower ferromagnetic 
layer 33 of the SAF free layer parallel to the fixed magnetic 
polarizations/moments in the selected pinned layer 29. In 
addition, when both the pinned layer 29 and the free layer 39 
are SAF layers, application of the positive write current +IW 
orients magnetic polarizations in the lower ferromagnetic 
layer 33 of the SAF free layer parallel to fixed magnetic 
polarizations/moments in the upper ferromagnetic layer 27 
of the SAF pinned layer 29. Accordingly, when the positive 
write current density is greater than the critical current 
density, the selected MITJ 41 may have a relatively low 
resistance value. 

0.098 Similarly, when the negative write current -IW 
flows through the selected MTJ 41, electrons may be 
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injected into the free layer 39. As described above with 
reference to FIGS. 1 to 3, when the negative write current 
density is greater than the critical current density, the 
selected MTJ 41 may have a relatively high resistance value. 
0099. In order to change the resistance of the selected 
MRAM cell using the spin injection mechanism as described 
above, a write current density greater than the critical current 
density may be required. Accordingly, writing/programming 
methods according to further embodiments of the present 
invention employ a magnetic layer 59 on the opposing 
sidewalls and the upper surface therebetween of the bit line 
49 to provide a hard axis magnetic field Hh capable of 
reducing the write current density required to Successfully 
change the resistance of the selected MRAM cell. 
0100 Writing/programming operations according to fur 
ther embodiments of the present invention include applying 
the word line signal and the bit line write signal, and 
applying the hard axis magnetic field Hh via the magnetic 
layer 59 formed on the opposing sidewalls and the upper 
Surface of the bit line 49 of the MTJ 41. The hard axis 
magnetic field Hh may be a magnetic field that is parallel to 
the width direction of the MTJ 41, i.e., the hard axis 
direction of the MTJ 41. 

0101 More specifically, the hard axis magnetic field Hh 
may be generated by the magnetic layer 59 covering at least 
a portion of the opposing sidewalls and a surface therebe 
tween of the bit line 49, as shown in FIGS. 4 and 5. The hard 
axis magnetic field Hh is parallel to the hard magnetization 
axis of the MTJ 41, i.e., the X-axis direction. When the write 
current is applied in combination with the hard axis mag 
netic field Hh, the MTJ 41 may be more easily switched. For 
example, when the positive write current +IW is provided in 
the presence of the hard axis magnetic field Hh, magnetic 
polarizations/moments in the free layer 39 may be more 
easily arranged parallel to magnetic polarizations/moments 
in the pinned layer 29 with the aid of the hard axis magnetic 
field Hh, even when the positive write current +IW is 
relatively low. Similarly, when the negative write current 
-IW is provided in the presence of the hard axis magnetic 
field Hh, magnetic polarizations/moments in the free layer 
39 may be more easily arranged antiparallel to magnetic 
polarizations/moments in the pinned layer 29 with the aid of 
the hard axis magnetic field Hh, even when the negative 
write current -IW is relatively low. Accordingly, the hard 
axis magnetic field Hh may reduce a write current required 
to successfully switch the magnetization of the free layer 39 
of the MTJ 41. In other words, application of the hard axis 
magnetic field Hh may lower the critical current density. 
0102) Methods of reading the data stored in the MRAM 
cell may include applying a read voltage to both terminals of 
the MTJ 41 of the MRAM cell, as described above with 
reference to FIGS. 1 to 3. For example, in order to read the 
data stored in the MRAM cell, a word line voltage may be 
applied to the word line to turn on the access transistor TA 
connected to the word line, and a ground Voltage and a read 
voltage may be applied to the source line 13 and the bit line 
49, respectively. As a result, the read current may flow 
through the MTJ 41 of the MRAM cell, and it may be 
determined whether the data stored in the MRAM cell has a 
logic “0” or logic “1” value according to the amount of the 
read current. The read voltage may be sufficiently low in 
order to provide a read current that is less than a minimum 
write current. 
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0103 FIG. 6 is a perspective view of a MTJ in a MRAM 
device in accordance with still further embodiments of the 
present invention. FIG. 7 is a cross-sectional view taken 
along line V-V of FIG. 6. 

0104 Referring to FIGS. 6 and 7, a MRAM device 
according to still further embodiments of the present inven 
tion may include structures similar to those described above 
with reference to FIGS. 1 to 5, including the integrated 
circuit substrate 1, the first interlayer insulating layer 16, and 
the structures therebetween. In addition, the drain contact 
plug 17 extending through the first interlayer insulating layer 
16 has a similar structure to that described above with 
reference to FIGS. 1 to 5. 

0105. A magnetic resistor 45 is formed on the first 
interlayer insulating layer 16 and on the drain contact plug 
17. The magnetic resistor 45 includes a lower electrode 19, 
an upper electrode 43, and an MTJ 41 positioned therebe 
tween. The MTJ 41 includes a pinned layer 29, a free layer 
39, and a tunneling insulating layer 31 positioned therebe 
tween. Furthermore, the MTJ 41 may include a pinning layer 
21 contacting the pinned layer 29. Respective layers 19, 21, 
29, 31, 39, and 43 of the magnetic resistor 45 may be stacked 
in various orders. For example, the lower electrode 19 may 
be in contact with the drain contact plug 17, and the pinning 
layer 21, the pinned layer 29, the tunneling insulating layer 
31, and the free layer 39 may be stacked on the lower 
electrode 19 in the above order. 

0106) The free layer 39 may be a single layer of ferro 
magnetic material, or a synthetic anti-ferromagnetic (SAF) 
layer having a lower ferromagnetic layer 33, an anti-ferro 
magnetic coupling spacer layer 35, and an upper ferromag 
netic layer 37 which are sequentially stacked as shown in 
FIGS. 2 and 7. 

0.107. In addition, the pinned layer 29 may be a single 
layer of ferromagnetic material, or a synthetic anti-ferro 
magnetic (SAF) layer having a lower ferromagnetic layer 
23, an anti-ferromagnetic coupling spacer layer 25, and an 
upper ferromagnetic layer 27 which are sequentially stacked 
as shown in FIGS. 2 and 7. 

0108) A second interlayer insulating layer 47 is formed 
on the first interlayer insulating layer 16 and on the magnetic 
resistor 45. A bit line 49 is formed on the second interlayer 
insulating layer 47. The bit line 49 is electrically connected 
to the magnetic resistor 45 via the upper electrode 43. 
0.109 The MTJ 41 may have a rectangular or elliptical 
shape (including a length and a width that is Smaller than the 
length) when seen in a plan view. Accordingly, the MTJ 41 
may have an easy magnetization axis along the length 
direction and a hard magnetization axis along the width 
direction, where the length and the width directions may be 
perpendicular to each other. The bit line 49 may be parallel 
to the length direction. 

0110. At least one pair of magnets 52 is positioned 
adjacent opposing sidewalls of the MTJ 41 at opposite sides 
of the bit line 49, i.e., along the width direction. More 
particularly, one of the magnets 52 is positioned at one side 
of the magnetization hard axis, and the other is positioned at 
the other side of the hard axis, spaced apart from the MTJ 
41 by the second interlayer insulating layer 47. The magnets 
52 may be permanent magnets and/or electromagnets. 
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0111. In addition, a magnetic layer 59 is formed on 
opposing sidewalls and an upper Surface therebetween of the 
bit line 49. The magnetic layer 59 may be a permanent 
magnet and/or an electromagnet. The magnetic layer 59 may 
define a structure covering the upper Surface and sidewalls 
of the bit line 49. Alternatively, the magnetic layer 59 may 
cover only portions of the sidewalls and the upper surface of 
the bit line 49. In addition, the magnetic layer 59 may 
include a plurality of magnetic layers covering portions of 
the sidewalls and/or the upper surface of the bit line 49. In 
such a case, the bit line 49 may be positioned parallel to the 
easy magnetization axis or at an intersection angle of less 
than 90° from the easy magnetization axis. 
0112 Writing/programming operations according to still 
further embodiments of the present invention will now be 
described with reference to FIGS. 6 and 7. 

0113 Referring again to FIGS. 6 and 7, a word line signal 
is applied to the word line (i.e., the gate electrode 5) of the 
access transistor TA and a bit line write signal is applied to 
the bit line 49. The word line signal may be a voltage pulse 
signal having a voltage greater than a threshold Voltage of 
the access transistor TA, and may be applied for a prede 
termined time. In addition, the bit line write signal may be 
a current pulse signal providing current to the bit line when 
the word line signal is applied. As a result, the MRAM cell 
connected to the word line and the bit line may be selected, 
and the write current may flow through the MTJ 41 of the 
selected MRAM cell and the access transistor TA connected 
in series to the cell. 

0114. The write current may be a positive write current 
+IW which flows from the free layer 39 of the selected MTJ 
41 to the pinned layer 29 thereof, or a negative write current 
-IW which flows from the pinned layer 29 to the free layer 
39. 

0115 When the source line 13 is grounded during a 
writing/programming operation, the positive write current 
+IW may be generated by applying a positive program 
voltage to the selected bit line. Similarly, when the source 
line 13 is grounded during the writing/programming opera 
tion, the negative write current -IW may be generated by 
applying a negative program Voltage to the selected bit line. 
0116. When the positive write current +IW flows through 
the selected MTJ 41, a majority of the electrons which pass 
through the selected pinned layer 29 may be changed to have 
spins in the same magnetization direction as the fixed 
magnetic polarizations/moments in the pinned layer 29. 
When the positive write current density is increased, a 
majority of the magnetic polarizations/moments in the free 
layer 39 may be parallel to the fixed magnetic polarizations/ 
moments in the selected pinned layer 29 regardless of the 
initial magnetization direction. For example, when the free 
layer 39 is a SAF layer as described above, application of the 
positive write current +IW orients the magnetic polariza 
tions/moments in the lower ferromagnetic layer 33 of the 
SAF free layer parallel to the fixed magnetic polarizations/ 
moments in the pinned layer 29. In addition, when both the 
pinned layer 29 and the free layer 39 are SAF layers, 
application of the positive write current +IW orients the 
magnetic polarizations/moments in the lower ferromagnetic 
layer 33 of the SAF free layer parallel to fixed magnetic 
polarizations/moments in the upper ferromagnetic layer 27 
of the SAF pinned layer 29. As such, when the positive write 
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current density is greater than the critical current density, the 
selected MTJ 41 may have a relatively low resistance value. 
0.117 Likewise when the negative write current -IW 
flows through the selected MTJ 41, electrons may be 
injected into the free layer 39. As described above with 
reference to FIGS. 1 to 5, when the negative write current 
density is greater than the critical current density, the 
selected MTJ 41 may have a relatively high resistance value. 
0118. In order to switch the magnetization (and thereby 
change the resistance) of the selected MRAM cell using the 
spin injection mechanism as described above, a write current 
density greater than the critical current density may be 
required. Accordingly, writing/programming operations 
according to still further embodiments of the present inven 
tion employ magnets 52 adjacent the opposing sidewalls of 
the MTJ 41 in addition to a magnetic layer 59 on the 
opposing sidewalls and the upper Surface therebetween of 
the bit line 49 to generate a hard axis magnetic field Hh 
capable of reducing the write current density required to 
successfully switch the selected MRAM cell. 
0119) Writing/programming operations according to still 
further embodiments of the present invention, include apply 
ing the word line signal and the bit line write signal, and 
applying the hard axis magnetic field Hh using both the 
magnets 52 adjacent the opposing sidewalls of the MTJ 41 
and the magnetic layer 59 on the opposing sidewalls and the 
upper surface of the bit line 49 of the MTJ 41. The hard axis 
magnetic field Hh may be a magnetic field that is parallel to 
the width direction of the MTJ 41, i.e., the hard axis 
direction of the MTJ 41. 

0.120. In greater detail, the hard axis magnetic field Hh 
may be generated by at least a pair of magnets 52 adjacent 
to and parallel to the MTJ 41 and a magnetic layer 59 
covering at least a portion of the sidewalls and the upper 
surface of the bit line 49, as shown in FIGS. 6 and 7. The 
hard axis magnetic field Hh is parallel to the hard magne 
tization axis of the MTJ 41, i.e., the X-axis direction. When 
the write current is applied in combination with the hard axis 
magnetic field Hh, the MTJ 41 may be more easily switched. 
For example, when the positive write current +IW is pro 
vided in the presence of the hard axis magnetic field Hh. 
magnetic polarizations/moments in the free layer 39 may be 
more easily arranged parallel to magnetic polarizations/ 
moments in the pinned layer 29 with the aid of the hard axis 
magnetic field Hh, even when the positive write current +IW 
is relatively low. Similarly, when the negative write current 
-IW is provided in the presence of the hard axis magnetic 
field Hh, magnetic polarizations/moments in the free layer 
39 may be more easily arranged antiparallel to magnetic 
polarizations/moments in the pinned layer 29 with the aid of 
the hard axis magnetic field Hh even when the negative write 
current -IW is relatively low. Thus, the hard axis magnetic 
field Hh may reduce a write current required to successfully 
switch the MTJ 41. In other words, application of the hard 
axis magnetic field Hh may lower the critical current density. 
0121 Methods of reading the data stored in the MRAM 
cell may include applying a read voltage to both terminals of 
the MTJ 41 of the MRAM cell as described above with 
reference to FIGS. 1 to 5. For example, in order to read the 
data stored in the MRAM cell, a word line voltage may be 
applied to the word line to turn on the access transistor TA 
connected to the word line, and a ground Voltage and a read 
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voltage may be applied to the source line 13 and the bit line 
49, respectively. As a result, the read current may flow 
through the MTJ 41 of the MRAM cell, and it may be 
determined whether the data stored in the MRAM cell has a 
logic “0” or logic “1” value according to the amount of the 
read current. The read voltage may be sufficiently low in 
order to provide a read current that is less than a minimum 
write current. 

0122 FIG. 8 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
some embodiments of the present invention. Referring to 
FIG. 8, a MRAM device may include structures similar to 
those described above with reference to FIGS. 1 to 3, 
including the integrated circuit Substrate 1, the access tran 
sistor TA, the bit line 49, and the MTJ 41 therebetween. In 
addition, a controller 89 is coupled to the bit line 49 and the 
gate electrode 5 of the access transistor TA. The controller 
89 provides a word line signal to the gate electrode 5 of the 
access transistor TA. The access transistor TA is turned on 
while the word line signal is applied. The controller 89 
further provides a bit line write signal to the bit line 49 when 
the word line signal is applied. As a result, the controller 89 
can select the MRAM cell connected to the gate electrode 5 
and the bit line 49, and can provide a writing current through 
the bit line 49, through the MTJ 41, and through the access 
transistor TA to provide the functionality described above 
with reference to FIGS. 1 to 3. The controller may also be 
coupled to the pair of magnets 52 adjacent opposing side 
walls of the MTJ 41 to provide a current thereto, for 
example, when the magnets 52 are electromagnets. 
0123 FIG. 9 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
further embodiments of the present invention. Referring to 
FIG. 9, a MRAM device may include structures similar to 
those described above with reference to FIGS. 4 and 5, 
including the integrated circuit Substrate 1, the access tran 
sistor TA, the bit line 491 and the MTJ 41 therebetween. In 
addition, a controller 89 is coupled to the bit line 49 and the 
gate electrode of the access transistor TA. The controller 89 
provides a word line signal to the gate electrode of the access 
transistor TA. The access transistor TA is turned on while the 
word line signal is applied by the controller 89. The con 
troller 89 further provides a bit line write signal to the bit line 
49 when the word line signal is applied. As a result, the 
controller 89 can select the MRAM cell connected to the 
gate electrode and the bit line 49, and can provide a writing 
current through the bit line 49, through the MTJ 41, and 
through the access transistor TA to provide the functionality 
described above with reference to FIGS. 4 and 5. The 
controller may also be coupled to the magnetic layer 59 on 
opposing sidewalls and the upper surface of the bit line 49 
to provide a current thereto, for example, when the magnetic 
layer 59 is an electromagnet. 

0.124 FIG. 10 is a perspective view of an MRAM device 
including a controller connected thereto in accordance with 
still further embodiments of the present invention. Referring 
to FIG. 10, a MRAM device may include structures similar 
to those described above with reference to FIGS. 6 and 7. 
including the integrated circuit Substrate 1, the access tran 
sistor TA, the bit line 49, and the MTJ 41 therebetween. In 
addition, a controller 89 is coupled to the bit line 49 and the 
gate electrode of the access transistor TA. The controller 89 
provides a word line signal to the gate electrode of the access 
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transistor TA. The access transistor TA is turned on while the 
word line signal is applied by the controller 89. The con 
troller 89 further provides a bit line write signal to the bit line 
49 when the word line signal is applied. As a result, the 
controller 89 can select the MRAM cell connected to the 
gate electrode and the bit line 49, and can provide a writing 
current through the bit line 49, through the MTJ 41, and 
through the access transistor TA to provide the functionality 
described above with reference to FIGS. 6 and 7. The 
controller may also be coupled to the pair of magnets 52 
adjacent opposing sidewalls of the MTJ 41 and/or to the 
magnetic layer 59 on opposing sidewalls and the upper 
surface of the bit line 49 to provide a current thereto, for 
example, when the pair of magnets 52 and/or the magnetic 
layer 59 are electromagnets. 
0.125. According to some embodiments of the present 
invention as described above, a hard axis magnetic field may 
be provided through a MTJ of a selected MRAM cell 
concurrently with a writing current applied to the MTJ, in 
order to selectively switch the magnetization (and thereby 
alter the resistance) of the MRAM cell using a spin injection 
mechanism. The hard axis magnetic field may be generated 
by at least one pair of magnets adjacent to opposing side 
walls of the MTJ and/or a magnetic layer covering opposing 
sidewalls and a surface therebetween of the bit line. Accord 
ingly, the write current required to switch the selected 
MRAM cell may be reduced with the aid of the hard axis 
magnetic field. 
0.126 While the present invention has been particularly 
shown and described with reference to exemplary embodi 
ments thereof, it will be understood by those of ordinary 
skill in the art that various changes in form and details may 
be made therein without departing from the spirit and scope 
of the present invention as defined by the following claims. 

1. A magnetic random access memory device comprising: 
a memory cell access transistor on a Substrate; 
a bit line spaced apart from the substrate; 
a magnetic tunnel junction structure electrically coupled 

between the bit line and the memory cell access tran 
sistor; and 

at least one magnet adjacent a sidewall of the magnetic 
tunnel junction structure and configured to provide a 
magnetic field through the magnetic tunnel junction 
Structure. 

2. The device of claim 1, wherein a distance between the 
bit line and the substrate is greater than a distance between 
the at least one magnet and the Substrate. 

3. The device of claim 1, wherein the at least one magnet 
is configured to provide the magnetic field along a hard 
magnetization axis of the magnetic tunneljunction structure. 

4. The device of claim 1, wherein the at least one magnet 
comprises a pair of magnets adjacent opposing sidewalls of 
the magnetic tunnel junction structure at opposite sides of 
the bit line. 

5. The device of claim 1, further comprising: 
a controller coupled to the memory cell access transistor 

the bit line, and the magnetic field conductive line, 
wherein the controller is configured to provide a writ 
ing current through the bit line through the magnetic 
tunnel junction structure and through the memory cell 



US 2008/0062750 A1 

access transistor while the at least one magnet provides 
the magnetic field through the magnetic tunnel junction 
Structure. 

6. The device of claim 5, wherein the controller is 
configured to provide a first writing current in a first direc 
tion to reduce a resistance of the magnetic tunnel junction 
structure and configured to provide a second write current in 
a second direction opposite the first direction to increase the 
resistance of the magnetic tunnel junction structure. 

7. The device of claim 5, wherein the controller is further 
configured to provide a read current that is less than the 
writing current through the bit line, through the magnetic 
tunneljunction structure and through the memory cell access 
transistor, and wherein the controller is configured to deter 
mine a program status of the magnetic tunnel junction 
structure based on the read current. 

8. The device of claim 1, wherein the magnetic tunnel 
junction structure includes a pinned layer, a free layer, and 
an insulating layer therebetween, and wherein the at least 
one magnet is configured to provide the magnetic field 
through the free layer of the magnetic tunnel junction 
Structure. 

9. The device of claim 8, wherein the free layer and the 
pinned layer comprise a same material. 

10. The device of claim 8, wherein at least one of the 
pinned layer and/or the free layer comprises a synthetic 
anti-ferromagnetic layer. 

11. The device of claim 1, wherein the at least one magnet 
comprises at least one permanent magnet. 

12. The device of claim 1, wherein the at least one magnet 
comprises at least one electromagnet. 

11. The device of claim 1, wherein the at least one magnet 
comprises a first magnet configured to provide a first mag 
netic field through the magnetic tunnel junction structure, 
and further comprising: 

a second magnet on opposing sidewalls of the bit line and 
a Surface therebetween opposite the magnetic tunnel 
junction structure and configured to provide a second 
magnetic field through the magnetic tunnel junction 
structure along a same direction as the first magnetic 
field. 

14. A magnetic random access memory device compris 
ing: 

a memory cell access transistor on a Substrate; 
a bit line spaced apart from the substrate; 
a magnetic tunnel junction structure electrically coupled 

between the bit line and the memory cell access tran 
sistor, and 

a magnet on opposing sidewalls of the bit line and a 
Surface therebetween opposite the magnetic tunnel 
junction structure and configured to provide a magnetic 
field through the magnetic tunnel junction structure. 
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15. The device of claim 14, wherein the magnet is 
configured to provide the magnetic field along a hard 
magnetization axis of the magnetic tunneljunction structure. 

16. The device of claim 14, farther comprising: 
a controller coupled to the memory cell access transistor, 

the bit line, and the magnetic field conductive line, 
wherein the controller is configured to provide a writing 

current through the bit line, through the magnetic 
tunnel junction structure and through the memory cell 
access transistor while the magnet provides the mag 
netic field through the magnetic tunnel junction struc 
ture. 

17. The device of claim 16, wherein the controller is 
configured to provide a first writing current in a first direc 
tion to reduce a resistance of the magnetic tunnel junction 
structure and configured to provide a second write current in 
a second direction opposite the first direction to increase the 
resistance of the magnetic tunnel junction structure. 

18. The device of claim 16, wherein the controller is 
further configured to provide a read current that is less than 
the writing current through the bit line, through the magnetic 
tunneljunction structure and through the memory cell access 
transistor, and wherein the controller is configured to deter 
mine a program status of the magnetic tunnel junction 
structure based on the read current. 

19.-22. (canceled) 
23. The device of claim 14, wherein the magnet comprises 

a first magnet configured to provide a first magnetic field 
through the magnetic tunnel junction structure, and further 
comprising: 

a pair of second magnets adjacent opposing sidewalls of 
the magnetic tunnel junction structure and configured 
to provide a second magnetic field through the mag 
netic tunneljunction structure along a same direction as 
the first magnetic field. 

24.-26. (canceled) 
27. A method of operating a magnetic random access 

memory device including a memory cell having a magnetic 
tunnel junction structure connected between a bit line and a 
memory cell access transistor on a Substrate, and including 
a magnet on opposing sidewalls of the bit line and a surface 
therebetween opposite the magnetic tunnel junction struc 
ture, the method comprising: 

providing a magnetic field through the magnetic tunnel 
junction structure using the magnet; and 

providing a writing current through the bit line, through 
the magnetic tunnel junction structure and through the 
memory cell access transistor while providing the mag 
netic field. 

28.-29. (canceled) 


