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(57) ABSTRACT

Methods of fabricating MRAM devices are provided along
with a processing apparatus for fabricating the MRAM
devices. The methods may include forming a ferromagnetic
layer, cooling the ferromagnetic layer to a temperature within
a range of between about 50° K to about 300° K, forming and
oxidizing one or more Mg layers on the cooled ferromagnetic
layer to form an MgO structure, forming a free layer on the
MgO structure, and forming a capping layer on the free layer.
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FIG. 3A

Forming an Isolation Layer L 310
Defining an Active Region in a Substrate h

Forming a Gate Structure on the Active Region —— S20

Forming a Source Region and L 330
a Drain Region in the Active Region

Forming a Lower Interlayer Insulating Laver —— 540

Forming a Source Contact Plug and a Drain Plug ~— S50

Forming a Source Interconnection 360
and a Lower Electrode Pad

Forming a Middle Interlayer L 570
Insulating Layer and a Lower Electrode

Forming a Ferromagnetic Layer on the Lower L 330
Electrode and the Middle Interlayer Insulating Layer




Patent Application Publication = May 19, 2016 Sheet 4 of 23 US 2016/0141496 A1

FIG. 3B

Forming a Seed Layer —— S81

Forming a Lower Pinning Layer —~— S82

Forming a Synthetic Anti-Ferremagnetic Layer [~ S83

Forming an Upper Pinned Layer —— S84
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FIG. 3C

Cooling the Ferromagnetic Layer —— S90

Forming a Tunneling Barrier Layer 3100
on the Ferromagnetic Layer

Forming a Free Layer 3110
on the Tunneling Barrier Layer b

Forming a Capping Layer on the Free Layer —— S120

Forming a Hardmask on the Capping Layer —— 5130

Etching the Capping Laver, the Free Layer, the
Tunneling Barrier Layer, and the Ferromagnetic |~— 5140
Layer to Form a Magneto Resistive cell

Forming a Liner Layer L3150
and an Upper Interlayer Insulating Layer

Forming an Upper Electrode —— S5160

Forming a Bit Line on the Upper Electrode —~— 5170
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FIG. 3D

Forming a First Mg Layer L3101
on the Cooled Ferromagnetic Layer

Oxidizing the First Mg Layer L3102
to Form a First MgO Layer

Forming a Second Mg Layer on the First MgO Layer j~—S103

Oxidizing the Second Mg Layer L3104
to Form a Second MgO Layer

Forming a Third Mg Layer on the Second MgO Layer |~ S105

Oxidizing the Third Mg Layer L3106
to Form a Third MgO Layer

Forming a Fourth Mg Layer on the Third MgO Layer f~-S107

Oxidizing the Fourth Mg Layer L3108
to Form a Fourth MgO Layer
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METHOD AND PROCESSING APPARATUS
FOR FABRICATING A MAGNETIC
RESISTIVE RANDOM ACCESS MEMORY
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C.
§119 to Korean Patent Application No. 10-2014-0161006
filed on Nov. 18, 2014, the disclosure of which is hereby
incorporated by reference in its entirety.

BACKGROUND

[0002] 1. Field

[0003] Embodiments of the inventive concepts disclosed
herein relate to magnetic resistive random access memory
(MRAM) devices including magneto resistive cells and tran-
sistors or diodes, along with a method of fabricating MRAM
devices having magneto resistive cells and a processing appa-
ratus for performing the fabrication process.

[0004] 2. Description of Related Art

[0005] A magnetic resistive random access memory
(MRAM) device is suggested as a next-generation memory
device for replacing existing dynamic random access
memory (DRAM) devices. MRAM devices are promising
because of their low power consumption, high-speed opera-
tion, and non-volatile characteristics. A magneto resistive cell
of an MRAM device can have higher data reliability as tun-
neling magneto resistance (TMR) is increased, and can oper-
ate in a lower power mode as resistance of a tunneling barrier
layer is decreased. Accordingly, obtaining a high TMR and a
low RA (i.e., resistancexarea of the tunneling barrier layer)
are very important considerations for MRAM devices.
[0006] Currently, magnesium (Mg) used in a source of the
tunneling barrier layer is a very highly oxidative material and
is therefore very easily over-oxidized. Accordingly, it is desir-
able to prevent over-oxidation of the magnesium (Mg) to
form an oxidized magnesium layer having a magnesium (Mg)
to oxygen (O) ratio of 1:1.

SUMMARY

[0007] Embodiments of the inventive concepts provide a
magnetic resistive random access memory (MRAM) device.
[0008] Other embodiments of the inventive concepts pro-
vide a method of fabricating the MRAM device.

[0009] Other embodiments of the inventive concepts pro-
vide an apparatus for fabricating MRAM devices.

[0010] Other embodiments of the inventive concepts pro-
vide a magneto resistive cell having a low RA value.

[0011] Other embodiments of the inventive concepts pro-
vide a method of fabricating a magneto resistive cell having a
low RA value.

[0012] Other embodiments of the inventive concepts pro-
vide an apparatus of fabricating a magneto resistive cell hav-
ing a low RA value.

[0013] Other embodiments of the inventive concepts pro-
vide a memory module and electronic system including one
or more MRAM devices constructed using the method and/or
apparatus disclosed herein.

[0014] The technical objectives and embodiments of the
present inventive concepts are not limited to those listed
above, however, and other objectives and embodiments may

May 19, 2016

be apparent to those of ordinary skill in the art based on the
following written description and accompanying drawings.

[0015] In accordance with an aspect of the inventive con-
cepts, a method of fabricating a magnetic resistive random
access memory (MRAM) device may include forming a
lower electrode on a substrate, forming a seed layer on the
lower electrode, forming a pinning layer on the seed layer,
forming a synthetic anti-ferromagnetic (SAF) layer on the
pinning layer, forming a pinned layer on the SAF layer, and
then cooling the substrate having the pinned layer exposed
thereon to a temperature within a range of approximately
between about 50° K to about 300° K. After the substrate has
been cooled, the method may further include forming a first
Mg layer on the cooled pinned layer, forming a first MgO
layer by oxidizing the first Mg layer, forming a second Mg
layer on the first MgO layer, forming a second MgO layer by
oxidizing the second Mg layer, forming a free layer on the
second MgO layer, forming a capping layer on the free layer,
and forming an upper electrode on the capping layer. One or
more additional MgO or other layers may be formed on the
second MgO layer before forming the free layer on the MgO
multilayer structure. The MgO layers may further be unified
to form a single contiguous layer.

[0016] In accordance with another aspect of the inventive
concepts, a method of fabricating an MRAM device may
include forming a lower electrode on a substrate, forming a
seed layer having Ta and Ru on a lower electrode, forming a
pinning layer having Co on the seed layer, forming an SAF
layer having Ru on the pinning layer, forming a pinned layer
having CoFe on the SAF layer, and then cooling the substrate
having the pinned layer exposed thereon to a temperature
within a range of approximately between about 50° K to
about 300° K. After the substrate has been cooled, the method
may further include forming a first Mg layer on the cooled
pinned layer, forming a first MgO layer by oxidizing the first
MgO layer, forming a second Mg layer on the first MgO layer,
forming a second MgO layer by oxidizing the second Mg
layer, forming a free layer having CoFeB on the second MgO
layer, forming a capping layer having Ta on the free layer, and
forming an upper electrode on the capping layer. Again, one
or more additional MgO layers may be formed on the second
MgO layer before forming the free layer on the MgO multi-
layer structure. In addition, the multiple MgO layers may be
unified to form a contiguous MgO layer.

[0017] Inaccordance with still another aspect of the inven-
tive concepts, a method of fabricating an MRAM device may
include forming a gate structure on a substrate, forming a
source region and a drain region in the substrate adjacent to
both sides of the gate structure, forming a source contact plug
connected with the source region, and a source interconnec-
tion connected with the source plug, forming a lower elec-
trode connected with the drain region, forming a ferromag-
netic layer on the lower electrode, and then cooling the
substrate having the ferromagnetic layer exposed thereon to a
temperature within a range of approximately between about
50° K to about 300° K. After the substrate has been cooled, the
method may further include forming a first Mg layer on the
cooled ferromagnetic layer, forming a first MgO layer by
oxidizing the first Mg layer, forming a second Mg layer on the
first MgO layer, forming a second MgO layer by oxidizing the
second Mg layer, forming a third Mg layer on the second
MgO layer, forming a third MgO layer by oxidizing the third
Mg layer, forming a free layer on the third MgO layer, and
forming a capping layer on the free layer. One or more addi-
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tional MgO layers may be formed on the third MgO layer
before forming the free layer on the MgO multilayer struc-
ture. In addition, the MgO layers may be unified to form a
contiguous MgO layer.

[0018] In accordance with yet another aspect of the inven-
tive concepts, a semiconductor processing apparatus may
include a load-lock chamber, a transfer chamber, a cooling
chamber, a depositing chamber, and an oxidizing chamber.
The processing apparatus may be configured to receive a
substrate having a pinned layer formed thereon into the load-
lock chamber, and may further be configured to transfer the
substrate into the cooling chamber from the load-lock cham-
ber using a transfer arm arranged in the transfer chamber.
With the substrate arranged in the cooling chamber, the pro-
cessing apparatus may be configured to cool the substrate in
the cooling chamber to a temperature within a range of
approximately between about 50° K to about 300° K. The
processing apparatus may further be configured to move the
cooled substrate to the depositing and oxidizing chambers to
form a tunneling barrier layer on the cooled substrate.
[0019] Additional details regarding other embodiments of
the inventive concepts are included in the detailed description
and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The foregoing and other features and advantages of
the inventive concepts will be apparent from the following
detailed description of preferred embodiments of the inven-
tive concepts, as illustrated in the accompanying drawings in
which like reference numerals denote the same or similar
respective parts throughout the different views. The drawings
are not necessarily to scale, however, and the emphasis of the
drawings is instead placed upon illustrating the principles of
the inventive concepts. In the drawings:

[0021] FIGS. 1A and 1B are equivalent schematic circuit
diagrams of various magnetic resistive random access
memory (MRAM) devices constructed in accordance with
embodiments of the inventive concepts;

[0022] FIGS. 2A and 2B are schematic sectional views of
various MRAM devices constructed in accordance with
embodiments of the inventive concepts;

[0023] FIGS.3Ato 3D are flowcharts illustrating a method
of fabricating an MRAM device in accordance with certain
embodiments of the inventive concepts;

[0024] FIGS. 4A to 4S and FIGS. 5A to 5H provide sec-
tional views of an MRAM device at various stages during
manufacturing to schematically illustrate methods of fabri-
cating MRAM devices in accordance with certain embodi-
ments of the inventive concepts;

[0025] FIG. 6 is a graph comparing RA (i.e., resistancex
area) values measured from magneto resistive cells fabricated
using the inventive concepts with those of conventionally
manufactured magneto resistive cells;

[0026] FIG. 7 is a schematic illustration of a processing
apparatus for fabricating a MRAM device, in accordance
with another embodiment of the inventive concepts;

[0027] FIG. 8A is a schematic illustration of a memory
module including one or more MRAM devices constructed in
accordance with embodiments of the inventive concepts;
[0028] FIG. 8B isa schematic illustration of a semiconduc-
tor module in accordance with another embodiment of the
inventive concepts; and
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[0029] FIGS. 8C and 8D are block diagrams conceptually
illustrating electronic systems constructed in accordance with
still further embodiments of the inventive concepts.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0030] Exemplary embodiments of the present inventive
concepts will now be described more fully with reference to
the accompanying drawings. The inventive concepts may,
however, be embodied in many different forms and should not
be construed as being limited to the specific embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be through and complete, and will fully
convey the inventive concepts to those of ordinary skill in the
art. The scope of the present inventive concepts is defined by
the appended claims.

[0031] The terminology used herein to describe embodi-
ments of the inventive concepts is not intended to limit the
scope of the inventive concepts. Although the articles “a,”
“an,” and “the” are singular, for example, the use of the
singular form in the present document does not preclude the
presence of more than one referent. In other words, elements
of the invention referred to in the singular form may include
one or more of the identified elements, unless the context
clearly indicates otherwise. Likewise, the terms “comprises,”
“comprising,” “includes,” and/or “including,” when used
herein, specify the presence of the stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof.

[0032] When an clement(s) is(are) referred to as being
“connected” or “coupled” to other element(s), those elements
may be directly connected or coupled to the other elements
(s), or intervening elements may be present. On the other
hand, an element(s) referred to as being “directly connected”
or “directly coupled” to other element(s) has no intervening
element(s) between those elements. The term “and/or” means
that the recited feature may include any one of, or any com-
bination of, the items mentioned.

[0033] Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper,” and the like may be used herein to
describe the relationship of one element or feature to another,
as that relationship is illustrated in the drawings. It will be
understood, however, that although such descriptions are
intended to describe a specific orientation, these terms should
not be construed as limiting the inventive concepts to any
particular orientation. Rather, other orientations of the recited
structure may be encountered in use or operation, in addition
to orientations depicted in the drawings, and all such possible
orientations should be construed as included within the scope
of the inventive concepts unless expressly excluded. For
example, if a device is turned over, elements described as
“below” or “beneath” other elements or features would then
be oriented “above” the other elements or features. Thus, the
term “below” is intended to cover both above and below,
depending upon overall device orientation. Likewise, the
device may be rotated by any amount, and the spatially rela-
tive terms should be construed accordingly.

[0034] Embodiments may be described herein with refer-
ence to cross-sectional and/or planar illustrations that are
schematic illustrations of idealized embodiments and inter-
mediate structures. In the drawings, the sizes and relative
sizes of layers and regions may be exaggerated for clarity. As

29
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such, variations from the shapes of the illustrations as a result,
for example, of manufacturing techniques and/or tolerances,
are to be expected. Thus, the inventive concepts should not be
construed as being limited to the specific shapes of regions
illustrated herein, but should be construed to include devia-
tions from those shapes. For example, an implanted region
illustrated in the drawings as a rectangle will, in reality, typi-
cally have rounded or curved features and/or a gradient of
implant concentration at its edges rather than a binary change
from an implanted to a non-implanted region. Likewise, a
buried region formed by implantation may result in some
implantation 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
present inventive concepts.

[0035] Like numerals refer to like elements throughout the
specification. Accordingly, elements identified by the same
numerals may be described with reference to one or more
drawings in which they appear, but may not be described with
respect to every drawing in which they appear.

[0036] FIGS. 1A and 1B are equivalent circuit diagrams of
magnetic resistive random access memory (MRAM) devices
1A and 1B, respectively, constructed in accordance with
embodiments of the inventive concepts.

[0037] Referring to FIG. 1A, an MRAM device 1A con-
structed in accordance with an embodiment of the inventive
concepts may include a source line SL, a switching device
Sw, a word line WL, a variable resistor Rv, and a bit line BL.
The switching device Sw may, for example, be a transistor.
When a turn-on voltage is applied to the word line WL, the
switching device Sw may be turned on, and a current may be
supplied to the bit line BL. through the variable resistor Rv
from the source line SL.. By varying a resistance value of the
variable resistor Rv, an amount of current supplied to the bit
line BL. may be changed. The amount of the current may be
used to denote a value of logic “1” or logic “0.”

[0038] Referring to FIG. 1B, an MRAM device 1B con-
structed in accordance with another embodiment of the inven-
tive concepts may include a word line WL, a switching device
Sw, a variable resistor Rv, and a bit line BL. As illustrated
here, the switching device Sw may include a diode rather than
a transistor.

[0039] FIGS. 2A and 2B are schematic sectional views of
MRAM devices 1A and 1B corresponding to the equivalent
circuit diagrams of FIGS. 1A and 1B, respectively, in accor-
dance with embodiments of the inventive concepts.

[0040] Referring to FIG. 2A, the MRAM device 1A, con-
structed in accordance with an embodiment of the inventive
concepts, may include gate structures 25, a source intercon-
nection 50, magneto resistive cells 100, and a bit line 65, all
arranged on a substrate 10. The MRAM device 1A may
further include isolation regions 12 defining an active region
11 in the substrate 10.

[0041] The gate structure 25 may be disposed on the active
region 11. The gate structure 25 may include a gate insulating
layer 26 directly disposed on a surface of the substrate 10, a
gate electrode 27 on the gate insulating layer 26, a gate
capping layer 28 on the gate electrode 27, and gate spacers 29
on sidewalls of the gate insulating layer 26, the gate electrode
27, and the gate capping layer 28. The gate insulating layer 26
may, for example, include silicon oxide (SiO,, SiCO,
SiCHO) or a metal oxide such as a hathium oxide (HfO). The
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gate electrode 27 may, for example, include a conductor such
as poly-silicon, a metal, a metal alloy, or a metal silicide. The
gate capping layer 28 may include a dense insulating material
such as silicon nitride (SiN). The gate spacer 29 may include
silicon nitride (SiN) or silicon oxide (SiO,).

[0042] A source region 21 and a drain region 22 may be
disposed in the substrate 10 adjacent to both sides of the gate
structure 25. The source region 21 and the drain region 22
may include one or more dopants such as boron (B), phos-
phorous (P), and/or arsenic (As).

[0043] The MRAM device may further include a lower
interlayer insulating layer 31 covering the gate structure 25.
The lower interlayer insulating layer 31 may include silicon
oxide.

[0044] The MRAM device may further include a source
contact plug 41 vertically passing through the lower inter-
layer insulating layer 31 to be connected with the source
region 21, and a drain contact plug 42 vertically passing
through the lower interlayer insulating layer 31 to be con-
nected with the drain region 22. The source contact plug 41
and the drain contact plug 42 may each include a conductor
such as poly-silicon, a metal, a metal alloy, or a metal silicide.
Top surfaces of the lower interlayer insulating layer 31, the
source contact plug 41, and the drain contact plug 42 may be
substantially coplanar.

[0045] The source interconnection 50 may be disposed on
the source contact plug 41. The source interconnection 50
may extend in a substantially horizontal direction. The source
interconnection 50 may include a conductor such as poly-
silicon, a metal, a metal alloy, or a metal silicide.

[0046] The MRAM device may further include a lower
electrode pad 55 disposed on the drain contact plug 42. The
lower electrode pad 55 may be disposed at substantially the
same level as the source interconnection 50. The lower elec-
trode pad 55 may include a conductor such as poly-silicon, a
metal, a metal alloy, or a metal silicide. The lower electrode
pad 55 may include the same material as the source intercon-
nection 50.

[0047] The MRAM device 1A may furtherinclude amiddle
interlayer insulating layer 32 covering the source intercon-
nection 50 and the lower electrode pad 55. The middle inter-
layer insulating layer 32 may, for example, include silicon
oxide (Si0,) or silicon nitride (SiN).

[0048] The MRAM device 1A may further include a lower
electrode 56 vertically passing through the middle interlayer
insulating layer 32 to be connected with the lower electrode
pad 55. The lower electrode 56 may, for example, include a
conductor such as poly-silicon, a metal, a metal alloy, or a
metal silicide.

[0049] The magneto resistive cell 100 may be disposed on
the lower electrode 56. The magneto resistive cell 100 may
include a ferromagnetic layer 110, a tunneling barrier layer
120, a free layer 130, and a capping layer 140. The magneto
resistive cell 100 may further include a hardmask 145 (see
FIG. 2B) on the capping layer 140.

[0050] The ferromagnetic layer 110 may include a seed
layer 111, a lower pinning layer 112, a synthetic anti-ferro-
magnetic (SAF) layer 113, and an upper pinned layer 114.
[0051] The seed layer 111 may provide a crystallization
characteristic or crystallization orientation to the lower pin-
ing layer 112. The seed layer 111 may include a Ta layer
and/or Ru layer. For example, the seed layer 111 may be
formed as a double layer having a lower Ta layer and an upper
Ru layer on the lower Ta layer.
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[0052] The lower pinning layer 112 may include a CoPt-
based alloy or CoPd-based alloy having a hexagonal closest
packing (HDP) structure, or a stacked layer of Co/Pt and/or
Co/Pd having a face center cubic (FCC) structure or FCC-like
structure.

[0053] The SAF layer 113 may include an anti-ferromag-
netic metal such as Ru.

[0054] The upper pinned layer 114 may include a CoFe-
based material. For example, the upper pinned layer 114 may
include CoFeB. In another embodiment, the upper pinned
layer 114 may include a multilayer structure such as a stacked
layer of CoFeB/Ta/CoFeB. In still another embodiment, the
upper pinned layer 114 may include a multilayer structure
such as a stacked layer of Co/B/CoFeB or a layer of Co/W/
CoFeB/W/CoFeB.

[0055] The tunneling barrier layer 120 may include mag-
nesium oxide (MgO). For example, the tunneling barrier layer
120 may be formed by depositing an Mg layer on the upper
pinned layer 114 and oxidizing the deposited Mg layer.
[0056] The free layer 130 may, for example, include a
CoFeB layer or a stacked layer of CoFeB/W/CoFeB.

[0057] The capping layer 140 may include a metal such as
Ta.
[0058] The MRAM device 1A may further include a liner

layer 150 surrounding sidewalls of the magneto resistive cell
100. The liner layer 150 may be conformally formed on the
middle interlayer insulating layer 32. The liner layer 150 may,
for example, include a metal oxide such as Al,O; or silicon
nitride (SiN).

[0059] The MRAM device 1A may further include an upper
interlayer insulating layer 33 surrounding the magneto resis-
tive cell 100. The upper interlayer insulating layer 33 may
include silicon oxide (Si0O,).

[0060] The MRAM device 1A may further include an upper
electrode 60 arranged in contact with an upper surface and
upper portions of sidewalls of the capping layer 140. The
upper electrode 60 may include a conductor such as poly-
silicon, a metal, a metal alloy, or a metal silicide.

[0061] The bit line 65 may be disposed on the upper inter-
layer insulating layer 33 to be in contact with the upper
electrode 60. The bit line 65 may extend in a substantially
horizontal direction. The bit line 65 and the upper electrode
60 may be unified to be materially contiguous with each other.
[0062] Referring now to FIG. 2B, an MRAM device 1B in
accordance with another embodiment of the inventive con-
cepts may include a word line interconnection 70, a switching
device 75, a magneto resistive cell 100, and a bit line inter-
connection 85 on the substrate 10.

[0063] The word line interconnection 70 may be buried in
the substrate 10. The word line interconnection 70 may
include a conductor such as a portion of the substrate 10,
poly-silicon, a metal, a metal alloy, or a metal silicide.
[0064] The MRAM device 1B may further include a lower
contact plug 71 between the word line interconnection 70 and
the switching device 75. The lower contact plug 71 may
include a conductor such as poly-silicon, a metal, a metal
alloy, or a metal silicide.

[0065] The switching device 75 may include a diode.
Accordingly, the switching device 75 may include an anode
76 and a cathode 77. The positions of the anode 76 and the
cathode 77 are interchangeable with each other.

[0066] The MRAM device 1B may further include an upper
contact plug 72 disposed between the switching device 75 and
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the magneto resistive cell 100. The upper contact plug 72 may
include a conductor such as poly-silicon, a metal, a metal
alloy, or a metal silicide.

[0067] The MRAM device 1B may further include a first
interlayer insulating layer 81 surrounding the word line inter-
connection 70, the lower contact plug 71, the switching
device 75, and the upper contact plug 72. The first interlayer
insulating layer 81 may include silicon oxide (SiO,).

[0068] The magneto resistive cell 100 may be disposed on
the upper contact plug 72. The magneto resistive cell 100 may
include a ferromagnetic layer 110, a tunneling barrier layer
120, a free layer 130, a capping layer 140, and a hardmask
145.

[0069] The ferromagnetic layer 110 may include a seed
layer 111, alower pinning layer 112, an SAF layer 113, and an
upper pinned layer 114.

[0070] The seed layer 111, the lower pinning layer 112, the
SAF layer 113, the upper pinned layer 114, the tunneling
barrier layer 120, the free layer 130, and the capping layer 140
may all be substantially the same as described previously with
respect to FIG. 2A.

[0071] The hardmask 145 may include a remaining metal
after patterning the magneto resistive cell 100.

[0072] The MRAM device 1B may further include a liner
layer 150 surrounding sidewalls of the magneto resistive cell
100. The liner layer 150 may be conformally formed on the
first interlayer insulating layer 81. The liner layer 150 may
include a metal oxide such as Al,O; and silicon nitride (SiN).
[0073] The MRAM device 1B may include a second inter-
layer insulating layer 82 surrounding the magneto resistive
cell 100. The second interlayer insulating layer 82 may
include silicon oxide (SiO,).

[0074] The MRAM device 1B may further include an upper
electrode 80 arranged in contact with an upper surface and
upper portions of sidewalls of the hardmask 145. The upper
electrode 80 may include a conductor such as poly-silicon, a
metal, a metal alloy, or a metal silicide.

[0075] The bit line interconnection 85 may be disposed on
the second interlayer insulating layer 82 to be in contact with
the upper electrode 80. The bit line interconnection 85 may
extend in a substantially horizontal direction. The bit line
interconnection 85 and the upper electrode 80 may be unified
s0 as to be materially contiguous with each other.

[0076] FIGS. 3Ato 3D are flowcharts illustrating a method
of fabricating an MRAM device in accordance with embodi-
ments of the inventive concepts. FIGS. 4A to 4S are sectional
views of an MRAM device 1A during various stages of manu-
facture to assist in describing a method of fabricating an
MRAM device 1A in accordance with an embodiment of the
inventive concepts. The various processes of the method may
be performed using an apparatus such as the processing appa-
ratus 300 shown in FIG. 7.

[0077] Referring to FIGS. 3A and 4A, a method of fabri-
cating an MRAM device may include forming an isolation
region 12 defining an active region 11 in a substrate 10 (step
S10), forming a gate structure 25 on the active region 11 (step
S20), forming a source region 21 and a drain region 22 in the
active region 11 (step S30), and forming a lower interlayer
insulating layer 31 covering the gate structure 25 (step S40).
[0078] The substrate 10 may, for example, include a silicon
wafer, a silicon-on-insulator (SOI) wafer, or any semiconduc-
tor watfer having an epitaxial growth layer such as a silicon-
germanium (SiGe) layer.
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[0079] The isolation region 12 may include an insulating
material such as silicon oxide (SiO,) and/or silicon nitride
(SiN) filling a trench.

[0080] The gate structure 25 may include a gate insulating
layer 26 directly formed on the substrate 10, a gate electrode
27 arranged on the gate insulating layer 26, a gate capping
layer 28 on the gate electrode 27, and gate spacers 29 on
sidewalls ofthe gate insulating layer 26, the gate electrode 27,
and the gate capping layer 28. The gate insulating layer 26
may include oxidized silicon or a metal oxide. The gate elec-
trode 27 may include a conductor such as poly-silicon, a
metal, a metal alloy, or ametal silicide. The gate capping layer
28 and the gate spacer 29 may include silicon nitride (SiN) or
silicon oxide (Si0,).

[0081] The sourceregion 21 and the drain region 22 may be
disposed in the substrate 10 adjacent to opposite sides of the
gate structure 25, and may include one or more dopants such
as boron (B), phosphorous (P), and/or arsenic (As).

[0082] Thelowerinterlayer insulating layer 31 may include
silicon oxide (Si0,).

[0083] Referring to FIGS. 3A and 4B, the method may
further include forming a source contact plug 41 and a drain
contact plug 42 vertically passing through the lower inter-
layer insulating layer 31 to be connected with the source
region 21 and the drain region 22, respectively. The source
contact plug 41 and the drain contact plug 42 may include a
conductor such as poly-silicon, a metal, a metal alloy, or a
metal silicide. The method may further include planarizing
top surfaces of the lower interlayer insulating layer 31, the
source contact plug 41, and the drain contact plug 42 to be
substantially coplanar with each other.

[0084] Referring to FIGS. 3A and 4C, the method may
additionally include forming a source interconnection 50 on
the source contact plug 41 and a lower electrode pad 55 on the
drain contact plug 42 (step S60). The source interconnection
50 and the lower electrode pad 55 may include a conductor
such as poly-silicon, a metal, a metal alloy, or a metal silicide.
The source interconnection 50 may extend in a substantially
horizontal direction. The lower electrode pad 55 may, for
example, have a circular shape or polygonal shape when
viewed in a top plan view.

[0085] Referring to FIGS. 3A and 4D, the method may
include forming a middle interlayer insulating layer 32 cov-
ering the source interconnection 50 and the lower electrode
pad 55, and forming a lower electrode 56 vertically passing
through the middle interlayer insulating layer 32 to be con-
nected with the lower electrode pad 55 (step S70).

[0086] The middle interlayer insulating layer 32 may
include an insulating material such as silicon oxide (SiO,).

[0087] The lower electrode 56 may include a conductor
such as poly-silicon, a metal, a metal alloy, or a metal silicide.
The method may further include planarizing top surfaces of
the middle interlayer insulating layer 32 and the lower elec-
trode 56 to be substantially coplanar.

[0088] Referring to FIGS. 3A and 4F, the method may also
include forming a ferromagnetic layer 110 on the lower elec-
trode 56 and the middle interlayer insulating layer 32 (step
S80). Referring additionally to FIG. 3B, forming the ferro-
magnetic layer 110 may include forming a seed layer 111
(step S81), forming a lower pinning layer 112 on the seed
layer 111 (step S82), forming an SAF layer 113 on the lower
pinning layer 112 (step S83), and forming an upper pinned
layer 114 on the SAF layer 113 (step S84).
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[0089] The seed layer 111 may include a Ta layer and/or Ru
layer. For example, the seed layer 111 may be formed of a
double layer having a lower Ta layer and an upper Ru layer
stacked on the lower Ta layer.

[0090] The lower pinning layer 112 may include at least
one of CoPt based alloys or CoPd based alloys having HDP
structure, or a stacked layer of Co/Pt and/or Co/Pd having a
FCC structure or FCC-like structure.

[0091] The SAF layer 113 may include an anti-ferromag-
netic metal such as Ru.

[0092] The upper pinned layer 114 may include a CoFe-
based material. For example, the upper pinned layer 114 may
include CoFeB. In another embodiment, the upper pinned
layer 114 may include a multilayer structure such as a stacked
layer of CoFeB/Ta/CoFeb. In still another embodiment, the
upper pinned layer 114 may include a multilayer structure
such as a stacked layer of Co/B/CoFeB and/or a layer of
Co/W/CoFeB/W/CoFeB.

[0093] The seed layer 111, the lower pinning layer 112, the
SAF layer 113, and the upper pinned layer 114 may be formed
by performing a physical vapor deposition (PVD) process
such as a sputtering process. In another embodiment, the
lower pinning layer 112 may be formed by performing a
metallic organic chemical vapor deposition (MOCVD) pro-
cess.

[0094] Referring to FIG. 3C, the method may include cool-
ing the ferromagnetic layer 110 before forming a tunneling
barrier layer 120. Specifically, the method may include cool-
ing the upper pinned layer 114 (step S90). To do this, the
substrate 10 may be transferred into a cooling chamber 340
(see FIG. 7) after forming the upper pinned layer 114, and the
cooling process may then be performed on the substrate 10
having the upper pinned layer 114 formed thereon. The cool-
ing process may include cooling the substrate 10 having the
upper pinned layer 114 formed thereon to a temperature
within a range of approximately between about 50° K (-223°
C.) to about 300° K (-27° C.). It may be desirable, for
instance, to cool the substrate 10 to a temperature within a
range of approximately between about 100° K (-173° C.) to
about 150° K (-123° C.). The cooling process may be per-
formed using a refrigerant such as a liquid helium gas or a
liquid nitrogen gas introduced into a hermetic cooling cham-
ber 340 (see FIG. 7).

[0095] Referring to FIG. 3C, after cooling the substrate 10,
the method may further include forming a tunneling barrier
layer 120 on the cooled ferromagnetic layer 110 (step S100).
[0096] Referring to FIGS. 3D and 4F, the method may
include forming a first Mg layer 121 on the cooled upper
pinned layer 114 by performing a first Mg depositing process
(step S101). To do this, the substrate 10, having the cooled
pinned layer 114 formed thereon, may be transferred from the
cooling chamber 340 (see FIG. 7) into a depositing chamber
330 (see FIG. 7). A first Mg depositing process may then be
performed on the substrate 10. The first Mg depositing pro-
cess may include a PVD process such as a sputtering process.
[0097] Referring to FIGS. 3D, 4G, and 7, the method may
include oxidizing the first Mg layer 121 to form a first MgO
layer 1210x by performing a first Mg oxidizing process (step
S102). For example, the method may include transferring the
substrate 10 having the first Mg layer 121 formed thereon
from the depositing chamber 330 into an oxidizing chamber
350. The first Mg layer 121my then be oxidized by supplying
O, gas or H,O vapor into the oxidizing chamber 350.
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[0098] In another embodiment, the cooling process which
cools the upper pinned layer 114 may be omitted, and the
method may include cooling the first Mg layer 121 in the
cooling chamber 340 before oxidizing the first Mg layer 121.
[0099] Referring to FIGS. 3D, 4H, and 7, the method may
include forming the second Mg layer 122 on the first MgO
layer 121ox by performing a second Mg depositing process
(step S103). For example, the method may include transfer-
ring the substrate 10 having the first MgO layer 1210x formed
thereon into the depositing chamber 330, and then performing
the second Mg depositing process. The second Mg depositing
process may include a PVD process such as a sputtering
process.

[0100] In another embodiment, the method may further
include cooling the first MgO layer 121ox in the cooling
chamber 340 before forming the second Mg layer 122.
[0101] Referring to FIGS. 3D, 4I, and 7, the method may
include oxidizing the second Mg layer 122 to form a second
MgO layer 1220x by performing a second Mg oxidizing
process (step S104). For example, the method may include
transferring the substrate 10 having the second Mg layer 122
formed thereon into the oxidizing chamber 350, and then
oxidizing the second Mg layer 122 by supplying O, gas or
H,O vapor into the oxidizing chamber 350.

[0102] In another embodiment, the method may include
cooling the second Mg layer 122 in the cooling chamber 340
before oxidizing the second Mg layer 122.

[0103] The first MgO layer 121ox and the second MgO
layer 1220x may be unified to be materially contiguous with
each other. Accordingly, an identifiable boundary between
the first MgO layer 121ox and the second MgO layer 1220x
may not actually exist. In FIG. 41, the boundary is a virtual
boundary indicated using a dotted line.

[0104] Referring to FIGS. 3D, 4], and 7, the method may
include forming a third Mg layer 123 on the second MgO
layer 1220x by performing a third Mg depositing process
(step S105) in the depositing chamber 330.

[0105] In another embodiment, the method may include
cooling the second MgO layer 1220x in the cooling chamber
340 before forming the third Mg layer 123.

[0106] Referring to FIGS. 3D, 4K, and 7, the method may
include oxidizing the third Mg layer 123 to form a third MgO
layer 1230x by performing a third Mg oxidizing process (step
S106) in the oxidizing chamber 350. In another embodiment,
the method may include cooling the third Mg layer 123 in the
cooling chamber 340 before oxidizing the third Mg layer 123.

[0107] Referring to FIGS. 3D, 4L, and 7, the method may
include forming a fourth MgO layer 124ox by forming a
fourth Mg layer on the third MgO layer 1230x in the depos-
iting chamber 330 using a fourth Mg layer depositing process
(step S107), and oxidizing the fourth Mg layer in the oxidiz-
ing chamber 350 to form the fourth MgO layer 1240x using a
fourth Mg oxidizing process (step S108). The MgO layers
may collectively form an MgO structure. In other embodi-
ments, at least one of the Mg depositing processes and/or at
least one of the Mg oxidizing processes may be omitted, or
additional Mg layer depositing and oxidizing processes may
be performed. One or more processes may further be per-
formed in a single chamber, rather than moving the substrate
10 between chambers. In another embodiment, the method
may include cooling the third MgO layer 123 before forming
the fourth Mg layer and/or cooling the fourth Mg layer before
oxidizing the fourth Mg layer.
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[0108] The first MgO layer 1210x, the second MgO layer
1220x, the third MgO layer 1230x, and the fourth MgO layer
1240x may be unified to be materially contiguous with each
other, and may collectively form a tunneling barrier layer 120.
[0109] Referring to FIGS. 3C and 4M, the method may
include forming a free layer 130 on the tunneling barrier layer
120 (step S110). The free layer may include a single layer of
CoFeB or a multilayer of CoFeB/W/CoFeb. The free layer
130 may be formed by a PVD process such as sputtering
processes.

[0110] Referring to FIGS. 3C and 4N, the method may
include forming a capping layer 140 on the free layer 130
(step S120). The capping layer 140 may include a metal such
as Ta. The capping layer 140 may be formed by performing a
PVD process such as a sputtering process.

[0111] Referring to FIGS. 3C and 40, the method may
include forming a hardmask 145 on the capping layer 140
(step S130). The hardmask 145 may include a metal.

[0112] Referring to FIGS. 3C and 4P, the method may
include forming a magneto resistive cell 100 by etching the
capping layer 140, the free layer 130, the tunneling barrier
layer 120, and the ferromagnetic layer 110 using the hard-
mask 145 as an etch mask (step S140). In another embodi-
ment, the hardmask 145 may remain on the capping layer 140
of the magneto resistive cell 100.

[0113] Referring to FIGS. 3C and 4Q, the method may
include forming a liner layer 150 conformally surrounding
the magneto resistive cell 100, and forming an upper inter-
layer insulating layer 33 covering the magneto resistive cell
100 and the liner layer 150 (step S150). The liner layer 150
may be conformally formed on an upper surface and side
surfaces of the magneto resistive cell 100, and on an upper
surface of the middle interlayer insulating layer 32. The liner
layer 150 may, for example, include a metal oxide such as
Al O, orsilicon nitride (SiN). The upper interlayer insulating
layer 33 may include silicon oxide (Si0,). In another embodi-
ment, when the hardmask 145 remains on the capping layer
140, the liner layer 150 may be conformally formed on an
upper surface and side surfaces of the hardmask 145.

[0114] Referring to FIGS. 3C and 4R, the method may
include forming an upper electrode hole 60H vertically pass-
ing through the upper interlayer insulating layer 33 and the
liner layer 150 to expose the capping layer 140 of the magneto
resistive cell 100. The upper electrode hole 60H may com-
pletely expose an upper surface of the capping layer 140 and
may partially expose upper portions of sidewalls of the cap-
ping layer 140. For example, a diameter or horizontal width of
the upper electrode hole 60H may be greater than a horizontal
width or a horizontal length of the upper surface of the cap-
ping layer 140 of the magneto resistive cell 100. In another
embodiment, when the hardmask 145 remains on the capping
layer 140, the upper electrode hole 60H may completely
expose an upper surface of the hardmask 145 and may par-
tially expose upper portions of sidewalls of the hardmask 145.
[0115] Referring to FIGS. 3C and 4S, the method may
include forming an upper electrode 60 filling the upper elec-
trode hole 60H, such that the upper electrode 60 may be
connected with the upper surface and the upper portions of the
sidewalls of the capping layer 140 (step S160). The upper
electrode 60 may include a metal such as W or Cu. The upper
electrode 60 may further include a bather layer including TiN
or TaN conformally formed on an inner wall of the upper
electrode hole 60H and on the exposed surfaces of the cap-
ping layer 140. In another embodiment, when the hardmask
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145 remains on the capping layer 140, the upper electrode 60
may be in contact with the upper surface and the upper por-
tions of the sidewalls of the hardmask 145.

[0116] Further referring to FIGS. 3C and 2A, the method
may further include forming a bit line 65 on the upper elec-
trode 60 (step S170). The bit line 65 may include a metal such
as W or Cu.

[0117] FIGS. 5A to SH are sectional views of an MRAM
device during various stages of manufacture illustrating a
method of fabricating an MRAM device 1B in accordance
with another embodiment of the inventive concepts.

[0118] Referring to FIG. 5A, the method of fabricating an
MRAM device 1B in accordance with an embodiment of the
inventive concepts may include forming a word line intercon-
nection 70 on a substrate 10, forming a lower contact plug 71
on the word line interconnection 70, forming a switching
device 75 on the lower contact plug 71, forming an upper
contact plug 72 on the switching device 75, and forming a first
interlayer insulating layer 81 surrounding the word line inter-
connection 70, the lower contact plug 71, the switching
device 75, and the upper contact plug 72.

[0119] The word line interconnection 70 may be buried in
the substrate 10. The word line interconnection 70 may
extend in a substantially horizontal direction. The word line
interconnection 70 may include a conductor such as a portion
of the substrate 10, poly-silicon, a metal, a metal alloy, or a
metal silicide.

[0120] The lower contact plug 71 may electrically connect
the word line interconnection 70 to the switching device 75.
The lower contact plug 71 may include a conductor such as
poly-silicon, a metal, a metal alloy, or a metal silicide.
[0121] The switching device 75 may include a diode.
Accordingly, the switching device 75 may include an anode
76 and a cathode 77. The positions of the anode 76 and
cathode 77 are interchangeable with respect to each other.
[0122] The upper contact plug 72 may be electrically con-
nected with the switching device 75. The upper contact plug
72 may include a conductor such as poly-silicon, a metal, a
metal alloy, or a metal silicide.

[0123] The first interlayer insulating layer 81 may include
silicon oxide (Si0,).

[0124] Referring to FIG. 5B, the method may include form-
ing a ferromagnetic layer 110 on the upper contact plug 72
and the first interlayer insulating layer 81. The ferromagnetic
layer 110 may include a seed layer 111, a lower pinning layer
112, an SAF layer 113, and an upper pinned layer 114. A
method of forming the ferromagnetic layer 110 may include
performing processes similar to those described previously
with reference to FIG. 4E.

[0125] The method may further include cooling the ferro-
magnetic layer 110, e.g., the upper pinned layer 114, by
performing a cooling process. For example, after forming the
upper pinned layer 114, the substrate 10 may be transferred
into a cooling chamber 340 (see FIG. 7).

[0126] The cooling process may then be performed by
cooling the substrate 10 having the upper pinned layer 114
formed thereon to a temperature within a range of approxi-
mately between about 50° K (-223° C.) to about 300° K (-27°
C.). A desired temperature may, for example, be in the range
of' between about 100° K (-173° C.) to about 150° K (-123°
C.). The cooling process may be performed using a refriger-
ant such as a liquid helium gas or a liquid nitrogen gas intro-
duced into the hermetic cooling chamber 340 (see FIG. 7).
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[0127] Referring to FIG. 5C, the method may include form-
ing a tunneling bather layer 120 on the cooled ferromagnetic
layer 110 by performing processes such as those described
with reference to FIGS. 4F to 4L.

[0128] Referringto FIG. 5D, the method may include form-
ing a free layer 130, a capping layer 140, and a hardmask 145
on the tunneling barrier layer 120 by performing processes
similar to those described with reference to FIGS. 4M to 40.
[0129] Referring to FIG. 5E, the method may include form-
ing a magneto resistive cell 100 by performing processes such
as those described with reference FIG. 4P. The hardmask 145
may remain on the capping layer 140. Accordingly, the mag-
neto resistive cell 100 may include the ferromagnetic layer
110, the tunneling barrier layer 120, the free layer 130, the
capping layer 140, and the hardmask 145. In another embodi-
ment, the hardmask 145 may be completely removed.
[0130] Referring to FIG. 5F, the method may include form-
ing a liner layer 150 and a second interlayer insulating layer
82 by performing processes similar to those described with
reference to FIG. 4Q.

[0131] Referringto FIG. 5G, the method may include form-
ing a via hole 80H vertically passing through the second
interlayer insulating layer 82 and the liner layer 150 to expose
the capping layer 140 of the magneto resistive cell 100. The
via hole 80H may completely expose an upper surface of the
hardmask 145 and may partially expose upper portions of
sidewalls of the hardmask 145.

[0132] Referringto FIG. 5H, the method may include form-
ing a via plug 80 filling the via hole 80H, such that the via plug
80 may be connected with the upper surface and the upper
portions of the sidewalls of the hardmask 145.

[0133] Referring to FIG. 2B, the method may further
include forming a bit line 65 on the via plug 80.

[0134] FIG. 6 is a graph comparing RA (i.e., resistancex
area) values measured from magneto resistive cells fabricated
using embodiments of the inventive concepts with those fab-
ricated using conventional methods.

[0135] Referring to FIG. 6, magneto resistive cells fabri-
cated using the methods of the inventive concepts may have
significantly lower RA values compared to those fabricated
using conventional methods.

[0136] FIG. 7 is a somewhat schematic diagram illustrating
aprocessing apparatus 300 for fabricating a MRAM device in
accordance with another embodiment of the inventive con-
cepts.

[0137] Referring to FIG. 7, the processing apparatus 300
may include a load-lock chamber 310, a transfer chamber
320, a depositing chamber 330, a cooling chamber 340, and
an oxidizing chamber 350.

[0138] The load-lock chamber 310 may include a load-lock
stage 311 capable of mounting a substrate 10. The substrate
10 arranged on the load-lock stage 311 may be transferred to
and/or from an inside of the transfer chamber 320. The load-
lock chamber 310 may be vacuumed after receiving the sub-
strate 10.

[0139] Thetransfer chamber 320 may include a transfer rail
321 and a transfer arm 325. The transfer arm 325 may move
along the transfer rail 321 to transfer the substrate 10 to and/or
from the load-lock chamber 310, the depositing chamber 330,
the cooling chamber 340, and the oxidizing chamber 350.
[0140] The depositing chamber 330 may include a depos-
iting stage 331 and targets 335. For example, the substrate 10
may be mounted on the depositing stage 331 of the depositing
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chamber 330, and then materials to be deposited may be
deposited from the targets 335 onto the substrate 10 mounted
on the depositing stage 331.

[0141] During a cooling process, the substrate 10 may be
arranged on a cooling stage 341 in the cooling chamber 340
and may be cooled to a temperature within a range of approxi-
mately between about 50° K (-223° C.) to about 300° K (-27°
C.). A liquid helium gas or a liquid nitrogen gas may be
supplied into the cooling chamber 340 as a refrigerant.

[0142] A method of fabricating the magneto resistive cell
100 using the processing apparatus 300 may include loading
the substrate 10 having the upper pinned layer 114 thereon
onto the load-lock stage 311 of the load-lock chamber 310,
transferring the substrate 10 from the load-lock chamber 310
onto the cooling stage 341 of the cooling chamber 340 using
the transfer arm 325 of the transfer chamber 320, and then
cooling the substrate 10 on the cooling stage 341 in the
cooling chamber 340 to a temperature within a range of
approximately between about 50° K (-223° C.) to about 300°
K (=27° C.). After the cooling process has been performed,
the cooled substrate 10 can be transferred from the cooling
chamber 340 onto the depositing stage 331 in the depositing
chamber 330 using the transfer arm 325. The cooled substrate
10 can be repetitively moved between the depositing stage
331 in the depositing chamber 330 and the oxidizing stage
351 in the oxidizing chamber 350 to form and then oxidize
Mg layers 121 to 124. The Mg layers 121 to 124 can thereby
be formed into MgO layers 121ox to 124ox to produce the
tunneling barrier layer 120 on the cooled substrate 10.

[0143] Forexample, the method of forming of the tunneling
bather layer 120 may include transferring the cooled substrate
10 having the upper pinned layer 114 onto the depositing
stage 331 in the depositing chamber 330 and forming the first
Mg layer 121 on the upper pinned layer 114 through a first
depositing process, transferring the substrate 10 having the
first Mg layer 121 onto the oxidizing stage 351 in the oxidiz-
ing chamber 350 and oxidizing the first Mg layer 121 to form
the first MgO layer 121ox using a first oxidizing process,
transferring the substrate 10 having the first MgO layer 1210x
onto the depositing stage 331 in the depositing chamber 330
and forming the second Mg layer 122 on the first MgO layer
1210x by performing a second depositing process, transfer-
ring the substrate 10 having the second Mg layer 122 onto the
oxidizing stage 351 in the oxidizing chamber 350 and oxidiz-
ing the second Mg layer 121 to form the second MgO layer
1220x through a second oxidizing process, transferring the
substrate 10 having the second MgO layer 1220x onto the
depositing stage 331 in the depositing chamber 330 and form-
ing the third Mg layer 123 on the second MgO layer 1220x
through a third depositing process, transferring the substrate
10 having the third Mg layer 123 onto the oxidizing stage 351
in the oxidizing chamber 350, oxidizing the third Mg layer
123 to form the third MgO layer 1230x through a third oxi-
dizing process, transferring the substrate 10 having the third
MgO layer 1230x onto the depositing stage 331 in the depos-
iting chamber 330 and forming the fourth Mg layer 124 on the
third MgO layer 1220x using a fourth depositing process, and
transferring the substrate 10 having the fourth Mg layer 124
onto the oxidizing stage 351 in the oxidizing chamber 350 and
oxidizing the fourth Mg layer 124 to form the fourth MgO
layer 1240x by performing a fourth oxidizing process. One or
more additional cooling processes may be performed
between any one or more of the layer formation processes. To
do this, the substrate 10 having the MgO layer formed thereon

May 19, 2016

may be transferred onto the cooling stage 341 in the cooling
chamber 340, and a cooling process may be performed
thereon, before transferring the substrate 10 back to the
depositing stage 331 in the depositing chamber 330.

[0144] FIG. 8A is a diagram illustrating a memory module
2100 including one or more MRAM devices constructed in
accordance with various embodiments of the inventive con-
cepts. Referring to FIG. 8A, the memory module 2100 may
include a module substrate 2110, a plurality of memory
devices 2120 disposed on the module substrate 2110, and a
plurality of terminals 2130 arranged on a side of the module
substrate 2110. The module substrate 2110 may include a
printed circuit board (PCB). The memory devices 2120 may
include MRAM devices constructed in accordance with vari-
ous embodiments of the inventive concepts. The plurality of
terminals 2130 may include a metal such as copper. Each of
the terminals 2130 may be electrically connected with each of
the memory devices 2120.

[0145] FIG. 8B is a diagram illustrating a semiconductor
module 2200 in accordance with another embodiment of the
inventive concepts. Referring to FIG. 8B, the semiconductor
module 2200 may include a processor 2220 mounted on a
module substrate 2210, and semiconductor devices 2230. The
processor 2220 and/or the semiconductor devices 2230 may
include MRAM devices constructed in accordance with vari-
ous embodiments of the inventive concepts. Conductive
input/output terminals 2240 may be disposed on at least one
side of the module substrate 2210.

[0146] FIGS. 8C and 8D are block diagrams conceptually
showing electronic systems 2300 and 2400 in accordance
with further embodiments of the inventive concepts. Refer-
ring to FIG. 8C, the electronic system 2300 may include a
body 2310, a display unit 2360, and an external apparatus
2370. The body 2310 may include a microprocessor unit
2320, a power supply 2330, a function unit 2340, and/or a
display controller unit 2350. The body 2310 may include a
system board or motherboard including a PCB and/or a case.
The microprocessor unit 2320, the power supply 2330, the
function unit 2340, and the display controller unit 2350 may
be mounted or disposed on a top surface or an inside of the
body 2310. The display unit 2360 may be disposed on the top
surface of the body 2310 or an inside/outside of the body
2310. The display unit 2360 may display an image processed
by the display controller unit 2350. For example, the display
unit 2360 may include a liquid crystal display (LCD), an
active matrix organic light emitting diode (AMOLED), or
various display panels. The display unit 2360 may include a
touch screen. Accordingly, the display unit 2360 may include
an input/output function. The power supply 2330 may supply
a current or voltage to the microprocessor unit 2320, the
function unit 2340, the display controller unit 2350, etc. The
power supply 2330 may include a rechargeable battery, a
socket for the battery, or a voltage/current converter. The
microprocessor unit 2320 may receive a voltage from the
power supply 2330 to control the function unit 2340 and the
display unit 2360. For example, the microprocessor unit 2320
may include a CPU or an application processor (AP). The
function unit 2340 may include a touch-pad, a touch-screen,
a volatile/nonvolatile memory, a memory card controller, a
camera, a lighting, an audio and video playback processor, a
wireless transmission/reception antenna, a speaker, a micro-
phone, a USB port, and other units having various functions.
The microprocessor unit 2320 and/or the function unit 2340
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may include MRAM devices constructed in accordance with
various embodiments of the inventive concepts.
[0147] Referring to FIG. 8D, the electronic system 2400
may include a microprocessor 2414, a memory 2412, and a
user interface 2418 which performs data communication
using a bus 2420. The microprocessor 2414 may include a
CPU or an AP. The electronic system 2400 may further
include arandom access memory (RAM) 2416 which directly
communicates with the microprocessor 2414. The micropro-
cessor 2414 and/or the RAM 2416 may be assembled in a
single package. The user interface 2418 may be used to input
data to or output data from the electronic system 2400. For
example, the user interface 2418 may include a touch-pad, a
touch-screen, a keyboard, a mouse, a scanner, a voice detec-
tor, a cathode ray tube (CRT) monitor, an LCD, an AMOLED,
aplasma display panel (PDP), a printer, a lighting, or various
other input/output devices. The memory 2412 may store
codes for operating the microprocessor 2414, data processed
by the microprocessor 2414, or external input data. The
memory 2412 may include a memory controller, a hard disk,
or a solid state drive (SSD). The microprocessor 2414, the
RAM 2416, and/or the memory 2412 may include MRAM
devices constructed in accordance with various embodiments
of the inventive concepts.
[0148] MRAM devices having magneto resistive cells in
embodiments of the inventive concepts may include a tunnel-
ing bather layer having a low RA value, thereby enabling the
magnetic resistive memory cell of the MRAM device to oper-
ate with low power consumption.
[0149] The processing apparatus according to the inventive
concepts can be used to manufacture magneto resistive cells
of MRAM devices including tunneling barrier layers having
low RA values within a short process time, thereby improving
productivity of the manufacturing process.
[0150] Although a few embodiments have been described,
those skilled in the art will readily appreciate that many
modifications are possible without materially departing from
the novel teachings and advantages disclosed herein. Accord-
ingly, all such modifications are intended to be included
within the scope of the inventive concepts as defined in the
claims.
1. A method of fabricating a magnetic resistive random
access memory (MRAM) device, the method comprising:
forming a lower electrode on a substrate;
forming a seed layer on the lower electrode;
forming a pinning layer on the seed layer;
forming a synthetic anti-ferromagnetic (SAF) layer on the
pinning layer;
forming a pinned layer on the SAF layer;
cooling the substrate having the pinned layer exposed
thereon to a range of approximately between about 50°
K to about 300° K;
forming a first Mg layer on the cooled pinned layer;
forming a first MgO layer by oxidizing the first Mg layer;
forming a second Mg layer on the first MgO layer;
forming a second MgO layer by oxidizing the second Mg
layer, wherein the first and second MgO layers collec-
tively form an MgO structure;
forming a free layer on the MgO structure;
forming a capping layer on the free layer; and
forming an upper electrode on the capping layer.
2. The method of claim 1, wherein the seed layer comprises
at least one of Ta or Ru.
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3. The method of claim 2, wherein the seed layer comprises
alower Ta layer and an upper Ru layer stacked on the lower Ta
layer.

4. The method of claim 1, wherein the pinning layer com-
prises a CoPt-based alloy or CoPd-based alloy having a hex-
agonal closest packing (HCP) structure.

5. The method of claim 1, wherein the pinning layer com-
prises a stacked layer of Co/Pt or Co/Pd having a face center
cubic (FCC) structure or FCC-like structures.

6. The method of claim 1, wherein the SAF layer comprises
Ru.

7. The method of claim 1, wherein the pinned layer com-
prises CoFeB.

8. The method of claim 7, wherein the pinned layer com-
prises one of multilayer structures including CoFeB/Ta/
CoFeB, Co/B/CoFeB, or Co/W/CoFeB/W/CoFeB.

9. The method of claim 1, wherein the free layer comprises
a single layer including CoFeB, or a multilayer including
CoFeB/W/CoFeB.

10. The method of claim 1, wherein the capping layer
comprises a metal such as Ta.

11. The method of claim 1, further comprising:

forming a third Mg layer between the second MgO layer

and the free layer; and

forming a third MgO layer by oxidizing the third Mg layer.

12. The method of claim 11, wherein the first MgO layer,
the second MgO layer, and the third MgO layer are unified to
be materially contiguous with each other.

13. The method of claim 11, further comprising cooling the
second MgO layer before forming the third Mg layer thereon

14. The method of claim 1, further comprising cooling the
first MgO layer before forming the second Mg layer thereon.

15. A method of fabricating an MRAM device, the method
comprising:

forming a lower electrode on a substrate;

forming a seed layer having Ta and Ruon a lower electrode;

forming a pinning layer having Co on the seed layer;

forming an SAF layer having Ru on the pinning layer;

forming an pinned layer having CoFe on the SAF layer;

cooling the substrate having the pinned layer exposed
thereon to a range of approximately between about 50°
K to about 300° K;

forming a first Mg layer on the cooled pinned layer;

forming a first MgO layer by oxidizing the first MgO layer;

forming a second Mg layer on the first MgO layer;
forming a second MgO layer by oxidizing the second Mg
layer;

forming a free layer having CoFeB on the second MgO

layer;

forming a capping layer having Ta on the free layer; and

forming an upper electrode on the capping layer.
16. A method of fabricating an MRAM device, the method
comprising:
forming a gate structure on a substrate;
forming a source region and a drain region in the substrate
adjacent to opposite sides of the gate structure;

forming a source contact plug connected with the source
region, and a source interconnection connected with the
source plug;

forming a lower electrode connected with the drain region;

forming a ferromagnetic layer on the lower electrode;

cooling the substrate having the ferromagnetic layer
exposed thereon to a range of approximately between
about 50° K to about 300° K
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forming a first Mg layer on the cooled ferromagnetic layer;

forming a first MgO layer by oxidizing the first Mg layer;

forming a second Mg layer on the first MgO layer,

forming a second MgO layer by oxidizing the second Mg
layer;

forming a third Mg layer on the second MgO layer;

forming a third MgO layer by oxidizing the third Mg layer;

forming a free layer on the third MgO layer; and

forming a capping layer on the free layer.

17. The method of claim 16, further comprising:

forming a lower interlayer insulting layer covering the gate
structure,

wherein the source contact plug vertically passes through
the lower interlayer insulating layer, and

wherein the source interconnection is formed on the lower
interlayer insulating layer.

18. The method of claim 17, further comprising:

forming a drain contact plug vertically passing through the
lower interlayer insulating layer to be connected with the
drain region;

forming a lower electrode pad on the lower interlayer insu-
lating layer to be connected with the drain contact plug;
and

forming a middle interlayer insulating layer covering the
source interconnection and the lower electrode pad,
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wherein the lower electrode vertically passes through the
middle interlayer insulating layer to be connected with
the lower electrode pad.

19. The method of claim 16, further comprising:

forming a fourth Mg layer on the third MgO layer, and
oxidizing the fourth Mg layer to form a fourth MgO
layer before forming the free layer, wherein the free
layer is formed on the fourth MgO layer;

forming a liner layer on sidewalls of the ferromagnetic
layer, the first to fourth MgO layers, the free layer, and
the capping layer and a top surface of the capping layer;

forming an upper electrode passing through the liner layer
to be in contact with the capping layer; and

forming a bit line on the upper electrode.

20. The method of claim 19, wherein forming the upper

electrode comprises:

removing the liner layer to completely expose the top sur-
face of the capping layer and to at least partially expose
upper portions of the sidewalls of the capping layer,

wherein the upper electrode is formed in contact with the
exposed top surface and the exposed upper portions of
the sidewalls of the capping layer.

21-30. (canceled)



