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(54) [Title of the Invention] Magnetic Resistance Element and Method for Manufacturing Magnetic Resistance Element

(57) [Scope of Patent Claims]
[Claim 1]

A magnetic resistance element comprising a substrate, a ferromagnetic layer made of a magnetic alloy containing Co, Fe, and
B formed on the aforesaid substrate, and a polycrystalline magnesium oxide layer with (001) crystalline planes oriented as a

tunnel barrier layer formed on the aforesaid ferromagnetic layer.
[Claim 2]

The magnetic resistance element according to Claim 1, wherein the aforesaid magnetic alloy is one of FeCoB, FeCoBSi, and

FeCoBP.

[Detailed Explanation of the Invention]
[Technical Field]
[0001]

This invention relates to a magnetic resistance element and its manufacturing method.

[Background Technology]
[0002]

MRAM (Magnetoresistive Random Access Memory) is a memory element that serves as an alternative to DRAM, which is

widely used today for high-capacity memory applications, and extensive research and development are being conducted on it
as a high-speed non-volatile memory. For example, there has been an achievement in the sample shipment of 4Mbit MRAM.
[0003]
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Fig. 8 shows the structure and operational principle of a tunnel magnetic resistance element (hereinafter referred to as “TMR
device”), which is the core of MRAM. As shown in Figure 8(A), the TMR device has a tunnel structure in which a tunnelling
barrier made of an oxide (hereinafter also referred to as “barrier layer”) is sandwiched between two electrodes made of
ferromagnetic metals, namely the first and second electrodes. An amorphous Al-O layer is used as the tunnel barrier layer
(see Non-Patent Document 1). As shown in Fig. 8(A), when the magnetization directions of the first and second
ferromagnetic electrodes are parallel (parallel magnetization), the electric resistance of the element in the normal direction at
the interface of the tunnel structure decreases. On the other hand, as shown in Fig. 8(B), when the magnetization directions of
the first and second ferromagnetic electrodes are anti-parallel (anti-parallel magnetization), the electric resistance of the
element in the normal direction at the interface of the tunnel structure increases. This resistance value does not change under
normal conditions and is stored as information “1” or “0” based on whether the resistance value is high or low. Since parallel
magnetization and anti-parallel magnetization can be stored non-volatilely, they can be used as fundamental elements of non-
volatile memory.

[0004]

Fig. 9 shows an example of the basic structure of MRAM, where Fig. 9(A) is a perspective view of MRAM, Fig. 9(B) is a
schematic circuit diagram, and Fig. 9(C) is a cross-sectional view showing a structural example. As shown in Fig. 9(A), in
MRAM, word lines WL and bit lines BL are arranged to intersect, with MRAM cells positioned at the intersection points. As
shown in Fig. 9(B), the MRAM cell located at the intersection of the word line and bit line includes a TMR device and a
MOSFET connected in series with this TMR device, allowing the resistance value of the TMR device, which functions as a
load resistor, to be read by the MOSFET, thereby enabling the reading of stored information. Information rewriting can be
performed, for example, by applying a magnetic field to the TMR device. As shown in Fig. 9(C), the MRAM memory cell
includes a MOSFET 100 with a source area 105 and a drain area 103 formed in a p-type Si substrate 101, as well as a gate
electrode 111 formed over the channel region defined between them, and a TMR device 117. The source area 105 is
grounded (GND), and the drain is connected to the bit line BL via the TMR device. The word line WL is connected to an area
(not shown in the figure) relative to the gate electrode 111.

[0005]

As described above, since the non-volatile memory MRAM can form a single memory cell using one MOSFET 100 and one
TMR device 117, it can be considered a memory element suitable for high integration.

[Existing Technology References]

[Non-Patent Document)]

[0006]

[Non-Patent Document 1] D. Wang, et al.: Science 294 (2001) 1488.

[Summary of the Invention]

[Problems to be Solved by the Invention]

[0007]

While it is expected that MRAMs of approximately 64Mbit can be realized using current technology, improving the
characteristics of the TMR device, which is the core of MRAM, is necessary for further high integration. Specifically, to
enhance the output voltage of the TMR device, both an increase in magnetoresistance and improvement in voltage
characteristics are required. Fig. 10 shows the change in magnetoresistance of a conventional TMR device with amorphous
Al-O as the tunnel barrier under bias voltage (L1). As shown in Fig. 10, in conventional TMR devices, the magnetoresistance
is low, and there is a tendency for the magnetoresistance to decrease sharply when a voltage is applied. With such
characteristics, the output voltage considering the operating margin is too low, making it difficult to use in actual memory
elements. More specifically, the current TMR device’s magnetoresistance is about 70%, and the output voltage is also low,
falling below 200 mV, which is effectively half compared to the output voltage of DRAM. As integration density increases,
there is a problem that the signal becomes buried in noise, leading to difficulties in reading.

[0008]



(3) JP 5120680 B2 1.16.2013

This invention aims to significantly increase the output voltage in the TMR device. Furthermore, it aims to provide a memory
device that operates stably due to high magnetoresistance.

[Means for Solving the Problems]

[0009]

According to one aspect of this invention, a magnetic resistance element is provided, which includes a tunnel barrier layer, a
first ferromagnetic layer with a BCC structure formed on one side of the aforementioned tunnel barrier layer, and a second
ferromagnetic layer with a BCC structure formed on the other side of the aforementioned tunnel barrier layer, wherein the
aforementioned tunnel barrier layer is formed by a single crystal MgOx (001) or a polycrystalline MgOx (0 < x < 1) layer with
(001) crystal planes preferentially oriented.

[0010]

In addition, a magnetic tunnel junction structure is provided that has a tunnel barrier layer made of MgO (001), a first
ferromagnetic layer made of Fe (001) formed on the first side of the aforementioned tunnel barrier layer, and a second
ferromagnetic layer made of Fe (001) formed on the second side of the aforementioned tunnel barrier layer, characterized in
that the aforementioned MgO layer is formed by a single crystal MgO, (001) or a polycrystalline MgOy (0 <x < 1) layer with
(001) crystal planes preferentially oriented. It is distinguished by having a discontinuity value (tunnel barrier height) between
the lower edge of the conduction band of the aforementioned MgO (001) layer and the Fermi energy of the aforementioned
Fe (001) layer that is lower than the ideal value in a perfect single crystal without defects. By utilizing the aforementioned
configuration, it is possible to increase the magnetoresistance and significantly boost the output voltage of the TMR device.
Using the aforementioned magnetic resistance element as a load for a single transistor, a non-volatile memory element can be
formed.

[0011]

According to another aspect of this invention, a manufacturing method for a magnetic resistance element is provided, which
includes the steps of preparing a substrate, depositing a first Fe (001) layer on the aforementioned substrate, depositing a
tunnel barrier layer composed of single crystal MgOy (001) or polycrystalline MgOx (0 < x < 1) with (001) crystal planes
preferentially oriented by electron beam vapor deposition under high vacuum on the aforementioned first Fe (001) layer, and
forming a second Fe (001) layer on the aforementioned tunnel barrier layer.

[0012]

In addition, a manufacturing method for a magnetic resistance element is provided that comprises a first step of preparing a
substrate made of single crystal MgOy (001) or polycrystalline MgOy (0 < x < 1) with (001) crystal planes preferentially
oriented; a second step of depositing a first Fe (001) layer on the aforementioned substrate, followed by performing an
annealing process to flatten the surface; a third step of depositing a tunnel barrier layer made of single crystal MgO, (001) or
polycrystalline MgOy (0 <x < 1) with (001) crystal planes preferentially oriented by electron beam vapor deposition under
high vacuum on the aforementioned first Fe (001) layer; and a fourth step of forming a second Fe (001) layer on the
aforementioned tunnel barrier layer. It may also include a step of growing a seed layer made of single crystal MgOy (001) or
polycrystalline MgOx (0 <x < 1) between the aforementioned first and second steps. Furthermore, the aforementioned MgO
layer may be deposited using a target with an adjusted x value of MgO,. In this case, the x value of MgOy may be adjusted
during the process of forming the aforementioned MgO.

[0013]

According to yet another aspect of this invention, a magnetic resistance element is provided, which includes a tunnel barrier
layer made of MgO (001), a first ferromagnetic layer made of an amorphous magnetic alloy formed on one side of the
aforementioned tunnel barrier layer, and a second ferromagnetic layer made of an amorphous magnetic alloy formed on the
other side of the aforementioned tunnel barrier layer, wherein the discontinuity value (tunnel barrier height) between the
lower edge of the conduction band of the aforementioned MgO (001) layer and the Fermi level of the first or second
ferromagnetic layer made of the amorphous magnetic alloy is lower than the ideal value in a perfect single crystal without
defects.

[Effects of the Invention]
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[0014]

According to this invention, it is possible to obtain a larger magnetoresistance compared to conventional TMR devices,
which can significantly increase the output voltage of the TMR device and reduce the resistance value of the TMR device to
an optimal low resistance for MRAM. Therefore, there is an advantage that the high integration of MRAM using TMR
devices becomes easier.

[Brief Description of Drawings]

[0015]

[Fig. 1] This figure shows the structure of a TMR device according to the first embodiment of this invention (Fig. 1(B)) and
illustrates the energy band structure of Fe (001), which is a ferromagnetic metal, along with a diagram showing the
relationship between E - Er in the [001] direction of k-space (Fig. 1(A)).

[Fig. 2] Fig. 2(A) to Fig. 2(D) schematically depict the manufacturing process of a magnetic resistance element with a Fe
(001)/MgO (001)/Fe (001) structure according to the embodiment of the invention (hereinafter referred to as “Fe (001)/MgO
(001)/Fe (001) TMR device”).

[Fig. 3] Fig. 3(A) shows the RHEED image of the Fe (001) bottom electrode (first electrode), while Fig. 3(B) presents the
RHEED image of the MgO (001) barrier layer at that time.

[Fig. 4] This figure shows the observed results of the quadrupole mass spectrum in the film deposition chamber during MgO
deposition.

[Fig. 5] This figure indicates the dependence of the oxygen partial pressure on the film deposition rate during MgO
deposition.

[Fig. 6] This figure presents the typical magnetoresistance curve of the Fe (001)/MgO (001)/Fe (001) TMR device.

[Fig. 7] Fig. 7(A) demonstrates the bias voltage dependence of the MR ratio at room temperature. Fig. 7(B) illustrates that the
output voltage V. of the TMR device is given by (= bias voltage x (Rap - Rp) / Rap).

[Fig. 8] This figure shows the structure of the TMR device and its operating principle.

[Fig. 9] This figure illustrates a basic structural example of MRAM: Fig. 9(A) is a perspective view of MRAM, Fig. 9(B) is a
schematic circuit configuration diagram, and Fig. 9(C) is a cross-sectional view showing a structural example.

[Fig. 10] This figure shows the changes in magnetoresistance due to bias voltage in a conventional TMR device with
amorphous Al-O as the tunnel barrier.

[Fig. 11] This figure represents the device structure of the TMR device according to a modified example of the embodiment
of the invention, corresponding to Fig. 1(B).

[Embodiments for the Invention]

[0016]

In this Detailed Explanation, MgO is cubic (NaCl-type structure), and thus the (001), (100), and (010) planes are all
equivalent. Here, by designating the direction perpendicular to the film plane as the z-axis, the film plane is uniformly
described as (001). In addition, in this Detailed Explanation, the term “BCC structure” referring to the crystal structure of the
electrode layer denotes body-centered cubic crystals. More specifically, it means BCC structures that are chemically
disordered, so-called A2-type structures, and BCC structures that are chemically ordered, such as B2-type structures or L2
structures, which also include slightly distorted crystal lattices of these BCC structures.

[0017]

The term “ideal value” used in this Detailed Explanation regarding a defect-free perfect single crystal refers to values inferred
from ultraviolet photoelectron spectroscopy experiments (Reference: W. Wulfhekel, et al.: Appl. Phys. Lett. 78 (2001) 509.).
In such a state, it can be said to represent the upper limit of the tunnel barrier height for ideal single crystal MgO with almost
no oxygen deficiency or lattice defects, hence the term “ideal value” is used.

[0018]

Before explaining the Embodiment of the Invention, an explanation of the considerations made by the Inventor will be
provided. The magnetoresistance (MR) ratio of the TMR device is expressed by the following formula.
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[0019]

AR/Rp = (Rap - Rp) / Rp

Here, Rp and Rap are the tunnel junction resistances when the magnetizations of the two electrodes are parallel and
antiparallel, respectively. According to Jullire’s formula, the MR ratio at low bias voltages can be expressed as follows:

MR ratio = (Rap - Rp) / Rp =2P,P,/ (1 - PiP»)

where

Pa = (Dat(Er) - Dal(Er)) / (Dat(Er) + Dal(Er)[sic: missing parenthesis], a =1, 2 (1)

[0020]

Here, Pa represents the spin polarization rate of the electrodes, and Daf(Er) and Da/| (EF) are the density of states (DOS) at
the Fermi energy (Er) for majority and minority spin bands, respectively. Since the spin polarization of ferromagnetic
transition metals and alloys is approximately 0.5 or less, Jullire’s formula predicts an estimated maximum MR ratio of about
70%.

[0021]

When a TMR device is fabricated using an amorphous Al-O tunnel barrier and polycrystalline electrodes, an MR ratio of
about 70% has been obtained at room temperature. However, achieving an output voltage of 200mV, comparable to that of
DRAM, is challenging, posing difficulties for the realization of MRAM as mentioned above.

[0022]

The Inventor has attempted an approach to grow TMR devices using single crystal (001) or polycrystalline MgO with a
preferred orientation of (001) as the tunnel barrier. Unlike conventional amorphous Al-O barriers, magnesium oxide is a
crystal (a material with atoms arranged in a regular pattern), which is expected to prevent electron scattering and preserve the
coherent state of electrons during the tunneling process. Fig. 1 illustrates the structure of the TMR device according to this
embodiment (Fig. 1(B)) and shows the energy band structure of ferromagnetic metal Fe(001), along with a diagram (Fig.
1(A)) illustrating the relationship between E - Er in the [001] direction of k-space. As shown in Fig. 1(B), the TMR device
structure according to this embodiment consists of a first Fe(001) layer 1, a second Fe(001) layer 5, and a single crystal MgO
(001) layer or a polycrystalline MgOx (0 < x < 1) layer 3 with a preferred (001) orientation sandwiched between them.
According to the aforementioned Jullire model, if the momentum of conducting electrons is preserved during the tunneling
process, the tunneling current that passes through the MgO will be dominated by electrons with a wave vector kz in the
direction perpendicular to the tunnel barrier (normal to the junction interface). According to the energy band diagram of Fe in
the [001] (T'-H) direction shown in Fig. 1(A), the density of states (DOS) at the Fermi level Er does not exhibit a very high
polarization rate because both majority and minority spin sub-bands have states at the Fermi level Er. However, when the
coherent state of electrons is preserved during the tunneling process, only conducting electrons with completely symmetric
wave functions with respect to the axis perpendicular to the barrier will connect to the states in the barrier area, allowing for a
finite tunneling probability. The A; band of the Fe(001) electrode has such a fully symmetric wave function as stated above.
As shown in Fig. 1(A), the majority spin A; band (solid line) has states at the Fermi level Eg, while the minority spin A; band
(dashed line) does not have states at the Fermi level Er. This half-metallic characteristic of the Fe A; band suggests that a
very high MR ratio may be achieved in coherent spin-polarized tunneling. Epitaxial (single crystal or (001)-oriented
polycrystalline) TMR devices are considered ideal for realizing coherent tunneling, as they suppress electron scattering
during the tunneling process, as mentioned above.

[0023]

The following explains the magnetic resistance element according to the first embodiment of this invention and its
manufacturing method while referring to the drawings. Figures 2(A) to 2(D) schematically illustrate the manufacturing



(6) JP 5120680 B2 1.16.2013

process of the magnetic resistance element (hereinafter referred to as the “Fe(001)/MgO(001)/Fe(001) TMR device”) having
a Fe(001)/MgO(001)/Fe(001) structure according to this embodiment of the invention. Fe(001) is a ferromagnet with a BCC
structure. First, a single crystal MgO(001) substrate 11 is prepared, and an MgO(001) seed layer 15 is grown on the surface
of the single crystal MgO(001) substrate 11 by MBE (molecular beam epitaxy) to improve its morphology. Subsequently, as
shown in Fig. 1(B), a 50 nm thick epitaxial Fe(001) bottom electrode (first electrode) 17 is grown at room temperature on the
MgO(001) seed layer 15, followed by annealing at 350°C under ultra-high vacuum (2 x 1078 Pa). The conditions for electron
beam deposition are set to an acceleration voltage of 8 kV, a growth rate of 0.02 nm/s, a growth temperature at room
temperature (approximately 293 K), and using stoichiometric MgO (with a Mg to O ratio of 1:1) as the source material for
electron beam deposition, with a distance between the source and substrate of 40 cm. The highest achieved vacuum level is 1
x 107 Pa, and the O, partial pressure is 1 x 107 Pa. It is also possible to use a source with oxygen deficiency instead of
stoichiometric MgO (with a Mg to O ratio of 1:1).

[0024]

Fig. 3(A) shows the RHEED image of the Fe(001) bottom electrode (first electrode) 17 at this time. As shown in Fig. 3(A),
the Fe(001) bottom electrode (first electrode) 17 exhibits good crystallinity and flatness. Next, as shown in Fig. 2(C), a 2 nm
thick MgO(001) barrier layer 21 is epitaxially grown at room temperature on the Fe(001) bottom electrode (first electrode)
17. Electron beam deposition was used again for MgO during this step. Fig. 3(B) shows the RHEED image of the MgO(001)
barrier layer 21 at this time. As shown in Fig. 3(B), the MgO(001) barrier layer 21 also demonstrates good crystallinity and
flatness.

[0025]

As shown in Fig. 2(D), a 10 nm thick Fe(001) upper electrode (second electrode) 23 is formed on the MgO(001) barrier layer
21 at room temperature. Subsequently, a 10 nm thick Co layer 25 is deposited on the Fe(001) upper electrode (second
electrode) 23. The Co layer 25 serves to enhance the holding force of the upper electrode 23 and to achieve an
antiferromagnetic configuration. Then, the aforementioned created sample is processed to form the
Fe(001)/MgO(001)/Fe(001) TMR device.

[0026]

The aforementioned MgO deposition by electron beam was carried out under ultra-high vacuum conditions of 10~ Torr. In
this method, even when a 300 nm film is deposited on a glass substrate, it can be observed that a colorless and transparent
layer with good crystallinity is formed. Fig. 4 shows the observed results of the quadrupole mass spectrum inside the
deposition chamber during MgO growth. As shown in Fig. 4, it can be seen that the partial pressures concerning the O
spectrum P; and the O: spectrum P, are high. Fig. 5 illustrates the dependence of oxygen partial pressure on the film
deposition rate during MgO deposition. As indicated in Fig. 5, the oxygen partial pressure itself is quite high, and it increases
with the deposition rate. This suggests that there is a release of oxygen from the MgO during the deposition process, and
since the released oxygen is exhausted outside the deposition apparatus by the vacuum pump, it is possible that oxygen
deficiency occurs, leading to compounds like MgOy (0.9 <x < 1). When oxygen deficiency occurs, it is believed that the
height of the MgO tunnel barrier decreases (for example, in the range of 0.10 to 0.85 eV, more specifically within the range
0f 0.2 to 0.5 eV), which is thought to result in an increase in tunnel current. In contrast, for typical Al-O tunnel barriers, the
height of the tunnel barrier with Fe(001) is considered to be between 0.7 and 2.5 eV. On the other hand, the ideal tunnel
barrier height for MgO crystals is 3.6 eV, while experimental values have been obtained in the range of 0.9 to 3.7 eV. Using
the method described in this embodiment, a tunnel barrier height of approximately 0.3 eV is estimated, indicating that low
resistance of the tunnel barrier is achievable. However, other factors, such as the aforementioned influence of coherent
tunneling, may also be related. Regarding the value of x based on oxygen deficiency in MgOy, it ranges as follows: 0.98 <x
<1, and preferably around 0.99 < x < 1, ensuring that substances like elemental Mg are not included, thereby fundamentally
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maintaining the properties of MgO.

[0027]

Moreover, the height ¢ of the tunnel barrier was determined by fitting the electrical conductivity characteristics (the
relationship between tunnel current density J and bias voltage V) of the TMR device to Simmons’ formula (non-Patent
Document J. G. Simmons: J. Appl. Phys. 34, pp.1793-1803 (1963), Equation (20)), using the least squares method. In this
fitting, the effective mass of electrons was taken as the mass of free electrons (m =9.11 x 1073 kg). By applying a bias
voltage V up to the point where nonlinearity appears in the J-V characteristics (typically around 500 mV to 1000 mV), it is
possible to simultaneously determine the tunnel barrier height ¢ and the effective thickness As of the tunnel barrier by fitting
the J-V characteristics using Simmons’ equation.

[0028]

Here, the effective thickness As of the tunnel barrier was found to be approximately 0.5 nm thinner than the actual thickness
of the MgO (001) tunnel barrier layer (tmgo) obtained from cross-sectional transmission electron microscopy (TEM) images
of the TMR device. This is due to the effect of the image potential that arises at the interface between the MgO (001) layer
and the alloy layer primarily composed of Fe or Co, resulting in an effective thickness As of the tunnel barrier being thinner
than the actual thickness of the MgO (001) layer.

[0029]

Moreover, if tmgo can be accurately determined using cross-sectional TEM images, a more straightforward method can be
used to estimate the height ¢ of the tunnel barrier as described below. That is, when the bias voltage V applied to the TMR
device is low (typically below 100 mV), the tunnel current density J is proportional to the bias voltage V, and the J-V
characteristics exhibit a linear relationship. In this low-bias voltage area, Simmons’ equation (2) can be expressed as follows:
[0030]

T=[(2mg)"? / As](e / h)*>xexp [ — (4nAs / h)x(2me)'?] xV

)

Here, m is the mass of free electrons (9.11 x 107" kg), e is the elementary charge (1.60 x 107 C), and h is Planck’s constant
(6.63 x 107** J-s). In addition, the effective thickness of the tunnel barrier As is approximately As = tvgo — 0.5 nm. By fitting
the J-V characteristics of the TMR device in the low-bias voltage area to equation (2), the height ¢ of the tunnel barrier can
be estimated simply and accurately.

[0031]

Fig. 6 shows a typical magnetic resistance curve of the Fe (001)/MgO (001)/Fe (001) TMR device manufactured by the
aforementioned method. At a measurement temperature of 20 K, the MR ratio was 146%, and at a measurement temperature
0f 293 K, the MR ratio was 88%. This value represents the highest MR ratio achieved to date at room temperature. Such a
high MR ratio cannot be explained solely by the spin polarization of the Fe (001) electrode; rather, it is believed to be related
to coherent spin-polarized tunneling. After fabricating 160 TMR devices, the variation in MR ratio and tunnel resistance
values was within 20%. The yield of the TMR devices was over 90% at the laboratory stage. Such high values suggest the
effectiveness of this approach. The resistance-area product (RA) of the TMR device is several kQum?, which is suitable for
MRAM applications.

[0032]

Fig. 7(a) shows the bias voltage dependence of the MR ratio at room temperature. As indicated in Fig. 7(a), the bias voltage
dependence of the MR ratio is quite low. Although it exhibits asymmetric characteristics, a very high value of 1250 mV was
obtained for the voltage Vpair at which the MR ratio is halved. In contrast, the voltage Vhair at which the MR ratio halves in
conventional Al-O systems ranges from 300 to 600 mV. Fig. 7(b) shows the output voltage Vo of the TMR device, given by
Vout (= bias voltage x (Rap-Rp)/Rap). The maximum output voltage V. obtained under forward bias was 380 mV, which is
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about twice the value (just below 200 mV) for the Al-O barrier. Thus, the high values obtained for both the MR ratio and the
output voltage demonstrate the effectiveness of the technology described in this embodiment.

[0033]

Moreover, in the aforementioned embodiment, BCC Fe (001) was used; however, BCC Fe-based alloys, such as Fe-Co
alloys, Fe-Ni alloys, or Fe-Pt alloys, could also be employed instead. Alternatively, a layer of Co, Ni, or similar materials,
with a thickness of one or a few atomic layers, may be inserted between the electrode layer and the MgO (001) layer.

[0034]

Next, a description will be given of the magnetic resistance element and its manufacturing method according to the second
embodiment of this invention. In the manufacturing method of the Fe (001)/MgO (001)/Fe (001) TMR device according to
this embodiment, MgO (001) is first deposited in a polycrystalline or amorphous state by methods such as sputtering,
followed by an annealing process that serves to orient the (001) crystal plane into a polycrystalline or single-crystal form. The
sputtering conditions include, for example, a temperature of room temperature (293 K), using a 2-inch ¢ MgO target, and
performing sputtering in an Ar atmosphere. The acceleration power is 200 W, and the growth rate is 0.008 nm/s. Since the
MgO deposited under these conditions is in an amorphous state, heating to temperatures ranging from room temperature to
300 °C and maintaining at 300 °C for a certain period allows for the crystallization of MgO.

[0035]

Moreover, as for the method of introducing oxygen deficiency, any of the following methods could be employed: growing
under conditions that induce O deficiency during growth, introducing O deficiency later, or adjusting the number of O defects
from a state with O deficiency through processes such as oxygen plasma treatment or natural oxidation.

[0036]

Thus, the magnetic resistance element technology according to this embodiment has the advantage of not requiring
particularly large equipment because MgO is deposited in an amorphous state using sputtering and then crystallized through
an annealing process.

[0037]

Next, a description of the magnetic resistance element according to the modified example of this embodiment will be
provided with reference to the drawings. Fig. 11 shows the structure of a TMR device based on the modified example of this
embodiment, corresponding to Fig. 1(B). As shown in Fig. 11, the magnetic resistance element according to this embodiment
features amorphous ferromagnetic alloy layers, such as CoFeB layers 501 and 505, provided on both sides of a single crystal
MgOx (001) or an oxygen-deficient polycrystalline MgOx (0 < x < 1) layer 503 with a preferred orientation of the (001)
crystal plane, similar to the magnetic resistance element in the aforementioned embodiment. The amorphous ferromagnetic
alloy can be formed using methods such as vapor deposition or sputtering. The obtained characteristics are nearly the same as
those of the first embodiment.

[0038]

Moreover, about the amorphous ferromagnetic alloys, materials such as FeCoB, FeCoBSi, FeCoBP, FeZr, and CoZr can also
be used. In addition, in cases where an annealing process is applied after the formation of the element, the amorphous
ferromagnetic alloy in the electrode layer may partially or fully crystallize; however, this does not significantly degrade the
MR ratio. Therefore, it is acceptable to use such crystallized amorphous ferromagnetic alloys in the electrode layer.

[0039]

While the magnetic resistance element according to this embodiment has been described above, this invention is not limited
to these specific examples. Various modifications, improvements, and combinations are obvious to those skilled in the art.
For example, instead of introducing oxygen defects into the MgO layer, methods such as doping with calcium (Ca) or
strontium (Sr) could be used to adjust the height of the tunneling barrier. In addition, while the deposition methods for the
MgO layer have been explained using electron beam evaporation or sputtering as examples, other deposition methods can
certainly be applied. Furthermore, the term “high vacuum” generally refers to pressures below approximately 10 Pa when
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no oxygen is introduced, whereas, even when oxygen is actively introduced, it typically refers to values around 10 Pa.
[Industrial Applicability]

[0040]

The output voltage value of MRAM has improved to about twice that of conventional values, making it suitable for gigabit-
level ultra-highly integrated MRAM.

[Explanation of Reference Numerals]

[0041]

1... First Fe (001) layer, 5... Second Fe (001) layer, 3... Single crystal MgOy (001) layer or polycrystalline MgOx (0 <x < 1)
layer with a preferred orientation of (001) crystal plane.
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I, 2nmEOMg0 (001) NUTE21%2Fe (001) THEM (F1EFEEM 1
7TLICRBETIERF VY IVRET S, COBE, MgODEBEFE—LEEEZ MV,
M3 (B) . 2OEOMgO (001) NU7E21DRHEEDAA—YERTHT
Hb. M3 (B) ikmT L3I, Mg0O (001) RUTE21LEHFAERE L FHEE
EFHELTWVWACZEERLTWVS,

[0025]

M2 (D) kmd Lok, MgO (001) NU7E21Lic, BlRETEE10nm®
Fe (001) FLMEMR (F2FEM|) 23%2FHR LKL, #EHELT. 10nmEIDC ofE
25%Fe (001) L#EM (FE2EFM) 23 LIcHMBLREZ, CoE251F. LHEM
23DHERNEZFEDZLICE > TR FITRHEEBZRHTZ7HDLDTH S, RVT
. EEROEREBEMMEMTLTFe (001) /Mg0O (001) /Fe (001) T
MREZETZEKT %,

[0026]

FHREBEBFE—LICEBAMgOEEZEWE. 10 °TorrDBEERRETRERTo 2
o COHETR, FIZEHNSAERELC3I00 nmOKKEZfTF-oTZBETE, BOBHT
by, BFAEREIPFERENA TR LR bh D, K4k, Mg ORERICEIT 3 K
FrANHNOMEMBMa s s AN MVOBRABREZRIKTH 2. M4lcnT LI,
ODANRZ FIVP 1,0, DARZMVP2LICHTEINENRGEVCERADNS, M5
Mg OREBEHFOBENEDOEMEEERGEEZRITRNTHS, M5KRTLIIC. BED
FEEADEDE N L, HEERE L LLICBEDIELE RSB CTE, BB, MgOD
HEBRICEIAMg OO DBEDOHMZ RETZ2LD0THD ., BHLIEBETEZRY
TIEE-oTHRBEEBEONCHRINECENMS, MgO, (0. 9<x<1) DX>Ic#
EREVPECTVIAENEND S, BEREBHIELSZEMgO Y XIVEROEH I DKL
B&EZLN (BIZIE, 0.10~0.85e V. KD FMICIE0.2~0.5e VOHPHAN) . Th
K&, FRNLVERNMEMTZ220EEZENE, M. —BWZA 1 -0k X)VEEE
DFEE. Fe (001) LOMONYRIVERBEDOEHTIZ., 0. 7T~2. 5eVEEZIDLA
B, THIEHLT,. MgORRIIEENAZ N XVEEDOFHEIRX3. 6eVTEHH., R
BELTEO0. 9~3. TeVOEIBLENTWVS, KEMOFBEICXZ HERZHAVS L
0. 3eVREEDN VY IIVEEOFHIMHEEEI N, bR IVEEOEKEIILNITEETH
22hbhB, HL, TOMDODER, flXIERBDOa—L Y e b RIVOBELHE
HUTWVWARHAREEN DS, M, BERBICEIIMgO, ODxDfEELTIE, 0. 98<
x<1, XO0HFELLWEO0. 99<x<1EBETHH, MgHEKDIIBLDEEENT
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Mg ODRMENEANICIMR NI TH B,

(0027]

M. B, PURIVEEOEE 0., TMREFOEXRZERNME (FYRXLVEREE ]
ENATRABEBEVOHEKR) Z#Z. WKBELICEITWVWRZS immon s DR (FEFRFF (it
J. G. Simmons: J. Appl. Phys. 34, pp.1793-1803 (1963).D (2 0) XK) Ic Y TF X
Z2X5CRNERETTI A VT A VI TBRLICEK>TRDE, TOE., EFOEHNEAER
LT, HHEFODEE (m=9. 11 x10° 3! kg) ZAVWC T4 v T VI BT
STt ] —VRUICHEREENVENIZBEEDODNSATAEEV (BE500mV~1000
mVEE) FTHMTINE., SimmonsDREHVWC] —-VEEET v T2V FT
BClic&D, FURIVEBOE T LN RIVERBOENESTA s ZHKICRET S T
EHHES,

[00238]

TCTTC, FURXIVEEOEHEETAsE, TMREFOHEBBE FHEMSE (T EM)
BEHENLRHEEBEOMgO (001) PYRLVEEEDEE (ty,0) £hE, KO

S5nmiEEEVEE R/, Thid, MgO (001) BLFe®CoZERT LTS
BEEBORMMICEUCIEBRRT VI YIVDOMBICEI>T. FPXIVEREOBEHEETA s N
EEOMg0O (001) BOETXL @I A RERTH S,

[0029)]

W, BB TEMERZMOVT ty 5, o ZEEHICRDZTEDNTERHAR. UTICBN
5X5TFHET, LOBELCMN VIIVEEBOET 0 ZRBE S CAHKS, §hDB,
TMREZTFICHMTAZNATRABEEVHEY GE¥. 100mVEUTF) HE., P IVE
HEEJIBNATABEVICHAIL, J-VERIRFEERETS, TDKI HE AT
AEEDOHEHETWE., SimmonsDREIF,. X (2) DEICEABRTE S,

[0030]

=[(2mo¢)'/?/Asl(e/h)2Xexp [—(4nAs/h)x(2m¢p)'/2] XV

(2)

CCZTC. mIEHEBEFOHER (9. 11 X103 kg). e@EXEM (1. 60X
10-'°%9C) . hd7Ssvyr7E# (6. 63Xx10-34] «s) TH3, £, b
INVHEOEHESAsE. As=ty,0—0. 5nmTH%, TMREFOENLT
ZEEEBO] —VREEE (2) KT v 70073, PURIVEROES ¢ 28
EMDOEMICAREL AT EHAHRKS,

[0031]

M6k, FfoAEckvEELZFe (001) /MgO (001) /Fe (001
) TMREFOMBNTHMKAETHERERINTH S, WMEEE2 0KIKBVTMRIE 1
46%THb, WEBE293KIKBVWTMRIEIZ8 8% THoz, TOHIE. BHEET
KEBRICBVWTHEONERLEVMRETHS. TOXISEHE VMR, Fe (001
) BROAE VBEBICL>TCHHAITSZ LR TET, TLA, ae—L YR RAE VIR
MRV YT ICHETSEEZLONS, 16 0MODTMREFEHAMELUEAE. MR
ERFVRIVEBHFMEECETEZESDEIR. 20%UATHo7, TMREFDHRBEDD L
EBREEBTIOBULETH Tz TOEIBEVHE., A7 Tu—FoEMEZREL
TV3b, TMREFOEN-—TVU7HE (RA) B, HkQum?2 THH, THOfEIF. MR
AMICELEETH %,

[003 2]

K7 (a) ¥, BBICEIBMREDNA T RAEEKEEZRIKTHS. K7 (a)
KRT LI, MREDNATRAEEKEREI»ZOHEVWI DS, IEXHEREREE
RN, MREDEBETEIEEV,, ;31 250mVELSEHICHVERELIATVLS
o M. HEKRDALI —ORICBIBMRUDO¥EWET ZEEV,,,;&300~600mVTH
%5, W7 (b) I&. TMREFOHNEEV,, & (=L 7XEEX (Rap—Rp)
/Rap) BRY. ﬁﬁ%rvm“®ﬁﬁ@HMA4 ZIHEVT380mVDENED
NTWVWs, TOfEEF. Al—0NU7T HF0fE (200mVEy) OH2FBDIETH 5.
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TOEIC, MRItLEHAOBELOBATHWENEG Nz LE, ARBOFREIC XS
BEifioBE#HEERL TV,

[0033]

W, LI EROEEICEVWTIE, BCCDFe (001) ZHAWVEN, fDDICBCC
DFeREe. 2. Fe—CofEL. Fe—NiE4®. Fe—PtEELERHWVWSRCE
ETE%, HVWIIEMBEMgO (001) Beofic, 1 HRFEBXEHEEFEREDOR
EDCo,. NiZEEMALTLEL,

(003 4]

R, REFEOFE 2 ORMOFRRICLIMIEBENEZTRTZTOHMELFELCOVWTHHEZ
72 ARBEOKEICESFe (001) /MgO (001) /Fe (001) TMR%
FOREERETE, FTARNY RV TERLEICEDMg0 (001) 22BHEERET
ENT 7 ARETHBEL, TORICT7—IVAEEITS S CLIick (001) FEREEHER
MLESHEGERLIEERILT 2R ERBET S, ANy RV TEAER, liE. BE
BNEE (293K) THH, Z—=T v reLlLTR24YFoDMgOZHAV, ArHEEK
HTANRNYRZRY Y T EToT, IEEBHZX200WTH, REHKEIZO0. 008 nm,/
STHb, COXBTHBLEMgORBTENVTI 7 RARETHD D, EENM»S5300<C
EFTHREZLAETE, 300 CICBVWT—ERBERFEEZT S CcLickD, BRlkEThiM
g0%BBC LK,

[0035])

WM, ORBOEBAFELLTR, KERICORBHPECZIZHETHEERTI HiE, OX
BEBNMLEATSZHE, ORBOLZ2RELNGHZEBESS ATLEXITERBILE
LV BIEETo - CHIBRBEDORME TRET S HEDVTAERAVTE BV,
[0036]

Db, AEZBOFRRBICLKZHAEBENEFHMICINE, AR UV JTEEHVWTTE
W77 AMg OB LEBICT Z— VALBICEOFERILTERD, ThIEFERNM0 K&
HEBNMIDEZVEVSIFIEADD B,

(0037)]

Ric, AREHOEHBMOHEDEEHICLZ2HKENEZFC OV IKEEZSZRL DDA
79, M1 1, AHHOERBEOHBEDOERFICLZ TMRETOREERTKTHD
. ®1 (B) KHIETBAXTHS. M1 lIicmT I, KAEHOFEIC L ZHMKAEHE
T, LHEROBRBCIIMIENETLEAMKIC, HERMg0O, (001) 50k
(001) HREREIABEEMLZEBEERBZAEAMgO, (0<x<1) E503Df{l
KRISNZEMRMELT, 7TENV T 7 A EEE. BlAECoFeBE501., 505
ZRVERCHEELND S, 7TEIVT 7 ABEEESE., FIZEREER VI ANy 2 ¥
Tz VWTERAIEETH S, BOoNREFIE I ORMOREDE AL ZIFEAETH
%,

[00338]

M, TEIVIT 7 ABHEEEITOVWTIX, HlX X, FeCoB, FeCoBSi. FeCoBP., FeZr. CoZr
HBEERAVWE L TED, ¥, BF2FRH LRIV IVAHEHZET LEREDT
ENWVT 7 AUBEEEHETNDE2VIELANCHERLTZIHELIDHZIN., chick-oTM
RIENKELLEET R LR EV, LEDH>T, TOXIRKERILLETEILVT 7 AREME
BELEBERBICAVTLEDER L,

[0039]

UE, ARBOBRCIIBKREBEAZF OV THPLLEY, ARFRICNSICHEE
h30TClkEZV, 2O, BLADODEHE, RE. HAGDOLEDNAEXC LI YESBZICEHA
TH55. Hlzid, MgOBICBERMEEATSZRAbOIC, flzIECa®STrERF—-E
VITBRCEThMYRIVEEBEDE I ZMABETZHEERAOVTOLEV. £z, Mg O DH
BAZEELT, BEFLC—LESEXRANRNYy R Y FERZFICUTHHA LD, ZOMD
HEELEANETHSECLRBEIETEAV, £, GEZLOHER. MAIETBRES
BALAVWEAKBWLT, @410 ¢ PallFOfEEEL. — 5., BRXEZHEBEWICEA
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THEHEETE. 10 * PaEOERT,
(EEXLEoFIHREM]
(00401
MRAMOHABEMEIREKRDOW2MZIcALEL., FAHACY FEOBEEEMR AMICHE
T3,
[(FFE 03]
(0041]
1% 1DFe (001) B. 5--20DFe (001) B. 3--HfEEMgO, (0
01) B0k (001) ¥HEEIMIBEEMLEZZHEEMgO, (0<x<1) B,

(1] (2]
1 (A) H2 (&)

——— =3~ —15 mgo(oo1)

—
P
Y MgO(001) % 4R ~—11
! Fe
B
F=—N(350°C)
+~— 17 Fe(001 ) TEITIE
B ~—15 (50nm)
11
©
— 3~— 21 Mg0(001 )AY7 B
] ~—17 (2nm)
= —~—15
H 1 I
[001] 5/ 11
| |
®)
)]
5| Fe(001) t = 25 Cofff(10nm)
E—— | 4~—23 Fe(001) LA TAE
3| Mgo(001) | ——— 1~—-21 (10nm)
—_— 17
1~| Fe(001) = Sl
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