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Abstract

Magnetic Tunnel Junctions are a very promising technology with the potential to
replace numerous forms of computer memory a well as a wide range of other
applications. Three novel studies are done demonstrating various aspects of MTJ design
and manufacturing showing their importance in understanding device performance. First
a Vibrating Sample Magnetometer (VSM) study comparing Co40Fe40B20 and Co20Fe60B20
films of varying thicknesses between 0.6 nm and 3.2 nm is reported. Greater iron content
is shown to increase the overall magnetic moment of the samples. Second a Current in
Plane Tunneling (CIPT) study is done showing the dependence Magnetoresistance (MR)
has on the thickness of the MTJ free layer and the crystallinity of the active region of
devices. A full MTJ device stack is developed, with free layer thicknesses from 0.6-1.75
nm and 1.5-3.3 nm creating a wedge profile on each sample wafer. CIPT shows a
significant increase to MR with anneal, verifying the presence of the [001] crystal
structure

in

post

anneal

samples

using

TEM.

Third,

Ta/Co40Fe40B20/MgO/Co40Fe40B20/Ta thin film metal-insulator-metal capacitors were
developed to measure the tunneling effect and how it changes as a result of MgO
thickness and CoFeB crystallinity. Devices were designed with: varied MgO thickness
from 0.5 nm to 2 nm thick, with pre and post anneal CoFeB. Current-Voltage data was
collected and device resistance was found to have a linear dependence on MgO thickness
in the post anneal CoFeB/MgO/CoFeB samples. The uniformity of the IV data indicates
potential for use monitoring devices during MTJ manufacturing.
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Introduction

Magnetic tunnel junctions (MTJ) are a class of devices which show great promise
in many areas of technology.

Their nanosecond read/write speed coupled with the

effectively infinite cycle life and low power consumption makes these devices optimal
for use in random access memory (RAM) where speed is valuable and longevity is
desired. They also have the potential to replace solid state storage such as flash memory
due to the magnetic nature of these devices. This nature provides the ability to maintain a
written state, making MTJ useful for nonvolatile memory. The devices’ reliance on
magnetism also provides a reliable solution for maintaining data in radiation rich
environments, which would typically affect other memory types. MTJ function relies on
the orientation of 2 magnetic layers separated by an electrically insulating layer known as
the tunnel barrier. When the magnetic layers are parallel, the system will have a greater
current flow than when the magnetic layers are antiparallel. These states can then be
used as logic states for computing devices such as RAM and storage.
These devices show enormous potential for revolutionizing the computer industry
and have great promise for the sensor industry as well. However, there are a few areas of
manufacturing that are limiting the implementation of MTJ devices in the market. The
challenges associated with manufacturing these devices are a result of the complexity of
the device stack. A typical stack is composed of numerous magnetic and non-magnetic
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materials varying in thickness from 10s of nanometers to as thin as 0.2 nanometers. At
these thicknesses, flatness and uniformity become critical parameters in device
fabrication. The slightest variation of either can cause poor performance or device failure.
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Spintronics and Magnetics

FIG 1.
Demonstrates magnetic field produced by
electron angular momentum [5]

Magnetic tunnel junctions fall under the category of electronic devices called
“Spintronics”.

Spin transport electronics (spintronics) are named because they take

advantage of the fundamental charge as well as the intrinsic spin and associated magnetic
moment of an electron.[1] The intrinsic spin of an electron results in a dipole moment[2],
which can be related to a small bar magnet (see FIG. 1). When the electrons are
combined into a system such as an atom, they tend to fill the atomic energy levels
unevenly following Hund’s rule of maximum multiplicity. This rule states that “…every
orbital in a subshell is singly occupied with one electron before any one orbital is doubly
occupied”[3]. Therefore, atoms that do not have a completely filled subshell will have a
majority spin state or what’s known as an unequal density of states (DOS). In atoms such
as zinc, which have equal DOS, there is no net atomic magnetic moment (see FIG. 2a).
However, in materials such as iron, cobalt and nickel, the 3d shell is partially filed (see
FIG. 2b, 2c, 2d). This results in greater density of spin up states (majority spin state) than
3

that of spin down leading to a net atomic moment. When looking at bulk iron, cobalt or
nickel, the atomic moment translates into a bulk moment resulting in ferromagnetic
characteristics.

(a)

(b)

(c)

(d)

FIG. 2
Displays the electronic structure of (a) zinc, (b) iron, (c) cobalt and (d)
nickel, showing the unfilled 3d orbital of magnetic atoms

[10]

FIG. 3
The 3d orbital is localized with a
greater DOS than that of the delocalized 4s
band. The higher concentration of states
results in greater scattering events.
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Spintronic devices take advantage of the characteristics of both, individual
electrons such as in an electric current and those of the bulk material through which the
current flows. Fundamentally, the conduction of a free electron in a metal is governed by
electric field and scattering events in the bulk[4]. In a ferromagnetic metal like iron, the
partially filled 3d orbital results in a majority spin state. This localized orbital is
responsible for scattering events, compared to the delocalized 4s orbital which is
responsible for conduction (see FIG. 3). This scattering is unique because the free
electrons with the same spin as the majority spin state will experience increased
scattering (higher resistance) while those with the opposite spin will experience
decreased scattering (lower resistance). In a bulk ferromagnetic system, these scattering
events happen throughout the material resulting in the ability to control current based on
electron spin.

FIG. 4
Ferromagnetic material (black) with current flow from left to right. Applied magnetic field (red)
produces a change in measured resistance of material known as AMR.

As described previously, these partially filled 3d orbitals result in atomic dipole
moments. These individual atomic magnets then become aligned when introduced into a
bulk system. This alignment is known as magnetic anisotropy. Magnetic anisotropy is
5

an important characteristic of ferromagnetic materials because it is the tool used to
manipulate the scattering events described above. This manipulation is the basis for how
spintronic devices regulate current flow. The simplest form of this current manipulation
is known as anisotropic magnetoresistance (AMR).

AMR refers to controlling the

resistance of a ferromagnetic material based on the magnetization direction in the
material controlled by applied magnetic field relative to the direction of current flow.
When a ferromagnetic material is magnetized parallel to the direction of current flow, a
resulting decrease in resistance occurs. However when it is magnetized perpendicular to
the direction of current flow, an increase in resistance is observed (see FIG. 4). This
change in resistance is known as magnetoresistance (MR) and is typically represented as
a percentage (see Eq. 1).

𝑀𝑅% =

𝑅𝐻 −𝑅𝐿
𝑅𝐿

∗ 100

Eq. 1

Magnetoresistance is important because it describes how great of a difference
there is between the high and low resistance states of a given device. If these states are
used as logic states for computer memory, there needs to be a clear difference between
the “ON” and the “OFF” state of the device or else it will be hard to tell them apart.
AMR for example typically does not exceed values of greater than 2% at room
temperature[4]. Measuring a 2% change doesn’t allow any room for error or noise making
it difficult to distinguish between them. However AMR is a primary step in developing
more reliable technology such as Giant Magnetoresistance (GMR). GMR devices are
types of electronics that use ferromagnetic films separated by a nonmagnetic conductor.
The purpose of the nonmagnetic metal allows for the two layers to remain individually
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magnetized, and not be influenced by the other while still having electrical conductivity
across the stack (see FIG. 5).

FIG. 5
Displays the difference between the low resistance state (left) and the high resistance state (right)
of a GMR device. This part of the device is typically made of iron or cobalt or some variation of ferromagnetic
alloy (blue) separated by a nonmagnetic film such as copper (gray).

Using Figure 5 as reference, GMR devices function by switching the magnetic
moment of the ferromagnetic films to parallel or antiparallel relative to each other (left
and right respectively).

Unpolarized electron current (50/50, spin up/spin down) is

passed up through the bottom magnetic layer known as the pinned layer or reference
layer.

It experiences scattering equivalent to the magnetic moment of that layer,

polarizing it to the same moment. The pinned layer is called such because the orientation
of its magnetic moment is not able to be changed and is thus pinned. If the orientation of
the top layer’s (free layer) magnetic moment is parallel (left), then the electrons will
conduct through in the same manner as the bottom and those with the same spin will
experience lower resistance. However, if the free layer is antiparallel (right), then the
electrons that experienced low resistance in the pinned layer will now experience high
resistance in the free layer resulting in a high resistance state for the stack. Typical MR
values for GMR devices range around 20% at room temperature which is limited due to
the resistivity of the individual layers in the stack[4].
7

(a)

(b)

FIG. 6
Displays 3d orbital (blue) density of states (DOS) vs energy to depict the majority spin states in the
low (a) and high (b) resistance states of a MTJ.

An MR value of 20% is a valuable step above standard AMR however when
considering potential variations in computer circuitry, a 20% change in current is little
more than marginal. Tunneling magnetoresistance (TMR) is the next step in this
development of spintronic devices and the main focus of this paper. TMR devices,
referred to as magnetic tunnel junctions (MTJ) are similar to GMR devices in that they
include 2 ferromagnetic layers separated by a different material. However, instead of a
nonmagnetic metal separating the two magnetic layers, MTJ use an electrical insulator to
separate the stack. This is referred to as the tunnel barrier. MTJ work on the same
principle of creating a high and a low resistance state based on the orientation of
magnetic moment. Figure 6 shows the parallel and antiparallel states of an MTJ in terms
of density of states. This is analogous to Figure 5, however showing the important role
the majority spin state plays in these devices (see FIG. 6). When a tunnel barrier used in
place of the non-magnetic conducting layer, it results in a device with a MR value of
around 200% at room temperature [4]. With a 200% change in resistance, the logic state
of these devices becomes extremely apparent and easy to distinguish when considered for
memory.

8

MTJ like GMR devices control current based on the spin of the individual
electrons. However, in order to be used in computers, MTJ need to be able to be
controlled by current as well. Spin torque transfer (STT) is a phenomenon used in MTJ
devices to change the magnetic moment of the ferromagnetic layers. As described with
the GMR device, an unpolarized current exceeding what’s known as the critical current is
passed through the pinned layer becoming polarized to the same spin polarity. Through a
process call quantum mechanical tunneling, these polarized electrons move through the
tunnel barrier to the free layer. Due to their conservation of spin angular momentum
during tunneling [4], the electrons maintain their spin polarity (angular moment) and exert
a torque on the free layer polarizing it to the parallel state. The critical current mentioned
prior is the amount of current necessary to produce enough torque on the free layer in
order to overcome the magnetic moment and flip the polarity. This is known as the
“write current” (see FIG. 7(a)). To read the logic state of the device a “read current” is
passed through the device allowing the resistance state to be determined (see FIG. 7(b)).
This current however must not exceed the critical current in order to avoid affecting the
written memory state. Finally, to rewrite the logic state of the device a “rewrite current”
exceeding the critical current is passed from the free layer into the pinned layer reverting
to the antiparallel state (see FIG. 7(c)). For clarity, the term “current” and its direction
are paired loosely because convention depicts current as opposite the direction of electron
flow, but the important aspect of the current in this case is the direction of the electrons.

9

(a)

(b)

(c)

FIG. 7
Figure (a) demonstrates the process of writing a high resistance state into a MTJ. Electron flow (red
arrow) from the pinned layer across the tunnel barrier exerts torque flipping the free layer polarity. Figure (b)
demonstrates the read current for both high and low resistance states of a MTJ. The read current and
associated
State
of theelectron
Art flow (green arrows) does not meet the level of critical current to avoid affecting the
memory state. Figure (c) demonstrates the process of rewriting the resistance state to low resistance by
backscattered polarized electrons exerting a torque on the free layer to flip it. This rewrite current (electron
flow in yellow) must also exceed the critical current.
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Current research in spintronics and more specifically MTJ focuses on
improvement of device performance. As described previously, the magnetoresistance of
a device is the most valuable number in describing its use. Much of today’s academic
research is focused on improving the MR of MTJ devices at room temperature. One such
method of improvement is changing the material of the tunnel barrier and the magnetic
layers around it.
The material surrounding the tunnel barrier in an MTJ device is composed of a
ferromagnetic metal in order to achieve the desired spin polarizing traits.

Most

commonly seen in MTJ research and industry are period 4 transition ferromagnetic
metals, specifically iron and cobalt. Research groups have been working with these
metals and various alloys to optimize their traits for use in spintronics. Publications
report using a variety of these alloys in order to produce desired magnetic traits to be
used in devices. For the main MTJ market, different compositions and multilayers of
CoxFeyBz have been used to varying degrees of success. Research on the magnetic films
of MTJ devices has shifted to focus primarily on these metals due to their demonstrated
success as the magnetic layers in magnetic tunnel junctions.
(a)

(b)

FIG. 8
(a) Shows the crystal structure of Al2O3 (trigonal, a=4.768A,
b=12.991A) (b) Shows the crystal structure of MgO (cubic, a=3.278A) [39]
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Aluminum oxide (Al2O3) was historically used as a tunnel barrier for early MTJ
devices. The MR values for such devices were reportedly reaching 50% in the early
2000’s, however research into further improving magnetoresistance resulted in a shift in
focus. Magnesium oxide (MgO) became the mainstream material for MTJ tunnel barriers
because of the great improvement to performance. The use of MgO as a tunnel barrier
resulted an initial improvement to MR values of 200% at room temperature. More recent
research has demonstrated room temperature RM values exceeding 600% at room
temperature using variations of the stacks[40]. The crystal structure of MgO is largely
responsible for this improvement. As shown in FIG. 8, the crystal structure of the
aforementioned tunnel barrier materials is substantially different. In comparison to Al2O3
which has a trigonal structure, MgO is cubic.[6][7] The crystal structure of the tunnel
barrier is extremely important when considering quantum mechanical tunneling, and
MgO improves on that crystal structure benefiting the tunneling process.
Manufacturing of an MTJ device includes 3 primary steps. These steps are: 1)
Depositing the various films that make up the stack, 2) Anneal to set the crystal structure
of the films in the active region, and 3) Etch the desired device pattern. One of the vital
steps in determining device is the anneal step and the variables associated with it
including temperature and environment such as vacuum.

Once the film stack is

deposited, the tunnel barrier is sandwiched between the CoFeB layers. During anneal,
the amorphous CoFeB crystallizes and is magnetized with the desired moment.
When CoFeB is annealed in a stack with MgO it crystallizes with the [001] plane
of the MgO. Due to the similarities in crystal structure which are both cubic, there is
minimal lattice mismatch resulting in an almost continuous crystal structure across the
12

tunnel barrier.[8] This continuous crystal structure promotes tunneling due to a formation
of Bloch states. Bloch states, or Bloch waves refer to a wave function describing a
particle in a repeating or periodic pattern. This wave provides a transport state for
tunneling electrons to occupy during the tunneling process improving tunneling
efficiency.

[9]

This results in the dramatic improvement of MR between the use of Al2O3

and MgO as tunnel barriers.
Industry has a variety of interests for MTJ technology. One primary interest
which has been touched on in this paper is memory, an estimated $5 billion market by
2019 for “Persistent RAM” and “High-Integrity Non-volatile Memory”.[11]

The

possibility of replacing currently used random access memory (RAM) technologies with
magnetic RAM (MRAM) would maintain and improve the speed and performance of
current RAM (SRAM, DRAM) while improving lifetime.

In addition MRAM is a

nonvolatile technology like Flash storage, meaning that it will maintain its logic state
indefinitely. Therefore MRAM can provide a faster and more efficient solution for long
term storage memory. While this technology holds great potential for replacing the range
of memory types in computers, it also shows promise for the sensor industry as well.
With the ability to tailor the magnetic sensitivity of an MTJ device my changing the traits
of the magnetic films, one can design sensors for a wide range of applications. Such
applications include sensors for medical, defense, security and consumer electronics.
MRAM shows many great possibilities for current and future applications,
however there are some manufacturing challenges that are making it slow to come to
market. These challenges include film and etch uniformity and edge shorting resulting
from the etching process. A problem such as edge shorting can result in device failure
13

when the metallic layers surrounding the tunnel barrier short preventing proper function.
Uniformity is also of great importance both in film deposition and etching because the
interactions between the individual layers within a device rely on thicknesses and crystal
structures to be consistent across a single device to attain optimal performance. A great
deal of research is focusing on directly solving these problems individually such as
patented patterning techniques to avoid common etching hurdles.[12] Some groups seek
to overcome these challenges using different etching methods or materials while other
solutions are being explored in changing manufacturing of the materials and how the
device is constructed. [13][14][15]
The above challenges and how each are overcome have a commonality which is
how they and their effects on device performance are monitored. For MTJ devices, there
are several primary methods of characterizing them and their individual films. These
include Vibrating Sample Magnetometer (VSM) which measures the magnetic moment
of materials, Current in Plane Tunneling (CIPT) which is a convenient and fast method
for measuring the MR of a device stack and finally, Transmission Electron Microscopy
(TEM) which is used to observe and determine structure and status of the critical layers
in a device stack. The details of the techniques VSM and CIPT are reported on later in
this study. Other techniques such as AFM, XRR, XRF and XPS are commonly used
surface techniques which evaluate film characteristics such as crystallinity, composition
and thickness. The main drawback of many of these techniques is that they are not
optimal for monitoring devices during fabrication. Primarily, these techniques are either
destructive, time consuming and or not capable of evaluating films greater than 10nm
below the surface. VSM for example requires a wafer be diced into millimeter scale
14

sample sizes in order to be used. CIPT, though not destructive to the wafer directly,
disrupts the fabrication process because it’s use of gold probe tips. Once exposed to
gold, a wafer cannot be returned for further processing because gold is not a compatible
with current IC manufacturing techniques.

Finally, TEM is destructive to samples

because it requires cross sections created from the devices. In this paper, a technique is
proposed and demonstrated as an in-line test method for monitoring MTJ devices during
fabrication without cost damaged devices and time.

15

Research Setup and Data

In this paper, 3 novel studies are reported in detail demonstrating the previously
mentioned characterization techniques used in MTJ fabrication. The setups will be
described including theory and supporting literature as well as expectations for results
followed by the data and a discussion of each. This research covers 3 important areas of
MTJ fabrication analyzing materials and stacks commonly used in manufacturing. Study
1 is a composition and thickness study of Co40Fe40B20 and Co20Fe60B20 using Vibrating
Sample Magnetometer analysis. Study 2 is a thickness study analyzing the free layer of
an industrial MTJ stack using Current in Plane Tunneling. Study 3 demonstrates a
proposed inline test method for MTJ device monitoring during fabrication.

16

Ferromagnetic Film Characterization

For this research study, a novel investigation of magnetic traits is done comparing
2 magnetic materials used in MTJ manufacturing. The data shown was collected using a
Quantum Design Inc. VersaLab VSM. The materials’ characteristics are individually
known, however no publications were found showing a comparison between them using
this type of data.

(c)

(a)
(b)

FIG. 9
Primary components of a
VSM: (a) Electromagnet driving
applied magnetic field, (b) Pickup
coils measuring field produced by
sample and (c) Sample holder
connected to a motor to produce
sinusoidal motion in the sample

A Vibrating Sample Magnetometer (VSM) is a magnetic characterization tool
commonly used in research of MTJ devices. Using Figure 9 as reference, the critical
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parts of a VSM are the electromagnetic which applies a magnetic field to the sample, the
pickup coils which measure the magnetic field produced by the sample, and the sample
holder attached to a motor. The sample is placed in the uniform magnetic field produced
by the electromagnet. The motor which the sample holder is attached to creates a
sinusoidal motion which causes the sample to “vibrate”. The sample, now magnetized by
the electromagnet, produces a magnetic field of its own which is moving with respect to
the pickup coils which are stationary. As described by Faraday’s Law of Induction, the
change in magnetic field experienced by the pickup coils produces a voltage proportional
to the magnetic moment of the sample. The data collected is displayed in a form called a
magnetic hysteresis.
(a)

(b)

FIG. 10 FIG 10(a) shows a typical magnetic hysteresis and the location of the Magnetic Saturation
Moment (Ms), the Remanence Moment (Mr) and the Coercivity (Hc). FIG 10(b) shows a magnetic
hysteresis with an ideal squareness ratio with instantaneous flipping of magnetic moment.

A magnetic hysteresis tells a great deal about the magnetic characteristics of a
material.

Figure 10(a) shows what a typical hysteresis loop would look like for a

ferromagnetic material. As the applied magnetic field “H” is changed, the magnetization
“M” of the sample is measured. From this data, 4 important pieces of information can be
collected. The first important value is known as the saturation magnetization (Ms). The
saturation is the maximum magnetization that can be induced in the sample, meaning that
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increasing the applied field further will induce no further changes in the sample. The
second value taken from the hysteresis is the Remanence (Mr). The remanence is the
magnetization left on the material after applied magnetic field is removed. Third is the
value known as the Coercivity (Hc). The coercivity is the size of opposing magnetic field
required to bring the magnetization of the sample to zero.

The magnitude of the

coercivity represents the “hardness” of a magnetic material, or how easy it is to change
the magnetization of the sample. If Hc is a small value, the material is considered “soft”,
and if Hc is large then the material is considered “hard”. The final important aspect of a
hysteresis is what’s known as the Squareness Ratio. This is a unitless value depicting the
rate of flipping of the magnetic orientation of a sample. In the case of an MTJ, this
would be how rapidly the magnetization of the free layer can flip from the parallel to the
antiparallel state. Figure 10(b) shows a hysteresis with an ideal squareness ratio. In this
case, the remanence value is the same as the saturation of that orientation as well as the
flipping of orientation is instantaneous from one saturation value to the opposite. This
contrasts with the image in Figure 10(a) which has a slower saturation with the
remanence moment being less than that of Ms.

FIG. 11 Shows experimental device stack. The
blue wedge represents CoFeB, the composition
of which varied between the sample sets.
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For this study, the value of composition in designing the ferromagnetic layers
used in MTJ devices is demonstrated. A comparison is done between two iron alloys
which are used in MTJ fabrication: Co20Fe60B20 and Co40Fe40B20. The selection of these
two alloys is due to their high degree of use in manufacturing MTJs and their importance
in developing devices with optimal performance. The device stack shown in Figure 11 is
as follows from silicon substrate: 5 nm tantalum (Ta), 1 nm magnesium oxide (MgO), a
wedge of cobalt-iron-boron (CoFeB) and 5 nm tantalum (Ta). There were 4 sample
wafers deposited, 2 using Co40Fe40B20 and the other 2 using Co20Fe60B20. The first wafer
of each sample type was deposited with varying thickness of 0.6-1.75 nm forming a
wedge. A similar deposition is done for the second set forming a wedge of 1.5-3.3 nm.
The purpose of these wedges was to give a large sample range on as few of wafers as
possible and be able to measure samples on the order of typical manufacturing
thicknesses for MTJs. This then allows for samples to be diced and measured at desired
thickness based on a wedge map produced by the recipe using stage speed and deposition
rate. By depositing the CoFeB on a 1 nm MgO film the desired crystallinity resulting
from the CoFeB/MgO interface is created.

This then gives insight into how the

ferromagnetic films function under standard operating conditions.
The devices were deposited using PVD in a Singulus Timaris modular deposition
system. The Timaris is designed to deposit all of the various films in an MTJ stack in the
same tool in order to prevent air breaks in the deposition to avoid formation of native
oxides. Once deposited, the wafers are annealed in argon at 350°C for 10 minutes. This
crystallizes the CoFeB sample with the MgO on the [001] interface described earlier,
mimicking the characteristics of CoFeB in standard devices of this type. Once anneal is
20

finished the wafers are completed and they are ready to be diced for testing. Using the
wedge map from the deposition, the samples were measured and diced out 20 mm apart
giving thicknesses from 0.6-3.3 nm per sample type (Co40Fe40B20, Co20Fe60B20) resulting
in 30 samples per type.
Finally to start measuring, the samples are diced at 1-2 mm2 in order to fit inside
the chamber. They are fixed to a quartz sample holder (shown in FIG. 9 (c)) using a
temporary epoxy resin. The sample holder is attached to the VSM motor and placed in
the measurement field. Once the chamber is evacuated, a sample is slowly vibrated
through the applied field produced by the built in electromagnets. The movement of the
sample through the applied field produces a change in magnetic field experienced by the
pickup coils. The induced voltage in the pickup coils gives a direct reference to the
magnetic moment of the sample. This magnetic moment is then calculated from the
voltage using built in software and displayed in both a graphical and numerical form.
Finally correction must be done for the signal produced by the magnetic moment of the
substrate, in this case silicon which is diamagnetic. This is done by calculating the slope
of the saturation which is negative due to the silicon, and then subtracting it from the
graph leaving the desired magnetic moment only.
The first part of this study is a comparison between the saturation magnetic
moment of these two materials. The reason for this study is that in order to develop MTJ
devices for specific applications (MRAM, sensors etc.), device designers want to know
what composition would suit the application better such as knowing how sensitive the
“sensing” layer might be to external magnetic field. The expectation for this test is that
the Co20Fe60B20 will have a greater saturation magnetic moment than that of
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Co40Fe40B20.[16][17] This is because atomic iron has a larger atomic magnetic moment than
cobalt due to the less filled DOS in the 3d orbit (refer to FIG. 2). Now, considering the
alloy of iron rich CoFeB has 20% more iron and the same amount less cobalt than
standard CoFeB, the iron rich alloy should have a greater total magnetic moment.
(a)

(b)

(c)

(d)

FIG. 12 Shows hysteresis loop comparison between Co40Fe40B20 (blue) and Co20Fe60B20 (yellow) for 4
different thicknesses (a) 0.9 nm, (b) 1.5 nm, (c) 2 nm and (d) 2.5 nm. This demonstrates the increase in
saturation magnetic moment with the increase in iron content.

FIG. 13 Shows the values of the saturation magnetic moment of the two films
at various thicknesses taken from the graphs above. Here can be seen a
substantial increase in saturation moment with the increase in iron content.
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Figure 12 shows a comparison of the in-plane hystereses for the two alloys of
interest at different thicknesses. These hystereses show the magnetic moment of the
sample as a function of applied magnetic field in the form of moment/area in
electromagnetic units/square millimeter (emu/mm2) vs. magnetic field in oersted (Oe).
What is made very clear is that the increased concentration of iron in the iron rich
samples produces a greater saturation magnetic moment. Figure 13 shows the values of
the saturation moments collected in the study, again reinforcing the dramatic difference
produced by the increased iron content. Similar relationships have been demonstrated
using other variations on the same alloy (Co60Fe20B20, Co10Fe70B20)[18] as well on process
variations such as change in anneal temperature.[19]
Other information that can be collected from the data given is the saturation
magnetization/area (emu/mm2) vs. thickness trend. What this would show is how the
saturation moment of these films changes as a function of thickness. It allows for further
understanding of the affect that thickness has on properties that can directly affect the
application of a device. Studies have been done to observe the magnetic properties of
these films in an amorphous state[20]. However, other research has been done showing a
crystalline system developing as a result of anneal with MgO. This study provides is a
trend based on thickness for this crystalline system of CoFeB with MgO.
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FIG. 14 The linear trend of saturation moment as
a function of thickness is shown for standard
CoFeB (blue) and iron rich CoFeB (yellow).

Figure 14 displays various point values of standard CoFeB (blue) and iron rich
CoFeB (yellow) for thicknesses ranging from 1 nm to 3 nm. A very linear relationship is
quite apparent showing a consistent increase in saturation moment as a function of
thickness. A similar positive linear trend was demonstrated for a greater thickness range
of 10nm to 50 nm.[20]

This information is valuable because having a trend provides

foresight into what can be expected from these films as thickness is altered.

In-plane Anisotropy
Bulk Ferromagnetic
Material

Perpendicular Anisotropy

FIG. 15 Demonstrates the concept of magnetic anisotropy in a bulk system (left), and the difference
between in-plane magnetic anisotropy (top-right) and perpendicular magnetic anisotropy (bottomright). Yellow arrows symbolize individual magnetic dipoles in a material.

The final aspect of these magnetic films that was studied using VSM was their
anisotropic properties. Magnetic anisotropy refers to the alignment of the internal dipoles
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of a bulk system in a single direction. When this alignment is spontaneous such as in a
ferromagnetic film, it is referred to as the easy axis, being the axis along which the
energy is lowest for the moment to point. Typical MTJ devices including all of the
devices which have been discussed thus far are classified as in-plane MTJ (iMTJ)
meaning that the easy axes of the magnetic films is parallel to the plain of that film. A
new class of device has been proposed as an alternative to iMTJ referred to as
perpendicular MTJ (pMTJ). The difference in this class of device is that instead of inplane anisotropy it utilizes perpendicular magnetic anisotropy. As the name implies, the
magnetic anisotropy (easy axis) of a pMTJ device is perpendicular to the plane of the
films (see FIG. 15). The reason for the increased interest in pMTJ devices is due to their
great potential to further improve on the scalability and performance of the MRAM
market.[21][22][23] These improvements and the difference in function come from the
ability to take advantage of the magnetocrystalline anisotropy of the films.
Magnetocrystalline anisotropy describes the atomic dipoles alignment within the crystal
structure, which in this case is a result of the CoFeB/MgO interface.[25]
Perpendicular magnetic anisotropy is known to occur in thinner films because as
the film thickness increases, it is energetically unfavorable to have a large surface area of
magnetic dipoles.[26][27][28] This means that in a bulk system the dipoles will tend to point
towards the smaller faces of the system like in an in-plane anisotropic film.

The

anisotropic traits of the CoFeB films discussed in this paper are known in terms of their
uses in MTJ however, this paper reports a novel comparison between these two materials
and show the differences in hysteresis properties based on anisotropy.
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FIG. 16 Demonstrates the difference between an in-plane VMS
measurement where the applied magnetic field is parallel to the flim
plane (left) and a perpendicular VSM measurement where the
applied magnetic field is perpendicular to the film plane (right).

This study consists of use of the same tool and the same samples as previously.
The perpendicular VSM measurement is much the same as that of the in-plane
measurement. The only difference between the two is the orientation of the sample
within the tool.

The purpose of this measurement is to see the magnetic moment

perpendicular to the plane of the film which means the sample must be mounted
perpendicular to the direction of applied magnetic field (see FIG. 16).

These

measurements are done for the perpendicular case in the same manner as before and
compared to the in-plane data reported earlier.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIG. 17 Shows hysteresis comparison between in-plane (blue) and perpendicular (yellow) magnetic
anisotropy for various thicknesses of the 2 compositions of CoFeB. (a), (b), (c) and (d) are the comparisons of
the 2 compositions with thicknesses of 0.6 nm and 0.9 nm, showing the perpendicular anisotropy
measurement with easier saturation indicating a perpendicular easy axis. As the film thickness increases for
both compositions, the in-plane anisotropy dominates at 1.5 nm ( (e) and (f) ) and even more so at 2.8 nm ( (g)
and (h) ). Magnetic saturation occurs much more rapidly for the in-plane measurements indicating an in-plane
easy axis.
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Figure 17 displays the differences observed in the hystereses of samples measured
for in-plane anisotropy and perpendicular anisotropy. The difference in “rapidity” of
saturation in the samples is the most valuable information taken from these data. The
easy axis for the samples shown in FIG. 17 (e), (f), (g) and (h) are in-plane as noted by
the rapid saturation for the in-plane measurement (blue) which contrasts with the
perpendicular measurement (yellow). Note the description of saturation rate as rapid is
not in reference to time but referring to how much applied magnetic field is required for
saturation. The perpendicular measurements for these samples all take a much greater
applied magnetic field in order to saturate due to their easy axis contradicting the
measurement orientation. In comparison, the graphs shown in FIG. 17 (a), (b), (c) and
(d) show the perpendicular anisotropy of the samples being dominant making
perpendicular the easy axis.[29]

The important difference is in the thickness of the

samples and the energetically favorable states they take on at that thickness.

The

magnetocrystalline anisortropy is the cause for this difference in the sub 1 nm samples.

(a)

(b)

FIG. 18 Graphs comparing remanence values of in-plane and perpendicular hystereses for the 2 compositions
of CoFeB. (a) shows a transition between in-plane and perpendicular easy axis just above 1 nm for Co40Fe40B20
and (b) shows this transition occurring at a slightly thicker film based on closeness of point at .9 nm for
Co20Fe60B20.
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To better understand the material traits and how composition affects those traits,
the remanence values (refer to FIG. 10 for remanence) of each measurement types (inplane and perpendicular) are compared for both compositions (see FIG. 18). Through
examining the remanence values, the expectation is to be able to identify the thickness
where the samples change from in-plane anisotropy to perpendicular anisotropy. The
reason for this comparison is that for a measurement that is not within the easy axis of a
sample, the measured remanence for that sample will be substantially lower than the
saturation. This means the sample loses its magnetization when the applied field is
removed, resulting in loss of data if it is used in MRAM. In Figure 18 (a), the transition
between perpendicular and in-plane easy axis can be estimated at less than 1.1 nm using
the graphed values as reference. Figure 18 (b) has an estimated transition over 1.2 nm,
again using the graphed values as reference. These values are estimated using a graphical
comparison between plotted values and identifying the intersection where perpendicular
anisotropy drops below in-plane anisotropy. Other studies using similar methods with
varied film stacks report this transition around 1.3 nm.[2][4]

This difference can be

attributed to the increased iron content of the iron rich CoFeB improving the
perpendicular anisotropy. The magnetocrystalline anisotropy results from the structure of
CoFeB crystallizing with the MgO. In films below the transition thicknesses reported
above, the anisotropy arising from the crystal structure is the dominating factor in the
film and having the easy axis perpendicular to the film plain is more energetically
favorable. Once the reported transition thicknesses are exceeded, the dipoles in the
“bulk” of the film orient themselves to the lower energy state which is parallel to the film
plain due to the energy of the dipoles at the faces of the material.
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The reported data for magnetic saturation, remanence and anisotropic dependence
on film composition and thickness are key for designing MTJ devices for different
applications. Understanding what properties of the magnetic films are needed to best fit
those applications comes from understanding the films. The easy axis of the film is one
of the most critical properties analyzed in this study. Composition and thickness are
primary factors in the overall magnetic strength of a magnetic film, however varied
thickness of the same composition can result in 2 dramatically different film properties.
Of the 2 films reported on, iron rich CoFeB results in a greater saturation moment and
remanence while remaining in the perpendicular anisotropic state as well as maintaining a
greater saturation and remanence in the parallel state. For applications such as MRAM,
the remanence of the devices is critical to insuring successful data recording. Due to the
greater remanence values of iron rich CoFeB over that of its standard counterpart, iron
rich free layers could be more resilient to losing their written state making it more
suitable for MRAM. However for sensor based applications, a written state may not be
critical in device performance. Consider a MTJ based sensor such as a read head in a
hard disk drive. This read head does not need to maintain a specific memory state, but
rather sense the magnetic field of the storage units. In this case, a higher remanence is
not required and standard CoFeB would be sufficient. Ultimately, iron content and
overall composition as well as thickness have a substantial impact on magnetic film
performance.
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Magnetic Tunnel Junction Device Characterization

In study 2, novel demonstrations of the effects of annealing and free layer
thickness have on device performance are reported. For this study, a Capres CIPTechM200 Current in Plane Tunneling tool is used to measure the change free layer thickness
and anneal causes in magnetoresistance (MR). Also, TEM analysis is done to verify film
thickness and crystal structure of the free layer.

(a)

I+ V+V- I-

(b)

I+

V+V-

I-

(c)

FIG. 19 Represents the Current-in-Plane Tunneling measurement process.
Fig. 19(a) shows electron flow through top electrode at narrow probe
spacing. Fig. 19(b) shows electron flow distributing between top and bottom
electrode at wide probe spacing due to path of least resistance. Fig. 19(c)
shows the individual resistance components of the CIPT measurement which
are used to calculate the area resistance of the device.
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CIPT is a measurement method similar to a simple 4 point probe. Figure 19
shows a rendering of how a CIPT works. Four gold probe tips are placed in contact with
the top electrode of a MTJ device stack. Current (red line) is passed between the outer 2
probes while the inner 2 probes measure the voltage drop through the sample, just as a
standard 4 point probe does (see FIG. 19(a)). Next the current probes are moved apart
and again current (red lines) is passed between them while the inner 2 probes measure
voltage drop (see FIG. 19(b)). Once this is done, the sheet resistance values for the top
and bottom electrodes (RT and RB) as well as the area resistance (RA) for the device stack
are determined using software built into the tool (see FIG. 19(c)). These values are then
used to calculate the final resistance of the device stack using an equation built into the
tool software. This process is completed for the two resistance states of the device (high
and low). These values are then used to calculate the magnetoresistance (MR) which is
the percentage change in resistance of a spintronic device between high and low
resistance states. Something that must be noted is that in order for a CIPT measurement
to be successful, the resistance of the bottom electrode must be lower than that of the top
electrode. This allows tunneling to the bottom electrode to occur for the wide probe
spacing demonstrated in Figure 19(b).
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FIG. 20 Displays the primary layers of an MTJ device.
These include the electrodes for good electrical
contact, the reference layer which is used to maintain
the pinned layers magnetic moment, and the
CoFeB/MgO junction that forms the active region.

The device stack used for this study is an industrial research stack, the recipe of
which is confidential however the role of some films can be shared. The important
components of an MTJ stack can be reference in Figure 20. From the silicon substrate, a
bottom electrode is used separated by a diffusion barrier. Next is what is known as the
reference layer which is an antiferromagnetic (AF) film. The following layer starts the
active region of an MTJ with the pinned layer which is a ferromagnetic metal, for which
2.5 nm of Co40Fe40B20 was used. The reference and the pinned layer have an interaction
called exchange biasing, which is caused by separating them with a metallic layer
resulting in antiparallel coupling.[32] Next is the tunnel barrier of MgO at 1 nm, followed
by the free layer which is a wedge deposition of Co40Fe40B20. They are deposited similar
to in the VSM study, 2 wafers receiving a 0.6-1.75 nm wedge and the other two receiving
a 1.5-3.3 nm wedge. Finally, another diffusion barrier is used followed by the top
electrode of the device (see FIG. 20).
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These depositions are done on four wafers using PVD in a Singulus Timaris
modular deposition system. The entire device stack is deposited in a single step. Once
deposition is complete, two of the wafers are annealed in argon at 350°C for 10 minutes,
again to achieve the desired crystal structure expected from the MgO/CoFeB interface.
This completes the processing for the samples. No patterning is necessary for the wafers
because using the thickness map used in deposition, the MR of the different free layer
thicknesses can be select and tested by coordinates in the CIPT tool.
The purpose of this study is to show a novel demonstration of the association
between film crystallinity and improved MR. Studies have been conducted to identify
the crystal structure at the MgO/CoFeB interface as aligning with the [001] of the MgO,
as well as improving the MR of these devices.[21][34][35] It is anticipated that the post
anneal samples will have improved crystallization in the CoFeB layers which is
determined to be a substantial factor in promoting tunneling resulting in improved
MR.[33] This promoted tunneling is caused by the Bloch states along which the electrons
can transport through the tunnel barrier. This test is intended to show the improvement in
MR induced by the anneal step and then show the differences in crystal structure by
imaging the layers of the active region in the stack using transmission electron
microscopy (TEM). Other analysis methods were explored such as XRD to understand
the crystal structure present however this method could not penetrate the diffusion barrier
and electrode of the device in order to collect data from the free layer. The devices also
cannot be designed without a diffusion barrier covering the CoFeB since the CoFeB
would oxidize rapidly if exposed to oxygen.
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FIG. 21 Shows data collected for magnetoresistance (MR) values
plotted versus free layer thickness for pre anneal samples (yellow) and
post anneal samples (blue).

Figure 21 shows a plot of MR values (%) vs free layer thickness values (nm).
The post anneal sample (blue) shows a peak MR of 141% at a free layer thickness of 2.15
nm.

If the free layer thickness is increased or decreased, the MR is consequently

diminished. Increasing of the free layer thickness does not diminish the MR value
substantially, but these changes can be related to resistance increasing as a function of
travel length in the active region. Given this fact, one would think the resistance would
decrease for the case of decreasing free layer thickness. This is incorrect though due to
the property of CoFeB as it approaches 1.5nm thick and less. Discussed in the VSM
study was a phenomenon called magnetocrystalline anisotropy which is a thickness
dependent trait of these films. As the thickness of the free layer decreases, it becomes
closer to having a perpendicular anisotropic film. Once this occurs, the spin filtering
effect of the film diminishes because the orientation is not associated with that of the
pinned layer (parallel/antiparallel). This reduces the difference in the resistance states
ultimately making the MR fall to 0%. This is the reason why this measurement can’t be
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done using films less than 1.5 nm thick. There is no measureable magnetoresistive effect
produced by the stack.

(b)

(a)

FIG. 22 Shows a side by side comparison of TEMs for pre anneal (a) and post anneal (b) MTJ sample. Pre
anneal sample (a) shows slight crystalline structure in the MgO layer (white) but none within the surrounding
CoFeB. Post anneal sample (b) shows propagation of MgO crystal structure into the CoFeB layers correlating
with improvement to MR values.

Also noted in Figure 21, the pre anneal sample (yellow) shows a maximum MR of
25% at a free layer thickness of 1.6 nm, contrasting with the 141% already reported. This
dramatic increase in MR with the anneal step is associated with the crystallization of the
CoFeB layers with the tunnel barrier. Figure 22 displays TEM images collected on a FEI
Titan Transmission Electron Microscope. The CoFeB layers of the device can be seen
(light gray) separated by the tunnel barrier MgO (white). In the pre anneal sample (see
FIG. 22(a)) the presence of a crystal structure can be identified in the MgO barrier, and
the CoFeB is seemingly amorphous. The post anneal sample however shows the same
crystal structure in the MgO with crystallization propagating into the CoFeB (see FIG.
22(b)). This correlates with the dramatic increase in magnetoresistance of the samples
with anneal.[36][37]
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MTJ free layer film thickness has been demonstrated to play an important role in
device performance and MR values. Combined with the information gathered in study 1
with the anisotropic nature of CoFeB, it is known that magnetoresistance of in-plane
MTJs degrades with the decrease in free layer thickness due to the arising nature of
magnetocrystalline and perpendicular anisotropy. This is the same nature that gives rise
to the perpendicular MTJ device which functions with CoFeB layers less than 1.5 nm.
The device stack used for this study was shown to have a nominal free layer thickness of
2.15 nm before film resistance in the barrier again begins to degrade the MR. Crystal
structure was also demonstrated to be the most significant contributor to benefiting MR.
Tunneling efficiency is seen to depend entirely on the crystal structure of the interfacial
layers around the tunnel barrier. The electron states produced by this crystallization
results in a greater tunneling, decreasing the area resistance of the device during low
resistance states promoting overall device performance.
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Tunneling Current Through Magnesium Oxide

Current MTJ analysis techniques are sufficient in developing an understanding for
device and individual film characteristics however they are not sufficient for monitoring
these devices during fabrication. Techniques such as VSM, CIPT and TEM which have
been demonstrated in this paper are either destructive or not compatible with
manufacturing standards because of materials present during analysis (i.e. gold in CIPT).
The purpose of this study is to demonstrate a proposed inline test technique for
monitoring MTJ devices during fabrication without sacrificing test wafers.

𝐶=

𝑘𝜀0 𝐴
𝑑

Eq. 2

The original proposal for this inline test was to develop capacitors using MgO of
various thicknesses as the dielectric. The capacitance could then be measured as a
function of voltage for each thickness to produce a trend based on the relationship
between capacitance and the electrode area (A) and dielectric thickness (d) (see Eq. 2).
Preliminary measurements proved to be ineffective due to extreme variations in
capacitance measurements among a single MgO thickness. MgO is used for MTJ devices
because of the amount of current that can tunnel through it. This translates into an
extremely leaky capacitor which makes measuring a stable capacitance impossible. If a
capacitor is leaking current, it does not charge properly and therefore, is not stable as a
capacitor.
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The alteration that was made to this study was how the measurements were done.
Instead of measuring the capacitance of these devices, the leakage current was measured
as a function of voltage. This measurement is done by placing a common voltage on one
contact of the device, varying the voltage on the other contact and then measuring the
current that passes across the barrier. Due to the dependence tunneling efficiency and
device performance have on crystal structure and film uniformity of the active region
[34][35][38]

, measuring the tunneling current across the barrier can be directly related to the

structural state of the interface. Using this, the change in measured tunneling current as a
function of thickness and crystallinity can be observed to develop a standard for
understanding this dependence. This could then be used as a benchmark for monitoring
MTJ devices during manufacturing without sacrificing valuable wafers.

(a)

(b)

FIG. 23 Shows the two types of device stacks used for the third study. Fig.
23 (a) represents the patterned Ta/MgO/Ta devices while Fig. 23 (b)
represents the devices with the included CoFeB layers around the MgO.
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The devices used for this study were designed as capacitors to accommodate the
CV study, however they were able to be used for IV data collection following changes in
the procedure. In order to collect a data for a range of MgO variations, three device types
were developed. The first device type is designed as a standard capacitor, built off of a
silicon substrate with a thermal oxide insulator with 2000A Ta/ 5-20A MgO/ 200A Ta
(see FIG. 23(a)). Four thicknesses were used for the MgO (5A, 10A, 15A, 20A) in order
to test below and above the average thickness typically used in MTJ fabrication. The
second and third device types were developed on the same substrate with thermal oxide
insulator using 2000A Ta/ 25A Co40Fe40B20/ 5-20A MgO/ 25A Co40Fe40B20/ 200A Ta,
with one set pre-anneal and the other set post-anneal.

The MgO thicknesses were

selected the same as with the first set of samples in order to maintain consistency. In
total, there were 12 sample sets, 4 wafers with Ta/MgO/Ta, 4 with pre anneal
Ta/CoFeB/MgO/CoFeB/Ta and 4 with post anneal Ta/CoFeB/MgO/CoFeB/Ta. Once
deposited, the Ta based samples as well as one set of the CoFeB based samples are
annealed in Argon at 350°C for 10 minutes. After anneal, all samples (pre and post) are
patterned using a lithography mask with circular capacitor plate of various sizes ranging
between 100um and 5000 um in diameter. The devices are then etched, stopping on the
bottom contact to insure good electrical contact could be made to the bottom electrode
(see FIG. 23). The original etch process was designed to stop on the MgO in order to
avoid the known problem of edge shorting. This method was tested with various options
of scratching and dissolving the MgO to contact the bottom plate however they proved
ineffective, at which point the illustrated method was opted for.
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(a)

(c)

(b)

FIG. 24 Figure 24(a) shows the Cascade Microtech Probe Station. 24(b) is the
manually operated probe mount and 24(c) is three 10um tungsten probes under
the built in microscope.

These measurements were conducted on a Cascade Microtech 300mm SemiAutomated Probe Station (see FIG. 24(a)). The station is equipped with built in stage
control software, a low magnification microscope and 4 individual probe mounts that are
manually manipulated using micro precision dials (see FIG. 24(b)). The required number
of mounts are then fitted with tungsten probes with a 10um tip (see FIG. 24(c)). These
probes are electrically connected through the mount to coax cables that allow for low
noise data collection of various types.
The objective of this study is to develop and test a method for monitoring MgO
and the valuable crystal structure it results in during MTJ manufacturing. Known from
publications and earlier reported research the crystal structure which the [001] MgO
imparts on the surrounding CoFeB is a critical component in producing MTJ devices with
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high MR. An increase in measured tunneling current is expected with the inclusion of the
annealed CoFeB in the stack. Physically no crystallization is expected to be present in
the pre-anneal CoFeB and due to the earlier understood dependence on the anneal step.

(a)

(b)

(c)

FIG. 25 Shows the effects anneal has on the measured current through a CoFeB/MgO/CoFeB tunnel
junction with .5 nm thick MgO. Figure 25(a) displays average measured current values for the pre anneal
sample (blue) and the post anneal sample (yellow) for an MgO thickness of .5 nm. Figure 25 (b) and (c)
show a TEM comparison between the pre anneal sample (b) with no discernable crystal structure and post
anneal sample (c) with a recognizable structure formed across the interface.

The initial comparison made was between the pre and post anneal capacitors with
the inclusion of CoFeB, comparing the measured current as a function of voltage (IV).
For the very thin .5 nm samples, a considerable decrease in measured current across the
barrier is seen in the post anneal samples (yellow) compared to that of the pre-anneal
samples (blue) (see FIG. 25(a)). The lattice parameter of MgO is a=3.278A which is
almost 2/3 the thickness of the deposited MgO. This makes the .5 nm film on the order
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of 2 monolayers thick. For a PVD tool, depositing this thickness of film is very difficult
to do and effectively impossible to do so uniformly. This would result in a non-uniform
MgO film which may not make an effect barrier in the pre-anneal sample. With the
addition of anneal, the measured current indicates a current limiting effect. The anneal
can be seen to be promoting uniformity and crystallinity across the tunnel barrier
controlling the haphazard leakage conduction observed in the pre anneal sample.
Without this ordering, the non-uniformity and extremely thin MgO allows electrons to
leak more easily than that of the crystalline post anneal sample.

(a)

(b)

(c)

FIG. 26 Shows the anneal dependence of measured current through CoFeB/MgO/CoFeB junctions with
1.5 nm MgO. Figure 26 (a) displays average measured current values for pre anneal samples (blue) and
post anneal samples (yellow). Figure 26 (b) and (c) shows the TEM comparison of the pre anneal
junctions (b) lacking crystal structure and post anneal junction (c) with crystal structure formed across
the junction.
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This contrasts with the data collected for the 1.5 nm samples due to the increased
barrier thickness. Figure 26(a) shows the IV data for the pre and post anneal samples
including the CoFeB, and in this case the post anneal sample now has a greater measured
current. This notable increase in current over that of the pre anneal sample is also due to
the crystallization across the barrier. The difference now is that for the pre anneal sample
(yellow), the disorderly tunnel barrier does not allow for as much conduction (see FIG.
26(b)). The crystallization brought on by the anneal process results in a uniform tunnel
barrier expected of MgO-based MTJs, creating a path for tunneling to occur.

(a)

(b)

(c)

FIG. 27 Shows the set of anneal dependent average measured current for CoFeB/MgO/CoFeB
junctions with various MgO thicknesses (.5 nm (a), 1 nm (b), 1.5 nm (c)). Demonstrates the transition
from reduction of measured current with anneal at .5 nm MgO to increased measured current with
anneal at 1.5nm MgO.

The complete relationship between pre and post anneal devices with CoFeB/MgO
tunnel regions is displayed in Figure 27.
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The graphs show the measured IV

characteristics across the MgO, each showing a different MgO thickness. Here can be
seen the cross over at 1 nm MgO thickness where anneal has little to no effect on the
efficiency of the tunnel barrier. The 1.5 nm samples perform as expected, in contrast to
the 0.5 and 1 nm samples which did not give an expected improvement to measured
current with anneal.
(a)

(b)

(c)

(d)

(e)

FIG. 28 Displays the comparison of average measured currents between annealed samples with Ta/MgO/Ta
junctions (red) and CoFeB/Mgo/CoFeB junctions (yellow) with varied MgO thickness (.5 nm (a), 1 nm (b) and 1.5
nm (c)). Figure 28 (d) and (e) shows the TEM comparison between the two sample types. (d) is the Ta/MgO/Ta
sample with no crystallization present and diffusion of Ta through the MgO. (e) is the CofeB/MgO/CoFeB samples
with apparent crystal structure across the junction.
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The same thickness comparison was done between the samples with only
Ta/MgO/Ta as the device and the post anneal CoFeB samples. This comparison further
demonstrates the relationship described in the CoFeB pre and post anneal current study.
Figure 28 shows the same IV comparison of these two sample sets with variation in
thickness. The inclusion of CoFeB with anneal consistently results in a decrease in
measured current compared to devices without CoFeB for all displayed thicknesses of
MgO (see FIG. 28 (a)(b) and (c)).

This is consistent with the observations made

previously that the crystallization of the MgO with the CoFeB acts as a current manager,
limiting leakage current resulting in an overall lower measured current.

The TEM

comparison of these films further supports this observation showing no discernable
crystal structure and even substantial diffusion in the Ta/MgO device[38] (see FIG. 28(d)),
but an orderly crystal structure in the CoFeB/MgO device (see FIG. 28(e)).
The crystallization from the MgO [001] plane appears to improve tunnel barrier to
the point of reducing leakage current across the dielectric. The measured current is
believed to be the result of two components, leakage current and tunneling current.
These components were varied depending on the device barrier that was being measured.
For devices lacking the desired [001] crystallization across the tunnel barrier such as the
Ta/MgO and the pre anneal CoFeB/MgO devices, leakage current was believed to be the
primary component in the measured current. For those devices that were annealed with
CoFeB and therefore had the expected crystallinity, tunneling current is believed to be the
primary component measured. This is supported by the non-crystalline samples shown in
Figure 26 having less current because leakage current is expected to decrease as dielectric
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thickness is increased, compared to the larger current of the crystalline samples because
of the promoted tunneling.

FIG. 29 This plot shows the comparison of average
measured current at varied MgO thicknesses for all sample
types reported, measured at 1V. Demonstrates the
consistent trend observed in the annealed
CoFeB/MgO/CoFeB junction (yellow) compared to the
inconsistent trends of the pre anneal CoFeB/MgO/CoFeB
junction (blue) and the Ta/MgO/Ta junction (red).

To evaluate this method’s validity for inline testing, the change in measured
current as a function of thickness needed to be analyzed. This is done by taking the
measured current values from a set voltage for the range of thicknesses. A trend was
anticipated in the samples that included the post anneal CoFeB due to the uniformity of
the crystallization. Figure 29 shows the plots of the measured current values (A) vs the
MgO thickness (nm) for the 3 different sample types at 1 volt.

The post anneal

CoFeB/MgO samples (yellow) result in a negative slope trend as MgO thickness
increases. In comparison, both the pre-anneal CoFeB/MgO (blue) and the Ta/MgO (red)
samples display no recognizable trend due to their instability as a functional barrier. It is
understood that on the MTJ device scale which is less than 100 nm this trend should be
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exponential due to smaller contact area and increased edge effects. The reported data are
collected from parallel plate capacitors which are greater than 1000 um in diameter
greatly reducing the edge effects and increasing the tunneling area of the devices.

(b)

(a)

(c)

(d)

FIG. 30 Shows a related data for thickness dependence of IV characteristics in NiO. Figure 30 (a) shows the IV
data for NiO at various thicknesses, slope decreasing as a function of increasing thickness. Figure 30 (b) shows
the IV data for MgO, displaying a similar trend as NiO in decreasing slope with increasing film thickness. Figures
30 (c) and 30 (d) show the Resistance vs. Film Thickness data for 0.1 V and 0.2 V respectively. NiO (blue) has a
linear increase in resistance as a function of thickness at both voltages. MgO (red) can be seen to have a similar
trend, with resistance increasing linearly with thickness.

The data shown in Figure 30 shows a trend comparison between research showing
the tunneling current dependence on thickness of NiO and that of MgO reported in this
paper. Figure 30 (a) shows the measured current as a function of voltages for various
NiO thicknesses exhibiting a linear decrease based on thickness.[41] The data collected in
the MgO study demonstrates a similar trend in measured current as a function of voltage
for various thicknesses shown in Figure 30 (b). The resistance values for NiO were
calculated from the IV data provided and were plotted along with that of the MgO
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calculated from collected data.

Figures 30 (c) and (d) show the resistance versus

thickness trends for NiO (blue) and MgO (red) at 0.1V and 0.2V, illustrating the linear
characteristic of both sets of data supporting the observations found for MgO.
The thickness dependent tunneling current for crystalline CoFeB/MgO based
tunnel barriers could be used as a benchmark to monitor MTJ devices during fabrication.
Due to the extreme sensitivity of the tunnel barriers to variation demonstrated by the
reported data, it is clear that manufacturers can benefit from monitoring the status of
these barriers inline. Current test methods require sacrifice of wafers, which become
more valuable as manufacturing steps progress. This proposed test method would benefit
MTJ fabrication not only with saving time but with saving money through nondestructive
methods.
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Conclusion

In conclusion, the paper reports a novel comparison of materials that can be used
in MTJ manufacturing.

Using Vibrating Sample Magnetometry (VSM) a direct

comparison is demonstrated between two compositions of CoFeB illustrating the benefits
of each. The effects of thickness and composition result in changes of various properties
including magnitude of magnetic moment and magnetic anisotropy. Greater magnetic
moment such as in Co20Fe60B20 indicates a viable material for storage devices because of
its reduced chance of demagnetization. Also a clear transition between in-plane and
perpendicular anisotropy is shown to exist at around 1nm indicating in-plane MTJ
devices cannot be designed with a ferromagnetic film thickness below 1nm.
A novel demonstration of the importance of free layer thickness and crystallinity
in device performance is given using Current in Plane Tunneling (CIPT). A maximum
magnetoresistance (MR) for a device stack using a Co40Fe40B20 free layer of 140% at 2.1
nm is reported. It is also shown that the increased MR resulting from the anneal process
directly correlates to the crystal structure arising from the MgO/CoFeB using TEM. A
device absent of this [001] crystal structure detracts from the performance of the device
resulting in an MR of around 20%.
Finally a novel test method is proposed and demonstrated for monitory MTJ
during fabrication. To understand the potential for this method, the tunneling current is
measured through devices designed with CoFeB and MgO to understand their importance
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in the measured current. The results indicate that MgO film thickness under 1 nm does
not produce a uniform and continuous tunnel barrier. Above 1 nm the film uniformity
produces a stable tunnel barrier, when coupled with anneal and crystalline CoFeB
produces a linear tunneling current dependent on MgO film thickness. These tests
provided results indicating a previously unreported phenomenon produced by the anneal
process in MTJ manufacturing. This substantial evidence was also provides supporting
evidence that this test method is suitable use in MTJ inline monitoring.
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