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Abstract

Magnetostrictive tunnel magnetoresistance (TMR) sensors pose a bright perspective
in micro- and nano-scale strain sensing technology due to their high strain sensitivity
and compatibility with mass-production techniques. They can be exploited in the de-
velopment of the self-sensing mechanism for atomic force microscopy (AFM) as they
offer a simple and cost-effective detection system compared to the conventional optical
read-out, especially in difficult environments such as in vacuum and in liquid. In con-
trast to other self-sensing techniques, TMR-based microcantilevers are advantageous
to integrate the attributes of high bandwidth and miniaturization to achieve high res-
olution and high-speed AFM measurements. Such high-speed operation can have a
revolutionary impact on high-speed imaging, nano-lithography, and nano-visualization
of biological processes in various conditions.

The primary focus of this study is to understand TMR sensor responses to applied
stress or strain in different magnetization configurations. Therefore, junctions based on
the Co40Fe40B20/MgO/Co40Fe40B20 structure with nominal sizes of 100 µm2, 289 µm2,
729µm2, and 1369µm2 in squared, round, elliptical(1:3), and elliptical(1:10) shapes
are investigated using a four-point bending apparatus. This range of junction sizes
is chosen so that the junctions can be integrated to commercial AFM cantilevers.
Mainly, changes caused by stress-induced anisotropy in R(H) loops are studied to find
out the optimum point for measuring tensile and compressive stress values. Having
magnetization of the sense and reference layers of a TMR junction aligned at 45°
toward the stress axis, the inverse impact by tensile and compressive stress on the
tunnel resistance makes it possible to detect them both by a single sensor in presence of
a bias field. This extends their applications to dynamic devices such as dynamic mode
AFM. Measured strain loops R(ε) at different bias fields reveal dependency of strain
sensitivity, gauge factor, on the bias field. Below 0.2× 10=3 strain, representative
tensile and compressive strain loops for a round junction with a nominal diameter
of 30.5µm exhibit large gauge factors of GF = 2150 ± 30 and GF = 1750 ± 35 at
-3.2 kA/m and +4 kA/m magnetic bias fields, respectively. However, no indication
is visible regarding strain sensitivity dependence on the shapes and the sizes of the
junctions fabricated in this study. Implemented shape anisotropy in the elliptical
junctions is not suitable to replace the need of the bias field. Aiming for the same
purpose, gauge factors of GF ≈ 400 are measured by a round junction with 11.3 µm
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nominal diameter at zero field. This can be beneficial for the development of a simple
and compact detection system. Experimental results are supported by micromagnetic
simulations using object oriented micromagnetic framework (OOMMF), developed by
the National Institute of Standards and Technology, and energy minimization based
on the Stoner-Wohlfarth (SW) model.

This work also includes a new technique providing a rough estimation of satura-
tion magnetostriction of the sense layer in patterned TMR junctions. This allows to
characterize the influence of the reference layer and the arrangement of MTJ layers
after the fabrication process. Effective saturation magnetostriction of the sense layer
is measured from a variation of stress-induced anisotropy fields, which are deduced
from measured hard-axis R(H) loops under compressive stress or strain, as a func-
tion of applied strain. The deviation originated from patterning effects and influenced
magnetization of the reference layer is addressed by simulations using the SW model.
Interestingly, the same range of effective saturation magnetostriction, nearly as in the
literature, is measured for the Co40Fe40B20 sense layer of different junction sizes.

The magnetostrictive TMR junctions with high strain sensitivity are successfully
integrated to AFM microcantilevers in a complicated but well-established fabrication
process. The deflection can be easily detected as resistance changes in a magnetostric-
tive TMR sensor. Self-sensing TMR cantilevers exhibit deflection sensitivity of about
3.9× 10−6/Å which is better than piezoelectric and piezoresistive sensors. The deflec-
tion sensitivity depends on the bias field direction with respect to the reference layer
magnetization. While modifying the field direction in a dynamic oscillation, the max-
imum strain sensitivity occurs for Hbias = 60 Oe at θHbias

= 105°. These self-sensing
cantilevers can be an alternative for replacing the conventional optical read-out as
they are successfully used to record typical force-distance curves and AFM topogra-
phy imaging in contact and dynamic modes. Growing tips with radius curvatures of
rt = 15 − 30 nm on AFM cantilevers, minimum detectable deflection as height and
phase contrast are achieved by imaging atomic-step edges of Au(111) terraces and
self-assembled monolayers of 1H, 1H, 2H, 2H- perfluorodecyltrichlorosilane (FDTS)
in amplitude-modulated AFM and frequency-modulated AFM modes.
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Chapter 1
Introduction

Strain sensing technology has evolved through demands in fields of characterization
techniques, infrastructure and automobile health monitoring, utilizing piezoelectric1

and piezoresistive2 materials. Within the last decade ongoing research on strain sens-
ing has pursued two different paths in terms of strain levels. In one aspect, they are
focused on strain sensitivity only for large scales of deformations, aiming for high-
strain sensing devices such as nanostructures embedded in stretchable polymer thin
films3–5. Possible applications of these devices include future displays6,7, robotics8,
and wearable strain sensors for human motion monitoring9,10. In other way, concern-
ing nano- and microscale strain measurements studies are contributed to faster, more
miniaturized, and more integrated devices. They are beneficial for applications that
demand high strain sensitivity in small strain scales (below 0.2× 10=3) including force
sensors, pressure sensors, and microcantilever technology1,2.

Magnetostrictive TMR sensors with CoFeB/MgO/CoFeB junctions are a promis-
ing alternative to piezoresistive and piezoelectric strain sensors because of their high
sensitivity and miniaturization possibilities. The magnetostrictive TMR sensors are
basically magnetic tunnel junctions (MTJ)s with a magnetostrictive sense layer. The
magnetization of the sense layer is free to rotate under mechanical stress or strain.
Consequently, while the ferromagnetic reference layer is magnetically pinned, the mag-
netization configuration of the two layers alters upon the applied stress. The resulting
change of the tunnel resistance, due to its angular dependence R(α) in MTJs11, can
be quantitatively related to the applied stress.

The aim of this research work is to fabricate and to characterize self-sensing AFM
cantilevers based on the magnetostrictive TMR sensors, as depicted in Fig. 1.1, and
to compare their performance with the conventional optical read-out. Integration of
the TMR sensors into the AFM cantilevers brings simplifications in AFM measure-
ments, particularly in difficult environments such as vacuum and liquid. For instance,
it avoids delicate alignment of optical components in the optical read-out. In addi-
tion, the constraint on cantilever dimensions that applies for the optical read-out is
avoided. This allows a variety of cantilever sizes and shapes. Accordingly, reducing
the cantilever size allows a simultaneous increase in bandwidth and flexibility.
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2 1 Introduction

Figure 1.1: Schematic of the self-sensing AFM cantilevers based on the magne-
tostrictive TMR sensors. Changes in the tunnel resistance are monitored to detect
the beam deflection.

As a primary focus, TMR sensors are studied to obtain sufficient insights regarding
their strain sensing mechanism. TMR sensors with nominal sizes of 100 µm2, 289µm2,
729µm2, and 1369µm2 in squared, round, elliptical(1:3), and elliptical(1:10) shapes
are fabricated on 3 mm× 25 mm-sized Si cantilevers. Concerning the integration of
these junctions into AFM cantilevers, this range of junction size matches standard
dimensions of commercial AFM cantilevers. As described in chapter 6, the response of
the TMR sensors to applied strain is investigated while monitoring changes in R(H)
loops using a four-point bending apparatus. Different configurations of physical quan-
tities are considered. This leads to better understanding of magnetization reversal of
the sense layer and allows to figure out optimum parameters required for high strain
sensitivity. Strain loops R(ε) measured for every junction at different bias fields un-
der tensile and compressive stress provide values for the strain sensitivity, defined as
the gauge factor measured under strain values up to 0.2× 10=3. This also allows to
find out the strain sensitivity dependence on the bias field. Concerning the shapes of
junctions, the round-shaped junctions are expected to demonstrate higher sensitivity
because the absence of edges causes less restrictions, compared to the squared junc-
tions, on coherent rotation of the magnetization of the sense layer. On the other hand,
shape anisotropy imposed via the elliptical shapes is implemented to replace the need
of the bias field required to keep the strain sensitivity at maximum level. In all strain
sensors here, magnetization of the sense and reference layers is aligned at a π/4 angle
toward the stress axis by field annealing. This allows detection of both tensile and
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compressive stresses. In addition, theoretically, the strain effect on the TMR sensors
is simulated by using the object oriented micromagnetic framework (OOMMF)12 and
the Stoner-Wohlfarth (SW) model. At the end of chapter 6, a technique is proposed
to roughly estimate saturation magnetostriction of the sense layer in patterned MTJs.
This method considers present structuring effects and possible interlayer couplings.
Applications of the TMR sensors with high strain sensitivity in AFM measurements
are represented in chapter 7. It is shown that the TMR strain sensors can be success-
fully integrated to AFM microcantilevers in a well-established fabrication process in
single-chip and wafer scales. The TMR self-sensing microcantilevers are analyzed in
terms of deflection sensitivity, minimum detectable deflection (MDD), and topogra-
phy imaging in the contact mode and in the dynamic mode with amplitude-modulated
AFM (AM-AFM) and frequency-modulated AFM (FM-AFM) feedback loops. In gen-
eral, performance of the TMR self-sensing microcantilevers is compared with the con-
ventional optical read-out.

1.1 State-of-the-art

Integration of self-sensing techniques into microcantilevers offers the possibility to
eliminate the conventional optical read-out in atomic force microscopy (AFM)13–15.
This avoids delicate alignment of a laser onto the backside of a cantilever and a pho-
todiode, simplifying AFM measurements particularly in difficult environments such
as vacuum and liquid conditions. The optical read-out is typically used in ambi-
ent environments for almost all AFM applications with high resolution16. However,
self-sensing tuning forks with manually attached tips are preferred more for specific
environments and at low temperatures17–19. Using integrated mass-fabricated sensors,
different sizes and geometries of cantilevers can be created since there is no severe
constraint on cantilever dimensions as for the optical read-out. This allows to improve
the scanning speed limit in AFM via their high bandwidth of integrated sensors20.
Possible applications of such feature include high-speed imaging, nano-visualization of
processes, and lithography in biology and materials science21,22. Another approach for
a fast operation with high throughput is to employ an array of multiple self-sensing
cantilevers scanning simultaneously23–30, as shown in Fig. 1.2. In comparison, the con-
ventional optical read-out with a laser and an array of photodiodes31,32 becomes too
complex and expensive for parallel-probe high-throughput operations.

The piezoelectric1 and piezoresistive2 effects are commonly used as integrated meth-
ods in AFM measurements. In principle, the piezoelectric deflection sensing is based on
charge formation upon application of stress in piezoelectric films, such as ZnO14,33–35,
Pb(Zr,Ti)O3

36,37, and AlN38, deposited on cantilevers. As a result, an electric volt-
age, which can be quantified to measure the cantilever deflection, is generated. Using
the converse effect, piezoelectric films are also able to provide actuation in parallel to
sensing operations37, ideal for dynamic scanning. As the other important integrated
method, the piezoresistive self-sensing approach was first proposed by Tortonese et
al.13 and was successfully employed in an AFM setup. The piezoresistive effect is
defined as changes in electrical resistance as a function of applied mechanical stress
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without generating any potential as for the piezoelectric effect. The effect in piezore-

Figure 1.2: a) Scanning electron microscopy (SEM) images of an array of probes
with 5 - 10 nm ultrathin gold film sensors on silicon substrates for a high-throughput
scanning probe microscope (SPM) with a scanning speed of 5 µm/s. b) Indi-
vidual cantilevers include two resistors, one over the tip serving as a localized
heater/thermal sensor and a second closer to the base serving as a resistor for the
deflection sensing. c) SEM close-up of the tip. d) Force-distance curve (FD curve)
of a probe exhibiting deflection sensitivity of 2× 10=8 1/Å, measured on a hard sub-
strate such as glass. e) Left: SEM image of 10 µm pitch square grating with 1 µm
height. Right: A 10 µm line scan. Reproduced with permission from Ref. 30 © 2012
Elsevier.

sistive metals only depends on geometry changes, whereas in Si-based piezoresistive
materials it is also related to their resistivity changes. Therefore, gauge factors up to 5
and 200 can be obtained by metallic- 39 and Si-based2 piezoresistive strain gauges, re-
spectively. In n-type Si, applying strain imposes shift into the lowest conduction band
energies (valleys). Such shift leads to redistribution of the carriers between the valleys
which have significantly different mobilities and effective masses of the carriers2. On
the contrary, piezoresistive effects in p-type Si have not been fully understood because
of the complex valence band structure. Nevertheless, p-type piezoresistors are usually
preferred for cantilever technology because they possess higher piezoresistive coeffi-
cients than n-type piezoresistors40. While deflection sensitivity, as a relative change in
electrical resistance divided by the cantilever deflection, is compared30,41–46, the max-
imum deflection sensitivity of 2.4× 10=7 1/Å, reported so far, is achieved by doped
Si cantilevers41. However, metallic films are advantageous in terms of the simplified
fabrication and the capability of scaling down to smaller dimensions while maintaining
the same sensitivity45. Piezoresistive and piezoelectric elements have been widely used
in self-sensing based AFM for material characterization47–49, imaging in fluid50, and
data storage applications51,52. However, their required material dimensions to real-
ize high output signals restrict the optimal mechanical characteristics as well as the
operational bandwidth. Moreover, their integration into a microcantilever can affect
mechanical properties of the cantilever and impose undesired stress in the cantilever53.
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Additionally, their inherent noise limits the resolution for nano-scale imaging53,54.

As an alternative to the piezoelectric and piezoresistive effects, the mechanism of
magnetoresistance (MR) changes due to the inverse magnetostriction was introduced
into AFM cantilevers by Mamin et al.55–57. Differently, Sahoo et al.53 employed an
MR sensor for topography measurements by monitoring changes in position of a mi-
cromagnet on an oscillating cantilever, as shown in Fig. 1.3. Such sensors are also used
as magnetic probes for scanning magnetoresistance microscopy58.

Figure 1.3: a) Schematic of an SPM based on the MR sensors. Basically the
cantilever displacement is translated into a relative motion between a micromagnet on
the tip of the cantilever and the MR sensors. b) Top: constant-height, tapping-mode
image obtained using the MR-SPM. Bottom: scan line across one amplitude profile.
Reproduced with permission from Ref. 53 © 2011 Institute of Physics Publishing.

Gauge factors in MR-based strain sensors have been significantly improved using
giant magnetoresistance (GMR) and tunnel magnetoresistance (TMR) sensors with
various multilayer structures. The earliest GMR strain sensors55,59,60 showed a gauge
factor on the order of 150 in spite of further improvement by replacing NiFe with
a high magnetostrictive Co50Fe50 layer61. The significant enhancement in the gauge
factor to the order of 300 to 600 has been achieved by TMR structures with crys-
talline Co50Fe50

62 and amorphous (Fe90Co10)78Si12B10
63 layers. Recently, employing

CoFeB/MgO/CoFeB magnetic tunnel junctions (MTJ)s, which offer very large TMR
effect amplitudes up to 600 %64 as well as compatibility with mass-manufacturing tech-
niques, resulted in a very large gauge factor up to 84065. Such high gauge factors can
lead to improvement of the deflection sensitivity in the self-sensing cantilevers. In
contrast to other integrated sensors, the TMR strain sensors offer higher gauge factors
and more chance for miniaturization66. This allows reducing size of the cantilever
and tuning its flexibility. In combination with their capability for high bandwidth op-
erations53, the TMR self-sensing microcantilevers have potential for higher resolution
and faster measurements. Hence, they are considered as promising candidates for high-
throughput AFM operations67,68. Note that these strain sensors require an external
bias magnetic field during operation to set their strain sensitivity at maximum. This
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is recognized as their technical drawback in terms of a simple and compact measuring
setup. Therefore, it is necessary to study magnetization reversal of the sense layer
in R(H) loops with different configurations of magnetic systems in order to find out
optimum conditions for high strain sensitivity at zero magnetic bias field.



Chapter 2
Basics

2.1 TMR Effect

According to quantum-mechanical physics, if a bias voltage is applied between
two conducting electrodes separated by a thin insulating barrier ranging from few
angstroms to few nanometers the electrons can tunnel through the barrier. The prob-
ability of tunneling through the barrier is given by the transmission coefficient (τ)69:

τ = exp
{
−2ω

√
2meeφ /~

}
, (2.1)

ω: Barrier width
φ: Barrier height
~: Planck’s constant
me: Effective mass of carrier
e: Elementary charge.

In magnetic tunnel junctions (MTJs), the two electrodes are ferromagnetic (FM)
materials and the tunneling current or resistance depends on the relative magnetiza-
tion configuration of these two electrodes. The tunnel resistance reaches the lowest
Rp and the highest magnitude Rap in parallel and antiparallel configurations, respec-
tively. Such a jump in the tunnel resistance from the parallel to antiparallel orientation
(Fig. 2.1) is the so-called TMR effect, that can be obtained by varying an external mag-
netic field. Having the two ferromagnetic layers with naturally different coercivity fields
(hard/soft MTJs), the antiparallel configuration can be set at fields H1 < H < H2.
Alternatively, one layer (the reference or pinned layer) can be magnetically stabilized
by exchange biasing which shifts the hysteresis loop away from zero field (see section
2.3.1). The other layer is called sense layer.

In 1975 Jullière proposed a simple model70, in which spin-dependent tunneling
(SDT) is described as the origin for the TMR effect. The SDT effect, discovered earlier

7
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Figure 2.1: Schematic of a typical TMR loop for MTJ structures with a) a mag-
netically hard and b) an exchange-biased reference layer. Small sketches of the MTJ
element show the magnetization configuration with respect to the external field. H1

and H2 represent coercive fields of the soft (red arrow) or free and hard (blue arrow)
or stabilized layers, respectively.

by Meservey and Tedrow71,72, is expressed by the imbalance between the tunneling
current of the spin-up and -down electrons. This describes the fact that the tunneling
probability of an electron through the barrier depends on its Fermi wave function73.
The Fermi level is the highest occupied energy level, from which the electrons can
tunnel through the barrier. In ferromagnetic materials the energy shift in the electronic
bands at the Fermi level, due to Zeeman splitting caused by the internal magnetic
field74, implies different Fermi wave functions for the spin-up and -down electrons. In
other word, the tunneling probability depends on the spin of the electrons75.

There are two assumptions constituting the core of Jullière’s model. First, the
spin state of the electrons does not change during tunneling. It extends to that the
tunneling current is carried by two independent spin-up and -down channels (two-
current model) and the electrons originated from the first ferromagnetic layer are
accepted by the unfilled states of the same spin orientation (see Fig. 2.2). Second, the
tunneling conductance G for each spin is proportional to the product of the tunneling
density of states (DOS) of the two ferromagnetic electrodes. Thereby, the tunneling
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current for the parallel and antiparallel configurations depending on the number of the
filled and unfilled states of the electrodes can be expressed as:

Gp ∝
1

Rp

∝ D↑1(EF )D↑2(EF ) +D↓1(EF )D↓2(EF )

Gap ∝
1

Rap

∝ D↑1(EF )D↓2(EF ) +D↓1(EF )D↑2(EF ),
(2.2)

where D↑1,2 and D↓1,2 are the DOS of the spin-up and -down electrons for the ferro-
magnetic electrodes 1 and 2 at the Fermi energy EF . Accordingly, the TMR effect is
quantified in terms of the spin polarization of the two ferromagnets P1 and P2:

TMR ≡ Gp −Gap

Gap

=
Rap −Rp

Rp

=
2P1P2

1− P1P2

. (2.3)

Here, the spin polarization of the ferromagnetic electrodes is considered to be equal to
the spin polarization of the DOS at the Fermi level76:

P1,2 =
D↑1,2(EF )−D↓1,2(EF )

D↑1,2(EF ) +D↓1,2(EF )
. (2.4)

Note that there are different definitions for the TMR effect given in the literature77.
Figure 2.2 shows a simplified DOS of an MTJ when the magnetization directions of
the two ferromagnetic metals are parallel and antiparallel to each other. The DOS of
each electron spin in the ferromagnetic electrode is shifted against the other because
of the exchange splitting caused by the internal magnetic field.

Figure 2.2: Schematic illustration of DOS of the two ferromagnetic layers in the
parallel (left) and antiparallel (right) configurations with a bias voltage Vbias applied
across the junction. The spin splitting causes an unequal number of states for spin-
up and spin-down electrons at EF and as a result different contribution (curved
arrows) to the tunneling current. Up and down expressions actually refer to magnetic
moments of the electrons and not their spins. In the spin-up channel, a large number
of filled states in the first electrode and unoccupied states in the second electrode at
EF lead to a large current, low resistance, in the parallel configuration. Reproduced
with permission from Ref. 78, © 2003 WILEY-VCH.
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Simply considering that the tunneling conductance depends only on the DOS at the
Fermi level led to inconsistency between the measured and predicted values of the spin
polarization. For 3d ferromagnetic metals, at least Co and Ni, the spin polarization
occurs to be negative since they hold a dominant contribution of the spin-down elec-
trons at the Fermi energy. This disagrees with the positive spin polarization, which are
experimentally measured, showing efficient tunneling of the spin-up channel75. Later,
Stearns79 resolved this inconsistency and demonstrated that the tunneling probability
is associated with the effective mass for different bands assuming that the most disper-
sive bands provide almost all the tunneling current. According to his arguments, the
localized d electrons with a large effective mass decay rapidly, whereas the dispersive
s-like electrons decay slowly75. Following the early improvements, Slonczewski80 im-
plemented an additional factor related to the barrier in his more accurate theoretical
interpretation of the TMR effect. He pointed out that the spin polarization of the
tunneling current is not an intrinsic property of the two ferromagnets, and it depends
on the structural and electronic characteristics of the electrodes, the tunnel barrier,
and the electrode/barrier interfaces. Therefore, the effective spin polarization, based
on Fermi wave vector of dispersive bands k and constant decay of wave function, de-
termined as a function of the potential barrier U by κ =

√
(2me/~2)(U − EF ), is given

as80:

P =
k↑ − k↓

k↑ + k↓
κ2 − k↑k↓

κ2 + k↑k↓
, (2.5)

Using crystalline MgO layers, the theoretical calculations predicted huge TMR ef-
fect amplitudes of up to 1000 % for Fe(001)/MgO(001)/Fe(001) junctions81,82. Such
high values are attributed to the variable tunneling probabilities of the Bloch states
with different orbital symmetries. According to Bloch’s theorem Bloch states or Bloch
waves are the solution for Schrödinger equation, which defines the energy eigenstates
of an electron in a crystal83. Considering the nature of the states present in both
electrodes and the barrier, Butler described in a physical model81 that the symme-
try of both the propagating states in the electrodes and the evanescent states in the
barrier material are extremely important to determining the tunneling conductance.
As shown in Fig. 2.3, in Fe(001) the majority channel has three states with ∆1, ∆5,
and ∆2′ symmetries, whereas in the minority channel the majority ∆1 symmetry is
replaced by the minority ∆2 symmetry. Among the present tunneling states, the ∆1

states have the slowest decay due to the effective coupling at either interfaces to the
evanescent states with the ∆1 symmetry in MgO. This is regarded as coherent tunnel-
ing. Additionally, the ∆1 (spd hybridized states) band is fully spin-polarized at the
Fermi level, whereas the other states reduce the net spin polarization76. Thus, having
thicker tunnel barriers, the ∆1 tunneling current dominant in the parallel configura-
tion leads to the high spin polarization of the tunneling current. On the other hand,
the ∆1 decay faces total reflection in the antiparallel configuration since there is no
∆1 propagating states in the minority channel on the right Fe electrode (Fig. 2.3 b)).
Therefore, a high TMR amplitude is expected from epitaxial MTJs with a crystalline
MgO(001) barrier.
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2.2 Magnetic Tunnel Junctions

By fabricating magnetic tunnel junctions (MTJs) with smooth and pinhole-free
Al2O3 layers, Moodera and Miyazaki obtained TMR effect amplitudes as high as 18 %
at room temperature (RT)84 that triggered the great interest in this field. Exten-
sive studies on discovering electrodes with higher spin polarization and improving the
quality of the barrier gave a steady rise to the TMR effect amplitude over the fol-
lowing decade. Currently, the largest TMR effect amplitude of 70 % for MTJs with
an amorphous layer is obtained by Wang et al.85 using CoFeB/Al2O3/CoFeB junc-
tions. Following theoretical predictions on epitaxially grown magnetic tunnel junc-

Figure 2.3: Tunneling DOS of all symmetries for k‖ = 0. a) In the parallel con-
figuration the ∆1 symmetry has the slowest decay rate, contributing the most to the
tunneling current. b) Missing states with the ∆1 symmetry in the second electrode in
the antiparallel configuration lead to their exponential decay in the second electrode.
Reproduced with permission from Ref. 81, © 2001 American Physical Society.

tion (MTJ)s with crystalline MgO barriers81 the second breakthrough occurred in
2004. Parkin et al.86 and Yuasa et al.87 fabricated, in two independent investigations,
highly (001)-oriented Fe/MgO/Fe junctions and CoFe/MgO/CoFe junctions but using
a molecular beam epitaxy technique and a conventional sputtering deposition tech-
nique. They obtained TMR effect amplitudes more than 180 % and 220 % at RT.
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Motivated by these two works, even higher TMR effect amplitudes above 604 % has
been achieved at RT for single-barrier MTJs of pseudo spin valves (PSVs) consisting
of an MgO barrier and CoFeB electrodes64.

For practical applications, Fe/MgO/Fe MTJs require additional pinning layers (see
section 2.6) bringing difficulties to preserve the essential epitaxial growth. This prob-
lem was solved by developing CoFeB/MgO/CoFeB MTJs using sputtering deposi-
tion88. The two as-deposited CoFeB layers have an amorphous structure. The MgO
barrier layer grown on the amorphous CoFeB can readily obtain a (001)-oriented
texture. Post-deposition annealing at temperatures around 360 ◦C induces the epi-
taxial crystallization of the two electrodes as well as smooth interfaces, hence the
CoFeB/MgO/CoFeB MTJs exhibit very large TMR effect amplitudes. Due to the
amorphous nature of the deposited CoFeB layers, the CoFeB/MgO/CoFeB MTJs can
be grown on any underlayer. It should be noted that the CoFeB layer adjacent to
an MgO interface has a bcc(001) structure, indicating that the MgO barrier acts as a
template89. Because at the CoFeB/MgO interface the crystallization temperature is
reduced due to a drop of the B content, which clearly promotes the crystallization90.
Despite several reported investigations by different techniques90–100, there is still a
clear disagreement on the tendency of the diffused B after annealing. Annealing at
high temperature leads to complete crystallization of the CoFeB layers, improvement of
the MgO barrier, and sharper interfaces64,101–104, however at temperature above 450 ◦C
the TMR effect amplitude starts to drop (Fig. 2.4 a)) probably due to Mn102,105, Ru102,
and Ta diffusion64. Moreover, as given in Fig. 2.4 b) and c) the TMR effect amplitude
critically depends on the thickness and composition of the electrodes64,106–109 which
influence the crystallization process by affecting the B diffusion and altering the in-
terface energy at the CoFeB/MgO interfaces110, respectively. That could finally cause
partial crystallization and differences in the lattice mismatch.

2.2.1 Angular Dependence of TMR

MTJs are generally discussed by an abrupt resistance change between the two ex-
treme magnetization configurations, so-called collinear configurations, i.e. when the
two electrodes align either parallel or antiparallel. Nevertheless, few number of studies
have given attention to investigate the possible non-collinear configurations in terms of
the tunnel resistance or the tunnel conductance. Such configurations can be realized
by an externally applied field, stress-induced anisotropy, and shape anisotropy, when
one of the two layers adjacent to the barrier is softer. Each non-collinear configura-
tion corresponds to different angles between the magnetization of the two electrodes,
resulting in different tunnel resistance (see Fig. 2.5). In fact, knowing angular depen-
dence of the tunnel resistance would be beneficial for applications operating in their
non-collinear configurations or based on a coherent change in relative orientation of
the two electrodes. It also allows to tune the outcome signal sensitivity, linearity, and
reversibility11. Slonczewski80 reported the first relation for low transmission range of
the TMR effect, wherein he concluded linear dependence of the conductance on the
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Figure 2.4: TMR effect amplitude as a function of a) annealing temperature for
pseudo spin valve (PSV) MTJs, having CoxFe80−xB20 electrodes with x = 0 % - 60 %
and tCoFeB =4.3 nm. The MgO thickness is 1.5 nm except for the open circles with
tMgO =2.1 nm, b) the thickness of the CoFeB electrodes for various Co compositions,
and c) Co compositions for various CoFeB thicknesses. All MTJs have a 1.5 nm
MgO barrier except for that plotted by a gray triangle in panel b) and a gray rectangle
in panel c) which has a 2.1 nm MgO barrier. Panel a) reproduced with permission
from Ref. 64 © 2008 American Institute of Physics Publishing . Panel b) and c)
reproduced with permission from Ref. 106 © 2007 American Institute of Physics
Publishing.

cosine of the angle α between the magnetization of the two electrodes80:

G = G⊥(1 + P1P2 cos(α)). (2.6)

Here, G⊥ denotes the conductance in the perpendicular configuration. This expression
is experimentally verified by Jaffrès et al.11 for Co/Al2O3/Co junctions resulting in a
more complex form of the resistance expressed as11:

R(α) =
R⊥

1 +
TMRJaffres

2
cos(α)

, (2.7)

where amplitude of magnetoresistance is defined as:

TMRJaffres ≡ 2
Gp −Gap

Gp +Gap

= 2
Rap −Rp

Rp +Rap

= 2P1P2. (2.8)
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α

Msen

Mref

Figure 2.5: Non-collinear configurations in an MTJ which is defined by the angle
α = θsen − θref between the magnetization of the sense (Msen) and the reference
layer (Mref ).

This is different from generally referred angular dependence of the resistance, consider-
ing its linear relation to cos(α) found for CoFe/Al2O3/Co junctions84. A more general
formalism is proposed by Montaigne et al.111 without any approximation, being valid
for all transmission regimes.

2.3 Magnetic Coupling in MTJs

From a device perspective a simple MTJ structure with two FM layers separated
by an insulator layer is not suitable for applications. But it can be tuned to create
optimum operational conditions by adding several films into the layer structures. Here,
we discuss three important concepts which can influence properties of MTJs according
to requirements by typical applications.

2.3.1 Exchange Bias

A unidirectional type of magnetic anisotropy was observed by Meiklejohn and
Bean112 in 1956 in Co particles coated by its native oxide CoO which was then re-
produced in thin film devices113. The origin of this phenomenon is the interfacial
interaction between a FM layer and an antiferromagnetic (AF) layer spin systems. It
causes a loop shift in the hysteresis loop of the FM layer in the field axis, the so-called
the exchange bias, by the exchange bias field HEB. Larger coercivity fields and a
rather wide hysteresis loop come also along with such unidirectional anisotropy. As
aforementioned before (see Fig. 2.1 b)), a well-defined switching of the magnetization
configuration in an MTJ at low magnetic fields can be obtained by exchange biasing
one of the FM layers, whereas the magnetization of the other FM layer is left free to
rotate.

Figure 2.6 shows the mechanism of which the exchange bias is induced by a field
annealing process. Annealing the FM/AF interface at a temperature T above the Néel
temperature TN of the AF layer and below the Curie temperature TC of the FM layer
(TN < T < TC) with a high positive magnetic field present, the moments in the FM
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Figure 2.6: a) Schematic of the field annealing process leading to the exchange
bias effect HEB at the FM (blue arrows)/AF(green arrows) interface. The orange
arrows represent the exchange couplings between the neighboring moments. b) The
exchange bias appears as a loop shift in the hysteresis loop of the FM layer. The
reversed alignment to the original orientation is resisted by the AF moments at the
interface.

layer are aligned with the external field, whereas there is no magnetic order in the AF
layer. Cooling down the temperature to TN in the presence of the magnetic field, in
a phenomenological model the neighboring moments of the AF layer at the interface
align parallel to their neighbors in the FM layer due to the exchange interactions. The
moments direction in the sublattices alternates from one sublattice to the next. At
zero magnetic field, the magnetization of the FM layer is parallel to the direction of
the annealing field. When a field applied in the opposite direction, the moments in the
AF layer remain unchanged because of its high magnetocrystalline anisotropy below
its blocking temperature. Therefore, the neighboring AF moments tend to pin the
adjacent FM ones, resulting in the magnetization reversal of the FM layer at larger
coercive fields. The magnetic moments in the AF layer do not adopt their original
orientations and enhance the restoration of the direction of the annealing field once
the field is applied to its original direction. As a result the switching occurs at a smaller
field. This indicates that the FM moments have only one single stable configuration,
i.e. the exchange bias constitutes a unidirectional anisotropy.



16 2 Basics

Considering a loop shift -HEB as the interaction strength on the FM layer with
Ms being the magnetization saturation, an energy density EEB term can be defined
as114,115:

EEB = −µ0HEBMs cos(β). (2.9)

β is the angle between the magnetization of the FM layer and the direction of the
annealing field.

Apart from the ideal uncompensated surface of the AF layer, i.e. all surface mo-
ments point in the same direction, one should also include roughness and grain size
effects as well as non-collinear spin configurations because any deviation from the ideal
situation leads to conflicting interactions78. In MTJs applications, MnIr or PtMn is
usually used as the AF layer. A promising antiferromagnet should result in a (111)-
oriented fcc structure in an artificial antiferromagnet (AAF) (see Fig. 2.13). This
supports the formation of an MgO(001) barrier with a 4-fold in-plane crystallographic
symmetry on CoFeB layers, which is required for high TMR effect amplitudes76. Ex-
change bias by an MnIr layer, used in this study, depends on its crystal orientation and
film thickness. For instance HEB can reach to more than 80 Oe for a (111)-oriented
MnIr film of 10 nm thickness116.

2.3.2 Interlayer Exchange Coupling

Interlayer exchange coupling (IEC) between two FM layers across a non-magnetic
(NM) spacer was first observed in a Fe/Cr/Fe(001) multilayer structure by Grünberg
et al.117 in 1986. The interest in the IEC was triggered after discoveries of its oscil-
latory behavior for various structures118 and for GMR sensors119,120. The coupling
between the two layers oscillates between FM and AF alignments with a variation
in the thickness of the spacer layer. As shown in Fig. 2.7 for Ni80Co20/Ru/Ni80Co20

multilayers, with increasing the spacing the strength of the coupling reduces so that
the energy difference between the FM and the AF alignments of the layers becomes
smaller. Parkin et al.121 described the oscillating behavior based on Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction between magnetic impurities in a non-magnetic
host. One interface or impurity sets an oscillatory polarization in the non-magnetic
spacer due to a sharp cut-off from completely filled to completely unfilled states at
the Fermi energy leaving an oscillatory spin density. Then, the second interface is
coupled to the first as a function of the thickness of the spacing122. In addition, the
band structure in the spacer layer, which is correlated to its crystallinity, is detrimen-
tal to the coupling strength. For instance, in CoFe/Ru/CoFeB trilayers replacing the
crystalline CoFe layer as the bottom layer with an amorphous CoFeB layer leads to a
weak exchange coupling owing to disordered orientation of the grains in the Ru spacer
layer123.

In MTJs, the AF coupled CoFe/Ru/CoFeB trilayers (synthetic antiferromagnet
(SAF)85) are usually used to pin the reference layer (CoFeB) indirectly to a natural
AF layer. Such trilayers are also called the artificial antiferromagnet (AAF)124.
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Figure 2.7: Oscillating exchange coupling in Ni80Co20/Ru/Ni80Co20 trilayers. Ac-
cording to the thickness of the Ru layer, the alignment can be parallel (FM) or
antiparallel (AF). The exchange coupling strength reduces for thicker Ru layers.
The solid line corresponds to a fit to the data of an RKKY form. Reproduced with
permission from Ref. 121 © 1991 American Physical Society.

2.3.3 Néel Coupling

Néel in 1962 pointed out a type of coupling between two FM layers spaced by a NM
layer125. The magnetization reversal of the sense electrode in an MTJ can be strongly
affected by such coupling. In the so-called Néel coupling correlated dipoles are formed
at either side of the NM layer due to the interface roughness and the discontinuities,
i.e. mountains and valleys of waviness at the interfaces, as shown in Fig. 2.8. This is
also known as the orange-peel coupling. The dipoles form in one side of the NM layer
opposite to the other canceling each other out. This arrangement encourages a parallel
alignment in an MTJ. The original Néel model, assuming infinite thickness of the FM
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Figure 2.8: The Néel coupling effect between the reference layer, which is pinned by
an antiferromagnetic (AF) layer (green), and the sense layer (orange) encourages
the parallel magnetization configuration. It competes stray field couplings (curved
arrows at the sides) which favor the antiparallel configuration. The poles formed due
to the interface roughness are shown by + and − sign.
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layers, has been extended to thin films by Kools et al.126. He considered magnetic
poles created at the outer surfaces of the magnetic layers result in an antiferromagnetic
interaction. For MTJs, which have a FM/NM/FM system, with a correlated waviness
with an amplitude hNC and a wavelength λNC , the Néel coupling energy density is
given by126

ENC =
µ0π

2h2
NC√

2λNCtsen
MsenMref · exp

(
−2π
√

2tNM
λNC

)
·

[
1− exp

(
−2π
√

2tsen
λNC

)]

·

[
1− exp

(
−2π
√

2tref
λNC

)]
.

(2.10)

Here, Msen, Mref stand for the saturation magnetization of the the sense and reference
layers. tsen, tref , and tNM denote thickness of the sense layer, the reference layer, and
the NM layer, respectively. The Néel coupling leads to a unidirectional anisotropy
KNC pointing at the angle θNC (see Fig. 2.16). The loop shift in the magnetization
reversal of the sense layer HNC can be calculated by

HNC =
−ENC

µ0Msen cos(θNC − θsen)
. (2.11)

In MTJs, KNC is parallel to the magnetization of the reference layer (θNC = θref );
therefore, one can re-write α = θNC − θsen. The Néel coupling counteracts the stray
field coupling, which favors the antiparallel magnetization orientation, across the sides
of patterned junctions. In an MTJ device, the results appear as a field shift Hsh in
minor TMR loops stabilizing either the parallel or the antiparallel configuration (see
Eq. 2.22). Furthermore, it influences the magnetic configurations in the magnetization
reversal.

2.4 Magnetostriction

Magnetostriction can be described as dimensional changes of a substance in response
to a change of its magnetization. In 1842, this effect was discovered by Joule127, who
showed an anisotropic change in length of Fe and Ni specimens exposed to an external
field. It is called Joule or anisotropic magnetostriction. Figure 2.9 shows the effect
in terms of four domains starting from a demagnetized state. Upon application of an
external magnetic field, the [100] domain expands as the other domains contract by the
mechanism of domain wall motion. Consequently, the length of the specimen changes
from L to L + ∆L where λs = ∆L/L defines the saturation magnetostriction in the
[100] direction. Domain walls are categorized as 180° or non-180° walls according to
their angles against the saturation magnetization. Since the magnetization reversal of
domains with a 180° wall occurs through a specific region, domain wall motion does
not contribute to any dimensional changes.
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Figure 2.9: Magnetostriction along the [100] direction in presence of a magnetic
field. The specimen with four domains is in a demagnetized state at zero field.
The [100] domain grows with the mechanism of domain wall motion resulting in a
dimensional change. Reproduced with permission from Ref. 128 © 2009 WILEY.

Such dimensional changes depend on the magnetic field and the measurement di-
rection. Figure 2.10 depicts field dependence of the anisotropic magnetostriction in an
isotropic material. It is customary to measure the magnetostriction from a demagne-
tized state in which the domains are magnetized uniformly over all possible directions.
Dimensional changes can be measured parallel (ε‖) and perpendicular (ε⊥) to the ap-
plied magnetic field. Saturation magnetostriction λs = ∆L/L represents changes of
dimensions in the material which is magnetized from a demagnetized state to its sat-
uration129. With (∆L/L)‖ < 0 and (∆L/L)‖ > 0, materials can be negatively and
positively magnetostrictive, leading to a reduction and an extension in dimensions,
respectively.

Figure 2.10: Anisotropic magnetostriction as an external magnetic field is applied
parallel and perpendicular to the measurement direction. The direction of the strain
measurement is indicated by the three parallel lines. Reproduced with permission
from Ref. 60 © 2000 WILEY.

The calculation of λs in a crystalline structure depends on principal easy axes. For
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example, for polycrystalline Fe with the cubic structure it can be measured by69

λs =
2

5
λ100 +

3

5
λ111, (2.12)

where two main values λ100 and λ111 are the saturation magnetostriction along [100]
and [111] directions.

The inverse effect is also of great importance in use of these materials as stress or
strain sensors. Applying stress to a material can impose changes in its magnetization
direction. This phenomenon is called the inverse magnetostriction or the Villari ef-
fect130. For positive magnetostrictive materials, tensile (compressive) stress imposes a
stress-induced anisotropy parallel (perpendicular) to the stress axis. If the easy axis is
already along the induced anisotropy axis, applying stress only stabilizes further the
axis by giving rise to its coercive fields.

Figure 2.11: Schematic of a positive magnetostrictive material under compressive
stress. Increasing the stress results in formation of domains with their magnetization
perpendicular to the stress axis. Domains tend to point into two possible directions
due to the uniaxial character by the stress-induced anisotropy.

Among the magnetostrictive materials, rare-earth-based thin films exhibit the largest
magnetostriction, obtained by Tb-Dy-Fe films, up to 1000 ppm131. Recently, Fe100−xGax
alloys triggered new research interest owing to their high magnetostriction properties
as well as their good mechanical properties132. Clark et al. reported 3/2λ100 up to
400 ppm by Fe81.3Ga18.7 films under very low fields133. Among existing highly magne-
tostrictive materials, CoFeB or CoFeB/CoFeBSi films are preferred as the sense layer
for the magnetostrictive TMR sensors (see section 2.6) since they also offer high TMR
effect amplitudes65. Among all compositions, the highest λs = 120 ppm was measured
for as-deposited Co43Fe43B14 films134. In fact, CoFe films should be taken into account
instead for magnetostriction properties because after the field annealing process the
amorphous CoFeB films crystallize into the CoFe films with a bcc structure due to
the B diffusion (see section 2.2). Exploring the magnetostriction as a function of the
composition shows that the magnetostriction reaches λs = 75 ppm in the vicinity of
equiatomic compositions for as-deposited Co50Fe50 films135,136. The field annealing
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process enhances the magnetostriction to 90 ppm at the same composition136. A more
detailed study of the influence of a crystalline structure on the magnetostriction was
performed by Hunter et al.137. They reported a maximum magnetostriction of 67± 5
ppm for Co44Fe56, whereas the other maximum value of 84 ± 5 ppm is for Co73Fe27.
Slow cooling and quenching after annealing at 800 ◦C enhanced the maximum magne-
tostriction to 156± 7 ppm and 260± 10 ppm, respectively, for Co66Fe34. The influence
of the annealing temperature on magnetostriction characteristics of CoFe films has
been studied by Nakajima et al.138. However, annealing at very high temperatures
above 450 ◦C is not applicable for CoFeB/MgO/CoFeB junctions (see section 2.2).

For small strain, the magnetoelastic energy density can be expressed as

Eσ = Kσ sin2(ψ) (2.13)

in terms of uniaxial stress-induced anisotropy Kσ, which is scaling with the applied
strain ε and given by Kσ = 3

2
λsσ with σ = Y ε. In MTJs (see Fig. 2.16), angle ψ

denotes the angle between the magnetization of the sense layer (θsen) and the stress-
induced anisotropy axis (θσ). Using the same effect on the sense layer in MTJs one
can detect small strain values in microcantilevers during AFM measurements.

2.4.1 Measurement of Saturation Magnetostriction Using
Stress-induced Anisotropy Fields

Magnetostriction of ultra thin films are mostly studied as a multilayer which consists
of a stack of the ultra thin film deposited repeatedly. Ali and Watts135 described
a simple technique to measure magnetostriction of the ultra thin films as a single
layer deposited onto rigid substrates. The technique is based on applying stress and
monitoring the stress-induced anisotropy field. The saturation magnetostriction can
be calculated from a variation of the stress-induced anisotropy field as the applied
stress varies using

λs =
µ0Ms

3

∆Hk

∆εY
(2.14)

expression128 with σ = Y ε.

2.5 CoFeB Thin Films

CoFeB thin films are used here as the sense and reference layers in MTJs multilayer
structure. They are lately of great technological and fundamental importance because
of their potential in rapidly developing spintronics applications. They are routinely
used in multilayer structures as magnetic electrodes for TMR devices in sensor applica-
tions139, magnetic random access memories140, hard disk drives (HDD) read heads141,
current-induced magnetization switching142. The functionality of such devices requires
soft magnetic properties with in-plane uniaxial magnetic anisotropy (UMA). There
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have been extensive studies to understand anisotropy of CoFeB thin films with regard
to film compositions, deposition parameters, and different underlayers. This allows
to tune the coercivity and to tailor the present UMA depending on the envisaged
applications.

The structural origin of their uniaxial anisotropy is described focusing on micro
mechanism by two models; bond-orientation anisotropy (BOA)143,144 and pair-ordering
anisotropy (POA)145. The BOA mode postulates a medium- to long-range microstruc-
tural anisotropy as more near neighbors appear in the plane of the film compared to
the perpendicular orientation146,147. On the contrary, POA considers the chemical
ordering of near-neighbor atoms. It postulates that the source of the UMA is the
difference in the number of like and unlike nearest neighbor distances of the atoms for
the in-plane and out-of-plane directions, assuming a randomly oriented coordination
polyhedral145.

During film deposition in-plane UMA can be achieved provided that the azimuthal
symmetry is broken, typically achieved by an in-plane applied magnetic field148 or
oblique geometry deposition149. Otherwise, one can expect that random local magnetic
anisotropy occurs due to short-range ordering in amorphous ferromagnetic films. In
absence of such symmetry breaking, interface interactions or internal film stress are
debated as the origin for the UMA. In case of amorphous CoFeB thin films deposited
on a GaAs (001) substrate, Hindmarch et al.145 proposed interface interactions as the
origin of symmetry breaking resulting in the bond-orientation at the interface. Then,
this will propagate to the volume of the amorphous film. Unlike the GaAs film as a
substrate, an MgO layer possesses a rather small spin-orbit interaction. Therefore, it is
more likely that other causes, associated with interfacial structure between MgO and
CoFeB films, account for the enhancement of the UMA in CoFeB layers150. Another
possible origin can be long-range stress observed in a CoFeB layer deposited on a
Si/SiO2 substrate, giving rise to magnetic anisotropy via magnetoelastic coupling151.

As-deposited CoFeB films grown on an MgO barrier can also be fabricated to ex-
hibit the UMA in any arbitrary direction by field annealing. The crystallization of the
as-deposited amorphous Co80−xFexB20 layers starts at temperatures around 300 ◦C de-
pending on their interfaces above and below, which leads to the overall increase in
coercivity. It preferentially crystallizes at the interfaces depending on adjacent layers
and is attributed to the out-diffusion of the B content. Note that different adjacent
layers to the electrodes impose different crystallization mechanisms and crystalline
structures in the CoFeB layers after annealing89,92,101. Lavrijsen et al.152 reported
such coercivity dependence in terms of the correlation between magnetic exchange
length and grain size. This develops the opportunity to tailor the coercivity by an-
nealing parameters, as shown in Fig. 2.12. Keeping the thickness below 20 nm and the
annealing temperature less than 370 ◦C lead to formation of grains with sizes smaller
than the exchange length. An averaging of the magnetic crystalline anisotropy allows
easy domain wall motions or domain nucleation. This ensures soft magnetic properties
suitable for a sharp switching magnetization process.

After the field annealing process of an amorphous CoFeB layer, a CoFe film with
a bcc-like crystal structure exhibiting magnetocrystalline anisotropy with a cubic
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Figure 2.12: Coercivity versus thickness of Co60Fe20B20 layers for different an-
nealing temperatures. Reproduced with permission from Ref. 152 © 2011 American
Institute of Physics Publishing.

symmetry is formed89. However, since in-plane magnetization is preferred by shape
anisotropy, a fourfold in-plane cubic magnetic anisotropy (CMA) is expected. How-
ever, Kuschel et al.153 found out that the resulting easy axes for Co50Fe50 do not have
the same strength due to possibly present UMA, caused by the aforementioned origins.
One CMA easy axis parallel to UMA (called more easy axis) is energetically favored
with respect to the second CMA easy axis (called less easy axis).

2.6 Magnetostrictive TMR Junctions

Recently, employing CoFeB/MgO/CoFeB MTJs resulted in a very large gauge fac-
tor up to 84065. In comparison to GMR and AlOx-based TMR sensors, high MR
amplitudes by the Co40Fe40B20/MgO/Co40Fe40B20 structure (see section 2.2) and high
magnetostrictive properties of the Co40Fe40B20 layer (see section 2.4) as the sense layer
are regarded as the origins for such a significant achievement in the strain sensitivity.

As shown in Fig. 2.13, the magnetostrictive TMR sensors are basically MTJs with a
magnetostrictive sense layer (CoFeB), which is free to rotate under mechanical strain
or stress. The ferromagnetic reference layer (CoFeB) is magnetically pinned to a
natural AF (MnIr) in an artificial antiferromagnet (AAF) sandwich (AF (MnIr)/FM
(CoFe)/NM(Ru)/FM (CoFeB))154. Exchange biasing (see section 2.3.1) provides a
unidirectional anisotropy to the CoFe layer and the CoFe layer itself is antiferromag-
netically coupled with the CoFeB layer via the IEC (see section 2.3.2) through the
thin Ru layer.

Due to the inverse magnetostriction, the relative magnetization configuration of the
sense and reference layers alters upon stress application. The resulting change of the
tunnel resistance, owing to its angular dependence R(α) (see section 2.2.1) in MTJs11,
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Figure 2.13: Magnetostrictive TMR stack includes an MTJ with a reference layer
pinned in an exchange-biased artificial antiferromagnet (AAF) (AF/FM/Ru/FM).
Due to the inverse magnetostriction, the sense layer magnetization Msen can rotate
with respect to the magnetization of the reference layer Mref upon stress application.
The angle α is the angle between the two magnetization.

can be quantitatively related to the applied stress (see Eq. 2.7).

Mostly, the initial magnetic anisotropy of the sense layer, i.e. the initial easy axis
(E.A.) induced by field annealing, is aligned along or perpendicular to the axis of ap-
plied stress in order to monitor compressive or tensile stress, respectively (Fig. 2.14).

Figure 2.14: Two different configurations where the easy axis E.A. (red arrow) in-
duced by field annealing is parallel or perpendicular to the stress axis and an external
magnetic field. The blue arrow represents the pinned magnetization of the reference
layer Mref .

In the parallel configuration tensile stress gives additional anisotropy parallel to
the stress axis resulting in an increase in coercive fields as well as in squareness in a
minor TMR loop (see Fig. 2.15 a)). On the contrary, compressive stress imposes an
additional easy axis (anisotropy) perpendicular to the stress axis, which encourages a
gradual switching between the parallel and antiparallel configurations for larger stress
values (Fig. 2.15 b)). In case of compressive stress, applying stress leads to a variation
of resistance change ∆R, which strongly depends on the magnetic field. This suggests
that one can get the maximum response to the applied stress by setting a magnetic bias
field with maximum ∆R. In other words, the sensitivity of a magnetostrictive TMR
sensor to applied stress reaches the highest possible level in presence of an optimum
magnetic bias field. Opposite responses occur in the perpendicular configuration in
terms of tensile and compressive stress. In all configurations the external field is
applied parallel to the initial easy axis.
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Figure 2.15: TMR loop measurements of a junction under different stress (strain)
amounts. In the parallel configuration, a) tensile stress stabilizes the TMR loop,
which appears as larger switching fields by additional anisotropy along the initial
E.A. (see Fig. 2.14) of the sense layer. On the contrary, b) compressive stress
causes rotation of Msen for small magnetic fields and the loop approaches a hard-
axis switching behavior for larger stress values. This leads to field dependence of
the resistance change ∆R within a loop of a strained junction. Reproduced with
permission from Ref. 155 © 2004 Elsevier.

2.7 Micromagnetism

In order to describe magnetic behavior of a ferromagnet, it is necessary to take
into account local and non-local energy terms. The domain structure of ferromagnets
is a result of minimizing total energy in consideration of microstructures, solving a
formula based on the Landau-Lifshitz-Gilbert (LLG) equation. Considering single-
domain behavior, the Stoner-Wohlfarth (SW) model is usually used to explain the
magnetic behavior of a ferromagnet in presence of external physical quantities, depicted
in Fig. 2.16. Below different energy terms are briefly described.

Exchange Energy

The exchange interaction is responsible for the spontaneous ordering of neighboring
atomic magnetic moments. In ferromagnetic materials strong spin interactions between
the nearest neighbors leads to a net magnetization. The exchange energy between two
neighboring atoms with spins Si and Sj can be expressed as128:

eex = −2JijSi · Sj, (2.15)

where Jij is the exchange constant, called also the exchange integral, between atomic
spins. In continuum picture of the total volume (V ) the exchange energy density of a
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material as the sum of all pairs of nearest couplings is69

Eex =
1

V
A

∫
V

( ~M(~r)/Ms)
2
d3r (2.16)

with A = 4JS2

a
being the exchange stiffness where a is the lattice constant for the

bcc structure. Another key material parameter in micromagnetism, which defines the
shortest scale on which the magnetization can be twisted, is the exchange length lex

156:

lex =

√
2A

µ0Ms
2 . (2.17)

A typical value of lex is about 3 nm for Co and Fe69.
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Figure 2.16: Physical quantities in the Stoner-Wohlfarth model, which are present
in a TMR junction. Single-sided and double-sided arrows stand for unidirectional
and uniaxial anisotropies, respectively.

Demagnetizing Energy

The demagnetizing energy density Ed is attributed to interactions of the magneti-
zation and the demagnetizing field ~Hd, which can be expressed as:

Ed = − 1

2V

∫
V

~Hd · ~M dV . (2.18)
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The demagnetizing field, which arises from shape anisotropy, is created by the mag-
netization of the sample:

~Hd = Nd · ~M, (2.19)

where Nd is the demagnetizing tensor which is determined by the shape of the sample.
Nd can be calculated for different shapes of samples128.

Magnetocrystalline Energy

In a crystalline ferromagnetic structure two types of couplings have to be taken into
account; the spin-spin coupling and the spin-orbit coupling. The spin-spin coupling
acts to keep the neighboring spins parallel or antiparallel. Even though it is very
strong, it does not depend on the orientation of the spins with regard to the crystal
lattice. Therefore, it can not have a contribution to the magnetocrystalline anisotropy.
In comparison, the orientations of the orbits are strongly coupled to the lattice, which
cannot be reoriented even by large magnetic fields. Therefore, due to the interaction
between the spins and the orbits, there is resistance against an external magnetic
field or other attempts which intend to reorient the spin axis. In other words, in
ferromagnetic crystals the magnetization aligns along certain preferred crystallographic
directions. They are called easy axes since they are the easiest to reach the saturation
magnetization by applying an external field. This justifies the spin-orbit coupling
as the main origin for the magnetocrystalline anisotropy128. The magnetocrystalline
anisotropy energy is the energy required to overcome the spin-orbit coupling and to
reorient the magnetization. The energy density can be expressed as a special case for
a uniaxial anisotropy:

Eu =
1

V

∫
V

Kusin
2(θu − θ) dV = Ku sin2(θu − θsen). (2.20)

Here, Ku stands for the uniaxial magnetocrystalline anisotropy along the angle θu as
shown in Fig. 2.16. θsen denotes the orientation of the sense layer magnetization. The
energy is minimum when the magnetization points along the easy direction. The energy
difference between the states magnetized along easy and hard directions is called the
magnetocrystalline anisotropy energy157. As mentioned before in section 2.5, another
uniaxial anisotropy is present due to the absence of the azimuthal symmetry. Here,
we consider Ku as the compromise of the uniaxial magnetic anisotropy (UMA) and
the magnetocrystalline anisotropy, which appears as a uniaxial anisotropy even in the
bcc-structure CoFeB films after annealing.

Zeeman Energy

The Zeeman energy density Ez due to the magnetization orientation in an external
magnetic field is

Ez =
−1

V

∫
V

~H · ~M dV = −µ0HMsen cos(θH − θsen), (2.21)
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where θH defines the orientation of the magnetic field (see Fig. 2.16). This energy term
is minimized when the magnetization is fully aligned along the applied field.

Néel energy

As mentioned earlier (see section 2.3.3), possible roughness in TMR layers results in
the Néel coupling between the sense and reference layers. It leads to a unidirectional
anisotropy contribution favoring the parallel configuration in MTJs. The Néel coupling
appears as a field shift Hsh in a TMR loop, from which the Néel energy density can
be calculated by

ENC =
−1

V

∫
V

~HNC · ~M dV = −µ0HshMsen cos(θNC − θsen). (2.22)

The angle θNC defines the Néel coupling unidirectional anisotropy, which is parallel to
the reference layer magnetization θref .

Stress-induced Anisotropy Energy

Due to the inverse magnetostriction effect, applying uniaxial stress σ will induce
a uniaxial anisotropy Kσ, defined as Kσ = 3

2
λsY ε. Such anisotropy is parallel and

perpendicular to the stress axis θσ in case of tensile and compressive stress, respectively.
For positive magnetostrictive materials under small strain values, the stress-induced
anisotropy (see section 2.4) energy density can be expressed as

Eσ =
1

V

∫
V

Kσsin2(θσ − θ) dV =
3

2
λsY ε sin2(θσ − θsen). (2.23)

2.8 Landau-Lifshitz-Gilbert Equation

The Landau-Lifshitz-Gilbert (LLG) equation156 is

d ~M

dt
= − γ0

1 + α0
2
·
[
~M × ~Heff

]
− γ0

Ms

· α0

1 + α0
2
·
[
~M ×

[
~M × ~Heff

]]
(2.24)

frequently used to describe the magnetization dynamics ~M(r, t) and the domain struc-

tures. γ0, α0, and ~Heff stand for the electron gyromagnetic ratio, the Gilbert damp-

ing factor, and the effective magnetic field, respectively. ~Heff consists of all present
interactions acting on the individual cells. The interactions also depend on the mag-
netization of the other cells. The effective field is the negative derivative of the total
energy E with respect to the magnetization156:

~Heff = − 1

µ0Ms

∂E

∂ ~M(r)
(2.25)
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For the problems discussed here the total energy density Etotal is the sum of all present
energy terms in a magnetic system:

Etotal = Eex + Eu + Ez + Ed + Eσ. (2.26)

In principle, micromagnetic simulations using object oriented micromagnetic frame-
work (OOMMF) solve the LLG equation for each cell of a two- or three-dimensional
grid12.

2.9 Stoner-Wohlfarth Model

To describe the functional mechanism of a TMR strain sensor even in the absence
of a magnetic field, it is necessary to understand magnetic behavior of the sense layer
in a minor TMR loop of a junction exposed to stress. This also helps to determine
optimum conditions in which TMR sensors reveal their highest strain sensitivity. For
simplification in order to simulate complex and large samples, the rotation of the
sense layer magnetization Msen is assumed to maintain single-domain behavior in the
magnetization reversal, and effects due to domain formation are neglected. A modified
SW model, as an energy model, calculates the magnetic state of the sense layer by
minimizing its total energy. Here, the SW model is a modified model since the stress
and the Néel coupling terms are additionally included. The total energy density E(θsen)
of the sense layer, with magnetization oriented at the angle θsen in polar coordinates
(see Fig. 2.16), in TMR stacks can be written as a sum of several energy terms:

E(θsen) = Eu(θu) + Ez(θH) + ENC(θNC) + Eσ(θσ), (2.27)

where Eu, Ez, ENC , and Eσ denote the uniaxial magnetocrystalline anisotropy energy
density, the Zeeman energy density, the Néel energy density, and the stress-induced
anisotropy energy density, respectively. In-plane shape anisotropy is assumed to be
negligible for junctions which are either circular or large in dimensions in case of
squared junctions.

2.10 Atomic Force Microscopy

Atomic force microscopy (AFM) is a widely used technique to measure interact-
ing forces and to image surface topography in nano-scale studies. In a typical AFM
configuration, there is a tip with a radius curvature of 10-20 nm, attached to a micro-
machined cantilever, interacting with the atoms on the surface of the sample. Then,
the interaction is detected as it causes deflection to the cantilever.

In order to understand the AFM operating principles, it is necessary to interpret
the interacting forces between the tip and the sample. These forces are experimentally
available by measuring the so-called force-distance curve (FD curve). While the tip
is approaching toward the sample, the tip experiences variable amounts of forces, as
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Figure 2.17: a) Typical tip-sample interacting force versus tip-sample distance
(Finter(z)) curve. The lines a-d stand for the elastic force of the cantilever Fel as a
function of the distance. At each distance the cantilever bends until the elastic force
and the tip-sample force are equal in an equilibrium state, which is the intersection
of the Fel line and the Finter(z) curve. b) Schematic of a force-distance curve. At
the distance a, the tip is far from the surface. Further, the attractive forces bend the
cantilever until it jumps into the surface (the dashed segment of the approach path).
The force becomes repulsive as the cantilever is moved more toward the surface (the
distance c). On the retracting path at the distance d, the jump-off takes place when
the adhesion force is overcome (the dashed segment of the retract path). Reproduced
with permission from Ref. 158 © 1999 Elsevier.

shown in Fig. 2.17 a). The forces vary from attractive to repulsive forces19, given in
Table 2.1, depending on the tip-sample distance z.

By approaching the tip close to the surface and retracting it, the interaction of the
tip and the sample leads to a bending of the cantilever so that the two exerted forces,
the interacting force Finter (z) and the elastic force Fel caused by the deflection, are in
an equilibrium state. Hence, the interacting force can be estimated from the deflection
for the cantilever with a known spring constant by considering the Hooke’s law:

Fel = kzδel, (2.28)

where kz and δel represent the cantilever stiffness and the cantilever deflection, respec-
tively. As depicted in Fig. 2.17, a typical FD curve can be deduced from intersecting
points of the elastic force lines a-d and the interacting force curve. At close distances,
due to the high gradient in the force field, the cantilever becomes unstable by varying
the tip-sample distance between the lines b and d (the dashed segments in Fig. 2.17 b)).
Hence, a mechanical hysteresis occurs, which can be deliberately diminished for can-
tilevers with higher stiffness19.

AFM operations are generally divided into two modes, the contact mode and the
dynamic mode. The contact mode simply involves measuring the static deflection of
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Table 2.1: Some of the tip-sample interacting forces.
∗ Repulsive forces can be extracted from the second part (z−12) of Lennard-Jones (LJ)
potential VLJ with r0 and ε0 being the equilibrium distance, at which the force is zero,
and the depth of the potential well83, respectively. However, it must be modified
depending on the shape of the tip19.
∗∗ The vdW force is given for a spherical tip with radius rt and a flat surface. AH
is the Hamaker constant159.
∗∗∗ The basis of the capillary force is the vdW forces among the water molecules and
atoms at the tip and on the sample. Θ is the contact angle and Φ is the angle of the
meniscus. γs stands for the surface tension.
∗∗∗∗ ε0 is the permittivity of free space.

Interacting force Origin Formula

Repulsive Pauli exclusion; overlap of
electronic wave functions of
two atoms

VLJ = −4ε0

(
r6
0

z6 − r12
0

z12

)
∗, Ref. 160

Van der Waals induced electric dipoles in neu-
tral atoms and molecules

FvdW = − AHrt
6z2

∗∗, Ref. 161

Capillary water molecules absorbed on
the surface in ambient condi-
tions

Fcap = 4πrtγs cos Θ
1+z/[rt(1−cos Φ)]

∗∗∗, Ref. 162

Electrostatic Coulomb’s law; a charged or
conductive tip and sample
with potential difference U

Felec = −πε0
rtU2

z
∗∗∗∗, Ref. 19

the cantilever while the cantilever is scanned in the x-y plane at a certain set-point in
the repulsive regime. By changing the z-position of the sample to maintain a constant
tip-sample force, the topography can be reconstructed. As such, the contact mode is
operated in the repulsive regime. On the other hand, the dynamic mode is operated as
the cantilever vibrates in the non-contact region, where weak attractive and repulsive
forces govern the tip-sample interactions. While approaching the cantilever with a
driven frequency fd close to its resonance frequency f0 toward the sample, harmonic
oscillator of the cantilever and the oscillation frequency is distorted due to the tip-
sample interaction. Also, the phase and the amplitude of the oscillation respond
differently. Motion of such cantilever z(t) can be approximated by considering a 1-
dimensional point mass m attached at a spring19:

mz̈(t) + kzz(t) +
mω0

Q
ż(t) = Finter + Ad cos (ωdt). (2.29)

Here, Ad and ωd are the oscillating amplitude and the angular frequency, respectively,
driven by an external actuator. Q is the quality factor of the cantilever and ω0 = 2πf0

is the angular resonance frequency of the cantilever. In far distance from the sample,
equation 2.29 defines driven harmonic oscillator with damping, as the interaction can
be neglected. The general solution for this model including a steady-state solution
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(first term) and transient one (second term) is163

z(t) = A cos (ωt− ϕ) +Be−ξt cos (ωrt+ φ), (2.30)

with ωr and ϕ being the resonance angular frequency of the cantilever influenced
by the damping effect and the phase difference between the driving force and the
cantilever motion, respectively. While the transient term decays exponentially with
a time constant 1/ξ = 2Q/ω0, the steady-state motion becomes dominant. z(t) will
exhibit sinusoidal behavior with an amplitude of A and a phase ϕ depending on the
driving frequency fd

19:

A =
Ad√

(1− f2
d

f2
0
)
2

+ ( 1
Q0

fd
f0

)
2

(2.31)

tanϕ =
1

Q0

fd
f0

1− f2
d

f2
0

. (2.32)

Since all three frequency, amplitude, and phase respond to the tip-sample inter-
action, interpretation of the dynamic mode is complicated. This can be solved by
setting feedback loops which keep the internal parameters fixed by modification of the
external variables. As the simplest and the most common method, the driving fre-
quency is fixed at a pre-defined value fd while the driving amplitude is kept constant
by a feedback loop. This is called amplitude-modulated AFM (AM-AFM) mode. In
the amplitude modulation, distortion of harmonic oscillator merges as changes in the
amplitude and the phase. The amplitude is used as a feedback loop for topography
imaging and the phase signal is recorded as a dissipation signal19. In case of more
sensitive phase signal the phase and the resonance frequency can be utilized as a feed-
back signal. In frequency-modulated AFM (FM-AFM) mode, the cantilever is always
oscillated at its resonance frequency. This is achieved by feeding back the oscillation
signal of the cantilever into the piezo element. The detected signal is phase-shifted 90°
and is used for excitation of the cantilever. This adjusts the driving frequency to the
resonance frequency of the cantilever influenced by the tip-sample interaction. The
topography feedback loop is adjusting the sample position in the frequency modulation
to match a certain frequency offset from the resonance frequency68.

Optical beam deflection is a conventional read-out system for AFM measurements,
It typically consists of a laser diode with a beam focused at the tip of a cantilever, and
the reflected beam is aligned to the center of a four-segment photodiode (Fig. 2.18).
The intensity difference of the two top and the two bottom segments indicates vertical
deflection while lateral deflection is extracted from the intensity difference between the
two pairs of segments on the right and the left162.
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Figure 2.18: Schematic of an optical beam deflection read-out system. Bending
of the cantilever changes the laser intensity in segments at the photodiode, which
is fed to a proportion-integration (PI) controller as signals to modify tip-sample
distance via an actuator. A scanner is used for in-plane movement. Reproduced
with permission from Ref. 162 © 2004 Springer.

Table 2.2 compares a couple of detection techniques for measuring cantilever deflec-
tion in AFM in terms of the noise level164–167. The optical beam deflection provides a

Table 2.2: Comparison of detection techniques for cantilever deflection in AFM in
terms of deflection noise at different oscillation frequencies. Deflection noise values
are generally obtained by multiplying the measured voltage noise with the deflection
sensitivity.

Detection method Frequency (kHz) Noise (fm/
√

Hz)

GMR sensor 1000 80 (Ref. 53)
Quartz tuning fork 33 170 (Ref. 168)

33 35 (Ref. 169)
Interferometer 1000 1 (Ref. 170)

274 2 (Ref. 171)
4.5 2 (Ref. 172)

Optical beam deflection 800-1660 5.7-7.3 (Ref. 164)
303-435 56-56 (Ref. 165)
10000 4.7 (Ref. 166)
20000 4.5 (Ref. 167)

very low deflection noise of 4.5 fm/
√

Hz, even at 20 MHz frequency, suitable for high
speed AFM applications. However, the experimental setup becomes more expensive
and more complex for high resolution measurement in sealed vacuum173 or at low
temperature174. The same applies to the interferometric techniques170–172. On the
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contrary, the tuning forks with a low noise level168,169 can be cost-effective, but they
are not compatible with mass-production processes. Unfortunately, there was no value
on the noise level with the same unit in the literature for integrated piezoelectric and
piezoresistive microcantilevers, which are commercially available for AFM applications.
GMR sensors, which show 80 fm/

√
Hz noise, was used to detect the movement of a

micromagnet placed at the tip of the cantilever (Fig. 1.3). Even though the detecting
sensor was not completely integrated to the cantilever, the results approve the capa-
bility of MR sensors at high operating bandwidth with a low deflection noise value.
This value can be further improved using TMR sensors.

Therefore, in favor of replacing the optical read-out, the magnetostrictive TMR
sensors should be studied in terms of parameters related to sensitivity and noise levels.
Those parameters include cantilever dimensions, the magnetostrictive sense layer, the
magnetic configuration of the MTJ (see section 2.6), and the resistance-area product
of the MTJ. Thus, the definition of the sensitivity for AFM applications and possible
noises are briefly explained in the next two sections.

2.10.1 Sensitivity

The deflection δel of one-sided clamped cantilevers induced by a vertical point force
F can be expressed as175

δel(x) =
6F Lx2 (1− x/3L)

Y w t3
, (2.33)

where Y is the Young′s modulus, w is the cantilever width, L is the cantilever length,
t is the cantilever thickness, and x is the distance from the base. Depending on the
cantilever stiffness kz = Y w t3/4L3, such deflection corresponds to longitudinal stress
σ , varying across the length and the thickness of the cantilever:

σ(x) =
6F (L− x)

w t2
, (2.34)

as it has the maximum value at the base and zero value at the neutral axis of the can-
tilever. Therefore, deflection TMR sensors are located at the fixed end of the cantilever
(see Fig. 4.16 b)). Due to the inverse magnetostriction and the angular dependence of
the tunnel resistance, deflection-induced stress results in the resistance change of the
deflection sensor. The sensitivity of the read-out sensor is usually determined by their
deflection sensitivity, which is basically the output voltage signal Vout from the Wheat-
stone bridge (see section 7.1) generated by 1 Å cantilever deflection. Since this value
can be arbitrarily large by varying the gain of the amplifier, in the TMR read-out sys-
tem, the relative tunnel resistance change dR/R as a function of the vertical deflection
δel is considered as the deflection sensitivity:

Sδ =
∆Vout
δel

≡ (dR/R)

δel
≡ δσ

δel
. (2.35)

Generally speaking, due to the proportionality of longitudinal stress to the fractional
resistance change, the deflection sensitivity is maximized by designing a cantilever with
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higher stiffness. Thus, it causes larger stress for a specific amount of deflection. In
addition to the deflection sensitivity, force sensitivity can be calculated by simply
dividing the deflection sensitivity to the cantilever stiffness:

SF =
∆Vout
δF

≡ (dR/R)

δF
≡ δσ

kzδel
. (2.36)

Inversely, force sensitivity can be improved by making the cantilever long, thin and
narrow. In the next section, possible present noises in MTJ-based sensors are briefly
explained.

2.10.2 Noise

Electrical noises can be attributed to different origins such as defects motion, mag-
netic domain or spin fluctuations, charge carriers crossing an energy barrier, electronic
traps, current redistribution in electronic materials73. These sources will give rise to
frequency-independent noises including thermal and shot noises, and also frequency-
dependent noises including 1/f and random telegraph noises. The thermal noise176,177,
also known as the Johnson and Nyquist noise, appears in all resistors due to thermal
fluctuations of the carriers in the resistor. It yields a power spectral density (PSD) as
follows:

Sthermalv

[
V 2/Hz

]
= 4kBTR. (2.37)

Here, kBT is the thermal energy, and R is the resistance value of the device. The shot
noise178–180 is associated to the movement of the current crossing an energy barrier.
It is considered as fluctuations of the current flow around a mean level arising as a
consequence of discrete nature of the electrical charges. The PSD of the shot noise is
expressed by

Sshotv

[
V 2/Hz

]
= 2 e I R2

d, (2.38)

where e, I, and Rd represent the electron electrical charge, the flowing current, and
the differential resistance, respectively. In MTJs, the tunnel barrier as a discontinuity
between the two conducting ferromagnetic layers gives rise to the shot noise181.

The 1/f noise designates fluctuations of a physical variable like resistance with a
PSD following a 1/f law. The resistance fluctuations can be extracted from voltage
fluctuations by applying a current. The applied current reveals the fluctuations above
the white noise rather than creating them73. The 1/f noise given by the Hooge
equation182 is

S1/f
v =

γ V 2

Af
. (2.39)

Here, γ is the Hooge parameter, and A stands for the area of an MTJ replacing the
number of carriers, which denoted by Nc in the original equation. In MTJs, the Hooge
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parameter generally increases by larger resistance-area products (RAs), smaller TMR
effect amplitudes, and lower bias voltages183–186.

The 1/f noise has a magnetic component and an electronic component179,187. The
magnetic component can be attributed to thermal magnetization fluctuations in the
ferromagnetic layers that couple to the resistance via the spin-dependent tunneling
effect188. Besides, the electronic component can be ascribed to fluctuations of the
tunnel barrier height188 due to charge trapping at defects in the tunnel barrier and
at the interfaces. As discussed in section 2.2, crystallization of CoFeB/MgO/CoFeB
multilayers leads to smooth and sharp interfaces. This results in less defects and
dislocations which mitigates the electronic 1/f noise in MTJs189.

The random telegraphic noise is related to fluctuations of the sense layer magnetiza-
tion even in submicron scale MTJs188,190. Magnetic metastability emerges as domain
wall hopping between pinning sites or thermally activated fluctuations in the magneti-
zation of the sense layer191. Scola et al.192 pointed out that a proper annealing process
can reduce the random telegraphic noise by improving the stability of the magnetic
domains in the sense layer.

Some of the approaches mentioned above for eliminating the noises require compro-
mises in sensor design. These methods will require further studies to find compromised
parameters of the thickness of the sense layer, the thickness of the MgO layer, the area
of MTJs, and the annealing procedure in order to minimize the noises.

In contrast to piezoresistive and piezoelectric sensors38, the deflection sensitivity,
the noise, and the signal-to-noise ratio of TMR-based self-sensing cantilevers are not
theoretically simulated yet. Therefore, it is still unclear how to improve the sensitivity,
minimum detectable deflection (MDD), and minimum detectable force (MDF) simul-
taneously by design optimization. First, the resistance change under stress needs to be
taken into account. It depends on magnetostrictive properties of the sense layer, the
TMR effect amplitude, the magnetic configuration of MTJs (see section 2.6), and the
resistance-area product of MTJs. Second, the origin of noise in MTJs, as mentioned
above, and in electronic components should be recognized. Third, cantilever dimen-
sions and tip quality are also associated to stress levels exerted to the sensor as well as
imposed deflection. Hence, such calculation and design optimization are beyond the
scope the present study. Here, the primary focus is to realize strain-sensitive TMR
sensors and operating TMR self-sensing AFM cantilevers, for which the deflection sen-
sitivity and the MDD are defined experimentally by the slope of FD curves and the
minimum measurable height, respectively. Noise measurement is not performed in
this study since integration of optimum tips, in terms of sharpness and stiffness, and
optimum electronics for TMR sensor read-outs are ongoing tasks.

2.11 Anisotropic Si Etching in KOH Solution

Anisotropic wet etching in aqueous potassium hydroxide (KOH) solutions remains
the most popularly used processing technique in Si technology with a broad range of
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microelectromechanical systems (MEMS) applications. Such devices require smooth
surfaces and precisely repeatable fabrication conditions. The roughness strongly de-
pends on the crystallographic orientation and principal planes. The (100)-oriented
planes showed the smoothest etched surface among all the orientations193,194.

For better understanding, there have been studies over years on anisotropic etching
in order to suppress fundamental problems such as formation of pyramidal hillocks and
round pits on etched surfaces, which are critical to mechanical, optical, and surface
properties. Formation of the pyramids have been associated to a number of origins
based on a common mechanism in which some materials are stabilized on the surface,
which can act as micromasks obstructing chemical reaction. Hydrogen bubbles formed
on the surface during a detachment process195,196, polymerized residues197, SiO2 precip-
itates198,199, re-deposition of reaction products198, semipermeable silicate particles200,
and impurities in the solution195,196,201–203 are suggested for pseudo-masking during
etching in the literature. In case of round pits, the surface morphology is built up
with these features, which is generally attributed to the hydrogen bubbles due to their
similar geometries. However, Gosálvez and Nieminen presented that these surface
inhomogeneities are the result of the anisotropy of the etching process between pit
nucleation and step propagation204.

Figure 2.19: Schematic of a) etching mechanism through the reaction boundary
layer and b) the pseudo-masking by H2 bubbles (or other materials), leading to pyra-
midal features with (111)-oriented sidewalls at a 54.74° angle relative to the (100)
surface. Reproduced with permission from Ref. 205 © 2005 Elsevier.

Reduction of surface roughness by suppressing these morphological features can
begin with increase of the KOH concentration of lower than 40 wt%194,201,206, decrease
of the temperature205, and reduction of impurities207. Note that increase of the etchant
above 40 wt%, unlike increase of the temperature, affects the etching rates of different
crystallographic planes and selectivity of (111) and (100) planes194. For further surface
improvement mechanical agitation like magnetic stirring can accelerate the diffusion
of etchant and products (Fig. 2.19) and decrease the duration of the bubbles on the
surface205,206. Table 2.3 gives a list of published studies on the improvement of the
surface quality by means of the mechanical agitation and some additives.

Using ultrasonic agitation instead allows uniform etching conditions as well, espe-
cially for wafer-scale etching195,205,206,213. Raising the agitation frequency to megasonic
waves not only reduces significantly the size of the H2 bubbles which remain attached
to the surface but also is suitable for fabrication of very fine microstructures such as
membranes and microcantilevers, which can be easily damaged using the other me-
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Table 2.3: Published roughness values of the substrate surface etched in KOH solu-
tions using different techniques for the improvement of the surface quality. Note that
a proper conclusion from this table requires consideration of different etch depth and
roughness measuring devices. Roughness values are given as either Ra (average) or
RRMS (root mean square).
∗ p-type Si with a hard-mask patterned by reactive ion etching (RIE) and then ex-
posed to a buffered oxide etching (BOE) solution.
∗∗ isopropyl alcohol (IPA)
∗∗∗ sodium dihexyl sulfosuccinate (SDSS)

Substrate KOH Temperature Additive Agitation Etch depth Measurement Roughness
(◦C) (µm) /area (nm)

Si 34 wt% 70 — — 51 · · · Ra= 11193

Si∗ 30 wt% 80-100 — Stirrer 20-60 Profilometer Ra= 25-28205

Si∗ 30 wt% 80-100 — Ultrasonic 20-60 Profilometer Ra= 9-7.5208

Si∗ 30 wt% · · · — Megasonic 37 AFM, 49 µm2 RRMS= 1.7209,210

Si∗ 30 wt% 66 — Megasonic 70 Profilometer Ra= 70210

Si∗ 5 M 85 Ethylene glycerol, 1 M Stirrer 20 AFM, 1 µm2 RRMS= 0.867211

Si∗ 18 M 40-80 IPA∗∗, saturated Stirrer 50 AFM, 100 µm2 RRMS= 3-9211

Si∗ 30 wt% 80-100 SDSS∗∗∗, 0.02 wt% Stirrer 20-100 Profilometer Ra= 7.5-15208

Si∗ 40 wt% 85 SDSS, 0.02 wt% — 22 AFM, 0.014 mm2 Ra= 7.5-15206

Si∗ 40 wt% 80 Sb2O3, 5 mmol — 300 AFM, 900 µm2 RRMS= 2212

chanical agitation techniques208–210. Furthermore, various additives such as different
alcohols196,211,214,215, oxidizing agents195, different surfactants203,205,206,208, and poly-
meric oxides212 are added to the solution, which modifies the properties of the etchant.
As a result, the bubbles will have difficulty to adhere to the etched surface because of
improved wetability. Among these candidates listed in Table 2.3, using a megasonic
module and adding Sb2O3 result in a very smooth surface. The surface roughness
remains constant after deep etching, whereas with other techniques it increases by the
etching time.

Compensating Structures

MEMS devices after deep etching in KOH suffer from underetching at convex cor-
ners due to formation of high-index planes, which have high etching rates. To tackle
this difficulty, additional compensating structures are implemented at convex corners
delaying the etching process. There are different shapes recommended for these com-
pensating structures216, which vary in dimensions depending on the etch depth. Fig-
ure 2.20 shows the performance of two different compensating structures. The one
in Fig. 2.20 a) with folding strips seems to be not sufficient in dimension so that un-
derechting occurs at the convex corner. However, the squared-shaped compensating
structure, shown in Fig. 2.20 b), successfully protected the convex corner.

Furthermore, some additives like IPA can change the etching anisotropy and reduce
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Figure 2.20: Schematic of two compensating structures with a) squared-shaped
corners and b) 〈110〉-oriented folding strips. Dashed outlines depict successive etched
shape patterns. SEM images show the performance of the compensating structures.
In the panel a) the underetching at the convex corners takes place because either
the dimension or the shape of the compensating structure is wrongly implemented.
Panels reproduced with permission from: a) Ref. 216 © 2007 Institute of Physics
Publishing; b) Ref. 217 © 2006 Elsevier.

the convex corners underetching by changing the surface tension215,218.





Chapter 3
Experimental Techniques and
Parameters

This chapter includes description of techniques employed for fabrication and char-
acterization during the sample preparation in the next chapter. Figure 3.1 shows pat-
terning of the magnetostrictive TMR sensors and integrating them to microcantilevers
in four steps, which will be explained in detail in chapter 4. The techniques, used in
every step, are listed in the figure caption. These techniques as well as characteri-
zation techniques, including scanning electron microscopy (SEM), optical microscopy,
profilometer, and atomic force microscopy (AFM), are described in this chapter.

Figure 3.1: Patterning of TMR sensors in four steps: 1) TMR stack deposition:
sputter deposition, 2) Field annealing: field annealing process, 3) Patterning of TMR
sensors: lithography, ion beam etching (IBE), and sputter deposition, 4) Integra-
tion of TMR sensors to microcantilever: lithography, reactive ion etching (RIE),
anisotropic KOH etching, sputter deposition, and beam-assisted deposition.

Here, the techniques are not explained in detail, but rather technical specifications,
limitations, and advantages of the techniques. Moreover, it is explicitly stated in which
part and for what purposes these techniques are used. Exceptionally, field annealing
process and inductively coupled plasma (ICP)-reactive ion etching (RIE) of Si are
thoroughly discussed since they were developed within the framework of this study.
Note that anisotropic KOH etching is thoroughly described in chapter 5. The results
of this chapter are used in the sample preparation in chapter 4.

41
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3.1 Deposition Methods

Sputtering

Magnetic tunnel junctions (MTJs) with CoFeB electrodes and MgO as the tunnel
barrier were deposited on Si substrates using a Leybold Systems CLAB 600 Cluster-
Tool sputtering system. There are four 4′′DC, one 4′′RF, used for MgO deposition,
one 3′′DC, and one 2′′DC sputter sources. MTJs have the following multilayer struc-
ture (from bottom to top): Ta (5) / Ru (30) / Ta (10) / Ru (5) / MnIr (12) / CoFe
(3) / Ru (0.9) / CoFeB (3) / MgO (1.8) / CoFeB (3) / Ta (5) / Ru (5). The num-
bers in parentheses indicate the layer thickness in nm. The Co40Fe40B20 (3 nm) layer,
which is known for high magnetostrictive coefficient134, serves as the sense layer. The
reference layer CoFeB with the same composition is magnetically stabilized via MnIr
(12 nm)/CoFe (3 nm)/Ru (0.9 nm) layers, forming an exchange-biased artificial antifer-
romagnet154. The deposition of the stack by magnetron sputtering at a base pressure
of 2× 10=7 mbar was carried out in the group of Prof. Günter Reiss at Bielefeld Uni-
versity. Table 3.1 gives sputtering parameters for the deposition of the MTJ stack.

Table 3.1: Sputter-deposition parameters for Cr, Au, and SiOx thin films and layers
in the MTJ stack.

Target/size Gas/flow DC power RF power Pressure Deposition rate
(inch) (sccm) (W) (W) (mbar) (nm/s)

Au/8 Ar/25 200 – 6E-3 1.1
Cr/8 Ar/25 200 – 4E-3 0.55

SiOx/8 O2/20, Ar/18 – 800 4E-3 0.39
MgO/4 Ar/20 – 115 2.37E-2 0.014
MnIr/4 Ar/20 115 – 1.3E-3 0.49
Ru/4 Ar/20 115 – 1.3E-3 0.32
Ta/3 Ar/20 65 – 1.3E-3 0.19

CoFe/4 Ar/20 115 – 1.3E-3 0.29
CoFeB/4 Ar/20 115 – 1.3E-3 0.2

To deposit a Cr/Au bilayer as top electrodes (TE)s for MTJs (see Fig. 4.5 c)) and
reflective coatings for the AFM cantilevers (see section 4.3) a Von Ardenne CS 730 S
magnetron sputter depositing cluster tool is used. It has two sputtering chambers, each
can be equipped with two 4 ′′ and two 8 ′′ sputter targets, and one etching chamber.
This device is also employed for reactive sputtering deposition of insulating SiOx layers,
which will be used in the fabrication of the TMR junctions (see Fig. 4.5 b)). A cooling
step (O2 20 sccm/Ar 20 sccm at a pressure of 2E-2 mbar) is also included for 20 s
between every 10 s sputtering period. This keeps the wafer temperature below 80 ◦C
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measured on the wafer surface by a thermostrip and prevents photoresists to become
highly resistant during lift-off processes. Sputtering parameters are given in Table 3.1
for the deposition of the three thin films.

Beam-assisted Deposition

A Helios Nanolab 600 dual-beam SEM/FIB system from FEI is used for Pt depo-
sition employing a chemical vapor deposition technique in the presence of an ion or
electron beam. This technique allows tip growth at the head of the AFM cantilevers
(see Fig. 4.19). Tips can be grown with few nm- to few µm-sized heights and with a
typical radius curvature of 20 nm. An easily obtainable variety of tip heights required
for different measurements indicates the versatility of this technique. Other possible
mass-production methods for the tip growth on the AFM cantilevers can make the
fabrication of the TMR-based AFM cantilevers very complex. Different cross sections
can be given as scan areas for ion and electron beams. A gas including Pt precursor
(trimethyl Pt; C9H16Pt) flows out of a gas injecting needle. The precursor is dissoci-
ated by high-energy Ga+ ions or electrons as it adsorbs to a Si surface. The dissociation
of the precursor due to its interaction with ions or electrons results in Pt deposition.
The resultant volatile products are pumped away219.

3.2 Field Annealing Process

Field annealing is a common technique applied to MgO-based MTJs. It leads
to crystallization of the CoFeB layers, texture improvement of the MgO barrier, and
smoother interfaces, resulting in high TMR effect amplitudes (see section 2.2). Another
important effect is that the applied field aligns the magnetization of the sense layer and
pins the reference layer magnetization by setting up the exchange bias (EB) in FM/AF
multilayers (see section 2.3.1). It is crucial to perform the process in an environment
like vacuum to avoid oxidation, which degrade the TMR effect, of the layers. For this
purpose, a field annealing chamber suitable for 4 ′′ Si wafers and smaller samples was
constructed at Kiel University.

As shown in Fig. 3.2, the field annealing chamber comprises of the following com-
ponents:

� Cross vacuum chamber (constructed by Kurt J. Lesker manufacturer): CF flanges
on front/back and top/bottom are 6.75 ′′ and 6 ′′ in the outer diameter. The cham-
ber is made of stainless steel with 1.03 relative magnetic permeability, which is
the most widely used for high vacuum applications. Feedthroughs for the elec-
trical power (up to 500 V and 10 A), the thermocouple (Type K), and the air
inlet/outlet (1/4 ′′ Swagelok fitting) were implemented to a blinded CF flange on
the back via welding in our workshop at the Faculty of Engineering. The front
side is for mounting samples and the chamber is connected to a vacuum pump
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from bottom. On top a flange equipped with a viewport is used to measure the
temperature on samples surfaces by an infrared (IR) camera.

Figure 3.2: Schematic of a) the frontview and b) the cross-sectional sideview of
the field annealing chamber. A detailed technical drawing of the heating element is
depicted in Fig. Appendix-D.1.

� Heating element (a customized product from Bach Resistor Ceramics GmbH): a
heater (diameter: 100 mm, thickness: 6 mm) made of silicon nitride, which can
be heated up to 450 ◦C, with integrated ceramic heating conductors. For sup-
plying power Ni wires are brazed to the heater by ceramic pads. The maximum
temperature is limited by the temperature resistance of the brazing materials.

� Cooling module: cooling channels are brazed into the heater for cooling with
compressed air. These channels are vacuum tight so that it can be operated as
active cooling while keeping vacuum outside of the heater (for more details see
Fig. Appendix-D.1). Compressed dry air or nitrogen can be applied at a pressure
up to 6 bar and with flow rates up to 20 l/min.

� Heating control: the heating rate is tuned into a power supply and controlled by
an Euroterm via monitoring a thermocouple close to the surface of the heating
element.

� Thermocouple: a home-built thermocouple type K (Ni-NiCr) is placed inside a
hole from the backside, which reaches up to 1 mm below the upper surface. This
temperature, Ts, is used as an input for the Euroterm in the heating control unit.

� Holder and shield: there is a stainless shield attached to the backside flange by
two bars.
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� Infrared camera (PIR uc180; purchased from InfraTec GmbH): the camera, which
is imaging samples on the heater surface through the viewport of the top flange,
is tightly fixed on top of the chamber. The camera lens should stay parallel to
the viewport. The IR camera spectral ranges from 7.5µm to 13 µm offering a
wide temperature range from =20 ◦C to 850 ◦C. The viewport (purchased from
Torr Scientific Ltd) is ZnSe Zero Length (diameter: 63 mm) coated with anti-
reflective coating (AR 10.6). It offers above 90 % transmission for almost the
whole operating wavelength range of the IR camera (see Fig. Appendix-D.2). It
also allows bake-out to a maximum temperature of 120 ◦C.

Figure 3.3: Images taken by the IR camera through the ZnSe viewport at 450 ◦C
set temperature. The measured temperatures are corrected by a software with regard
to the transmission (above 90%) of the viewport. a) Temperature distribution for a
4 ′′ Si wafer, which is covered by the black coating, shows maximum 364 ◦C with a
temperature span of about 10 ◦C. A rectangular Si piece was laid on the wafer for
better focusing of the camera. b) For both Si pieces (1 cm× 1 cm) roughly the same
maximum temperature of 368 ◦C is measured. Note that the surroundings are the
heater surface where no coating is introduced.

� Electromagnet (Bruker ER072): magnetic fields up to 159.2 kA/m (2000 Oe).

� Vacuum pump: a vacuum up to 2× 10=6 mbar can be obtained. The vacuum
drops to 1× 10=5 mbar at 450 ◦C set temperature. Annealing in vacuum will
prevent the film oxidation, which can degrade their quality in terms of TMR
effect amplitudes, in the MTJ stack.

As there is always a temperature offset between measuring points, Ts, by the ther-
mocouple and a sample in vacuum, temperature is measured on the sample surface, Tm,
by the IR camera for accurate calibration. Such accuracy is required since achievement
of high TMR effect amplitudes strongly depends on the annealing temperature (see
section 2.2). The calibration was carried out for a Si wafer (Fig. 3.3 a)) and Si-wafer
pieces (Fig. 3.3 b)), on which black coatings with emissivity close to 1 were sprayed.
Transmission, reduced by the viewport, was taken into account for the whole wafer
and one of the two pieces. In case of the wafer, the temperature span is less than 10 ◦C
at 450 ◦C set temperature inside a circle with 3 in diameter. In other word, the tem-
perature variation on the wafer is only 3% caused by the heat loss through the cooling
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lines. In case of the pieces placed 1 cm away from each other they show approximately
the same maximum temperature of 368 ◦C (see Fig. 3.3 caption).

To find out the temperature offset between the thermocouple and the sample at
different set temperatures, IR measurements should be done for every temperature set
at the Eurotherm. Figure 3.4 shows that the offset becomes higher by increasing the
set temperature.

Figure 3.4: Temperature calibration performed by the IR camera for a) a 4 ′′ Si
wafer on the heater, and b) a single piece in the center of the heater. As the tem-
perature of the thermocouple Ts is set at higher values, the offset temperature will
increase with respect to the surface temperature Tm of the explored specimens.

3.3 Optical and Electron-beam Lithography

To fabricate the TMR junctions, the photoresist AZ 6612 (positive), AZ 6632 (pos-
itive), and AZ 5214e (image reversal) are deposited on 4 ′′ Si wafers and Si-wafer pieces
by a OPTIspin ST22 spin coating from SSE Sister Semiconductor Equipment GmbH.
The UV exposure to the spin-coated resists is carried out using a SÜSS MicroTec
Mask Aligner MA-6/BA-6. The resolution of the device is experimentally proven to
be around 700 nm. This machine is also capable of backside alignment, which allows
structuring on either sides of wafers according to the other side. For strain gauges
used to investigate mechanical hysteresis (See section Appendix-E.1) AR-N 7520.17
electron-beam (e-beam) resist (negative) from Allresist GmbH is applied to Si-wafer
pieces. This resist allows pattering of smaller features (30 nm) with much lower dose-
dependency of the structure width220. The resist is scanned according to input draw-
ings by an e-beam using an integrated advanced SEM/FIB nanolithography system
from Raith GmbH.
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3.4 Dry Etching

Ion Beam Etching

Following the optical and e-beam lithography, the patterned photoresist structures
are transferred into metallic layers by an IBE system of Ionfab300plus from Oxford
Instrument. This technique is physical and not-selective suitable for patterning of the
MTJ stack. Wet etching of different materials in the stack can be problematic and
chemical solutions attack the materials selectively. The chamber has a base pressure of
1× 10=7 mbar and an Ar pressure of 1× 10=4 mbar during etching. Ar ions generated
in a plasma chamber by an RF generator (1000 W and 13.56 MHz) are extracted into
an etching chamber through accelerating grids. The device is equipped by a secondary
ion mass spectrometry (SIMS) which analyzes the removed materials from the surface
of the sample by passing them through energy filters. This is very helpful to stop an
etching process precisely at a desired layer (see a SIMS profile in Fig. 4.7). The stage
can be rotated at 8 rpm to conduct a uniform etching process.

Regarding IBE of the stack, it is critical to avoid re-deposition at sides of the
junctions. This causes parallel current paths and shorting the tunnel barrier. Such
concern is generally fulfilled by having a neutralizer which supplies electrons to the
ion beam (Ar+). In addition, a low ion beam current (70 mA), which results in a low
etching rate, is used to avoid surface damages and the stage is angled at 30° to the
normal incidence of ions. The stage is also rotated in order to obtain homogenous
etching all over samples221.

Reactive Ion Etching

To etch Si and SiO2 substrates with vertical profiles (see Fig. 4.16) an ICP-RIE SI500
device from SENTECH Instruments GmbH is used. The etcher has a plasma source
with a 1200 W RF power supply (13.56 MHz) and an automatic matching network,
and offers substrate electrodes for wafers with a diameter of up to 6 ′′. Its planar triple
spiral antenna produces an inductive high-density and low-energy plasma including
reactive species, ions, and electrons at a low operation pressure. An additional bias
source controls the ion bombardment energy. Therefore, the ion density and the ion
kinetic energy are tuned independently. This avoids damage of small features within
deep RIE processes, which require a high etching rate. Parameters for SiO2 etching
are given in Table 3.2.

In contrast to SiO2, Si is etched in a sequence of parameterized steps. Recipes for
Si dry etching are usually a modified version of the Bosch process, which allows much
higher aspect ratios, being obtained by very high etch rate selectivity222. Table 3.3
shows a range of Si etch process conditions. The table indicates process conditions
which were performed to establish reasonable etch sidewall profiles. All etching recipes
include three main steps and some an additional evacuation step. The process starts
with passivation (Fig. 3.5), whereby C4F8 is dissociated into CF2 forming a Teflon-like
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Table 3.2: Processing parameters for the reactive ion etching of SiO2 (Etching rate:
230 nm/min).

Parameter

ICP power 800 W
Bias (RF) power 120 W
CHF3 flow 50 sccm
Temperature RT

polymer ((CF2)n) on the surface223. As a result, bottoms and sidewalls of features on
the surface are covered by the polymer films. Then, the polymer films are removed
only at the bottom of the features during a so-called depassivation step in presence
of a large bias voltage which enhances etching directionality. Therefore, the sidewalls
are still protected during the etching step, within which the surface is exposed to SF6

gas. In some recipes at the end of each cycle, an additional step is implemented to
evacuate the chamber from the etching radicals and the by-products. This step also
leads to very effective stabilized plasma in the passivation step of the next cycle.

Passivation

Depassivation

Etching

Evacuation

Figure 3.5: Schematic viewgraph of a modified Bosch process. Each scallop indi-
cates one etching cycle, in which sidewalls are protected by polymeric coatings (solid
black) deposited during the passivation step. Reproduced with permission from Ref.
224 © 2008 Elsevier.

In ICP systems, the matching circuit is usually operated automatically, whereby
one load and one tuning capacitors vary accordingly in order to minimize the reflected
power and to keep the plasma stable. The values for the capacitors strongly depend
on several parameters which define the load impedance, like the gas composition, the
chamber pressure, the electrode size, the power density, and possible magnetic con-
finement225. Therefore, in this study different values were chosen for each step since
the pressure and the gas alter in every step. Such optimization should be regularly
carried out since the chamber condition varies over time. Figure 3.6 displays how the
optimized values of the capacitors improve sidewall profiles. Stable plasma results in
successful wall protection, which promotes vertical sidewalls and suppressed under-
etching. Note that the parameters, which are notified on SEM images in this section,
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Table 3.3: Processing parameters of Si etch recipes by RIE. The matching box is
tuned except for the process 1. The process 5 is the optimum recipe, which will be
used for fabrication of the AFM cantilevers in this study.

Process
Passivation Depassivation

Gas/Flow
(sccm)

Pressure
(Pa)

Source
(W)

Bias
(W)

Time
(s)

Gas/Flow
(sccm)

Pressure
(Pa)

Source
(W)

Bias
(W)

Time
(s)

1 C4F8/50 1.5 700 9 8 O2/50, N2/199 3 700 16 3
2 C4F8/50 1.5 700 9 8 O2/50, N2/199 3 700 16 3
3 C4F8/50 1.5 600 9 8 O2/50, N2/199 3 700 14 3
4 C4F8/50 1.5 600 9 8 O2/50, N2/199 3 700 14 3
5 C4F8/50 1.5 700 9 8 O2/50, N2/199 3 700 14 3
6 C4F8/50 1.5 700 9 8 O2/50, N2/199 3 700 16 3
7 C4F8/50 1.5 700 9 8 O2/50, N2/199 3 700 20 3

Process
Evacuation Etching

Gas/Flow
(sccm)

Pressure
(Pa)

Time
(s)

Gas/Flow
(sccm)

Pressure
(Pa)

Source
(W)

Bias
(W)

Time
(s)

1 — SF6/259 3 1000 15 14
2 — SF6/259 3 1000 15 14
3 — SF6/259 3 1000 15 14
4 C4F8/100 3 10 SF6/259 3 1000 15 14
5 C4F8/100 3 10 SF6/259 3 1000 15 14
6 C4F8/100 3 10 SF6/259 3 1000 15 14
7 C4F8/100 3 10 SF6/259 3 1000 15 14

indicate differences of their etching recipe with the optimum recipe, the process 5, in
Table 3.3.

Figure 3.6: SEM images of sidewall profiles etched by a) the process 1 and b) the
process 2 after 40 cycles. Both samples were etched using the same recipe except
the values of the load and tuning capacitors were only optimized for the process 2.
Optimized parameters are referred to parameters at which zero reflected power and
stable plasma are obtained.

The evacuation step, which occurs between every etching and passivation steps,
provides a smooth transition without abrupt peaks in the reflected power. Simulta-
neously, the etching radicals and the by-products are evacuated from the chamber.
This allows stable palsma and uniform polymerization during the passivation step.
Figure 3.7 shows the influence of the evacuation step by comparing performance of the
processes 3 and 4. It is clear that the underetching reduces by half and the sidewall
profiles become much more vertical by adding the evacuation step.
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Figure 3.7: SEM images of sidewall profiles etched by a) the process 3 and b)
the process 4 after 40 cycles. The evacuation step between the passivation and the
etching steps leads to smaller underetching and more vertical sidewalls.

Figure 3.8: SEM images of sidewall profiles of samples etched by a) the process 5
(etching rate: 0.3 µm/cycle), b) the process 6, and c) the process 7 after 40 cycles.
Higher bias power may attack the passivation on the sidewalls and promote the lateral
etching. The process 5 is the optimum process since it offers underetching of 2.1 µm,
the smallest among the processes in Table 3.3.
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Figure 3.8 shows the influence of bias power of the etching step on the underetching.
Applying bias power promotes the removal of the polymer film at the bottom of the
trench (see Fig. 3.5), and consequently improves the aspect ratio. However, a very high
bias power imposes a negative impact by attacking the passivation on the sidewalls
and enhancing lateral etching. Comparison of the process 5 in Fig. 3.8 a), and the
process 4 in Fig. 3.7 b) indicates that increase of the plasma power in the passivation
step from 600 W to 700 W can enhance the protection of the sidewalls and reduce the
underetching up to about 1 µm.

The optimum recipe, the process 5, is advantageous to offer a stable and uniform
etching condition on a 4 ′′ Si wafer. It offers 2.1 µm underetching at etch depth of
33µm with an etching rate of 0.3µm/cycle. SEM images of sidewall profiles at an etch
depth of approximately 23µm, shown in section Appendix-A.1, clearly demonstrate a
uniform etching condition and etching depth over a 4 ′′ Si wafer.

3.5 Scanning Electron Microscopy

The Helios Nanolab 600 dual-beam SEM/FIB device also offers high resolution
SEM images with acceleration voltage up to 30 kV. In this work, the SEM is used to
visualize conditions of TMR junctions in terms of their shapes, roughness of edges,
performance of wet anisotropic etching by KOH, dimensions of the AFM cantilevers
and the grown tips, etching profiles of features defined by dry etching, and location of
the junctions on the AFM cantilevers.

3.6 Optical Microscopy

In addition to SEM investigations, the performance of UV-lithography processes
and MEMS techniques are inspected by an ECLIPSE L200 optical microscopy from
Nikon. Light in the middle of the visible spectrum with a wavelength of 500 nm
can resolve features down to approximately 300 nm226. Si etch depth above 100 µm,
etched by KOH, is also calculated by measuring width of slanted {111}-oriented planes,
considering the anisotropic etching and the angle between the Si{111} and the Si{100}
planes.

3.7 Profilometer

Si and SiO2 etch depth up to 100µm developed by wet and dry etching techniques
are measured by a XP-2 Stylus profilometer from Ambios Technology. The device offers
1.5 Å and 15 Å vertical resolutions for 100 µm and 400µm vertical ranges, respectively.
The lateral resolution is about 100 nm227. The profilometer is also used to measure
the sputter-deposition rate for different types of thin films (see Table 3.1). Another
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Figure 3.9: Schematic of planes orientation during the anisotropic etching by KOH.
The etch depth h can be calculated by h = w · tan(54.7°) with w being the width of
the slanted Si{111} planes.

usage of this device is to evaluate lithography processes, in addition to the inspections
performed by the light microscopy.

3.8 Atomic Force Microscopy

An AFM with an Autoprobe CP-Research model from THERMO MICROSCOPE
instruments with a APSC-0100 model large area scanner is used to measure topography
of Si surfaces etched in KOH solutions. The scanner offers maximum lateral and
vertical scan ranges of 100 µm and 7.5 µm with maximum resolution of 0.25 Å and
0.025 Å, respectively. The aim is to improve surface roughness applying different
modifications to the KOH solutions. To determine the roughness, a few 10 µm ×
10µm areas are scanned by commercial Si3N4 cantilevers from Nanosensors with a
nominal spring constant of 0.1-0.6 N/m. The cantilevers are integrated to pyramidal
tips with a height range of 2.5µm to 8µm and a nominal tip radius of 20 nm. After
the recorded image is treated by flatten auto, the root mean square (RMS) of the
roughness is calculated by a software from ProScan Data Acquisition. Note that
another AFM setup described in section 7.1 is used to investigate performance of the
TMR self-sensing cantilevers.



Chapter 4
Sample Preparation

This chapter is focused on sample preparation procedures for the chapters 5, 6, and
7. In the first section, different etching parameters of KOH solutions are described
with regard to the improvement of the etched Si surfaces and to the convex corner of
the support chips (chapter 5). In the second section, the optimized fabrication flow for
the magnetostrictive TMR sensors onto 3 mm× 25 mm cantilevers is explained step
by step (chapter 6). Finally, it is shown that the TMR sensors can be successfully
integrated to the AFM microcantilevers by a complicated but a certainly established
fabrication process (chapter 7).

4.1 Si Anisotropic Etching

Surface roughness investigations were carried out on 4 ′′ Si(100) wafers (purchased
from Si-Mat Silicon Materials, Germany), single-sided polished and coated by a ther-
mally grown SiO2 layer (1.5 µm). To address our concerns about the reflectivity of the
TMR-based AFM cantilevers, discussed in chapter 7, surface treatment of the TMR
cantilevers, prior to the anisotropic etching in a KOH solution, was duplicated. The
SiO2 layer is structured via RIE using the same lithography mask as for dry etching of
the backside oxide layer during the fabrication of the AFM cantilevers (see Fig. 4.13).
For Si etching at the opened areas, a KOH 40 wt% solution is chosen to lower the num-
ber of morphological features194,201,206 on the etched surface. Consequently, it leads
to a better surface quality in comparison with other KOH concentrations. In order to
enhance the surface quality further, several techniques were applied, as listed below:

� Exposing the opened Si areas, which appear in the SiO2 layer after the RIE pro-
cess, to an ammonium fluoride solution (purchased from Sigma-Aldrich), known
as the buffered oxide etching (BOE) solution, for 1.5 min prior to Si etching.

� Temperature increase of the etching solution from 80 ◦C to 100 ◦C.

� Replacing magnetic stirring by ultrasonic agitation (400 kHz) with 250 W and
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500 W power. The temperature of the solution is set to 60 ◦C due to a technical
limitation of the ultrasonic transducer (purchased from SONOSYS Ultraschall-
systeme GmbH).

� Adding SDSS 0.02 wt% (purchased from Cytec Industries Inc.) and Sb2O3 8×
10−5 M and 33×10−5 M (purchased from Sigma-Aldrich) to the solution to avoid
the need of the mechanical agitation.

Figure 4.1 shows a simple design of compensating structures introduced by Fan and
Zhang217. Here, two compensating structures with small (a1=200µm, a2=300µm) and
big (a1=267µm, a2=533µm) dimensions are applied at the corners of the support chips
of the AFM cantilevers (see Fig. 4.13). The dimensions of these structures depend on
the desired etch depth and additive materials215,218.

a2

a1

a1

a2

a2
a2

Figure 4.1: Simple design of the compensating structure applied to a convex corner
(gray). Reproduced with permission from Ref. 217 © 2006 Institute of Physics
Publishing.

4.2 Magnetostrictive TMR Sensors

The magnetic tunnel junction (MTJ) stacks were deposited on 4 ′′ Si (525 ± 25
µm)/SiO2 (1.5 µm) wafers, purchased from Si-Mat Silicon Materials, by Dr. Karsten
Rott at Bielefeld University. The stack has the following multilayer structure (from
bottom to top): Ta (5) / Ru (30) / Ta (10) / Ru (5) / MnIr (12) / CoFe (3) / Ru (0.9)
/ CoFeB (3) / MgO (1.8) / CoFeB (3) / Ta (5) / Ru (5). The numbers in parentheses
indicate the layer thickness in nm.

The field annealing of the as-deposited stacks is carried out at about 360 ◦C for
1 h in a vacuum of 1× 10=6 mbar under a magnetic field of 159.2 kA/m (2 kOe) (see
section 3.2). Figure 4.2 depicts the direction of the applied field with respect to
geometry of the junctions. The field direction defines the orientation of the induced
magnetocrystalline anisotropy Ku.

As explained in section 2.6, aligning Msen and Mref along or perpendicular to the
stress axis gives the opportunity to detect either tensile or compressive stress. Fig-
ure 4.3 demonstrates another configuration, in which the magnetocrystalline anisotropy
and the unidirectional anisotropies in the layers (see section 2.6) are aligned at a 45° an-
gle against the stress axis. In this configuration, both compressive and tensile stresses
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Figure 4.2: Schematic of a wafer (green circle) mounted on the heating element
between the poles of the electromagnet for the field annealing. The angle between
the field direction and the [100]-flat of the wafer is 45°. The orange figures show
positioning of the junctions, which will be patterned later, with round, squared, and
elliptical shapes. The size of the junctions are exaggerated here. The dashed rect-
angle specifies the cantilever geometry. The orientation of the magnetization of the
reference layer Mref is set with respect to the long length of the cantilever, the stress
axis, by the direction of the magnetic field H (see Fig. 4.3).

cause changes in the angle α, and consequently the tunnel resistance. This extends
the applications further to detection of both tensile and compressive uniaxial stresses
by a single sensor228.

Figure 4.3: Simple demonstration for detecting tensile and compressive stress by a
single TMR sensor, in which the magnetization of the electrodes, Mref and Msen,
are aligned at 45° with respect to the stress axis. Such alignment can be induced by
the direction of the magnetic field during the field annealing process.

On the contrary, for magnetostriction measurement of the sense layer (see section
6.6), the magnetic field is applied perpendicular to the [100]-flat of the wafer during
the field annealing process. This defines the induced magnetocrystalline anisotropy Ku
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perpendicular to the length of the cantilevers. As demonstrated in Fig. 4.4, Msen and
Mref stay parallel at zero bias field in unstrained condition due to the Nèel coupling.

Figure 4.4: The magnetocrystalline anisotropy Ku, Msen and Mref are set per-
pendicular to the length of the cantilevers during the field annealing for measuring
magnetostriction of the sense layer (see section 6.6).

As depicted in Fig. 4.5, the TMR junctions are structured using a sequence of
MEMS techniques. This is achieved in three major steps of lithography: 1) bottom

Figure 4.5: MEMS fabrication flow of TMR junctions in three major steps. Lay-
ers of a junction are shown in three colors: layers above the tunnel barrier (orange),
the barrier (gray), layers below the barrier (blue). a) Bottom electrode (BE): UV-
lithography with a positive resist (violet) and ion beam etching (IBE), b) TMR junc-
tions: UV-lithography with an image reversal resist (undercut profiles at sidewalls),
IBE, SiOx deposition (green), and lift-off, and c) top electrode (TE): UV-lithography
with an image reversal resist, Cr/Au deposition (yellow), and lift-off.
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Table 4.1: Nominal dimensions and shapes of the junctions. D, S, SA, and LA
stand for the diameter, the side, the short axis, and the long axis, respectively.

Area (µm2)
Circle Square Ellipse(1:3) Ellipse(1:10)

D (µm) S (µm) SA (µm) LA (µm) SA (µm) LA (µm)

100 11.3 10 6.5 19.6 3.6 35.7
289 19.2 17 11.1 33.2 6.1 60.7
729 30.5 27 17.6 52.8 9.6 96.4
1369 41.8 37 24.1 72.33 13.2 132.1

electrode (BE): to access the junctions electrically from below, 2) TMR junctions,
3) top electrode (TE). The TE and the BE are connected through contact lines, which
are separated from the junctions. Table 4.1 gives details about nominal shapes and
dimensions of the junctions.

The outline (blue area) shown in Fig. 4.6 is defined as the BE using standard optical
lithography, followed by an IBE step (see section 3.4). This provides a common BE
for all the junctions, which can be accessed from two sides (green rectangles) after the
whole process is completed. Then, a patterned positive photoresist AZ 6632, special
for dry etching, is used as a protective layer during the IBE process. Table 4.2 gives
the details of the lithography process.

Table 4.2: Processing parameters for the bottom electrode (BE) UV-lithography.
∗purchased from MicroChemicals GmbH

Processing step Material/Parameter

Adhesion promoter HMDS1/100 ◦C
Spin coating AZ 6632∗/4000 rpm, 30 s
UV-exposure Hard contact, 11.8 s
Soft bake 110 ◦C, 50 s
Development AZ 726 MIF∗, 50 s
Hard bake 125 ◦C, 50 s

Prior to actual etching, a Ta layer deposited on a 6′′ Si wafer is etched for 15 min to
improve the base pressure of the etching chamber via the gettering effect. The beam
current of 350 mA is set at high level to have a thicker deposited Ta layer on the inner
walls of the chamber. Afterward, in purpose of defining the BE, the TMR stack outside
of the blue region (zone 1) is etched in a 1.2× 10=7 mbar base pressure. The etching is
deliberately stopped once the signal of the most bottom Ru layer rises in the etching

1Abbreviation for 1,1,1,3,3,3-hexamethyldisilazane, this is used to improve adhesion of a Si wafer
to resists, especially positive resists. Annealing is required to remove the surface water229.
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Figure 4.6: Three masks are required to accomplish three major fabrication steps:
bottom electrode (BE) (blue), TMR junctions (orange), and top electrode (TE) (yel-
low) (see Fig. 4.5). a) Mask drawings for a 3 mm× 25 mm Si cantilever (green out-
line). Using 5′′×5′′ Chromium masks (see Fig. Appendix-B.2), 73 cantilevers are
fabricated from a TMR stack deposited wafer. The green colors of two rectangles
indicate the overlap of three mask in that area. This gives an electrical access to
the junctions from below. b) A zoomed-in view, rotated by 90°, of 30 junctions on a
cantilever.
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depth profile of the SIMS, as shown in Fig. 4.7. This supposedly guarantees a metallic
layer being in the surrounding while the MgO layer is being etched during pattering of
the junctions in the next step. This avoids charging on the surface and consequently
the re-deposition of etched materials230. Other conditions such as rotation of the stage,
a 30° tilt of the stage, and the neutralizer are present during the etching (see section
3.4). Then, the residual resist is stripped off by n-methyl-2-pyrrolidone (NMP) at 60 ◦C
in the ultrasonic bath with a frequency of 400 kHz. Typical time in the ultrasonic bath
is set to 30 min and resist stripping is inspected by the optical microscopy. If necessary,
a longer period and higher temperature are applied.

Figure 4.7: SIMS etching depth profile (first). The jumps at the beginning indicate
the opening of the shutter in about a minute after the SIMS detector is turned on.
The profile starts with high Ru counts until the MgO maximum is reached after
6 min. The two separate CoFeB layers and the CoFe layer appear as a broad peak,
which can be recognized by the rise of the MgO and Ru signals. A schematic on top
approximately relates to the etching time, assuming that a layer is completely etched
away, when counts of an element from the next layer start to rise.

Patterning of the TMR junctions starts with image reversal lithography, as shown
in Fig. 4.5 b). The processing parameters are summarized in Table 4.3. The undercut
profile of the image reversal resist assists the lift-off process after the SiOx deposition.
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Table 4.3: Processing parameters for the TMR junctions UV-lithography.
∗ purchased from MicroChemicals GmbH

Processing step Material/Parameter

Adhesion promoter HMDS/100 ◦C
Spin coating AZ 5214 e∗/4000 rpm, 30 s
Soft bake 110 ◦C, 50 s
UV-exposure Vacuum, 2.1 s
Reversal bake 120 ◦C, 2 min
UV-exposure Flood, 9 s
Development AZ 726 MIF∗, 50 s
Hard bake 125 ◦C, 50 s

Figure 4.8: SIMS etching depth profile (second). All the signals appear at nearly the
same time except Ta and Ru ones owing to signals from the residual metallic layers
from the BE structuring step (zone 1). For instance, it leads to a longer Ru peak at
the beginning. The Si peak rising at 2 min after the MgO maximum indicates that
the possible charging and the re-deposition at the sides of the barrier are prevented.
At the end a thick (Ta 5 nm/Ru 30 nm) bottom electrode, zone 2, is left, which leads
to low electrical resistance in contact lines. Such resistance is considered as series
resistance, which might influence TMR effect amplitudes in case of junctions with a
low RA. Numbers indicate layers thickness in nm.
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After the gettering process by the Ta etching, the junctions plus two large rectan-
gular pads are structured on the BEs (blue elements) by another IBE process. During
etching the thin layer left intentionally from last step (zone 1) is removed completely,
which is noticeable as a Si peak in the SIMS depth profile shown in Fig. 4.8. The last
Ru layer being etched in the surroundings (zone 1) as the MgO layer is reached in the
etching depth (zone 2) prevents the surface charging.

Immediately, the wafer is transferred to the sputtering chamber for depositing a
150 nm thick SiOx layer (see section 3.1). It prevents any physical contact between the
top and bottom contact lines so that the electrical current path is through the barrier.
Prior to the actual SiOx deposition, free sputtering is performed for 20 min to clean
up the Si target.

Figure 4.9: Optical microscopy images after a) the SiOx deposition, b) the first
lift-off in NMP, and c) the Cr/Au deposition and then the second lift-off. Wrinkles
due to the film stress in the resist disappear, which is an indication for the end of
the first lift-off. The orange outline shows round corners of the squared junction.

Stress induced due to SiOx deposition wrinkles the resist which is patterned in the
last lithography. This can be taken as a reference for the first lift-off being successful.
Figure 4.9 a) taken by the optical microscope vividly shows that the wrinkles disappear
by removal of both the resist and the oxide layer above (see Fig. 4.5 b)). In order
to realize the openings, the wafer is kept in a 75 ◦C hot NMP inside the ultrasonic
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bath (40 kHz). The openings include the TMR junctions (orange) and the two large
TMR pads (two green rectangles) providing an electrical access to the junctions from
bottom.

In order to electrically access the junctions from top without any damage, extended
TE contact lines (yellow rectangles) are necessary. At regions where the TE contact
lines overlap the common BE, the quality of the SiOx layer plays a critical role to
protect the junctions from any short circuits. As shown in Fig. 4.6, every junction
has a separate TE. Performing a UV-lithgraphy process with AZ 5214 e resist (see
Table 4.3) followed by the Cr (20 nm) / Au (130 nm) deposition, the contact lines are
defined by the second lift-off process inside the ultrasonic bath. Note that since the
lithography is less critical in this step in terms of the resolved feature size, the hard
contact exposure mode is chosen.

Figure 4.10 shows deviation of junction dimensions from the nominal values listed
in Table 4.1. The standard deviation is calculated for the junctions placed in a con-
centric circle with a diameter of 1′′ on the wafer. The junctions, which will be used for
the strain sensitivity characterization in chapter 6, are chosen from this region. Inves-
tigating junction dimensions by SEM, for all sizes and shapes the mean area value is
slightly less than the nominal one. This can be attributed to the IBE process leading
to early removal of thin resist layers at the edges, and as a result to the area reduc-
tion. The standard deviation of the side, the diameter, and the axis in the squared,
round, and elliptical junctions depends slightly on the junction size and shape, but
stays below 350 nm (4 %). The standard deviation of the junction area increases for
lager junctions to a value close to 25 µm2. The nominal dimensions and areas will be
corrected by the mean values with the standard deviation in chapter 6.

Figure 4.10: Standard deviation of junction dimensions from the nominal values
given in Table 4.1. For a specific junction and shape dimensions of three junctions
placed in a concentric circle with a diameter of 1′′ on the wafer are investigated using
SEM. The standard deviation of the side, the diameter, and the axis in the squared,
round, and elliptical junctions stays below 350 nm(4 %). The standard deviation of
the junction area reaches 25 µm2 for the largest junction. Values for Ellipse(1:10)
with a nominal area of 729 µm2 are missing because of damages by the dicing trench.
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At the end the wafer is diced into seventy three 3 mm× 25 mm-sized cantilevers.
A 160µm wide dicing path between the cantilevers is included in the mask design so
that the saw trench will not affect the junctions at the outermost sides. For strain
measurement, every junction is wire bonded from an exclusive top and a common
bottom contact lines (see Fig. 4.11). But as for TMR characterization precise needles
are sufficient to apply the bias voltage.

Figure 4.11: The TMR junctions are contacted at the bottom through the large
TMR pads and the common BE. Due to their large size, these pads reveal a very
low electrical resistance as well as negligible TMR effect amplitudes in serial mea-
surements.

4.3 Self-sensing Microcantilevers

Considering high strain sensitivity of the TMR junctions, presented in chapter 6,
the same multilayer structure is deposited on the front side of 4 ′′ Si (300 ± 2 µm)
wafers, purchased from Si-Mat Silicon Materials, by Dr. Karsten Rott at Bielefeld
University. The substrate is covered on front with a 2 µm-thick and on back with
a 100 nm-thick thermally grown silicon dioxide layer. They respectively serve as a
hard mask for KOH etching and as an insulating substrate for the TMR junctions.
Spring constants and resonance frequencies in the range of commercial cantilevers are
intended to achieve a reasonable variation of cantilever flexibility and stability.

The self-sensing TMR cantilevers are fabricated in four major steps (Fig. 4.12):
1) dry etching: structuring the backside SiO2 layer, 2) patterning of the TMR junctions
on the front side of the wafer, explained thoroughly in section 4.2, 3) wet etching:
etching down the Si wafer from the back side, 4) dry etching: release of the cantilevers.
In Table 4.4 the details of the squared TMR junctions and the AFM cantilevers are
given.

The fabrication process starts with transferring windows or openings into the back-
side SiO2 layer (Fig. 4.12 a)), the hard mask, for the later anisotropic KOH etching
of Si. Green areas in Fig. 4.13 are covered by AZ 6632 photoresist as parameters in
Table 4.2 are applied. The windows dimensions on the mask have been precisely cal-
culated so that it leads to openings after approximately 290 µm Si etching and enough
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Table 4.4: Nominal parameters for the TMR self-sensing microcantilevers. Young’s
modulus of 169 GPa is considered for spring constant calculation (see section 2.10.1)
since the length of the cantilevers is along the [110] direction. The resonance fre-

quency is defined as: f = 0.162
√

Y
ρ ·

t
L2

231 with ρ =2330 kg/m3 being the Si density.

No. Length, L Width, w Thickness, t Spring constant TMR size Resonance frequency
(µm) (µm) (µm) (N/m) (µm2) (kHz)

1 700 20 10± 2 1.3 - 4.3 10× 10 22.5-33.8
2 650 20 10± 2 1.6 - 5.3 10× 10 26.1-39.2
3 600 20 10± 2 2 - 6.8 10× 10 30.7-38.3
4 700 30 10± 2 1.9 - 6.4 17× 17 22.5-28.2
5 650 30 10± 2 2.4 - 8 17× 17 26.1-32.7
6 400 40 10± 2 13.5 - 45.6 27× 27 69-86.2
7 370 40 10± 2 17.1 - 57.7 27× 27 80.6-100.8
8 350 40 10± 2 20.2 - 68.1 27× 27 90.1-112.6
9 300 40 10± 2 32 - 108.2 27× 27 122.6-153.3
10 350 50 10± 2 25.2 - 85.1 37× 37 90.1-112.6

Figure 4.12: MEMS fabrication flow of the self-sensing TMR microcantilevers. a)
Structuring the backside SiO2 layer: UV-lithography with a positive resist (violet)
and reactive ion etching (RIE), b) the fabrication of TMR junctions (see details
in Fig. 4.5), c) etching down the Si wafer in a KOH bath, and d) release of the
cantilevers: UV-lithography with a positive resist and RIE.

space to detach the microcantilevers without any damages to the cantilevers. The SiO2

layer in the outer regions is removed using RIE for 545 s (etch depth ≈ 2100 nm). Etch-
ing parameters are given in Table 3.2. Meanwhile, the front side of the wafer should
be coated by a photoresist to protect it from possible scratches and contamination.
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The structuring of the hard mask is preferably carried out before the stack deposition.
Then, the residual resist is stripped off by Aceton or NMP at RT or at 75 ◦C in the
ultrasonic bath with 40 kHz.
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Figure 4.13: Five masks are required to accomplish fabrication steps: dry etching
of the backside SiO2 layer (green), bottom electrode (BE) (blue), TMR junctions
(orange), top electrode (TE) (yellow), and the release of the cantilevers from the
front side (red). a) Drawings of a single unit including a cantilever integrated to a
bulky support chip, which is attached to a rectangular frame by two narrow bridges.
Using 5′′×5′′ Cr masks (see Fig. Appendix-C.2), 128 units, self-sensing cantilevers,
can be fabricated from a 4′′ TMR-stack-deposited wafer. b) A zoomed-in view of a
single unit. There are two junctions designed; one on the cantilever as the deflection
sensor and the other on the chip as the reference sensor. The two junctions have
separate TEs while sharing a common BE (in the middle). The green squares serve
the compensating structures during KOH etching. The arrow shows the orientation
of the applied field during the field annealing conducted before the stack patterning.

After the TMR stack deposition, the wafer is annealed at about 360 ◦C for 1 h in
a vacuum of 1× 10=6 mbar under a magnetic field of 159.2 kA/m (2 kOe) (see section
3.2). As marked in Fig. 4.13 b), the annealing field is applied at a 45° angle against the
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length of the cantilever or the stress axis, which is the same as for samples for the four-
point bending measurements. Afterward, the fabrication is proceeded by definition of
the BE according to the alignment marks of the patterned SiO2 layer on the back
using backside alignment lithography. The two large blue strips (see Fig. 4.13 a)) are
deliberately included to improve the signals in SIMS spectrum. Other than this,
structuring of the TMR junctions is the same as explained in section 4.2. Two TMR
junctions are patterned on an AFM cantilever and its support chip. One is placed at
the fixed end of the cantilever, which serves as a deflection sensor experiencing maximal
stress during bending. The second is located on the chip and only incorporated as a
reference sensor for optional differential measurements. To build up a common BE
a large rectangular TMR pad is added on the support chip. As shown by optical
microscopy images in Figure 4.14, the corners of squared junctions are rounded. This
is regarded as optical lithography limitation. The round corners in structured resists
are transferred to the junctions after IBE. Figure 4.15 a) shows the look of the front
side after finishing the TMR fabrication.

Figure 4.14: Optical microscopy images after a) the SiOx deposition: film stress
forms wrinkles in the resist, b) the first lift-off by NMP: the top of the two TMR
junctions and the pad become open , and c) the Cr/Au deposition and then the second
lift-off. Orange outline depicts round corners of the nominally squared junction.

Prior to Si etching in a KOH bath, the residual oxide from the areas opened by RIE
in the first step and the native oxide layer are effectively removed by the ammonium
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fluoride solution (see Table 5.1). The backside of the wafer is exposed to ammonium
fluoride for 1.5 min while the front side is protected by a hard-baked layer of AZ 1518
resist purchased from MicroChemicals GmbH. Then, the wafer is mounted inside a
wafer holder made entirely from PEEK (purchased from Advanced Micromachining
Tools), which is designed for a single-side time based etching process. Etching of the
Si wafer for about 4 h and 35 min in a KOH-40 wt% solution at 80 ◦C results in a
membrane with a thickness below 15 µm (see Fig. 4.12 c)). As discussed in chapter 5,
to improve the surface quality antimony oxide (Sb2O3), see details in Table 5.1, can be
added to the KOH solution. Note that the 2 µm SiO2 layer reduces in thickness, but
still remains as the hard mask after approximately 290 µm Si etching.

Figure 4.15: Images taken by a digital camera of a) the front side after the TMR
fabrication in the wafer and single-chip scales and b) the back side after etching in
the KOH solution.

In order to terminate accurately Si etching in KOH bathes at a certain cavity depth
or a certain membrane thickness by the optical microscopy technique (see section 2.11),
the small thickness tolerance in an order batch of 25 wafer is demanded. This prevents
contamination into KOH bathes, bending due to mechanical stress, and complex etch
stop processes, which are commonly observed for conventional etch stop techniques
such as boron-doped Si layers, photoelectrochemical etching, photoinduced anodiza-
tion, and thin insoluble films229. Here, the wafers are double-sided polished with Total
Thickness Variations of about 1.2µm. This leads to uniformity of finished membrane
thickness all over processed wafers, and consequently appears as a uniform thickness
distribution of finally produced cantilevers as demonstrated in Fig. Appendix-A.2. The
cavity depth is measured by the optical microscopy about 10 min before reaching the
final thickness.

To release the cantilevers, another UV-lithography specified by the red outline in
Fig. 4.13 and Fig. 4.16 a) is performed on the front side of the wafer. A thicker AZ 6632
resist layer is applied under 2000 rpm rotating speed (see Table 4.2). Since the chuck
vacuum is strong enough to damage the thin cavities, the actual wafer is mounted on
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another wafer during processing of this step. Later, the SiO2 layer (100 nm) and the
thin Si layer (≈ 15 µm) is etched (Fig. 4.12 d)) by CHF3 gas for 45 s (see Table 3.2)
and consecutive application of SF6 gas (see Table 3.3). The etching continues until the
release of the cantilevers is accomplished.

Figure 4.16: a) Optical microscope image after the UV-lithography step for the
release of the cantilevers and SEM images of b) two TMR junctions on a cantilever
and its support chip, c) a straight cantilever with t ≈ 11 µm, and d) a bent cantilever
with t ≈ 4 µm (the support chip is flipped compared to the image in panel c)). A
small cantilever thickness is detrimental to the bending amount at the end of the
fabrication process.

As depicted in Fig. 4.16 c), cantilevers with a thickness in the range of 10 µm stay
straight, which was the purpose of employing this type of wafers and not silicon-
on-insulator wafers. Because such pre-bending can change the initial orientation of
Msen by additional stress-induced anisotropy varying the optimum configuration of the
physical quantities required for high strain sensitivity. Nevertheless, reducing down
the thickness to about 4µm leads to downward bending of the cantilevers (Fig. 4.16 d)).
This bending is associated with interfacial stress formed during wafer production at
the Si/SiO2 interface. The wafers, used here, have unequal SiO2 layers on either
sides, 2 µm on one side and 100 nm on the other side. The Si supplier firstly grew
a 2µm-thick SiO2 layer on both sides, followed by stripping the oxide layer on one
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side. Then, growth of a 100 nm-thick oxide layer is carried out on the same side.
Consequently, mechanical stress is formed at the Si/SiO2 interface. Notice that the
cantilevers bending is not related to the integration of the TMR sensors on the AFM
cantilevers since their sizes are limited compared to the length of the cantilevers.

It is crucial to place the deflection TMR sensors entirely on the cantilevers, as
depicted in Fig. 4.17 a). This allows to transfer completely strain of a bent cantilever to
its TMR deflection sensor during AFM measurements. The Si underetching during the
RIE step must be under control otherwise the junctions will not be completely placed
on bulky cantilevers. Figure 4.17 b) demonstrates a partly free standing junction on
a cantilever. This can lead to pre-stress and an initial change in stress distribution of
the sense layer, affecting the strain sensitivity of the junction.

Figure 4.17: SEM images of a TMR deflection sensor on an AFM cantilever. The
TMR junction, the BE, and the TE are marked by orange, blue, and yellow lines,
respectively. a) The junction is placed entirely on the cantilever, thereby imposed
strain in the cantilever will be completely delivered to the junction. b) The junction
is partly free standing due to the Si underetching. Moreover, the part of the BE
on the cantilever is broken. Consequently, the sense layer of the junction will be
exposed partially to the imposed strain, which affects the junction response and its
strain sensitivity.

Finally, the back sides of the cantilevers are coated by the Cr (20 nm)/Au (130 nm)
films, which improve the reflectivity of the etched surfaces and signals for the optical
deflection read-out system. Then, the resist on the top side is stripped off by NMP
inside the ultrasonic bath (400 kHz) at 60 ◦C. Such transducer with high frequency
is required to remove smaller contaminants and residual resist without breaking fine
structures such as membranes and microcantilevers208–210. This resist, which is applied
to the surface for the cantilevers release, covers all the junctions and contact lines and
should be removed after the deposition of the reflective coatings to avoid electronic
shortcuts.

Such fabrication process can be performed in both wafer and single-chip scales.
Figure 4.18 shows the outcome after the release of the cantilevers. Every chips, for
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which an individual holder is required for the wet etching step, include only four TMR
self-sensing cantilevers. In comparison, the fabrication in the wafer scale allows to
produce a large number of the TMR self-sensing cantilevers with high strain sensitivity
and desired mechanical properties. Nevertheless, this number, on one hand, is limited
by the quality of the deposited TMR stacks explained in section 6.2. On the other
hand, non-uniform plasma during the cantilever release leads to a variation of etching
rates over the wafers, and as a result some cantilevers remain unreleased, specially
in the outer regions (see Fig. 4.18). Longer etching is not recommended since the
Si underetching in the central regions can deteriorate the performance of the TMR
sensors.

Figure 4.18: Images taken from the front side by a digital camera after the can-
tilevers release in the wafer and single-chip scales. In the outer sides some cantilevers
are not released completely for this wafer.

In order to improve the lateral resolution, tips, made of Pt, are grown on the
cantilevers by a combination of focused ion beam and electron beam deposition (see
section 3.1). This technique offers a maskless process to integrate the tips to the
cantilevers at the very last step without any modification on the fabrication process
of the TMR self-sensing cantilevers.

Figure 4.19: SEM images of a tip with 20 nm radius curvature. The tips are grown
on the front side of the cantilevers.

As shown in Fig. 4.19 by SEM images, every tip includes a two-parts base and a
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needle. The base parts are 5 µm and 12 µm in diameter and overall 4µm - 5 µm in
height. The needles depending on the deposition time and the current amount have a
radius curvature of 15 nm to 30 nm and variable heights of 200 nm to 1.2 µm.





Chapter 5
Surface Quality of Silicon after
Anisotropic Etching

This chapter mainly deals with the optimization of etching parameters in the KOH
solution, which are described in the section 4.1, with regard to the improvement of
the etched Si surfaces. From technical point of view, smooth etched surfaces serve
better reflectivity required for the TMR-based self-sensing AFM cantilevers since the
optical read-out system will be used as a comparison in parallel to the TMR sensors
read-out (see section 7.1). This becomes crucial if the AFM cantilevers are narrower
with respect to the size of the laser spot. Having narrow cantilevers lowers the in-
tensity of the reflected laser to the photodiode in the optical read-out (see Fig. 2.18).
On the other hand, rough etched surfaces affect mechanical properties of thin AFM
cantilevers. From the earlier works (see Table 2.3), it is shown that temperature, ul-
trasonic agitation, and additives i.e. sodium dihexyl sulfosuccinate (SDSS) and Sb2O3

have strong impacts on the surface roughness. However, the initial roughness of Si
substrates, the measuring method, and its parameters differ in every study. This
makes the comparison difficult. Therefore, the influence of these techniques is inves-
tigated by means of the AFM described in section 3.8. As a technical achievement,
optimum parameters for the Si wet etching are beneficial to the fabrication of the
AFM cantilevers (see Fig. 4.15). Finally, two compensating structures are introduced
to obtain desired shapes and dimensions of microstructures after the anisotropic Si
etching. They are implemented to the support chips of the AFM cantilevers in order
to secure the cantilevers from the underetching at the convex corners (see Fig. 4.13).

5.1 Surface Roughness

Roughness measurements of the etched surfaces are performed by the AFM ex-
plained in section 3.8 in the contact mode. The average of RMS roughness at three
scanned areas represents the measured roughness of the etched surface for every etching
condition. Different etching conditions are explained in section 4.1.
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The surface roughness values corresponding to different etching circumstances are
listed in Table 5.1. Comparing these values to the published results given in Table 2.3
is difficult since the measuring devices, size of the scanned areas, the etched depth,
and the type of representative roughness (average or RMS) might differ. Therefore, it
is easier to compare the results here to each other.

Table 5.1: Roughness (RMS) values of the surface etched by KOH 40 wt% solutions
using different techniques for the improvement of the surface quality. The measure-
ments are performed by the AFM on three different scan areas of 40 µm × 40 µm.
The average value is given in the list. A prior buffered oxide etching (BOE) step is
carried out for all samples except the sample 1. For a fair comparison the etched
depth for the samples 1 to 9 is intended to be around 60 µm. Compared to the other
techniques, by adding Sb2O3 the low roughness remains constant after deep etching
down to 270 µm.

Sample Temperature Additive Agitation Etch depth RRMS

(◦C) (µm) (nm)

1 80 — Stirrer 62 38
2 80 — Stirrer 62 22
3 100 — Stirrer 82 17
4 60 — Ultrasonic, 500 W 54 18
5 60 — Ultrasonic, 250 W 43 25
6 100 SDSS, 0.02 wt% — 57 14
7 100 SDSS, 0.02 wt% Stirrer 58 16
8 80 SDSS, 0.02 wt% Ultrasonic, 500 W 54 16
9 80 Sb2O3, 8× 10−5 M — 60 8
10 80 Sb2O3, 33× 10−5 M — 270 8

Applying a buffered oxide etching (BOE) step prior to the wet etching reduces the
surface roughness to 22 nm (sample 2). The opened areas after the RIE process are
exposed to the ammonium fluoride solution. This leads to removal of the native oxide
layer and the residual oxides, which promotes the pseudo-masking (see Fig. 2.19). This
helps to get rid of morphological features, which deteriorate the surface quality.

Si etching at 100 ◦C improves the surface condition further (sample 3), which con-
flicts with the earlier study205. Gosálvez and Nieminen pointed out in their theoreti-
cal study that higher temperatures result in a large number of pits on the surface204.
Regardless, increasing the temperature requires more caution concerning safety and
attention for the KOH concentration because of water evaporation. Also, note that
one needs a thicker hard mask for deep etching since the etching rate of SiO2 increases
for higher temperatures as well.

Using the ultrasonic agitation even at 60 ◦C is as effective as the magnetic stirring
at 80 ◦C. Furthermore, higher power (higher intensity) of the transducer reduces the
roughness to 18 nm. The measured value is still much higher than 1.7 nm reported
by Park et al.209, for which a megasonic transducer is used. According to a technical
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report232, increasing the transducer frequency from 400 kHz to 1 MHz enhances the
cavitation phenomenon and consequently reduces the minimum size of particles or the
H2 bubbles removed from the surface from 1 µm to 100 nm, leading to smoother etched
surfaces. As a drawback, keeping the temperature constant can be problematic and
requires additional components such as a circulation pump and a circulation bath210

since the transducer must not be exposed to the KOH solution.

As observed in the sample 6, adding SDSS up to 0.02 wt% to the KOH solution
has a better impact on the surface roughness compared to the mechanical agitation.
This is more protective for etching of very fine structures such as membranes and
microstructures. Yang et al.205,208 and Canavese et al.206 reported that the SDSS
surfactant alters the wetting ability so that the H2 bubbles have difficulty to adhere
to the etched surface. This lowers the possibility for the pseudo-masking yielding a
better surface quality and a higher etching rate. Such effect can be promoted at higher
temperatures. The difference between the obtained and the published roughness (see
Table 2.3) is probably associated to the measuring conditions and different SDSS
suppliers. Figure 5.1 shows the surface topography of the etched surface including
the shallow pits expected from the surface etched by the KOH solution without any
additives. Adding antimony oxide (sample 9: 8×10−5 M and sample 10: 33×10−5 M)
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Figure 5.1: AFM topography image of the Si surface etched (sample 7) by a KOH
40 wt% solution with SDSS 0.02 wt% as a surfactant at 80 ◦C. Even though this
additive successfully reduces the surface roughness to RRMS = 16 nm at 58 µm etch
depth, still shallow pits appear on the surface.

as an additive in the etching solution reduces the surface roughness to 8 nm. As shown
in Fig. 5.2, such low surface roughness remains constant even after Si deep etching,
whereas in other techniques the roughness rises by the etch depth. Sb atoms modify
typical redox reactions of the Si etching mechanism in the KOH solution, in which
the etched surface is covered with water-rich and -poor silicates giving rise to the
pseudo-masking and the surface roughness212. Sb atoms cause formation of a black
film immediately on the etched surface. The film gets thicker over time and starts to
peel off the surface as flakes. Although the H2 bubbles are present inside the solution,
the surface becomes very smooth and free of the shallow pits (see Fig. 5.2).



76 5 Surface Quality of Silicon after Anisotropic Etching

Figure 5.2: AFM topography images of the Si surface etched by KOH 40 wt%
+Sb2O3 33× 10−5 M at 80 ◦C. The measurement is carried out at an etch depth of
270 µm. The surface shows no evidence of typical shallow pits, leading to a sufficient
surface quality (RRMS = 8 nm). This offers better reflectivity of the laser beam in
the optical read-out system and better mechanical properties of thin AFM cantilevers.

5.2 Compensating Structures

Figure 5.3 shows performance of the small and big compensating structures (see
Fig. 4.1) inside the KOH solution (40 wt%, 80 ◦C, 33 × 10−5 M Sb2O3) after 4 h and
30 min. Adding Sb2O3 and the etching duration meet criteria discussed in the section
4.3 for the fabrication of the AFM cantilevers, leading to better reflectivity and a
narrower thickness range of the cantilevers. In case of the small structure, formation
of high-index crystallographic planes ({411}, {311}) with high etching rates still results
in the underetching at the convex corners (Fig. 5.3 a)).

Figure 5.3: SEM photographs of the compensating structures, which are represented
in Fig. 4.1, after 4 h and 30 min wet etching (KOH 40 wt%, 80 ◦C, magnetic stirrer,
33× 10−5 M Sb2O3). a) With the small structure (a1 = 300 µm, a2 = 200 µm) some
underetching still occurs. From the angle between slanted planes at the corner, one
can estimate that they are either {411} or {410} planes. b) The big structure (a1 =
533 µm, a2 = 267 µm) protects the convex corner to keep the original shape.
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The compensation etching process for the big structure is shown in Fig. 5.4. In
comparison, the corner remains fairly perfect without any underetching after the bigger
compensating structure is etched away (Fig. 5.3 b)). However, the small structure is
preferred because the edges of the support chips appear very clean and with no residual
Si attached to the end of the AFM cantilevers after their release using the RIE process
(see Fig. 4.16).

Figure 5.4: Optical microscopy photographs of the compensation etching process,
see Fig. 4.1, after a) structuring of the backside SiO2 using the RIE process, b) 1 h
wet etching (KOH 40 wt%, 80 ◦C, magnetic stirrer): etching under the hard mask
and irregular bumps due to the pseudo-masking probably by trapped H2 bubbles, c)
4 h and 30 min wet etching (additive: 33 × 10−5 M Sb2O3): the additive does not
influence the etching rates, but clearly improves the surface quality (no bumps).
The hard mask (SiO2) becomes thinner and smaller over the etching process until it
vanishes eventually.

Using Sb2O3 in the etching solution will not change the etching anisotropy212,
thereby the compensating structures will have the same finish condition in term of
consumption.

5.3 Conclusions

In summary, different conditions of anisotropic Si etching in the KOH solutions
are investigated in order to improve the surface quality of the etched surfaces. This
enhances the reflectivity of the etched surface, which is beneficial for optical MEMS
devices. Moreover, thin microstructures such as AFM cantilevers and membranes with
very low surface roughness exhibit more mechanical strength.
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As a treatment before the KOH etching, the buffered oxide etching step prevents
the morphological features due to the pseudo-masking by the SiO2 residual. This al-
ready results in a better surface quality. The etching at 100 ◦C also reduces the surface
roughness compared to the etching at 80 ◦C. The ultrasonic agitation with 400 kHz
frequency at 60 ◦C is as effective as the magnetic stirring at 80 ◦C on the improvement
of the surface quality via detachment of the H2 bubbles from the surface. However,
reducing the ultrasonic power to 250 W leads to higher surface roughness. Also, the
influences of SDSS and Sb2O3 as additives are studied because the mechanical agita-
tion can damage fine microstructures like membranes. The surface etched by the KOH
solution with 0.02 wt% SDSS has the same surface roughness as the surface etched
using the mechanical agitation. The SDSS additive reduces the H2 bubbles adhesion
to the surface by reducing the wetting ability. Additional mechanical agitation does
not enhance the performance of the SDSS additive. Compared to the other techniques,
adding Sb2O3 reveals the most effective impact on the surface quality as it reduces
the roughness to 8 nm. More importantly, such low roughness remains constant even
after the Si deep anisotropic etching up to 270 µm, whereas in the other techniques
the surface roughness increases by the etch depth. Finally, two compensating struc-
tures are introduced. They are beneficial to obtain desired shapes and dimensions of
microstructures.

As a technical achievement, the optimum parameters for the KOH etching as well
as the compensating structures is used in the fabrication of the AFM cantilevers (see
section 4.3).



Chapter 6
Strain Sensitivity of Magnetostrictive
TMR Sensors

Here, the main content is focused on the effect of size and shape on performance
of the magnetostrictive TMR sensors. TMR sensors with nominal sizes of 100 µm2,
289µm2, 729µm2, and 1369µm2 in squared, round, elliptical(1:3), and elliptical(1:10)
shapes are patterned onto 3 mm × 25 mm cantilevers (see section 4.2). The standard
deviation of junction dimensions from the nominal values is given in Fig. 4.10. This
range of junction size is chosen so that the junctions can be integrated to commercial
AFM cantilevers. The round junctions are expected to show higher sensitivity com-
pared to the squared ones since there is no corner, which avoids domains confinement
in the sense layer. Thus, it can serve easier rotation of Msen under strain due to the
inverse magnetostriction effect. On the other hand, shape anisotropy in the elliptical
junctions is intended to compensate energetically the need of the bias field for keeping
the strain sensitivity at maximum (see section 2.6). Note that Ku is aligned at a π/4
angle toward the stress axis by the field annealing, which allows detection of both
tensile and compressive stresses.

In addition, it includes description of a TMR and strain measurement setup as well
as simulations configurations using the Stoner-Wohlfarth (SW) model and the object
oriented micromagnetic framework (OOMMF) software. Then, after TMR charac-
terization the junctions are exposed to different stress or strain quantities whereby
the strain effect on resistance versus field (R(H)) loops are monitored as H ⊥ Ku.
A representative macrospin model provides details about the rotation of Msen of a
strained junction in the R(H) loops. Afterward, the strain sensitivity of such junc-
tions are determined and discussed by measuring strain loops (R(ε)). Finally, the
round TMR junctions sensitive to strain at zero bias field are introduced. This helps
to eliminate the requirement of the bias field. The experimental observation on the
R(H) loops and the strain loops is modeled using the energy minimization based on
the Stoner-Wohlfarth (SW) model.

The last part highlights a technique which allows to nearly measure the satura-
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tion magnetostriction of the sense layer of patterned MTJs. This method considers
present structuring effects since the measurement can be performed after a complete
fabrication process. Patterning process can affect magnetic behavior of the sense layer
by changing the edge conditions, such as edge roughness233,234 and edge tilts235–237,
imposed during the IBE step. Furthermore, present layers in the multilayer structure
can induce surface roughness and additional magnetic couplings (see section 2.3) to
the sense layer. The surface roughness238–240 and the external couplings241 can play
critical roles in magnetic properties.

6.1 Experimental and Simulation Configurations

6.1.1 TMR and Strain Sensitivity Measurement Setup

Prior to any investigation of the strain influence on MTJs, standard resistance
versus field (R(H)) loops, minor and major loops, are measured while the external
field is applied parallel to the induced magnetocrystalline anisotropy (H ‖ Ku). It
provides details about the extreme resistance values, Rp and Rap, the TMR effect
amplitude, and the field shift Hsh due to the Néel coupling. Hsh contributes to the
Néel energy in the SW model. For measurements, the junctions on the cantilevers,
which are placed between a Bruker electromagnet (a B-EC1 power supply and a B-
E10f magnet), are contacted to a Keithley 2400 source meter via two Au-plated Be-Cu
positionable needles. Then, while sweeping the magnetic field gradually by a sweep of
0.4 kA/m (5 Oe), the current flow is acquired under a constant voltage drop of 10 mV
sourced to the junction. The current flow varies in the range of 1 to 100 µA, depending
on the size and the location of the junction on the wafer. At the end a TestPoint
program, which controls the TMR setup, converts the current to the resistance values
and plots them versus the applied external field.

In order to study the influence of mechanically applied uniaxial stress to the mag-
netostrictive TMR junctions, a four-point bending apparatus is used based on a so-
called pusher block59,63. Homogenous straining is imposed to the cantilever by the
inner pieces (made of macor, purchased from MCI GmbH, and constructed at Kiel
University) with two contact points, which are driven by a 850G linear actuator using
a ESP300 motion controller (manufactured by Newport), whereas outer Al pieces with
other two contact points are fixed. Figure 6.1 shows the corresponding configuration.
The cantilever is placed between the four mechanical contact points. Depending on
which direction the ceramic part moves toward the cantilever, compressive or tensile
stress can be introduced to the cantilever.

The apparatus is mounted inside the electromagnet from the TMR setup where
the relative orientation of the external field and the axis of the applied stress can be
configured manually. This allows the R(H) loops measurement under desired applied
stress for any configuration of the stress axis, the external field, and the induced
magnetocrystalline anisotropy of the sense layer (see section 6.1.2).
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Figure 6.1: Schematic of the four-point bending apparatus. The displacement of
the pusher block ∆z moves the ceramic (Macor) pieces and imposes tensile (left)
and compressive (right) stress into the TMR junction. The red circles depict the
equidistant contact points (S = 3l). Note that the mechanical components can be
rotated inside the electromagnet. This allows free adjustments of the junction and
the cantilever with respect to the external magnetic field (see Fig. 6.2).

As mentioned in Fig. 4.3, in this study the induced magnetocrystalline anisotropy
is aligned at a 45° angle against the stress axis or along the length of the cantilevers.
Figure 6.2 depicts the configuration of physical quantities required for understanding
of the magnetostrictive TMR sensors. For strain measurements, unlike the standard
loops, the external field is perpendicular to the magnetocrystalline anisotropy (H ⊥
Ku). As the external field is applied along the hard axis of the sense layer, measured
R(H) loops are called hard-axis TMR loops in this context. The hard-axis R(H) loops
are measured for every junction under 0 to 0.76× 10=3 strain values in order to figure
out at what bias fields the maximum resistance change (∆R) occurs. Readers should
notice that the orientation of the elliptical junctions is parallel to the field axis. The
shape anisotropy of these junctions is intended for replacing the need of the bias field,
which is necessary to set the sensors to high strain sensitivity65. Moreover, strain can
be continuously ramped up to about 1× 10=3 (continuous displacement of the pusher
block up to 120µm) while recording the junction resistance at a bias magnetic field.
The bias field is selected so that the highest strain sensitivity is expected to occur. This
gives a so-called strain loop (R(ε)), from which one can deduce the strain sensitivity
of measured junctions. The strain is imposed by the applied stress, originating from
the cantilever bending.

Each cantilever is mounted on a printed-circuit board (PCB) and each time three
junctions are wire bonded to connect to the source meter. Since the junctions are
small and patterned in the center of the cantilevers while applying mechanical stress
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Figure 6.2: a) 45° alignment of the induced magnetocrystalline anisotropy of the
reference and sense layers with respect to the cantilever length. Msen and Mref of
unstrained junctions stay parallel at zero field due to the Néel coupling. b) Configura-
tion of physical quantities with respect to the induced magnetocrystalline anisotropy
Ku and the stress axis. The uniaxial stress-induced anisotropy Kσ shown here is for
tensile stress, whereas in case of compressive stress Kσ resides at θσ = π/4.

the magnetic field and the applied stress are assumed to be in-plane and homogenous.
The imposed strain depending on the displacement of the pusher block is calculated
by242

ε =
9t

2S2
(∆z + t/2) ≈ 7.64× 10−3∆z. (6.1)

Here, t = 550µm, S = 18 mm, and ∆z in µm are the thickness of the cantilever, the
distance between the two outer mechanical contact points, and the displacement of the
pusher block. The applied strain to the junction varies from 0 to about 0.76× 10=3

over a 100µm displacement in the pusher block. For Si〈110〉 crystalline directions, as
for the long side of the cantilever, the Young’s modulus is 169 GPa. Thus, the applied
stress ranges from 0 to about 128 MPa assuming the validity of Hooke’s law in small
strain ranges.

In measured strain loops a certain amount of magnetic hysteresis is overlaid with
some mechanical hysteresis from the measuring setup. This is noticed by a plateau
of the measured resistance, around the turning point, as the pusher block retracts.
The mechanical hysteresis is estimated by piezoresistive strain gauges (see details in
Appendix-E.2) and is subtracted as an offset from measured strain loops of the TMR
junctions.

Measurement of saturation magnetostriction is carried out using the four-point
bending apparatus. Changes in the R(H) loops of the round junctions are studied
under a variation of compressive strain. The magnetocrystalline anisotropy Ku, Msen,
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and Mref are aligned perpendicular to the length of the cantilevers during the field
annealing (see Fig. 4.4). Figure 6.3 schematically depicts the measurement configura-
tion. After a simple mathematical calculation based on the method proposed by Ali
and Watts135 (see section 2.4.1), an effective value for the saturation magnetostriction
of a patterned Co40Fe40B20 sense layer is deduced.

Figure 6.3: Magnetostriction measurement configuration, in which the external
field and the stress axes are perpendicular to Ku.

The physical quantities illustrated in Fig. 6.2 might face slight misalignment, which
can be examined by measuring the R(H) loops as an external magnetic field is swept
perpendicular to the induced Ku. A deviation of few degrees is intentionally intro-
duced into the angle between H and Ku (∠(H,Ku)) by rotating the TMR junction
on the cantilever. This provides a good approximation for actual misalignment during
the strain measurements. Figure 6.4 shows the R(H) loops for a round junction of
30 ± 0.2 µm in diameter for different values of ∠(H,Ku). From experimental experi-
ences such misalignment can be diminished maximum up to ±2 °. The origin of the
misalignment is probably a construction misalignment in the measuring setup or a
deviation in the alignment during the field annealing process, where the unidirectional
anisotropy of the exchange-biased reference layer is defined.

Figure 6.4: Measured R(H) loops for a round junction with a diameter of 30 ±
0.2 µm under a slight variation of ∠(H,Ku). This reveals a good approximation
regarding the misalignment of the physical quantities in Fig. 6.2 during the strain
measurements.

Furthermore, other error sources such as the external magnetic field, the measured
resistance, and the displacement of the pusher block (applied) might influence the
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investigation of the strain sensitivity. Figure 6.5 a) shows magnetic field offset of 10%
between fields set by a Gauss meter FM 3000 from Projekt Elektronik, which is placed
at the side of the electromagnet, and fields measured by a FW Bell Gauss meter 6010 at
the center, which is nearly the position of the TMR junctions on the cantilevers during
the measurement. The Gauss meter FM 3000 is placed at the side of the electromagnet
because the central space is occupied by the four-point bending apparatus. In order to
estimate the resistance error, the resistance in the parallel state of four junctions are
measured 10 times, as every time the needles are retracted and contacted again. As
shown in Fig. 6.5 b), the standard deviation in the range of few ohms can be neglected
because of the relatively large resistance values. Considering the mean area value and
the standard deviation of the junction area represented in Fig. 4.10 and the standard
deviation of the resistance, the standard deviation of RA stays below 1.5 %.

Figure 6.5: a) Field offset between fields set at the side and measured at the center
of the electromagnet. The offset is about 10%. For the strain measurement, the field
to current ratio of the electromagnet is calibrated by a Gauss meter placed at the side
of the electromagnet due to lack of space. The standard deviation of the measured
field is less 1 Oe. b) Resistance error of four round junctions in the parallel state.
For each junction the resistance is measured 10 times. The standard deviation of the
resistance is only few ohms, which can be neglected. Taking the mean area values and
the standard deviation of the area from Fig. 4.10, the calculated standard deviation
of RA is below 1.5 %. The standard deviation of the resistance shown in panel b)
leads to standard deviation less that 0.1 % for TMR effect amplitudes.

The accuracy in displacement of the pusher block, which defines the error in the
applied strain, is estimated to be less than 0.1% of the displacement243.

6.1.2 Simulation Configurations

Stoner-Wohlfarth Model

Assuming single-domain behavior, calculations based on the Stoner-Wohlfarth (SW)
model are performed to attain a basic understanding of Msen behavior within the hard-
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axis R(H) loops in unstrained and strained states, and in the R(ε) loops. The experi-
mental measurement of magnetostriction of the sense layer is also simulated using the
SW model. The junctions shape and size are not taken into account. Considering the
parameters in Table 6.1, the total energy density E(θsen) is determined by

E(θsen) = Kusin
2(θu − θsen) −µ0HMscos(θH − θsen)−KNCcos(θNC − θsen)

+Kσsin
2(θσ − θsen). (6.2)

Later in the text only the physical quantities and their orientations and not the
equation are given for any calculation in order to avoid repetition. Ku is calcu-
lated from the relation Ku = µ0HkMs/2 where Hk = 4 kA/m (50 Oe) is the mag-
netic anisotropy field determined from fitting the hard-axis hysteresis curves244. This
value is in agreement with the magnetic anisotropy reported for annealed CoFeB lay-
ers245–248. Note that the second CMA easy axis (see section 2.5) called the less easy
axis is not taken into account for sake of simplicity. In order to calculate Eσ, the
Young’s modulus is assumed to be 169 GPa along Si〈110〉 directions. Considering a
thin CoFeB layer, there is a minor effect on strain transmission from the Si substrate
to the CoFeB layer, which is neglected in the SW model. Nevertheless, slightly dif-
ferent values of 1.6× 1012 dyn/cm2 (160 GPa)249,250 and 162 GPa145 for CoFeB and
200 GPa62 for CoFe are used in the literature62,145,249 with no details about how the
Young’s modulus is determined. The Young’s modulus depending on crystalline struc-
tures250 and annealing temperatures251 varies for thicker CoFeB layers.

Table 6.1: Material parameters used for the SW model.

Physical quantity Value

Saturation magnetization (Ms) 1030 kA/m ,Ref. 244
Induced anisotropy (Ku) 2050 J/m3

Isotropic magnetostriction (λs) 30× 10=6 , Ref. 252

The energy minimization is carried out for every H or ε using the MATLAB®

software. This resolves the equilibrium states of Msen (θsen), as H is swept or ε is
ramped. Then, the equilibrium angle α values are calculated as α = θsen − θref with
θref constantly being 3π/2. Using equation 2.7 by Jaffrès et al.11, R(α) is determined
for every equilibrium state, which results in the R(H) and the R(ε) loops for H and
ε being the variables, respectively. The parallel Rp and antiparallel resistance Rap as
well as the perpendicular resistance R⊥ are determined experimentally (see Fig. 6.6).

Micromagnetic Simulation

Micromagnetic simulations are carried out using the OOMMF12 in order to the-
oretically take into account domain formation by minimizing the total free energy
of the magnetic system, numerically solving the LLG equation, described in section
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2.7. Such simulations can also determine the reliability of the assumption regarding
single-domain behavior of Msen.

The simulation volume consists of a mono-layer of cubic discretization cells, having
an edge length of 5 nm. This is on the order of the exchange length of CoFeB253,
giving a compromise between accuracy and computation time. For simplicity only
the sense layer of a round junction with a diameter of 11.3 µm is taken into account.
The simulation parameters are summarized in Table 6.2. Ku was calculated from the
relation Ku = µ0HkMs/2 where Hk = 6.4 kA/m (80 Oe) is the magnetic anisotropy
field determined from fitting the hard-axis hysteresis curves244. The magnetoelastic
energy is assumed in terms of a uniaxial anisotropy Kσ with λs being the isotropic
saturation magnetostriction and Y = 200 GPa the Young’s modulus62.

Lateral junction dimensions are taken from bitmap files and a randomizing algo-
rithm is used in order to introduce edge roughness of up to 30 nm, which is of the same
order as previous reports using magnetic force microscopy images254.

Table 6.2: Material parameters used for the micromagnetic simulations.

Physical quantity Value

Saturation magnetization (Ms) 1030 kA/m , Ref. 244
Induced anisotropy (Ku) 3860 J/m3

Isotropic magnetostriction (λs) 30× 10=6 , Ref. 252
Exchange stiffness (A) 6.5× 10=12 J/m , Ref. 246

The induced magnetocrystalline anisotropy is modeled using a textured vector field,
having its principal axis parallel to the applied magnetic field during the field anneal-
ing. Using the equation published by Jaffrès et al.11, the calculation of the resulting
junction resistance R(α) is done with the MATLAB® software, as the simulation cells
of the sense layer are assumed to be parallel conduction channels as published re-
cently255. For each cell, the magnetization angle with respect to the reference layer
fixed magnetization is calculated by iterating over magnetization vector field files.
Finally, this results in hard-axis R(H) loops under different strain and magnetoelas-
tic energy amounts. A simulated R(H) loop of a round junction with a diameter of
11.3µm under 1× 10=3 strain is demonstrated in Fig. 6.12.

6.2 TMR Characteristics

Figure 6.6 shows representative minor and major loops of a round TMR junction
with a diameter of 10.8 ± 0.1 µm. Within the minor loop only the magnetization of
the sense layer (CoFeB, Msen) switches at its switching fields (Fig. 6.6 a)). Therefore,
an abrupt resistance change occurs between the parallel (Rp) and antiparallel states
(Rap). A TMR effect amplitude of 201% and a RA of 223 kWµm2 can be calculated
from the plot. In addition, the field shift (Hsh) of about 0.44 kA/m appears due to
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the Néel coupling (see section 2.3.3). In the major loop, an extended field interval of
=350 kA/m to 350 kA/m, as shown in Fig. 6.6 b), causes a change in the reference layer
magnetization (CoFeB, Mref ). This appears as a gradual resistance change due to the
unidirectional anisotropy by the pinning effect from the layer below (see section 2.6).
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Figure 6.6: a) Minor loop (H ‖ Ku) of a round-shaped junction (D = 10.8 ±
0.1 µm), where only Msen (red arrow) changes as the magnetization of the reference
layer (blue arrow) and the pinned (green arrow) layer remains unchanged. Inset on
the left side: a field shift of Hsh = 0.44 KA/m in the loop due to the Néel coupling,
which encourages the parallel state at zero field. b) An extended field interval leads
to gradual rotation of Mref within the negative field region. Inset on the right: the
pinned layer (CoFe) is affected within the 100 kA/m to 300 kA/m magnetic field
interval. This influences the reference layer magnetization appearing as a slight
resistance increase.

This plot offers information about the availability of the parallel and antipar-
allel states as well as the stability of the reference layer magnetization. Within
H ≈100 kA/m · · · 300 kA/m the CoFe layer adjacent to the MnIr layer interacts to the
magnetic field, which is followed by the reference layer due to the AF interlayer coupling
(see section 2.3.2). This effect, so-called scissoring effect256, leads to a slight resistance
increase. Outside of the mentioned magnetic interval IEC in (CoFe/Ru/CoFeB) is
overcome by the applied field and the magnetization of the three ferromagnetic layers
are aligned parallel.

Distribution of the TMR effect amplitude versus the RA obtained from the minor
loops yields information with regard to the quality of deposition and structuring of
the TMR junctions. Figure 6.7 shows the statistics of 30 junctions on a cantilever
(see Fig. 4.6) from the central region of a wafer. Data points concentrated mostly in
a narrow range at around 200% TMR effect amplitude and around 550 kWµm2 RA,
independent of the shape and the size, indicate successful processing and acceptable
homogeneity. The RAs are calculated by multiplying the measured resistance and the
mean area value (see Fig. 4.10). The standard deviation of the RA is less than 1.5 %
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Figure 6.7: Distribution of TMR effect amplitudes and Resistance-Area Products
(RAs) of the junctions on a cantilever from the central region of a 4′′ wafer. The
narrow statistical range, independent of the shape and size, is an indication for the
successful fabrication process. The RAs are calculated by multiplying the measured
resistance and the mean area value given in Fig. 4.10. The standard deviation of the
RA is less than 1.5 % with regard to the standard deviation of the resistance (see
Fig. 6.5 b)) and the area (see Fig. 4.10 b)). A few failure occurs due to the parallel
currents leading to low TMR effect amplitudes and low RAs.

with regard to the standard deviation of the resistance (see Fig. 6.5 b)) and the area
(see Fig. 4.10 b)).

Nevertheless, some junctions are faulty exhibiting low TMR effect amplitudes in
combination with low RAs. It is attributed to parallel currents between the top and
the bottom contacts. However, the faulty junctions mostly show the typical switching
behavior between the parallel and antiparallel states in their minor loops. The parallel
currents are explained to be related to defects in the SiOx layer, where the top and bot-
tom contact lines overlap, or the re-deposited materials at the sides of the junctions257.
The latter is less likely because the re-deposition is obstructed using the neutralizer
and the 30° tilt in the stage during the IBE step. The two junctions (729 µm2) with
nearly zero TMR effect amplitude are the junctions with the ellipse(1:10) shape. As
in the mask design they are close to the dicing saw path, they are probably affected
by the saw trench.

Note that the narrow distribution is obtained for the cantilevers inside a 2 ′′ cir-
cular region at the center of the wafer244. The junctions inside exhibit TMR effect
amplitudes around 170 %. However, the average RA changes over 50 kWµm2 from one
cantilever to another (not displayed here). The variation emanates from the exponen-
tial dependence of the RA on the MgO thickness87, as the deposition rate is different
over the wafer. The RA difference is noticeable among the junctions, for which their
results are shown in the next sections. As aforementioned in section 6.1.1, for the
strain measurements the strain influence on the hard-axis R(H) loops (H ⊥ Ku) is
investigated to find out the maximum resistance change (∆R). The hard-axis loop
shown in Fig. 6.8 a) is measured for the same junction as for Fig. 6.6.
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Figure 6.8: a) Hard-axis R(H) loop, H ⊥ Ku, of the same junction in Fig. 6.6.
Msen (red arrow) rotates through the parallel state. The blue and green arrows
belong to Mref (θref = 3π/2) and the magnetization of the pinned CoFe layer. b)
Configuration of the physical quantities in the sense layer in addition to Mref . c)
Evolution of energy density profiles, which are calculated based on the SW model
of the sense layer as a function of the external field. The squares represent the
equilibrium orientation, the minimum energy, of Msen, rotating from θsen = π to
θsen = 2π through the parallel state (θsen = 3π/2 at H = 0). d) Calculated hard-
axis R(H) loop using equation 2.7. The angle α at different field is calculated by
α = θsen − θref with θsen being the orientation of Msen with the minimum energy
and θref = 3π/2, which is assumed to remain unchanged.
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At H = −19.9 kA/m (250 Oe) Msen points to the left (θsen ≈ π), thereby the
junction is nearly in the perpendicular state (α = π/2, R⊥). Decreasing the field,
the resistance drops to 2.5 kW at θsen = 3π/2, which is close to the measured Rp of
the junction (see Fig. 6.6). This indicates Msen and Mref are aligned parallel at zero
field258. As the field is increased to H = +19.9 kA/m the junction resistance returns
to R⊥, as Msen is pointing to the right (θsen = 2π). The rotation of Msen from θsen = π
to θsen = 2π through the parallel state emanates from the Néel coupling energy. As
shown in Fig. 6.8 b), the Néel coupling anisotropy KNC , which is parallel to Mref , is
unidirectional.

In order to prove the experimental results, the energy minimization of the sense
layer makes it possible to figure out the equilibrium orientation of Msen in an MTJ.
For calculation of the energy density of the sense layer in the magnetization reversal
as in the hard-axis R(H) loop, the Zeeman energy, the magnetocrystalline anisotropy
energy, and the Néel coupling energy are considered with θu = π/2, θH = π, and
θNC = 3π/2 in equation 6.2.

Figure 6.8 c) represents the evolution of energy density profiles for the sense layer
as the magnetic field is swept from -19.9 kA/m to +19.9 kA/m. It is clear that the
minimum energy orientation rotates from θsen = π to and θsen = 2π. In other word,
the angle α between Msen and Mref varies from π/2 to 0, and then again to π/2, as the
magnetization of the reference layer is assumed to remain unchanged (θref = 3π/2).
Taking Rp =2.5 kW and Rap =7.4 kW from Fig. 6.6 a), R(α) is calculated by equation
2.7. This results in a calculated R(H) loop which simulates the experimentally ob-
tained R(H) loop. However, they differ at fields higher than ±7.5 kA/m (94 Oe), where
the resistance reduces in the experimental loop, as specified by vertical dashed lines
in Fig. 6.8 a). This is attributed to the influence of the applied field on Mref . As
H ⊥Mref a large torque is imposed into the magnetization of the reference layer. Ac-
cordingly, Mref starts to rotate at H > ±7.5 kA/m to be in a parallel state with respect
to the applied field. This reduces the angle α and as a result the tunnel resistance.

In the next section, the strain effect on the hard-axis TMR loops is discussed.

6.3 Strain Effect on R(H) Loops

In order to understand how applying strain affects R(H) loops, energy density
profiles of the sense layer, as demonstrated in Fig. 6.9, are calculated for different
amounts of tensile strain at zero field. The total energy density is calculated using
equation 6.2 as the magnetocrystalline anisotropy energy (θu = π/2), the Néel coupling
energy (θNC = 3π/2), and the stress-induced anisotropy energy (θσ = 3π/4) are taken
into account.

In the unstrained state the minimum energy belongs to the direction of Mref and
energy reduction ( δE

δθ
< 0) occurs within θsen = π to 3π/2. This approves the rotation

of Msen through the parallel configuration due to the Néel coupling energy. On the
other hand, application of stress contributes an additional energy term Eσ to the total
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Figure 6.9: Energy density profiles calculated based on the SW model of the sense
layer for different amounts of tensile strain at zero field. The vertical dashed line
represents the start point in a R(H) loop (θsen = π). The energy drop ( δEδθ < 0)
occurs from θsen = π to 3π/2, in comparison to ε > 0.08× 10=3 whereby the energy
reduction takes place within θsen = π to 3π/4 range. The energy drop determines
the rotation tendency of Msen in the hard-axis R(H) loops (see Fig. 6.10).

energy. According to the SW model, under a sufficient amount of strain ε > 0.08× 10=3

the stress energy term exceeds the Néel energy (580 J/m3 for Hsh = 0.44 kA/m).
Consequently, in comparison to the unstrained state the field-induced magnetization
reversal of Msen is expected to occur clockwise over the closer direction of stress (θσ =
3π/4 for tensile strain) as the sense layer energy drops ( δE

δθ
< 0) within θsen = π to

3π/4. Therefore, two rotation tendencies are considered for Msen in Fig. 6.10 a).

Figure 6.10 b) demonstrates the successive changes of the measured hard-axis R(H)
loop imposed by different levels of uniaxial tensile strain. Note that the junction is the
same as in Fig. 6.8 a). For ε > 0.08× 10=3 the R(H) loop looks differently because of
the change in Msen tendency in the rotation, as the Néel coupling is overcome due to
further increase of the stress-induced anisotropy. Eventually, the effective anisotropy,
which is influenced by both Ku and Kσ, introduces switching fields into the loop for
strain values larger than a threshold of about 0.23× 10=3, at which an abrupt resis-
tance change occurs. Modeling of R(H) loops under tensile strain in Fig. 6.10 c) verifies
a transition in the rotation of Msen at ε = 0.08× 10=3. The maximum resistance in the
loops for ε = 0.12× 10=3 · · · 0.24× 10=3 reaches the maximum resistance Rap, but as
for the experimental R(H) loops this takes place for ε > 0.27× 10=3. This is very likely
due to deviation from the homogenous magnetization. Such deviation occurs after the
Néel coupling energy is overcome by the magnetoelastic energy (ε > 0.08× 10=3) until
a strong uniaxial stress-induced anisotropy is formed (ε > 0.27× 10=3). There is no
evidence of domain formation in the calculated loops since the calculation is carried
out under the assumption of single-domain behavior.
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Figure 6.10: a) Additional stress-induced anisotropy Kσ (tensile, θσ = 3π/4) in-
duced to the unstrained sense layer (see Fig. 6.8 b)). Msen can rotate clockwise and
anticlockwise, depending on the strain amount. b) Measured R(H) loops imposed by
different amounts of uniaxial tensile strain (θ = 3π/4). The junction is the same
as in Fig. 6.8 a). The stress-induced anisotropy, which overcomes the Néel coupling
(ε > 0.08× 10=3), alters the rotation mechanism of Msen. c) Changes calculated
by the SW model in the R(H) loop, as in Fig. 6.8 d), under tensile strain.

As shown in Fig. 6.11 a) for a round junction being 30±0.2 µm in diameter, increas-
ing the strain further up to 0.76× 10=3 not only results in higher switching fields, but
also a smaller asymmetry of the plot. Higher strain also increases the highest resis-
tance measured in the field loops, which is nearly Rap (θsen = π/2). Rp (θsen = 3π/2) is
also reached within the minor loop, indicating a complete rotation of the Msen (black
curve). In case of compressive stress, the corresponding stress-induced anisotropy is
perpendicular to the axis of the applied stress (θσ = π/4). As a result, a similar but
mirrored resistance versus field characteristic (R(H)) is observed (Fig. 6.11 b)).
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Figure 6.11: Applying a) tensile (Kσ, θσ = 3π/4) and b) compressive stress (Kσ,
θσ = π/4) impose deformation into the hard-axis TMR loop of a junction with
30 ± 0.2 µm diameter. The red plots represent the R(H) loops in the unstrained
state. Tensile strain leads to a large resistance increase ∆R at negative fields range
(H >-3 kA/m (38 Oe) ), whereas it emerges at positive fields (H >+4 kA/m (38 Oe))
for compressive strain. However, a small resistance decrease occurs at positive and
negative fields for tensile and compressive strain, respectively.

In terms of rotation mechanism of Msen, a schematic illustration in Fig. 6.12 a) qual-
itatively demonstrates all steps in a macrospin model of a strained junction. Starting
at high negative field values −Hmax the magnetization of the sense layer resides nearly
perpendicular to the reference layer (α = π/2 + δ) turning toward the axis of stress
because of the induced anisotropy by stress. Higher strain leads to larger deviation δ
and larger resistance values, which are in agreement with experimental observations
at H = −19.9 kA/m in Fig. 6.11 a). With approaching zero magnetic field Msen, as
a positive magnetostrictive material, lies first along the stress-induced axis and then,
with increase of the external field in the positive direction it approaches the antipar-
allel configuration by reducing the magnetocrystalline anisotropy energy (step (1)).
Therefore, the resistance rises gradually to a certain value somewhat below Rap. As
the positive switching field is reached, the magnetization flips into the other direction
of the stress-induced axis causing a sharp drop in the resistance (step (2)). The con-
figuration of the two layers becomes again nearly perpendicular with increasing the
field toward the positive maximum field +Hmax, slightly giving rise to the resistance
(step (3)). With higher strain the resistance reduces at +Hmax (see Fig. 6.11 a)). As
the field is decreased to negative values, going across the stress axis, both layers align
parallel, which corresponds to the lowest resistance Rp (step (4)). The magnetization
flips back toward the induced stress axis after the negative switching field (step (5))
and finally it returns to the start point of the model by further field increase (step
(6)). An inverse macrospin model applies for compressive strain.

Furthermore, micromagnetic simulations approve the rotation macrospin model.
Figure 6.12 b) shows the simulated field loop of a junction with a diameter of 11.3 µm
under 1× 10=3 tensile strain. In contrast to the measured loops (see Fig. 6.11), the
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Figure 6.12: a) A macrospin model of coherent rotation which describes qualita-
tively hard-axis R(H) loops of a junction exposed to tensile strain, (1) field reduction
and gradual rotation to the Ku axis (α = π), the MTJ in the antiparallel state, (2)
magnetization flip to the axis of stress (α = π/4), (3) aligned roughly along +Hmax

(α = π/2 − δ), (4) crossing zero field and reaching the parallel state (α = 0), (5)
switch to the other direction of the effective induced anisotropy (α = 3π/4), and (6)
return to the initial point. b) A micromagnetic simulated loop of a junction (D =
11.3 µm) under 1× 10=3 strain, which matches very well every step of the measured
loops of the strained junctions. The magnetization configuration exhibits the domain
flip at either switching fields, indicating valid coherent single-domain rotation. The
arrows show the in-plane magnetization vectors.

switching fields are symmetric because misalignment of the physical quantities (see
Fig. 6.4) and the Néel coupling are not implemented in the simulation. Following
almost single-domain behavior of Msen, a coherent rotation in the center of the sense
layer has been observed in the calculated magnetization configurations. Only a small
fraction of the volume magnetization is confined to a non-uniform region propagating
to about 100 nm from the edges, which follows the overall magnetization reversal with a
small lag leading to the intermediate formation of canted magnetization. This approves
the assumption of single-domain behavior of Msen in the SW model to be nearly
accurate.

The four magnetization configurations shown adjacent to the graph demonstrate
the sudden flip of Msen at the switching fields. At the positive switching field, Msen

flips from the antiparallel state to a direction with minimized energy, nearly along the
stress axis (step (2)), whereas it flips from the parallel state to the other direction of
the stress axis at the negative switching field (step (5)).

Concerning the strain effect on the hard-axis R(H) loops depending on junctions
shape, Figure 6.13 demonstrates representative measured loops for nominally 289 µm2-
sized junctions with the round, squared, elliptical(1:3), and elliptical(1:10) shapes. For
simplicity, the R(H) loops are shown only in unstrained and under 0.76× 10=3 strain
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Figure 6.13: Representative R(H) ((R − Rp)/Rp vs.H) loops which are experi-
mentally measured for junctions with a nominal size of 289 µm in different shapes
in unstrained and under 0.76× 10=3 strain states. In case of the ellipse(1:10) the
R(H) loop exhibits an opening which indicates domain formation because of the shape
anisotropy. The standard deviation of the junction area is represented in Fig. 4.10.

states. Furthermore, (R − Rp)/Rp, which offers a straightforward comparison of the
junctions from different spots on the wafer with various RAs, is used instead of R. The
strain effect on the squared (Fig. 6.13 b)) and the elliptical(1:3) (Fig. 6.13 c)) junctions
is the same as for the round junctions. This can be attributed to the round corners
after the lithography of the squared junctions (see Fig. 4.9) and the ineffective shape
anisotropy by the elliptical(1:3) junctions. Therefore, the macrospin (see Fig. 6.12 a))
is also a good approximation for these two shapes in this range of junction size. How-
ever, the elliptical(1:10) junction in unstrained state exhibits deviation from the typ-
ical rotation of Msen through the parallel configuration (see Fig. 6.8). The opening,
that appears at low fields, is probably associated with the stronger shape anisotropy,
compared to the elliptical(1:3) junction. It is energetically unfavorable to align Msen

along the short axis due to a large stray field. As a result, the domain formation or
the domain wall motion probably occurs close to zero magnetic field. Because of such
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deviation, elliptical(1:10) junctions are not investigated with regard of the strain sensi-
tivity in the next section even though the R(H) loop of the junction under 0.76× 10=3

strain is expected to nearly follow the macrospin model. Note that there is a minor
asymmetry in the loops of the unstrained states for the round, squared, and ellipti-
cal(1:3) junctions. This can be attributed to the misalignment, discussed in Fig. 6.4,
of the physical quantities.

As discussed in Fig. 6.13, the strain impact on the hard-axis R(H) loops is the
same for the squared, round, and elliptical(1:3)-shaped junctions. Therefore, it is suf-
ficient to only show representative strain loops for the round junctions in the following
sections.

6.4 Strain Sensitivity of TMR Sensors

To achieve high strain sensitivity, it is essential to determine the optimum magnetic
bias field Hbias for the maximum ∆R. For all measured R(H) loops, with the junction
strained up to 0.76× 10=3, the large resistance increase ∆R occurs at negative fields
(H > -3 kA/m), reaching the maximum near the switching fields (see Fig. 6.11 a)), for
tensile stress. But as for positive fields (H >+3 kA/m) the resistance slightly decreases.
The strain effect is mirrored for compressive stress (see Fig. 6.11 b)) since the uniaxial
stress-induced anisotropy resides at θ = π/4. Consequently, under compressive strain
the large resistance increase and the small resistance decrease take place at positive and
negative fields (H > ±3 kA/m), respectively. Representative strain loops R(ε) for
the same junction as in Fig. 6.11 at ±3.2 kA/m (±40 Oe) and ±4 kA/m (±50 Oe) bias
fields are depicted in Fig. 6.14. The bias fields are chosen to be away from the switching
fields at which domains become unstable leading to domain formation62. Following the
minor loop without application of stress in Fig. 6.11, prior saturation and then gradual
field reduction to the bias field leads to a slight tilt of Msen toward Mref due to the Néel
coupling (α = π/2−β). This is thoroughly depicted in the measurement configurations
in Fig. 6.14 a) and b). At -3.2 and -4 kA/m (θsen = π+β), applying tensile strain results
in rotation of Msen as well as a resistance increase and eventually alignment along the
stress axis. The strain loops exhibit two regimes with different rates of the resistance
change. As of great importance for AFM applications, the first part up to 0.2× 10=3

exhibits 42 % ∆R/R and a resultant gauge factor of GF = 2150±30 at =3.2 kA/m. At
Hbias ==4 kA/m, ∆R/R and the gauge factor drop to 31 % and 1550± 25, indicating
the strong field dependence of the strain sensitivity. In comparison, compressive strain
leads to opposite rotation of Msen causing resistance reduction. The gauge factor of 260
and 335 are measured at =3.2 kA/m and =4 kA/m, respectively. The inverse impact
on the resistance by tensile and compressive stress gives the possibility to distinguish
between both stresses even though the gauge factor for compressive stress at these
bias fields is comparably low. Lower GF by compressive stress is because Msen rotates
by a smaller angle toward its energetically favored direction which is perpendicular to
the stress axis (θσ = π/4), as depicted in Fig. 6.14 a). Note that the small hysteresis
present in the loops is attributed to magnetic hysteresis as the measured mechanical
hysteresis of the four-point bending device is subtracted from the recorded data (details
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Figure 6.14: Configuration of physical quantities and measured strain loops (R(ε))
under tensile and compressive stress. For tensile strain Kσ resides at θσ = 3π/4, but
as for compressive strain it is induced at θσ = π/4. For calculation of gauge factors,
defined as: GF = (∆R/R)/∆ε, only the part up to 0.2× 10=3 is considered. a) At
=3.2 kA/m (=40 Oe) and =4 kA/m (=50 Oe) bias fields tensile (compressive) stress
increases (reduces) the angle α resulting in rise (drop) in the tunnel resistance.
The gauge factor is 2150 ± 30 and 260 measured at =3.2 kA/m field under tensile
and compressive stress, respectively. b) At positive fields the response is reversed
with regard to the impact of compressive and tensile stress on the resistance. The
junction exhibits gauge factors of 1750± 35 and 250 at +4 kA/m under compressive
and tensile stress, respectively. The hysteresis in the compressive strain loop at
+3.2 kA/m shows the boundary for the bias field. Bias fields should be outside of the
switching fields in the R(H) loops of the strained junctions (see Fig. 6.11).
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in Appendix E.1).

Conversely, at +3.2 and +4 kA/m bias fields Msen (θsen = 2π − β) can rotate
more under compressive stress compared to tensile stress (Fig. 6.14 b)). Therefore, the
junction reveals a very large GF = 1750 ± 35 at +4 kA/m for compressive stress.
Even though the gauge factor is also large at +3.2 kA/m, it causes a clear magnetic
hysteresis. This is attributed to the bias field being between the switching fields in the
R(H) loops (see Fig. 6.11 b)). Under tensile stress, gauge factors of 150 and 250 are
measured at +3.2 kA/m and +4 kA/m bias fields.
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Figure 6.15: Orientation of Msen, squares at minimum points, in the energy den-
sity profiles of the sense layer at =3.2 kA/m (=40 Oe) under a) tensile and b) com-
pressive stress. c) Calculated strain loops show the the same trend as the measured
loops shown in Fig. 6.14 a). The right y-axis indicates the corresponding orientation
of Msen, extracted from the energy density profiles. Up to 0.2× 10=3 strain, gauge
factors of 2380 and 360 are calculated for the tensile and compressive strain loop,
respectively.
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For better understanding, the strain loop at Hbias ==3.2 kA/m is simulated by the
SW model under compressive and tensile stress. Considering the magnetocrystalline
anisotropy energy (θu = π/2), the Zeeman energy (θHbias

= π), the Néel coupling
energy (θNC = 3π/2), and the stress-induced anisotropy energy (θσ = 3π/4 or π/4),
the total energy density of the sense layer can be calculated using equation 6.2. Here,
the same configuration as for the measured strain loops for tensile (θσ = 3π/4) and
compressive (θσ = π/4) stress is considered, as shown in Fig. 6.14 a). Figure 6.15 a)
and b) represent evolution of energy density profiles in the sense layer. The minimum
energy point in the unstrained state determines the initial orientation of Msen, as
θsen = π + β in Fig. 6.14. With Hbias ==3.2 kA/m and ENC =580 J/m3, β is about
3π/24 (22.5°). Msen rotates toward the stress-induced anisotropy axis under tensile
(θσ = 3π/4) and compressive (θσ = 5π/4) stress. This meets the mechanism explained
in Fig. 6.14 a). From the energy density profiles the orientation of Msen is known at
every stain level. As α = θsen−θref with θref = 3π/2, one can plot the R(ε) loop using
equation 2.7 to calculate R(α). Rp =2.5 kW and Rap =7.4 kW are the experimental
values of the junction in Fig. 6.6.

The calculated strain loops have the same trend as the measured loops in Fig. 6.14.
They are defined as two regimes with different rates for resistance change. Up to
0.2× 10=3 strain, gauge factors of 2380 and 360 are calculated under tensile and com-
pressive stress, which are in the range of the measured gauge factors.
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Figure 6.16: Comparison of gauge factors of the round junctions with different
sizes, measured from their strain loops at -3.2 kA/m and -4 kA/m bias fields for
tensile stress and at 4 kA/m bias field for compressive stress. The mean area value
given as the junction size has a standard deviation of about 2.5 % for the round
junctions (see Fig. 4.10).

Strain loop measurement is carried out on other junctions with all different sizes and
shapes. Statistics in Fig. 6.16 show gauge factors measured for nine round junctions.
The number of measured junctions is limited because of complex fabrication and a low
number of produced junctions with the same TMR effect amplitude and RA range. For
tensile stress gauge factors average at about 1800 and 1300 at =3.2 kA/m (=40 Oe)
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and =4 kA/m (=50 Oe), respectively. This generalizes the field dependence of the
strain sensitivity, observed in Fig. 6.14, for all sizes. In addition, no indication exists
for junction size dependence of the strain sensitivity within the size scale used in this
study. Variations of the strain sensitivity between the junctions with different sizes
and between the junctions with the same size can be attributed to differences in TMR
characteristics, properties of layers in the junctions, and patterning conditions such as
the edge roughness. Note that the junctions which their gauge factors are shown in
Fig. 6.16 belong to different locations on the wafer.

Figure 6.17 shows no indication for shape dependence of the strain sensitivity. This
agrees with the observation of the strain impact on the R(H) loops in Fig. 6.13. Con-
sidering all the shapes and sizes, for tensile stress gauge factors also average at about
1800 at =3.2 kA/m. This clearly shows that at this size range the strain sensitivity
is the same for all the shapes except the ellipse(1:10). Furthermore, as observed in
Fig. 6.13 self-biasing by the shape anisotropy of the elliptical junctions is not applicable
to replace the need of the bias field.
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Figure 6.17: Comparison of gauge factors of seventeen junctions with different
shapes measured from their tensile strain loops at -3.2 kA/m bias field. The mean
area value is given as the junction size, which has a standard deviation of about 2.5 %,
4.2 %, and 2 % for the round, squared, and elliptical(1:3) junctions, respectively (see
Fig. 4.10).

6.5 Strain Sensitivity at Zero Bias Field

Even though the self-biasing by the shape anisotropy implemented into the elliptical-
shaped junctions is not successful so far, the early concept of the 45° alignment can
be still beneficial for having TMR strain sensors at zero field. Figure 6.18 a) shows
strain loops at zero bias field of a round junction, the same junction as in Fig. 6.6,
with 10.8 ± 0.1 µm diameter. In comparison with the strain loops, which require a
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Figure 6.18: a) Representative tensile and compressive strain loops for a round
junction with 10.8 ± 0.1 µm diameter without bias field. According to the configura-
tion in b) both rotations by tensile and compressive strain have a similar impact on
the resistance and are not distinguishable. As strained up to 0.2× 10=3, the junction
exhibits 400± 7 and 435± 5 under tensile and compressive stress, respectively. The
bump in the compressive strain loop is associated with slight misalignment of Ku

(θsen > π/2) occurred during the field annealing process.

magnetic bias field in the previous section, a saturation field is applied opposite to
Mref , nearly resulting in an initial antiparallel state (θsen ≈ π/2, α ≈ π) proven by
the measured resistance value. However, Ku is still aligned at π/4 against the stress
axis (see the configuration in Fig. 6.18 b)). This allows equal π/4 rotation of Msen for
tensile and compressive stress to be along or perpendicular to the stress axis. Msen

rotates toward the stress axis (Kσ, θσ = 3π/4) under tensile stress, thereby the angle
α as well as the tunnel resistance decreases. Despite that the compressive stress causes
inverse rotation of Msen toward Kσ axis (θσ = π/4), it also leads to a reduction in the
tunnel resistance. Therefore, the sensor is not able to distinguish the type of applied
stress in this configuration. The measured strain loops reveal gauge factors of 400± 7
and 435± 5 under tensile and compressive stress. The bump in the compressive strain
loop is attributed to the misalignment during the field annealing process (see Fig. 6.4).
Such deviation can also occur due to misalignment of the field applied for the satura-
tion of Msen prior to the strain loop measurements. The initial orientation is slightly
off Ku axis (θsen > π/2). Therefore, applying compressive stress Msen rotates toward
the antiparallel state leading to the increase in the resistance at first and afterward to
the resistance drop.

Strain loops are simulated by the SW model at zero bias field under compressive
and tensile stress using equation 6.2. Considering the saturation magnetization at
θsen = π/2 and continuous strain strokes, the energy of the sense layer includes the
magnetocrystalline anisotropy (θu = π/2), the Néel coupling energy (θNC = 3π/2),
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and the stress-induced anisotropy energy (θσ = 3π/4 or π/4).
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Figure 6.19: Energy density profiles of the sense layer at zero bias field under
a) tensile and b) compressive strain. Squares demonstrate rotational tendency of
Msen from the initial state, θsen = π/2 after the prior saturation. Msen rotates
depending on strain type toward θσ = 3π/4 or θσ = π/4. However, both lead to the
resistance decrease in c) calculated strain loops, exhibiting gauge factor of GF = 305
for ε = 0.2× 10=3. Changes of θsen and α, which correspond the resistance in the
strain loops, are specified as the vertical axes on the right.

Figure 6.19 a) and b) shows evolution of energy density profiles under compressive
and tensile strain. The initial orientation of Msen is θsen = π/2, α = π as in Fig. 6.18
b). Applying tensile and compressive strain, Msen rotates toward the axis of Kσ at
θσ = 3π/4 and θσ = π/4, respectively. The equilibrium orientation of Msen is specified
by squares in the energy density profiles. The minimum points close to θsen = π/2
are taken because of applying the saturation field along the same direction in the
experimental. As shown in Fig. 6.19 c), the calculated strain loops of both stresses
cause a resistance reduction as the measured strain loops shown in 6.18 a). Within
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0.2× 10=3 compressive and tensile strain GF = 305, which is in the same range of the
experimental results, is calculated

In order to clarify the slight increase in the measured compressive strain loop (see
Fig. 6.18), a calculation based on the SW model shown in Fig. 6.19 is performed while
introducing a 5° deviation into the initial orientation of Msen (θsen = π/2 + π/18).
As depicted in Fig. 6.20, the 5° deviation causes a resistance difference of about 0.5%
from the initial resistance and the maximum resistance until the antiparallel state is
reached (θsen = π/2). Since the same resistance difference is present in the measured
compressive strain loop, one can presume that the deviation in the experimental is
about 5°. Note that possible deviations from single-domain behavior by Msen are not
considered.

Figure 6.20: Re-calculation of the strain loops in Fig. 6.19, while introducing a 5°
deviation into the initial orientation of Msen. This leads to a resistance increase of
about 0.5% at the beginning of the compressive strain loop, as in the measured strain
loop in Fig. 6.18.

6.6 Magnetostriction of Sense Layers of Patterned
MTJs

Figure 6.21 a) represents the influence of applied compressive strain on the R(H)
loops. In an unstrained condition, the magnetic configuration of the junction sup-
posedly varies from the perpendicular to the parallel and again to the perpendicular
state within the field loop (see details in Fig. 6.8). However, two deviations are visi-
ble. On one hand, the reduction in resistance at H > ± 7.5 kA/m indicates that the
perpendicular configuration is not reached, as Mref is affected by the magnetic field.
On the other hand, the resistance at zero field is higher than Rp = 0.3 kW. This can
be attributed to the formation of canted magnetization at the edges of the sense layer
(see Fig. 6.12).
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Figure 6.21: a) R(H) loops of a round junction with a diameter of 41.4 ± 0.1 µm
under different levels of compressive strain. Higher strain causes stabilization of
Msen along its initial direction, leading to harder rotation of Msen within the field
loops. H ′k is a field at an intersection of a line drawn along the linear section of an
R(H) loop after its inflection point and the common tangent line at the maximum
field. H ′k values can quantify the strain influence on the R(H) loops. b) Variation
of the effective anisotropy field H ′k measured from the R(H) loops in panel a) as a
function of applied compressive strain.

Applying compressive stress stabilizes Msen along its initial direction due to the
uniaxial stress-induced anisotropy (Kσ) parallel to Ku. Consequently, for higher strain
levels larger magnetic fields are required to rotate Msen. In addition, the resistance
at zero field becomes closer to Rp = 0.3 kW (Fig. 6.21 a)), as the portion of the canted
magnetization probably decreases under larger Kσ. It is also visible that Mref is less
affected at higher fields compared to the unstrained state, as Mref is more stabilized
due to larger Kσ.

Nevertheless, the assumption of single-domain behavior of the sense layer is still
applicable at fields slightly away from zero field, as coherent rotation of Msen probably
occurs. No jumps and hysteresis in the R(H) loops indicate no abrupt changes in
Msen. Applying strain leads to harder rotation of Msen, and as a result changes in the
slope of the linear part of the R(H) loops in Fig. 6.21 a). Accordingly, changes in H ′k,
instead of the anisotropy field Hk, as a function of the applied strain can be used in
equation 2.14 to measure the effective saturation magnetostriction of the sense layer:

λ′s =
µ0Ms

3Y

∆H ′k
∆ε

. (6.3)

Figure 6.21 b) demonstrates the variation of H ′k measured from the R(H) plots in
Fig. 6.21 a). The variation is nearly linear as Ali and Watts reported for Hk versus ε
characteristics135. The linearity is attributed to the stress-induced anisotropy, which
scales linearly with applied stress or strain. Using equation 6.3, the patterned CoFeB
film, as the sense layer in the MTJ, exhibits λ′s = 32.24± 0.56 ppm.
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In order to understand the deviations from single-domain behavior, R(H) loops for
continuous films shown in Fig. 6.22 a) are calculated using equation 2.7. Rp = 0.3 kW
and Rap = 1.03 kW used for the calculation are determined experimentally. The equi-
librium orientation of Msen as a function of H is deduced by the energy minimiza-
tion in the SW model. The total energy includes the magnetocrystalline anisotropy
(θu = π/2), the Zeeman energy (θH = π), the Néel coupling energy (θNC = 3π/2), and
the stress-induced anisotropy energy (θσ = π/2).

The modeling parameters except λ′s = 32.24±0.56 ppm are given in section 6.1.2.

Figure 6.22: a) Calculated R(H) loops using the SW model incorporating with
equation 2.7. Compressive stress stabilizes Msen, leading to smaller slopes in the
linear part of the R(H) loops. H ′k is a field at an intersection of a line drawn along
the linear section of an R(H) loop after the inflection point and the saturation line
at R⊥ = 0.47 kW. b) Variation of H ′k as a function of applied compressive strain.
The slope is different from the value obtained from the measured R(H) loops in
Fig. 6.21 b).

As shown in Fig. 6.22 a) the resistance reaches Rp at zero field and no resistance
reduction appears in the calculated R(H) loops in comparison to the measured loops
in Fig. 6.21 a). Figure 6.22 b) shows calculated H ′k as a function of applied strain,
exhibiting a linear variation but with a different slope compared to the measured
slope in Fig 6.21 b). Such difference can be attributed to the fact the tunnel resistance
is not a direct measure of Msen. Also, errors in graphical deduction of H ′k values should
not be neglected.

From the calculated R(H) loops in Fig. 6.22 a), one can first deduce Cos(α) versus
field characteristics for all strain levels using equation 2.7. Then, Sin(α) as a func-
tion of field represented in Fig. 6.23 a) can be plotted, as Sin(α) =

√
1− Cos2(α).

Sin(α) basically simulates normalized magnetization of the sense layer in the field
direction (Msen,x/Msen). As shown in Fig. 6.23 b), the Hk versus ε plot deduced from
the calculated Msen,x/Msen plots has a slope in the same range of the measured value
obtained in Fig. 6.21 b). Extraction of Sin(α) or magnetization versus field from the
measured R(H) loops is unfortunately not possible due to the present deviations from
single-domain behavior. Nevertheless, the proposed measuring technique is legitimate
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Figure 6.23: a) Calculated Sin(α), Msen,x/Msen, plots as a function of applied
field deduced from the R(H) loops in Fig. 6.22 b). Hk is defined as an intersection of
the saturation line and the slope of the tangent line of each plot at zero point. These
curves considered as magnetization curves are not sharp lines, as for typical SW
model plots. This is associated with the additional uniaxial stress-induced anisotropy
and the additional unidirectional anisotropy due to the Nèel coupling. b) Variation
of Hk as a function of applied compressive strain, exhibiting the same value obtained
from measured R(H) loops in Fig. 6.21 b).

since the measured value is in agreement with saturation magnetostriction reported
for thin CoFeB films by Wang et al.85 and Barsukov et al.259, whereas Lebendev et al.
published λs = 50− 120 ppm for different CoFeB compositions134.

Influence of Junction Size

Table 6.3 gives effective saturation magnetostriction values measured for the sense
layer in round junctions with different sizes.

Table 6.3: Measured H ′k variation as a function of ε and λ′s for the CoFeB sense
layer of round junctions with different sizes.

Junction diameter 10.8 ± 0.1 µm 18.7 ± 0.1 µm 30 ± 0.2 µm 41.4 ± 0.1 µm

∆H′k
∆ε

[
kA/m

1× 10−3

]
13.63± 0.1 14.18± 0.24 13.66± 0.25 12.63± 0.22

λ′s [ppm] 34.8± 0.24 36.2± 0.61 34.86± 0.63 32.24± 0.56

The H ′k variation and λ′s values are in the same range. However, smaller junctions
lead to openings in R(H) loops and enhance impacts of deviation from single-domain
behavior on the measurement. In comparison, larger size can reduce the effect of the
canted magnetization.
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6.7 Conclusions

The stress-induced anisotropy effect on hard-axis R(H) loops is investigated for the
magnetostrictive TMR sensors with nominal sizes of 100µm2, 289µm2, 729µm2, and
1369µm2 in squared, round, elliptical(1:3), and elliptical(1:10) shapes. The external
magnetic field and the stress axis are set at π/2 and π/4 angles, respectively, toward
the induced magnetocrystalline anisotropy. Strain effect on the R(H) loops is the
same for all junctions except the elliptical(1:10) junctions. As approved theoretically
by the SW model, applying strain alters the magnetization reversal of Msen through
Mref in the unstrained state. For tensile strain above 0.27× 10=3, the switching fields
appear as the abrupt changes of the tunnel resistance in the R(H) loops. A macrospin
model supported by the micromagnetic simulations is proposed describing details of
the rotation mechanism of Msen in the R(H) loops of the junctions exposed to tensile
stress. A certain agreement prevails in the experimental results and the representative
model.

As the corresponding stress-induced anisotropy is perpendicular to the stress axis
for compressive stress, mirrored R(H) loops are observed compared to tensile stress.
Tensile stress leads to a large resistance increase ∆R at negative fields (H >-3 kA/m),
whereas it emerges at positive fields (H >+4 kA/m) for compressive stress. However,
a small resistance decrease occurs at positive and negative fields for tensile and com-
pressive strain, respectively. Considering the inverse impact by tensile and compressive
stress on the tunnel resistance, a single sensor with a bias field detects both stresses.
This extends their applications to dynamic devices such as dynamic mode AFM.

Representative experimentally measured tensile and compressive strain loops R(ε)
for a round junction with a diameter of 30 ± 0.2 µm at ±3.2 kA/m and ±4 kA/m bias
fields reveal the strain sensitivity dependence on the bias field and the inverse impact
by both stresses on the tunnel resistance. At -3.2 kA/m and -4 kA/m, the junction
exhibits gauge factors ofGF = 2150±30 andGF = 1550±25 for tensile strain, whereas
for compressive strain the gauge factors of 260 and 335 are measured. Conversely, at
+4 kA/m, a positive bias field, the junction shows GF = 1750 ± 35 and GF = 250
for compressive and tensile strain, respectively. Using the energy minimization based
on the SW model, the rotation of Msen in the tensile and compressive strain loops are
successfully simulated. The calculated strain loops exhibit nearly the same trends and
gauge factors as the experimentally measured strain loops. In addition, the statistical
measurements demonstrate that the strain sensitivity is independent of the junction
shapes and sizes used in this study.

The shape anisotropy of elliptical junctions is not suitable for replacing the bias field
probably because of its uniaxial character and the large sizes of the junctions. The
shape anisotropy can lead to the domain formation at low magnetic fields. However,
we represented a round junction with 10.8 ± 0.1 µm diameter which exhibits the gauge
factors of 400± 7 and 435± 5 at zero bias field under tensile and compressive stress,
respectively. For comparison, Si-based piezoresistive sensors in small strain ranges
exhibit gauge factors of about 200. Therefore, the round junction TMR junctions
provide a miniature detection system suitable for strain sensing applications limited
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by the size of read-out systems. For instance optical read-out systems become complex,
tiresome, and bulky for AFM imaging in liquid and vacuum environments.

Finally, a new technique is proposed to nearly measure the saturation magnetostric-
tion of the sense layer of patterned MTJs. This allows to characterize the sense layer
after the junctions are completely fabricated. Accordingly, strain sensitivity of MTJs
can be tuned considering the patterning effects and presence of other layers in the junc-
tion. The effective saturation magnetostriction of the patterned Co40Fe40B20 sense
layer is deduced from the R(H) loops, based on the method proposed by Ali and
Watts135. The deviations in the R(H) loops originated from the patterning effects
and the affected Mref are addressed by the simulation using the SW model. The vari-
ation of the effective anisotropy field H ′k, instead of the anisotropy field Hk, is used to
measure the effective saturation magnetostriction λ′s. Values with the same range in
the literature are measured for the CoFeB sense layer of different junction sizes.



Chapter 7
Self-sensing AFM Cantilevers Based
on TMR Sensors

In this chapter, AFM applications of the magnetostrctive TMR senors with high
strain sensitivity are described. Integration of the TMR sensors to the AFM micro-
cantilevers is thoroughly explained in section 4.3. Their performance is investigated
via a home-built AFM in Karlsruhe Institute of Technology. The setup, which is
briefly explained here, was constructed by Dr. Tobias Meier. These TMR self-sensing
cantilevers are analyzed in terms of deflection sensitivity, minimum detectable de-
flection (MDD), and topography imaging in the contact and dynamic modes with
AM-AFM and FM-AFM feedback loops. In the following sections, the quality of their
results are compared with those obtained by the conventional optical read-out.

7.1 AFM Setup with TMR and Optical Read-outs

In order to characterize the TMR self-sensing microcantilevers for AFM appli-
cations, the cantilever deflection must be measured independently by means of the
conventional optical read-out and the TMR sensors in parallel. For this purpose, a
home-built AFM setup was constructed in Karlsruhe Institute of Technology by Dr.
Tobias Meier260. In addition to optical and mechanical parts, two pairs of magnetic
coils serve the required bias field to maintain the maximum strain sensitivity (see
Fig. 6.14). Unlike commercial available instruments, all components are chosen de-
liberately to be non-magnetic as any stray field can distort the bias magnetic field
and also affect magnetic properties of the TMR sensors. In order to achieve a large
field of view in combination with high spatial resolution, a high resolution open-loop
piezo scanner (5µm×5 µm×5 µm) is nested on a large area closed-loop piezo scanner
(800 µm×800µm in x-y plane and 35µm in z axis). The AFM is operated with a
commercial ARC2-biPolar AFM controller by Asylum Research. The controller can
directly drive open-loop piezo scanners, because of its integrated high voltage am-
plifier. For the closed-loop scanner this is also possible by an attached high voltage

109
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amplifier and a closed-loop controller260.

Figure 7.1 schematically shows the detection principle of the cantilever deflection.
Upward and downward cantilever deflection, respectively, correspond to tensile and
compressive stress imposed into the deflection sensors. As the same configuration in
Fig. 6.14 a) is applied here, accordingly Msen rotates and consequently the junction
resistance changes.

Figure 7.1: a) Schematic of the optical read-out in parallel with a self-sensing mi-
crocantilever integrated with magnetostrictive TMR sensors. Upward and downward
deflection impose tensile and compressive stress σ on the bottom side of the can-
tilever. This is detected by the resistance change of the deflection TMR sensor (see
Fig. 4.16 b)). The TMR sensor on the support chip is not subjected to stress and can
be used as a reference.

As the measurements in chapter 6 a small bias voltage of 10 mV is applied to mon-
itor the junction resistance during AFM measurements. Such small bias voltage leads
to small tunneling currents in the µA range. In contrast to the electronics with long in-
tegration time in the four-point bending apparatus (see section 6.1.1), in the AFM very
fast and precise read-out electronics are required to detect small resistance changes.
Therefore, the deflection TMR sensor is electrically monitored in a Wheatstone bridge
configuration with an attached high gain and bandwidth amplifier260. Using a bridge
voltage of 20 mV, drop voltage of 10 mV, a variation of a few nanovolts occurs for small
cantilever deflections and, correspondingly, small resistance variations. Therefore, the
amplifier has to show a low intrinsic noise level. This requires as less components as
possible (as every component adds intrinsic noise) and short wires between the TMR
sensor, the bridge, and the amplifier as they act as antennas picking up RF-noise260.
The cantilever is mounted on a PCB is wire-bonded to the integrated amplifier. Ap-
plying higher bias voltage to the bridge enhances the signal compared to the noise,
however, this will reduce the TMR effect amplitude of the sensors75,261,262 and, as a
result their strain sensitivity. Therefore, bias voltage requires to be tuned for the opti-
mum signal-to-noise ratio. Readers are referred to the Ph.D. dissertation by Dr. Tobias



7.2 Deflection Sensitivity 111

Meier260 for more details regarding the measuring parameters.

In the following sections the TMR read-out and the optical read-out are compared
as this will highlight the capability of the TMR self-sensing microcantilevers for AFM
applications. Here, AFM measurements include analysis of the deflection sensitivity
in the contact and dynamic modes and contact and dynamic imaging on different
substrates. At the end, the minimum detectable deflection (MDD) of the TMR sensors
is discussed.

7.2 Deflection Sensitivity

Figure 7.2 displays the force-distance curve (FD curve) measured by the TMR and
optical read-outs as the cantilever is approached and retracted toward the surface of
a Poly(methyl methacrylate) (PMMA) line grating. A self-sensing cantilever with
specification no. 10 given in Table 4.4 is used as the junction holds 121% TMR effect
amplitude and 61 kWµm2 RA. A comparably large travel of the z-piezo (about 6µm) is
chosen in order to monitor the resistance change also for high strain levels in the TMR
sensor. Approaching the cantilever causes upward bending (tensile strain) resulting
in resistance increase. This is expected since the same configuration, except here
Hbias = 60 Oe, is applied as for the tensile strain loop in Fig. 6.14 a). The different bias
field is applied because higher sensitivity is observed at Hbias = 60 Oe in experimental
AFM conditions.

For measurement of the relative resistance change of the TMR sensor by the Wheat-
stone bridge, the voltage between the midpoints is amplified by 60 dB and low-pass
filtered with a cut-off frequency of 300 kHz. The minor hysteresis observed for the
TMR sensor is probably caused by magnetic hysteresis since no mechanical hysteresis
is present in the FD curve for the optical read-out. The deflection signal is roughly
linear for the optical beam-deflection while the read-out of the TMR sensor (∆R/R)
reveals a non-linear relation to the applied z-displacement. This change of sensitivity,
the slope, of the FD curve of the TMR system originates from the angular dependency
of the resistance on the angle α (see equation 2.7). Note that during imaging an AFM
is typically operated with cantilever deflection below 100 nm and one can assume a
roughly linear sensor response for such scales. From the curve in Fig. 7.2 the deflection
sensitivity, as a relative change in the resistance divided by the cantilever deflection
(see equation 2.35), is calculated. The value obtained near the equilibrium position
of the cantilever, dashed line, is about Sδ = 3.9× 10=6 /Å. This value is at least
one order of magnitude better than previously reported values for metallic-based30,45

and semiconductor-based41–44,46 piezoresistive sensors. The maximum deflection sen-
sitivities of 2.5× 10=7 /Å and 1× 10=8 /Å, reported so far, belong to Si41 and Au45

microcantilevers, respectively.

As depicted in Fig. 7.3 for a TMR sensor with 27µm× 27µm nominal size, the
deflection sensitivity can be also investigated in the dynamic mode as the cantilever
oscillates at its resonance frequency. Oscillating upward and downward bending of
the cantilever leads to stress alternation σ(t) between tensile and compressive stress,
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Figure 7.2: Comparison of Force-Distance curves (FD curves) measured with the
TMR sensor (top) and the optical beam deflection systems (bottom). The hysteresis
between the approach and retraction curves for the TMR sensor is caused by magnetic
hysteresis effects. The dashed line in the TMR curve represents a sensitivity of
3.9× 10−6/Å. The axis on top shows nominal strain acting on the TMR sensor.
Having strain axis, defined as: ε = 6lk

wt2Y
δel, on top gives the chance to compare the

FD curves with the strain loops. Applied strain is calculated at the center of the
junction placed at the base of the cantilever.

imposed to the deflection TMR sensor.

It was explained earlier that all physical quantities upon the sense layer in the
TMR microcantilevers have the same configuration as in Fig. 6.14, thereby, high strain
sensitivity as well as the inverse impact by tensile and compressive stress on the tunnel
resistance is expected. Therefore, as the cantilever oscillates Msen also oscillates at its
initial orientation set by Hbias = 60 Oe (see Fig. 7.3 a)). Accordingly, the angle α varies
(α(t)), which appears as oscillation of the tunnel resistance as shown in Fig. 7.3 b).
The beam deflection (A(t)) quantified by the optical read-out can be converted to
strain imposed to the TMR sensor using the equation given in the caption of Fig. 7.2.
Figure 7.3 c) shows the relative resistance change as a function of the applied strain for
four chosen bias field directions with respect to Mref (θHbias

). The deflection sensitivity
as the plot slope ((∆R/R)/ε) strongly depends on the field direction. The junction
shows higher strain sensitivity for tensile strain, which agrees with the previous results
of the four-point bending measurements represented in Fig. 6.14. In contrast to other
field directions, for θHbias

= 135 ° tensile (compressive) strain causes resistance increase
(decease). As the bias field is misaligned, Msen can pass the cantilever length, thereby,
the junction responses inversely. Overall, these plots simulate the strain loops in
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chapter 6. In order to realize the angular dependence of the deflection sensitivity,
the cantilever oscillation is measured by the TMR read-out for θHbias

from 0° to 180°
angles in a 5° step, as prior saturation of the sense layer magnetization is carried out.
Figure 7.3 d) shows the normalized deflection sensitivity as a function of θHbias

in a
logarithmic polar plot. The highest deflection sensitivity occurs at θHbias

= 105°-110°
toward Mref . For symmetry reasons, the behavior of the TMR sensor can be assumed
to have the same sensitivity for negative θHbias

, however, the signal from the TMR
sensor is inverted with respect to the signal for positive θHbias
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Figure 7.3: Deflection sensitivity of a 27 µm× 27 µm-sized TMR sensor in the dy-
namic mode depending on the bias field direction260,263. θHbias

defines the field direc-
tion with respect to Mref . a) The cantilever is oscillated at its resonance frequency
while the oscillating amplitude A(t) is monitored by the optical read-out. As upward
and downward bending cause stress alternation between tensile stress (positive) and
compressive stress (negative), the angle α between Msen and Mref accordingly varies
during the oscillation. b) The increase and decrease in the tunnel resistance is cor-
related to the stress alternation, as the inverse impact of tensile and compressive
stress is shown in Fig. 6.14. c) The relative change in the resistance ∆R/R as a
function of the applied strain, imposed by the cantilever deflection, for four chosen
θHbias

. d) The normalized deflection sensitivity as a function of θHbias
. Maximum

sensitivity occurs at θHbias
= 105°-110° toward Mref .
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The dependence of the deflection sensitivity can be explained by the angular depen-
dence of the tunnel magnetoresistance, explained in section 2.2.1. Fig. 7.4 illustrates
the tunnel resistance and the relative resistance change, calculated using equation 2.7,
as a function of the angle α. Rp =86W and Rap =239W are the experimental values
of the junction in Fig. 7.3. The maximum rate of resistance change is calculated at
α = 110°, which is in agreement with the experimental observation in Fig. 7.3 d). Note
that all the explanation regarding the TMR response presume single-domain behavior
of the sense layer, which is a good approximation after the magnetization saturation
as shown in chapter 6, and unchanged Mref .

Figure 7.4: The angular dependence of the tunnel resistance and the relative re-
sistance change as a function of the angle α, calculated using equation 2.7. The
maximum rate of the resistance change takes place in the same angle range for the
measured maximum deflection sensitivity in Fig. 7.3 d). Rp =86W and Rap =239W
are experimentally measured from the minor loop of the junction.

7.3 Topography Imaging

As the early fabricated cantilevers were tipless, one of the cantilever apexes is
used for scanning surfaces264. For measurements shown in this section, the same self-
sensing cantilever in Fig. 7.2 is used because of its high deflection sensitivity. Also,
a bias field of 60 Oe is present at θHbias

= 90°. Figure 7.5 represents contact mode
images of a PMMA grating with the TMR and optical read-outs in the contact mode.
For comparison of the images quality, the same position of the sample is scanned with
both read-outs. After scanning with the feedback on the optical beam deflection setup,
the TMR sensor read-out is directly fed into an analog-digital convertor of the AFM
controller. The cantilever is 20 µm in thickness leading to very high loads and drag
forces exerted to the sample. As PMMA is relatively soft, drag forces during the first
scanning by the 50 µm-wide cantilever apex caused damages into the grating profiles.
These damages reveal as kinks at the walls of the grating during the second scanning.
Nevertheless, both images with the feedback on the optical beam deflection and the
TMR sensor exhibit the same imaging quality.
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Figure 7.5: Contact mode images of a PMMA grating with the feedback on the TMR
sensor and the optical beam deflection system, edited with permission260. For both
feedback systems, the same position of the sample is scanned with a tipless cantilever.
During the first scan with the feedback on the beam deflection, drag forces from the
cantilever apex caused damages on the sample profile as PMMA is relatively soft.
The topography is modified during the first scan. However, in the subsequent image
with the feedback on the TMR sensor those damages appear as kinks at the walls of
the grating. Accordingly, differences can be noticed in the height profiles.

As shown in Fig. 7.6, using the amplitude modulation, topography images of the
same sample are recorded in the dynamic mode with the TMR sensor and the beam
deflection read-outs. This helps to reduce the damages appeared in the contact mode
imaging by the drag forces from the wide cantilever apex. The oscillation amplitudes,
usually set in the AM-AFM mode, are in nanometer range, considerably smaller than
the piezo movement for the FD curve presented in Fig. 7.2. Therefore, one can assume
that the TMR sensor response to the cantilever deflection is linear as for the opti-
cal read-out. Consequently, both detection systems have nearly the same resonance
curves shown on top in Fig. 7.6. They both reveal the same resonance frequency at
f =123.5 kHz. The difference in the amplitude scales is associated with different volt-
age gains employed on the deflection raw signals in volts. Calculated quality factors
from the resonance curves, Qoptical = 190 and QTMR = 200, differ slightly. This differ-
ence, which is typically about 10%, can be attributed to the scattering of subsequent
measurement of resonance curves. Moreover, the different deflection sensitivity by
tensile and compressive stress shown in Fig. 7.3 c) might be the other speculated origin
for the difference in the quality factor of the two read-out systems.
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Figure 7.6: Dynamic imaging of the PMMA grating in the amplitude modulation
mode, recorded by the TMR sensor and the optical read-outs265. The resonance
frequency curves measured by both detection systems are shown on top. They exhibit
the same resonance frequency and nearly the same quality factors. The difference
in the amplitude scales between the two curves is related to different gain factors
used for amplification in each detection systems. The topography images measured
subsequently at the same position on the sample reveal the same quality as there are
no damages like in the contact mode imaging (see Fig. 7.5). From the representative
height profiles extracted at the same position, the same data quality and details level
can be obtained regarding the height and the width of the grating by the TMR sensor
and optical read-outs. Even a small bump in the first trench on the left detected by
the beam deflection can also be seen in the TMR sensor height profile.

The topography images obtained with the feedback on the TMR sensor and the
beam deflection are recoded at the same position on the sample while the cantilever
is oscillating at its resonance frequency. The damages observed during the contact
imaging in Fig. 7.5 are diminished because of imaging in the AM-AFM mode. The
topography image recorded by the TMR sensor has the same quality as the image
obtained by the optical read-out. As can be seen in the height profile at the bottom of
Fig. 7.6, both detection systems reveal the same data quality and details level regrading
the height and the width in the grating.
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7.4 Minimum Deflection Detection

In addition to the deflection sensitivity, the minimum detectable deflection (MDD),
the minimum measurable height step, is the other key parameter for the self-sensing
microcantilevers in terms of the sensitivity and the noise level (see sections 2.10.1 and
2.10.2). Noise measurement was not in particular the scope of this work and will
be performed in future. Since it is related to several parameters mentioned in section
2.10.2, it requires systematic profound measurements. In order to investigate the MDD
of the TMR self-sensing cantilever, Pt tips with averaged rt = 30 nm were integrated
to the cantilevers (see Fig. 4.19), resulting in a better lateral resolution.
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Figure 7.7: a) Imaging of atomic step-edges on Au(111) terraces using the
AM-AFM mode with the feedback on the TMR sensor263. The scanning is car-
ried out as Hbias = 60 Oe applied at θHbias

=105°. The integration of a Pt tip with
an average of rt = 30 nm improves the lateral resolution. The signal variation of
about 1 Å at the step-free part (the dashed line) of the height profile can be useful to
estimate possible minimum detectable deflection (MDD). In the middle of the scan
area the image becomes blurry, which originates from changes in the geometry of the
tip, as shown in Fig. 7.8. b) Amplitude error signal highlights changes of the surface
height measured by the difference between the instantaneous amplitude of oscillation
and the amplitude set-point.

Figure 7.7 shows atomic step-edges on Au(111) terraces obtained by the amplitude
modulation feedback only on the TMR sensor. Imaging of such steps is a routine
measurement by the optical read-out. For scanning the same cantilever as for Fig. 7.3
is used. The bias field is applied at angle θHbias

= 105° with respect to Mref to keep
the deflection sensitivity in the maximum level. Consequently, the TMR sensor read-
out is able to resolve atomic edges of 2.54 Å, in the range of a monoatomic gold step
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of about 2.4 Å266. After scanning through half of the scan area, the image becomes
blurry, which can be attributed to changes in the tip geometry.

Figure 7.8 shows SEM images of the Pt tip taken before and after the scanning.
It is clear that the 500 nm needle and the intermediate base is rubbed away since
FIB-deposited Pt is a ductile material.

Figure 7.8: SEM images of the integrated Pt tip after and before scanning the
sample. Since the tip is ductile, it is rubbed away during interactions with the sample
surface. This change in the geometry leads to the unstable imaging as demonstrated
in Fig. 7.7.

As aforementioned in section 2.10, the amplitude and the frequency can also be
monitored as measuring signals in the dynamic mode imaging. In this mode, called the
frequency-modulated AFM (FM-AFM), the oscillation amplitude, which is kept small,
maintains the tip in either the attractive or repulsive region. However, using small
amplitudes in FM-AFM leads to large changes in the oscillating frequency. Imaging in
the FM-AFM mode allows to monitor the energy dissipation as the tip interacts with
the underlying materials267. This provides information in terms of chemical phases
which can be used for chemical mapping268.

In order to study the ability of the TMR self-sensing cantilevers in the FM-AFM
mode, self-assembly monolayers of FDTS with 1.3 nm height is used. Using polymer
blend lithography the FDTS monolayers were structured to implement disk-shape
openings into a SiOx layer underneath269. Sample preparation is explained in detail in
a Ph.D. dissertation of Dr. Tobias Meier260. Having hydrophilic SiOx and hydrophobic
FDTS on the surface results in a high chemical contrast. On the contrary, exposing
the sample to an ambient with humidity around 40% leads to no height contrast in
the AM-AFM mode, as can be seen in Fig. 7.9 a). This is related to thin water films
formed on the hydrophilic SiOx layer, which fills out the height difference between
the FDTS and the SiOx layers270. Alternatively, topography contrast is observable
while scanning inside a liquid269. Compared to the height contrast, phase shift signals
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are visible originating from different energy dissipation. Consequently, the SiOx spots
appear brighter than the FDTS in the phase signal.
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Figure 7.9: AM-AFM mode and FM-AFM mode imaging of self-assembly mono-
layers of FDTS with the TMR sensor read-out263. a) In the AM-AFM mode, the
SiOx disks structured on the FDTS by polymer blend lithography are not visible in
the topography signal, whereas they appear as bright spots in the phase signal image.
The hydrophilic and hydrophobic characters by FDTS and SiOx, respectively, result
in formation of thin water films on the SiOx spots in environments with a humid-
ity of above 40 %. This obscures the height difference between the FDTS and the
SiOx layers. However, the SiOx spots are visible in the phase signal image due to
different energy dissipation between the tip and the underlying materials. b) Phase-
locked FM-AFM imaging reveals the topography contrast of the sample as the energy
dissipation is the more sensitive signal. On the contrary, since the phase shift is
kept constant at 90° for the frequency feedback loop to the driving signal, the phase
contrast, present in the AM-AFM mode, vanishes.



120 7 Self-sensing AFM Cantilevers Based on TMR Sensors

Because of the high phase signal, the same sample, but on another position, is
scanned in the FM-AFM mode. Thus, the frequency, at which the cantilever is oscil-
lated, is tracked instead of the amplitude and kept at a constant offset with respect to
its resonance frequency by a feedback loop. The frequency tracking therefore also locks
the phase signal at a constant value corresponding to the frequency offset. The height
of the sample is modulated to maintain this frequency shift constant. As a result, the
phase contrast in the AM-AFM mode indicates a high frequency shift, which allows
using this shift as a signal for the topography feedback loop. Figure 7.9 b) reveals
the height contrast between the FDTS layer and the SiOx disks. As expected for the
FM-AFM mode, the phase shift observed in the AM-AFM mode in Fig. 7.9 a) disap-
pears as it is kept constant by a second feedback loop. Nevertheless, signals regarding
transition from the FDTS to the SiOx regions and vice versa are visible because of
changes in the source of the dissipation energy.

7.5 Conclusions

Magnetostrictive TMR sensors with high strain sensitivity and remarkable minia-
turization possibilities are successfully integrated onto the AFM cantilevers via an
optimized MEMS fabrication flow. The deflection signal can be easily detected as a
resistance signal of the magnetostrictive TMR sensor. The FD curves measured using
the TMR sensors reveal a non-linear relation to the applied z-displacement. However,
during imaging an AFM is typically operated with cantilever deflection below 100 nm
and one can assume a roughly linear sensor response for such scales. Self-sensing TMR
cantilevers exhibit a deflection sensitivity of 3.9× 10−6/Å measured at the beginning
of the FD curve. This is better than values obtained by piezoelectric and piezoresistive
sensors. These self-sensing cantilevers can be an alternative for replacing the conven-
tional optical read-out as they are successfully used to record typical AFM topography
imaging in the contact and dynamic modes.

The deflection sensitivity depends on the bias field direction with respect to Mref ,
which can be tuned in the dynamic oscillation. The maximum strain sensitivity is
observed for Hbirthdayas = 60 Oe at θHbias

= 105 − 110 °. This is in agreement with
the calculation on the maximum rate of the resistance change as a function of the
angle α using the equation for the angular dependence of the tunnel resistance. In
order to improve the lateral resolution, the tips with rt = 15 − 30 nm are grown on
the AFM cantilevers. Consequently, the minimum detectable deflection (MDD) as
height and phase contrasts are sufficient for imaging atomic-step edges of Au(111) and
self-assembled monolayers of FDTS in the AM-AFM and FM-AFM modes.



Chapter 8
Summary and Outlook

Different conditions of Si anisotropic etching in KOH solutions are investigated in
order to improve the surface quality of the etched surfaces. Among the techniques
studied here, adding Sb2O3 to the KOH solution reveals the most effective impact
on the surface quality as it reduces the roughness to 8 nm. More importantly, such
low roughness remains constant even after Si deep anisotropic etching up to 270 µm,
whereas in the other techniques the surface roughness increases for longer etching
time. The resulted enhancement in the reflectivity of the etched surface is beneficial
for optical MEMS devices. Moreover, thin microstructures such as AFM cantilevers
and membranes with very low surface roughness exhibit better mechanical strength.
Furthermore, two compensating structures are introduced to develop desired shapes
and dimensions of microstructures.

Stress-induced anisotropy effects on hard-axis R(H) loops are investigated for the
magnetostrictive TMR sensors with nominal sizes of 100µm2, 289µm2, 729µm2, and
1369µm2 in squared, round, elliptical(1:3), and elliptical(1:10) shapes. The external
magnetic field and the stress axis are set at π/2 and π/4 angle, respectively, toward
the induced magnetocrystalline anisotropy. The strain effect on the R(H) loops is
the same for all junctions except the elliptical(1:10) junctions. Applying strain alters
the magnetization reversal of Msen through Mref in the unstrained state, as approved
theoretically by the SW model. A macrospin model supported by the simulations is
proposed describing details of the rotation mechanism of Msen in the R(H) loops of
junctions exposed to tensile stress. A certain agreement prevails in the experimen-
tal results and the representative model. Tensile stress leads to a large resistance
increase ∆R at negative fields (H > -3 kA/m), whereas it emerges at positive fields
(H >+4 kA/m) for compressive stress. However, a small resistance decrease occurs
at positive and negative fields for tensile and compressive strain, respectively. Consid-
ering the inverse impact by tensile and compressive stress on the tunnel resistance, a
single sensor with a bias field can detect both stresses. This achievement extends appli-
cation of such sensors to dynamic devices e.g. dynamic mode AFM. Below 0.2× 10=3

strain, representative tensile and compressive strain loops R(ε) for a round junction
with a diameter of 30 ± 0.2 µm at ±3.2 kA/m and ±4 kA/m bias fields reveal the
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strain sensitivity dependence on the bias field and again the inverse impact by both
stresses on the tunnel resistance. At -3.2 kA/m, the junction exhibits a gauge factor
of GF = 2150 ± 30 for tensile strain, whereas for compressive strain a gauge factor
of 260 is measured. Conversely, at +4 kA/m, a positive bias field, the junction shows
GF = 1750± 35 and GF = 250 for compressive and tensile strain, respectively. Using
energy minimization based on the SW model, rotation of Msen in the tensile and com-
pressive strain loops are successfully simulated. The calculated strain loops exhibit
nearly the same trends and gauge factors as the experimentally measured strain loops.
In addition, the measured strain loops reveal no indication regarding its dependence
on the junctions shapes and sizes used in this study.

The magnetostrictive TMR sensors with high strain sensitivity and remarkable
miniaturization possibilities are successfully integrated to the AFM cantilevers via an
optimized MEMS fabrication flow. The self-sensing TMR cantilevers with deflection
sensitivity of about 3.9× 10−6/Å can be an alternative for replacing the conventional
optical read-out as they are successfully used to record typical FD curves and AFM
topography imaging in the static and dynamic modes. The deflection sensitivity,
which can be tuned in dynamic oscillation, depends on the bias field direction with
respect to Mref . The maximum strain sensitivity is observed for Hbias = 60 Oe at
θHbias

=105 ° - 110 °. This is in agreement with the calculation on the maximum rate of
the resistance change as a function of the angle α using the equation for the angular
dependence of the tunnel resistance. In order to improve the lateral resolution, tips
with rt = 15− 30 nm are grown on the AFM cantilevers. Consequently, the minimum
detectable deflection (MDD) as height and phase contrasts are achieved by imaging
atomic-step edges of Au(111) terraces and self-assembled monolayers of FDTS in the
AM-AFM and FM-AFM modes.

Issues still remain regarding the lateral resolution during AFM imaging. Besides
temporal solutions such as attachment of Cu spheres and deposition of Pt tips, a step
for mass integration of stable tips to the AFM cantilevers should be added to the fab-
rication process of the TMR self-sensing cantilevers. Accordingly, noise measurements
can be reliably performed, which helps to expand understanding of noise origins. As
a result, the signal-to-noise ratio can be improved by modification of cantilever condi-
tions, operating parameters, and specifications of TMR sensors.

As short-term planning, a setup for measuring force-distance curves is necessary in
order to thoroughly investigate the magnetostrictive TMR sensors on AFM cantilevers
in terms of the deflection sensitivity and its angular dependence. This would include
FD curve measurements, which can be compared with the results of the four-point
bending apparatus. Using the same electronics allows to collate directly TMR sensors
response in both measuring tools. Furthermore, such devices are designed for biosens-
ing applications, which can be very helpful to study different parameters of biological
systems such as intermolecular forces of deoxyribonucleic acid (DNA) and proteins.
Figure 8.1 shows the FD curve-based apparatus. Since no results obtained by this
setup is demonstrated in this study, the apparatus is only briefly described here as a
future plan.

For the same purpose, samples used for both devices should be prepared from
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Figure 8.1: FD curve-based apparatus. A TMR self-sensing cantilever mounted on
a PCB can be roughly positioned over a sample using a linear XY-table, M-460A-XY
model from Newport Spectra-Physics GmbH. A multi-axis piezo scanner, P-517 from
Physik Instrumente, performs approach-retract paths of used sample toward the tip
of the TMR self-sensing cantilever. Two pairs of coils serve an external field which
is required for a bias field to set the deflection sensitivity at maximum.

TMR stack deposited on the same wafer. Figure 8.2 a) shows a wafer with junctions
successfully fabricated using a new set of masks, which includes three cantilevers for the
four-point bending device in addition to AFM cantilevers. As represented in Fig. 8.2 b),
these masks also allow implementation of round junctions to AFM microcantilevers.
As discussed in chapter 6, the round junctions exhibit high gauge factors of GF ≈ 400
at zero field. Round junctions integrated to microcantilevers is the first promising
achievement to avoid the need of a bias field. This will provide a miniature detection
system suitable for strain sensing applications which are limited by the size of read-
out systems such as expensive and complex optical read-out systems for AFM imaging
in liquid and vacuum environments. A variation of AFM measurements in different
environments is in progress to demonstrate capabilities of self-sensing cantilevers with
round TMR sensors.

The shape anisotropy of the elliptical junctions is not suitable for replacing the bias
field because of its uniaxial character, which might lead to domain formation at low
magnetic fields. Another technique, which helps to get rid of required bias field and
establishes the highest strain sensitivity, is related to pinning of the magnetization
of the sense layer by additional layers on top. Imposing a unidirectional anisotropy
at α = 110°, the angle with the maximum sensitivity, can substitute energetically the
effect of the required bias field. This will not only lead to a simple strain detecting
system, but also the maximum strain sensitivity in contrast to the concept of the round
TMR junctions at zero field.

Strain-sensitive junctions with few micron and sub-micron sizes are necessary for
strain detection in small-sized structures, as the optical read-out suffers from dimen-
sion constraint on detectable structures. This extends the possibility of geometries
and mechanical properties of cantilevers and MEMS devices, which are desirable for
better resolution and higher measurement speeds. Furthermore, this offers usage of
more than one TMR sensor, which allows monitoring the strain amount at different
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Figure 8.2: a) A wafer with fabricated TMR junctions on AFM canitlevers and
3 mm × 25 mm-sized cantilevers, marked as three red rectangles, for the four-point
bending device. b) A self-sensing AFM cantilever with an integrated round TMR
junction.

locations. Such miniaturization and implementation of multiple sensors will ease si-
multaneous measurement of lateral bending and torsion of AFM cantilevers as well as
multi-frequency techniques in AFM applications.

A new technique is represented to roughly estimate the saturation magnetostriction
of the sense layer in patterned MTJs. This allows to characterize different materials
as sense layers and influence of layers arrangement of MTJs. Interestingly, the same
range of effective saturation magnetostriction values, nearly as in the literature, is
measured for the Co40Fe40B20 sense layers of junctions with different sizes. Deviation
from assumed single-domain behavior can be reduced using larger junctions, which
should be further investigated by domain imaging techniques.
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A.1 Etching Profiles by the Modified Bosch Process

Figure Appendix-A.1: SEM images of etch profiles after 40 cycles by the optimum
process given in Table 3.3 at different locations on a 4 ′′ Si wafer. They show nearly
the same etching rates and sidewalls profiles. Here, the etching mask is a 1.5 µm thick
SiO2 film. Underetching is less than 2 µm which is low enough to protect junctions
during the cantilevers release.
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A.2 Cantilever Underetching and Uniform Etching
Profiles by the Modified Bosch Process

Figure Appendix-A.2: Front-view SEM images of three cantilevers after the can-
tilever release during fabrication of the TMR self-sensing cantilevers. The cantilevers
are chosen from different locations on the wafer; left, center, and right. The un-
deretching at sidewalls of the cantilevers is less than 5 µm. This value is twice the
underetching occurred for structuring of features on the wafer without any membrane
or cavity on the back of the wafer, as shown in Fig. Appendix-A.1. Si underetching in
the same range over the wafer as well as the same sidewall profiles verifies the uni-
formity of the RIE process. Moreover, the nearly equal cantilever thickness approves
the uniform KOH etching, which overally leads to uniform mechanical properties of
the fabricated cantilevers.
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B.1 Mask Layouts of TMR sensors for Four-point
Bending Measurements

Figure Appendix-B.1: Mask drawings for fabrication of TMR junctions on
3 mm× 25 mm cantilevers (green outline) for 4-point bending measurements. The
fabrication requires three masks: 1) bottom electrode (BE) 2) TMR junctions 3) top
electrode (TE). 73 cantilevers can be fabricated from a TMR stack deposited wafer.
Mask details are given in Fig. Appendix-B.2.

xi
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Figure Appendix-B.2: Mask details of a) a cantilever, b) alignment marks, and
c) TMR junctions.
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B.2 Fabrication Recipe of TMR sensors for Four-point
Bending Measurements

♦ TMR stack deposition at Bielefeld University

♦ Cleaning in an ultrasonic bath (Aceton, room temperature, 40 kHz, 10 min)

♦ Field annealing (360 ◦C, 1 h, 2 kOe, 1× 10=6 mbar)

♦ A quick TMR measurement on an unpatterned stack to check the annealing
performance

♦ Cleaning in an ultrasonic bath (Aceton, room temperature, 40 kHz, 10 min)

♦ UV-lithography (AZ 6632, mask for bottom electrode (BE))

♦ Gettering the IBE chamber by etching Ta (350 mA, 15 min)

♦ IBE to define the bottom electodes (BE)s (70 mA, 8 rpm, 1.2× 10=7 mbar, 15.5 min)

♦ Cleaning in an ultrasonic bath (NMP, 60 ◦C, 400 kHz or 75 ◦C, 40 kHz, 30 min)

♦ UV-lithography (AZ 5214 e, mask for TMR junctions)

♦ Gettering the IBE chamber by etching Ta (350 mA, 15 min)

♦ IBE to define the TMR junctions (70 mA, 8 rpm, 1.2× 10=7 mbar, 16 min)

♦ SiOx deposition (150 nm)

♦ Lift-off process (NMP, 75 ◦C, 40 kHz, 30 min)

♦ UV-lithography (AZ 5214 e, mask for top electrode)

♦ Cr/Au deposition (Cr: 20 nm, Au: 130 nm)

♦ Lift-off process (NMP, 75 ◦C, 40 kHz, 5 min)

♦ Dicing the wafer to cantilevers with 3 mm× 25 mm dimension (NMP, 75 ◦C,
40 kHz, 5 min)
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C.1 Mask Layouts of Self-sensing AFM
Microcantilevers

Figure Appendix-C.1: Mask drawings for fabrication of self-sensing TMR mi-
crocantilevers for AFM applications. The fabrication requires five masks: 1) struc-
turing of the backside SiO2, 2) bottom electrode (BE) 3) TMR junctions, 4) top
electrode (TE), 5) release of cantilevers. 128 microcantilevers can be fabricated from
a TMR stack deposited wafer. Mask details are given in Fig. Appendix-C.2.

xv
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Figure Appendix-C.2: Mask details of a) a microcantilever unit, b) alignment
marks, and c) zoomed-in drawings of TMR junctions on AFM cantilevers.
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C.2 Fabrication Recipe of Self-sensing AFM
Microcantilevers

♦ Covering the front side of a wafer by a photoresist (AZ 6632, soft bake)

♦ UV-lithography on the back side of the wafer (AZ 6632, mask for backside SiO2

layer)

♦ RIE to etch the SiO2 layer (2µm) from unprotected areas (CHF3: 50 sccm ICP
power: 800 W, RF power: 120 W, RT, 545 s)

♦ Cleaning in an ultrasonic bath (Aceton (NMP), room temperature (75 ◦C), 40 kHz,
10 min)

♦ TMR stack deposition at Bielefeld University

♦ Cleaning in an ultrasonic bath (Aceton, room temperature, 40 kHz, 10 min)

♦ Field annealing (360 ◦C, 1 h, 2 kOe, 1× 10=6 mbar)

♦ A quick TMR measurement on an unpatterned stack to check the annealing
performance

♦ Cleaning in an ultrasonic bath (Aceton, room temperature, 40 kHz, 10 min)

♦ UV-lithography (AZ 6632, mask for bottom electrode (BE))

♦ Gettering the IBE chamber by etching Ta (350 mA, 15 min)

♦ IBE to define the bottom electrodes (BE)s (70 mA, 8 rpm, 1.2× 10=7 mbar,
15.5 min)

♦ Cleaning in an ultrasonic bath (NMP, 60 ◦C, 400 kHz or 75 ◦C, 40 kHz, 30 min)

♦ UV-lithography (AZ 5214 e, mask for TMR junctions)

♦ Gettering the IBE chamber by etching Ta (350 mA, 15 min)

♦ IBE to define the TMR junctions (70 mA, 8 rpm, 1.2× 10=7 mbar, 16 min)

♦ SiOx deposition (150 nm)

♦ Lift-off process (NMP, 75 ◦C, 40 kHz, 30 min)

♦ UV-lithography (AZ 5214 e, mask for top electrode)

♦ Cr/Au deposition (Cr: 20 nm, Au: 130 nm)

♦ Lift-off process (NMP, 75 ◦C, 40 kHz, 5 min)

♦ A quick TMR measurement on selective junctions

♦ UV-lithography (AZ 6632, 2000 rpm mask for release of cantilevers)
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♦ Release of cantilevers (1): RIE to etch the SiO2 (100 nm) layer from unprotected
areas (CHF3: 50 sccm ICP power: 800 W, RF power: 120 W, RT, 45 s)

♦ Release of cantilevers (2): RIE to etch Si (10-20 µm) from unprotected areas
applying a sequence of (1) depassivation: N2 (200 sccm) and O2 (50 sccm) ICP
power: 700 W, RF power: 14 W, 3 s (2) etching: SF6 (260 sccm) ICP power:
1000 W, RF power: 15 W, 14 s (3) passivation: CF4 (50 sccm) ICP power: 700 W,
RF power: 9 W, 8 s).

♦ Cr/Au deposition on the back side of the wafer (Cr: 10 nm, Au: 90 nm)

♦ Cleaning the resist on the front side in an ultrasonic bath (NMP, 60 ◦C, 400 kHz,
1 h)
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D.1 Heating Element
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Figure Appendix-D.1: Drawing of the heating element including the heater and
cooling modules271. Dimensions of the cooling tubes and the electrical wires, and
their brazing pads as well as their geometries are specified.
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D.2 ZnSe Viewport

Figure Appendix-D.2: Transmission spectrum of ZnSe viewport with and without
anti-reflective coatings272. Transmission is more than 95% for the spectral range
of approximately 8-11 µm. This range of wavelengths is used for the temperature
calibration of the field annealing chamber by the IR camera discussed in section 3.2.
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E.1 Strain Gauges

Figure Appendix-E.1: Strain gauge with a full-bridge configuration. A
Cr 10 nm/Pt 250 nm bilayer is patterned by e-beam lithography with a negative re-
sist (AR-N 7520.17, from Allresist GmbH273) and a consecutive ion beam etching
step. Each unit is a miranda structure, red drawings, of 51 lines with 400 µm length
and 2 µm width. These non-magnetic gauges are used to characterize mechanical
hysteresis generated by the four-point bending apparatus.

xxi
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E.2 Mechanical Hysteresis in the Four-point Bending
Apparatus

Figure Appendix-E.2: Tensile and compressive strain loops of the previous strain
gauges measured in the four-point bending apparatus described in section 6.1.1. A 5 V
input voltage was applied across A-B pads while the strain effect on the resistance, as
the output voltage amplified by 40 dB, was monitored at C-D pads. They are linearly
strain sensitive and exhibit a gauge factor of GF ≈ 2.6. Offsets between the approach
and retract plots reveal mechanical hysteresis of the apparatus. a) For tensile strain
different offsets appear at the start, about 6 µm, and at the end of the strain loops.
The offset increases at the end of the plot for larger displacements. b) In case of
compressive stress, the strain loops show equal offsets of 4 µm at the start and at the
end. The offset remains the same for larger displacements and after several loops.
The offsets for tensile and compressive stress are subtracted as mechanical hysteresis
from the strain loops measured by the TMR sensors in chapter 6.
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[149] M. González-Guerrero, J. L. Prieto, D. Ciudad, P. Sánchez, and C. Aroca. Engi-
neering the magnetic properties of amorphous (Fe80Co20)80B20 with multilayers
of variable anisotropy direction. Appl. Phys. Lett., 90(16):162501, 2007.

[150] M. Raju, S. Chaudhary, and D. K. Pandya. Effect of interface on magnetic prop-
erties of Co20Fe60B20 in ion-beam sputtered Si/CoFeB/MgO and Si/MgO/CoFeB
bilayers. J. Magn. Magn. Mater., 332:109, 2013.

[151] B. A. Ravan. Multi-band tight-binding calculation of electronic transport in
Fe/trans-polyacetylene/Fe tunnel junctions. Phys. Scr., 86(4):45701, 2012.

[152] R. Lavrijsen, P. V. Paluskar, C. T. J. Loermans, P. A. van Kruisbergen, J. T.
Kohlhepp, H. J. M. Swagten, B. Koopmans, and E. Snoeck. Magnetism in
Co80−xFexB20: Effect of crystallization. J. Appl. Phys., 109(9):093905, 2011.

[153] T. Kuschel, J. Hamrle, J. Pǐstora, K. Saito, S. Bosu, Y. Sakuraba, K. Takanashi,
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