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@ 1000 m?
Nanofabrication
Clean Room

n

® Thin Film Deposition
and Material Growth

e Optical and E-Beam
Lithography

® Etching, Ashing, and
Micromachining

® Metrology, Inspection
and Wafer-Scale
Device Testing

® Advanced Packaging,

Annealing, and Back-
End Processes

® A clean room environment is required in order to achieve high yield
and good reproducibility of small scale devices
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Part I
Fabrication techniques
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Thin Film Deposition and Material Growth
Deposition

¢ DC and RF magnetron sputtering
¢ Plasma Enhanced Chemical Vapour Deposition (PECVD)

Elvira Paz 6
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W INTERNATIONAL IBERIAN
Coating
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® Yellow filters to protect the resist
of white light

¢ \olume

® Rotation speed

¢ Number of rotations

® Temperature for curing

Elvira Paz
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Lithography
Mask Aligner
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® 6" Mask aligner with mercury lamp

¢ Masks fabricated in the DWL
® Minimum feature size 3 um

Elvira Paz
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Lithography

Direct Laser Writer
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y Focusing lens

e

- ‘ ',“,

Substrate

moton

DWL exposure strategy

® Diode laser with 405 nm
® Minimum feature size 1 um
® Grey scale

Elvira Paz
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Lithography |NL?:;§

Electron Beam ST

¢ 100 kV Electron Beam
® Minimum feature below 10 nm

Elvira Paz 10
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Lithography

Develop
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Volume

Rotation speed
Time

Post exposure bake
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Lithography
Nanoimprint lithography
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TNIL | UVNIL

1 + heating 1+ uv ‘

-
+ cooling _
| l+ demolding I 1+ demolding

Molds review: Journal of Nanoscience 2016 657129
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Etching

Ion beam and Reactive etching

¢ Ion beam etching

Secondary Ion Mass
Spectroscopy (SIMS)

¢ Reactive Ion Etching:

® anisotropic etching of silicon oxide, silicon nitride, polysilicon, and other materials such
as amorphous Si, using a plasma source and fluorine chemistry

® anisotropic etching of Si trenches with high aspect ratios and through wafer vias. For
that, it uses a switched process by alternated cycles of SF6 plasma etching and C4F8
plasma for polymeric deposition.

Elvira Paz 13
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Part 11
Introduction to spintronics
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Giant Magnetoresistance Effect ING
GMR - Physical origin ST

The Nobel Prize in Physics 2007 was awarded jointly
to Albert Fert and Peter Griinberg "for the discovery
of Giant Magnetoresistance."

© The Nobel Foundation. Photo: U. © The Nobel Foundation. Photo: U.
Montan Montan
Albert Fert Peter Grinberg
Prize share: 1/2 Prize share: 1/2
Elvira Paz
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Giant Magnetoresistance Effect |NL*,%
GMR - Physical origin

Antiparallel magnetizations Parallel magnetizations
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Tunnelling Magnetoresistance Effect (TMR)

Physical mechanism
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Juliere Model

barrier barrier
~
¢ Spin is conserved during tunneling R,p — Rp
e Probability of Tunneling proportional to density > TMR = x 100
of states product in initial and final ferromagnet p
_

Elvira Paz
www.inl.int

17



Tunnelling Magnetoresistance Effect (TMR)

Coherent tunnelling effect
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Amorphous
Barrier

Crystalline
Barrier

Fe (001)
 MgO(001) .,'. ‘ 2 “l! MgO (001)
COAAN .
33:3:3:2, Fe (001)
Fe(001) =R
0 Y 1, Fe/MgO/F
TMR<40% TMR>200% et Mot 2005
AR/R = (R,p-Rp)/ Rp= 200% at RT
Elvira Paz 18
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Magnetoresistive devices ING3

Stack optimization ST

Spin Transfer
Nano-Oscillator

Magnetic Sensors

Non-volatile

Memory
Cap |
Ru /nm
Free
Layer - 10nm IVIgO
2.2nm |} CoFeB
Tunnel Barrier ) ~0.8nm M MgO
Reference Layer ' . 2.6nm COFEB
(SAF) | : . 0.85nm
i . . 2.0nm CoFe .
Pinning Layer . 7.5nm
I — Ru S5nm IrMn
Ta s5nm
. N sonm Snm
QN som Sim
_ T _
5nm
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Ferromagnetism |Nt~""§e§

Exchange interaction

Heisenberg exchange Ey = —Z Jij B; - 8;
i.j

J; >0 ferromagnetic

SARAREEEEE:

J; < 0 antiferromagnetic

XXXXXXXEXX
i i Tt

Nearly filled or nearly empty orbitals
tend to have J>0

Conditions for ferromagnetism:

Iron (Z=26)

¢ Non-compensated spin moments 26 57 28 e E—
¢ Positive Exchange Interaction . s [71] 2 o ;
Fe CO N| » M0N0 » LML 4

sd[ti[t]t]t]t] 4d |

5585 | 58.93 | 58.70 at []

Elvira Paz 20
www.inl.int



Ferromagnetism |NL=":;.=
Hysteresis loop

Magnetic domain growth under a L. :
magnetic field , ¢ Retentivity - A measure of the residual

flux density corresponding to the saturation
induction of a magnetic material.

2 ¢ Residual Magnetism or Residual Flux -
?i;;::_;:;-;—ﬂ I the magnetic flux density that remains in a
S e o= material when the magnetizing force is
=== zero. Note that residual magnetism and
N\ [FzZr 5 retentivity are the same when the material
e e has been magnetized to the saturation
SN IRes point. However, the level of residual

magnetism may be lower than the

retentivity value when the magnetizing

H force did not reach the saturation level.

Magnetizing Force

B Flux Density

ﬂ’

Coercivity

N

-H
Magnetizing Force
In Opposite Direction

— — —

et —
—
-— «
— YT e
T
— T e— o Y
— — —
h —
e T e—
— g — —— ]

= Saturation

¢ Coercive Force - The amount of reverse
magnetic field which must be applied to a
magnetic material to make the magnetic
flux return to zero. (The value of H at
points ¢ and f on the hysteresis curve.)

Flux Density

In Opposite Direction —B  In Opposite Direction
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Exchange Bias INGH

GranU|ar MOdel Iﬁlﬂ»ﬂp\!‘ug\tf;{:‘uwowsv
Ideal Interface Mauri Model Roughness model
| — =
— — — — —F —F _..---"U — > > > —> —»
— — —> — — — \\ —_— e — — — —
—_— — — — — — = —_— e e e | e
— — — > — = — —» i | — | s —
f— e e e e o l! I—I—P—Pli—i—i—
—_— — — — — — — e A — — —
— e e e N = e —
—_— — — — — — —_— — — — — —
—
¢ Exchange anisotropy at an ideal interface. ¢ When the exchange coupling is stronger ® At real surfaces with roughness the nearest
All interface spins of the antiferromagnet than the anisotropy, noncollinear (see neighbour exchange couplings cannot all be
are uncompensated and act in the same angles a and B) configurations are likely. A fulfilled simultaneoustly. Therefore
way on the ferromagnet. Here we assume domain wall in the antiferromagnet is frustration (red crosses) and domain walls
ferromagnetic coupling across the interface formed when the ferromagnetic film s (dashed line) occur and the number of
magnetized to the right. Only one spin uncompensated spins at the interface is
sublattice of the antiferromagnet is shown reduced, here from 6 (ideal interface) to 2
(rough interface)
Elvira Paz 22
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Exchange Coupling ING

Exchange Bias with an Anti-ferromagnet ANSTEEHNoLoey
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Artificial Magnetic Materials
The RKKY Interaction
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Magnetic impurity in a conducting medium
induces spatial fluctuations of spin polarization
of s-electrons about the impurity

¢ the oscillatory term of wave number 2k falls
off like r-3 at large distances

{, impurity

<—| electrons

the second impurity placed in the vicinity
experiences interaction with the first impurity

depending on the distance between impurities
the interactions may be ferromagnetic or
antiferromagnetic

Elvira Paz
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Artificial Magnetic Materials INC3

The RKKY Interaction in thin film magnetic heterostructures gTECHoLoS

Ruderman-Kittel-Kasuya-Yoshida Interaction

It refers to a coupling mechanism magnetic momentsin a . ' . r , Y
metal by means of an interaction through the conduction ' -
electrons. _ .
Ng | )
1 3 .
]RKKY 2 F COS(ZkFT) ¢ S0r antiferromagnetic |
™ - -
L 3/ ‘} »
= » and -
T ./ mae® S
- N .
CogyNisg - \/ ferromagnetic -
-50 ] | A | 1 L
Ru 0 10 20 30
COggNiyy g Ru-spacer-layer thickness (A)
Elvira Paz 25
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Magnetic carachterization ING
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VSM - Vibrating Sample Magnetometer

Hysteresis Loop

4
%m saturation ragnetization

_ v E remnant magnetization
=
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S
F | |
=
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2 e e e | |
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= N A VN SN | B—
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Magnetoresistive devices

Magnetic sensors
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Cap
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Magnetoresistive devices ING

INTERNATIONAL IBERIAN

Magnetic sensors e

Magnetic Sensors 7 After 3" Annealing
[ Ru r After 3" Annealing = 104 " T T T L e, M M W S
cop | o = 1.0+ ————— S e e g 0.8 ——X D!rect!on y ;
ViR % —— X Direction /‘3/ 1 . 07 — Y Direction ]
o RU . 087 —— v Direction ] o ] 5 1
o S 0.6 £
Free i NiFe < 0.6 1 7 ] — 0.4 ] #j i
Layer - , Ta ‘E‘ 0.4 g g U 3??
2.6nm CoFeB L2 0.2l i = 0.2 ! .
Tunnel Barrier ~1nm M MgO ® . ] ﬁ ] !
Reference Layer | gggm CoFeB E 0.0 ] = 0.0 1 #ﬁ
(sAF) 2000 L 0.2 . O 021 3 1
Pinning Layer : g -0.4 .‘; _ g -04— ! i
—0_6 i 'Olg.egoooo i .
§ _O 8 i .o.o'g:g':"'" _- o -0.6 __ ]
— : v O
Buffer - C—Eu 10 _:=g_o=c_ec§°°ggen _ g -0.8 ‘_ i
— T T T T T T — T T T T T © | = |
= 10 -8 6 -4 2 0 2 4 6 8 10 e 10— I —
L zZ Applied Field [kOe] g -200 -150 -100 -50 0 50 100 150 200
Applied Field [Oeg]
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Linearization of an MTJ Sensor N
Free Layer Energy T

Zeeman Demagnetizing
Energy Field Néel Coupling
f I = poH - MF I K sin?0 —EMHQ M| oHE - M| {oHn - M
Crystalline Pinned Layer
Anisotropy Stray Field

¢ Zeeman energy - or the external field energy, is the potential energy of a magnetised body in
an external magnetic field

¢ Magneto-crystalline anisotropy - a ferromagnetic material is said to have magnetocrystalline
anisotropy if it takes more energy to magnetize it in certain directions than in others

¢ Demagnetizing field - magnetic field (H-field) generated by the magnetization in a magnet. It
is also called the stray field (outside the magnet)

¢ Pinned Layer Stray Field - magnetic field generated by the magnetization of the pinned layer

¢ Neel coupling - effect of the dipolar magnetic coupling (also known as or “orange-peel”
coupling)

Elvira Paz 29
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Magnetic Anisotropy

The origin of magnetic anisotropy
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Magneto-crystalline anisotropy

Uniaxial anisotropy
Easy Axis vs. Hard Axis

éH angle

Easy axis

Hard axis

1.0 1
0.5 4 —— 0 Deg
——— 30 Deg
—— 45 Deg
= 60 Deg
2‘” 0.0- —— 90 Deg
S—
=
-0.5 -
-1.0
4 2 0 2 4

Elvira Paz
www.inl.int

30



Linearization of an MTJ Sensor ING3

Free Layer Energy ST

Stray and demagnitizing field Néel coupling

Pinned Layer Stray Field

Pinned layer

Elvira Paz 31
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Magnetic Anisotropy
Induced Anisotropy
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Shape anisotropy

Hq
- . +
; - ‘ +
- +
—_—
Easy axis

900 -600 -300 0 300 600 900
Applied field (Oe)

Demagnetizing Field

H,=—-NM

N - Demagnetizing factor

In general N is a tensor that depends on the shape
of the magnetic material

Magnetostatic energy

1 1
E;= _EMOM "H; = —EHONMZ

Elvira Paz
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Linearization of an MTJ] Sensor |NL‘“

Shape anisotropy e

®¢ The demagnetizing field can be very difficult to calculate for arbitrarily shaped objects,
even in the case of a uniform magnetizing field

® For the special case of ellipsoids, long thin rods, and flat plates, H, is linearly related to M
by a geometry-dependent matrix of the demagnetizing factors N

® It can be as important as magnetocrystalline anisotropy in driving the magnetization
process under many circumstances

® Na, Nb, and Nc are the demagnetizing factors pertaining to the three principal axes, and
Na + Nb + Nc = 1

2
EM o _ ”Ozﬂ (Ngm2 + Nym?2 + N.m2) Magnetostatic energy

14
1 _ 10 um bl
HDemag - EHON M Na 0 0 /. y
N=|l0 N, 0 30AY
0 0 N, X
Elvira Paz 33
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Linearization of an MJT Sensor ING3
Shape anisotropy

L

« »
< >

30R IMl um

1 —
0.5 0.5 .
‘ - H(0e) . | ~ H(Oe) H(Oe)
-1000 =500 500 1000 ~1000 500 500 1000 _1500 _5{)0 560 1060
0 -0.5 o5
. L=10pm - B L=1pm 1 L=0.3um
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Linearization of an MTJ Sensor ING
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Shape anisotropy ST

Simulated curves Experimental curves

e All ferromagnetic layers have an easy axis
defined during deposition/annealing - S A

8 N 36pm I s 38um
—— 1 ] H -
atterning A A T B TR
T Awiedred0n . ApedFeld©e)
M S5 l.— "

H=0

Normalized Resistance
N
<
=
>
AN
&
| v x
¥ @

Normalized Resstance

Hard axis
Easy axis : S ]I ;-"i }'f o II I(
Crystalline Anisotropy Shape Anisotropy B, —f ¥ (.
++ ; n g T
+ _ % 36 pm J(! “./-‘ g 36 pym !
¢ Virtual magnetic e Virtual magnetic +§¥ - 1 “';,,f'
charges far apart, charges far close, +[J - 3
low energy high energy +H - S ik
+ -

Figure 4.11: Comparison of the evolution of the experimental sensor transfer curve (right) and
the modeled sensor transfer curve (left).

Elvira Paz 35
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Linearization of an MTJ Sensor ING
Free layer energy

Zeeman Demagnetizing
Energy Field Néel Coupling
% =|—poH - Mf [ K sin® 0 —EMHQ M| oHE - M| {oHn - MF
Crystalline Pinned Layer
Anisotropy Stray Field

Y
X[ Pinned layer
HI

Hf, = —N,. M cos6

Elvira Paz 36
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Linearization of an MTJ Sensor
Free layer energy — Finding the energy minimum

NANOTECHNOLOGY
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ofr
"L = oM/ sing cos0(Hy. — NowM!) + H — HE + Hy]

aLs
7

There are then three possible solutions:

e I-sinf=0=f=0o0rm

¢ 2- H — NyeM{ =0and H— H? + Hy =0

H—HY+Hy

e 3- cosfl =
0 N..M! —H,

i — )= Si]lﬁ lcogﬁ{:Hk — ;"\TII._FIII;J + H — Hg + H_."n,,-‘i| =

Elvira Paz
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Linearization of an MTJ Sensor INE

Free layer energy - Finding the energy minimum AARSTECHNGLaGY
e l-sinmff=0<f=0o0rm "2'H.E.;_hrxmﬂ'f;:Dﬁ-ﬂdH—Hgﬂ—HN:D
P o [ H > HE — Hy + (NoaM{ = Hy) for 0=0 o 3 cosg = LIt
90* H < H? — Hy — (NoeMI — Hy) forf=r e T
cos 1] cos 01
slope — = \I; ;
Hy, > N, M/ NM—Hi \| He < N

P } AATH
Hy — Hy + (NM]|— Hy) HY — Hx + (NM! — Hy)

7

HY — Hy - (NM{ — Hy)

s
|

Hy — (NM! — Hy)

Figure 4.5: Transfer curve with hysteresis.
Figure 4.6: Linear transfer curve.
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Part II1
MTJ stack deposition and microfabrication
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Magnetoresistive devices ING
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Applications AvGTEciNSLoaY

4 pillars of spintronics

® Memories

VBIAS

Top Lead
IVOUT

Tunnel Barrier . Se n So rs

Bottom Lead .

¢ Oscillators

® Logic

Elvira Paz 40
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Magnetoresistive devices ING3

Stack optimization ST

Spin Transfer
Nano-Oscillator

Magnetic Sensors

Non-volatile

Memory
Cap |
Ru /nm
Free
Layer - 10nm IVIgO
2.2nm |} CoFeB
Tunnel Barrier ) ~0.8nm M MgO
Reference Layer ' . 2.6nm COFEB
(SAF) | : . 0.85nm
i . . 2.0nm CoFe .
Pinning Layer . 7.5nm
I — Ru S5nm IrMn
Ta s5nm
. N sonm Snm
QN som Sim
_ T _
5nm
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Magnetoresistive devices
Sensors

INTERNATIONAL IBERIAN
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Technology Advancement

AMR - Anisotropic GMR - Giant TMR - Tunneling

Hall Effect

Magnetoresistance Magnetoresistance Magnetoresistance T=300K 1BM
r——=====-======="="""] o AGOAR) AIST18282°/?%(9 :gﬁfAS
= o —@—AIOx/MTJ »*
| Vim E | Stoot — #80% TMR sensors are being used in
I = 8 k= INESC  50%85% IOP/CAS .
l 50 wm%/”’;/ consummer market Hard Disk
: I - ol T Rrento  * 2% ONRS Drives since 2005
_-E.“;. I ioll. 14% Julliére
I »” e:.:-“-:w':‘_);;:. I = B /1 1 1 L L 1 1
= . . 975 £ 998 2000 2002 2004 2006 2008 2010
[ I High Resistance e Fear 1
- T-- - -T- - -----T-T--T= TunneIBarrier
Metallic Stacks (Low Resistance)
~2-3% ~8-20% ”200%
‘ Lower Power Consumption
Power Consumption (mA) = 1~10 1~-10 0.001 ~ 0.01 P
Die Size (mm?) 1x1 1x1 1 %2 05x%x05 - Smaller Footprint
Larger Sensitivity
Field Sensitivity (mV/V/Oe) ~0.05 =i ~3 ~ 100 - (modest amplification requiments)
Dynamic Range (Oe) ~ 10000 ~10 ~100 ~ 1000 mm) Highly Tunnable Dynamic Range
Higher Sensitivity to weak magnetic
Resolution (nT/Hz'?) >100 0.1~10 1~10 0.1~10 ‘ fieglds Y g
Temperatiirs Performance ('Cl <150 <150 SHq5p <200 !-Ilgher Therr!nal Stability (adequate for operation
E ' in Harsh Environments)

1000

vy

500 f MTJ development

7/

Tohoku
Hitachi 500%

604%
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Magnetoresistive devices
Artificial neurons — Neuromorphic computing
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Synapses

Nonlinear
transfer-function Weighted inputs

output = f Z Wi;x;
i

Artificial Neuron

Resistance (QQ)

=
(o))
o

Cell resistance [kQ]

0.5 1
Applied voltage [V]
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Magnetoresistive devices INCG
Artificial neurons — Neuromorphic computing

A
u MM = magnetic/m’kamory

— .
= |

V)

v

Q

C

-z

=

-

Amp. Analyser
=
-
Diameter (nm)
Elvira Paz 44

www.inl.int



Magnetoresistive devices INC
Device fabrication

Top Contact Lead

Junction
Pillar

Bottom Lead

v

Bottom Contact Lead

. 5 Lithography layers Runsheet necessary for:
« 22 processes * Smooth team work
« 60 steps e Control of the process
Elvira Paz 45
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Microfabrication process

Runsheet

INTERNATIONAL IBERIAN

NANOTECHNOLOGY

LABORATORY

TMR Stack:

TJ2615-NOETCH/[5Ta/15Ru]x3 /10 Ta/5Ru / 20 IrMn / 2 CoFey, /
2CoFe40B20 /0.21 Ta/ 4 Nife /

7 Ru / 2.6 CoFe,Bs / MgO 4x90 3kW 600sccm [1.5 kOhm um2] /
1/6irMn/2Ru/5Ta/10Ru

No.

Layer

Process Step

Equipment

Conditions

Recipe Name

Specs for reference / Purpose /
Comments

Date Completed:

Wafer
Incoming

CMOS Wafer

na

01 - MTJ-Dep

TMR depo

MTM

Surface will end in Ru as always.
Bottom contact/buffer layers will
be a happy medium from
previous experiences - not as
thick as 6 periods (too much
topography) nor 1 period (too
much contact resistance). So, we
will go with 3 periods (5Ta/15Ru).
Purpose to have a thicker Ta in
this case (10nm instead of Snm)
is to have a larger target to stop
pillar etch in the Ta.

We do not want to stop in the Ru
because it will oxidize in
atmostphere and it Ru oxide is
conductive. So, during the piliar
etch, we want to remove the IrMn
and the 5Snm Ru.

10/10/2017

Anneal

MRT

330C_1T_2hr, along the notch

330C_1T_2hr with
CLEANZONE ON.

The idea is to crystalize the Mg0
and perform the higher
temperature processes before we
deposit the AlSiCu top metal. It
is known to cause voids and grain
issues when exposed to high
temperatures, so therefore we
plan to perform these anneals at
the beginning, prior to the
fabrication process.

06/11/2017

VSM

VSM

CIPT Test

CIPT

if possible

Elvira Paz
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Microfabrication process

INUS

INTERNATIONAL IBERTAN

www.inl.int

Runsheet Lo ooy
This stopping layer is meant to
be 40nm in order to have enough
TiWHN to have at least a Smin
overetch during the via opening ..
6 | 02-Stopper |Stop Layer FTM 15 TIWN / 10 AISiCu / 40 TIWN w/etch step. Sandwich of - D e p (O |t 1oNn
TiWN/AISICU/TIWN was added to
this wafer to help during the via
etch. No EDX will be needed
since these are relatively large
pillars.
Baking 150C, HDMS coating, vacuum,30 minutes cycle
5Suss Coater Coat AZ1505 600nm
Alignment marks
LO (Left) = (x,y) = (5065.7, 266.275)
LO (Right)= (xy) = (5170.7, 266.275)
L1 (Left) = (x,y) = (5065.7, 757.0)
L1 (Right)= (xy) = (5170.7, 757.0)
L2(Left)= (x,y) = (5065.7, 1257.0)
g L2(Right)= (xy) = (5170.7, 1257.0) .
L3(Left)= (x,y) = (5065.7, 1757.0) B th h Og ra p hy
L3(Right)= (xy) = (5170.7, 1757.0)
L4{Left)= (x,y) = (5065.7, 2257.0)
L4(Right)= (xy) = (5170.7, 2257.0)
L5(Left)= (x,y) = (5065.7, 2757.0)
L5(Right)= (%) = (5170.7, 2757.0)
Suss Coater MIJ 603 develop
Microscope
Microscope pictures and dimension of Pillars
Recipe: #19 MTJ HR 130deg 15s_165deg 5s
Gun: 400W; +X00(mA; +350V/-3000V; 40 sccm
Ar . . B
Nordiko 7sop | VeU: 1XIOFFIwith dscom, 2x(0.224, 6 sceml | doe o o0l ases. Some pae ,
Table: 30 rom; 130 deg 15sec_165 deg Ssec might have ended-in Ru B EtCh I ng
pan g
Stop point: 1st Bottom Ta peak and Ru
Total time: 3100 sec
Microscope check for spark clusters /A
Elvira Paz 47



Microfabrication process INUG

NNNNNNNNNNNNNNNNNNNN

Lithography ARG oLod

RESEARCH INDUSTRIAL PRODUCTION
Direct Writer Laser (DWL)

Mask Aligner

Elvira Paz 48
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Microfabrication process ING

BER

Pillar definition - Ion milling ST

Secondary Ion Mass
Spectroscopy (SIMS)

Substrate Table

g Neutraliz

%

Ion Gun

2

y

/

Elvira Paz 49
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Microfabrication process
Pillar Definition - Ion beam Etching

INGs

RMATIONAL IBERIAN

NANOTECHNOLOGY

LABORATORY

Cap

Ru /nm
Ta 10nm

IrMn 5.5nm

RU 0.5nm
NiFe 16 nm

Ta 0.21nm
CoFeB 2.6nm
MgO ~1.2nm
CoFeB  2.6nm
Ru 0.85nm
CoFe 2.0nm

Ru 5nm
Ta 5nm
Ru 15nm
Ta 5nm
Ru 15nm
Ta 5nm

HAL 7 PP-EPD #13512

SEM : cls

7-300000

Substrate table oscillating to 250000

avoid side wall deposition o000

3—150000

f—moooo

Wi & F\l‘*\'*ﬂ.ﬂ.ﬂ.; ;—50000
'Mgﬁiyﬁqg'w'@'@‘@w 3
02:00 04:00 06:00 14:00

Time mm:ss

FChat /# Tz 4 Ru S Mg £ Co Fa o] Ir £ Cu £ Fe
Marker

P AN Fa E Pt

Elvira Paz
www.inl.int
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Microfabrication process ING
Bottom contact definition
flx) : HAL 7 PP-EPD #13512 SEM : cls
oe ”WWW UU u U m wwuu U
800—; :_12000
?00—5 \ :—10000

U
\M | ,l‘, I.. ’ “\ .Jw ML -

.-" Lot A-FHW‘ wm ! _0

10 00 15: 00 20: 00 25:00

Time mm:ss

Microfabrication Process of Magnetic Sensors
www.inl.int
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Microfabrication process |NE§~;~§
Insulating oxide deposition

RESEARCH INDUSTRIAL PRODUCTION

Plasma Enhanced Chemical Vapour
Deposition (PECVD) - SiO,

r — P

RF magnetron sputtering — Al,O5

Elvira Paz 52
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Microfabrication process ING
Via open - Oxide etching

RESEARCH INDUSTRIAL PRODUCTION

Ion milling - Al,O5 Reactive ion etching (RIE) - SiO,

f(x) : HAL 7 PP-EPD #13512 SEM : cls
1000 ‘( i ww \N VWV 5—2000
900 1800
800 5—1600
700 ;1400
600 571200
500 f—1000
400 E%OO
300 2400
200 5400
100 " J | ;200
0 ‘ : : : . : " i
00:00 05:00 10:00 15:00 20:00 25:00 30:00 35:00
Time mm:ss
tn

rrrrrr

Elvira Paz
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Microfabrication process INLE
Top contact definition

Thick metal sputtering

HAL 7 PP-EPD #13512

W
Wl

St o SRt e Pt

o bt :
15:00 20:00 25:00 30:00

SEM : cis
125000

20000

15000

10000

5000

Time mm:ss

Elvira Paz 54
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Microfabrication process

INGS

INTERNATIONAL IBERIAN

Pasivation AETE ot
Oxide deposition
flx) : HAL 7 PP-EPD #13512 SEM: ¢ls
1000 7-3500
900 -
3000
800 :
700 2500
600 :—2000
500-] r
400 :—1500
300 1000
200- ;
] [ 500
100 N
0= 7 71 L A A N LN — T T T T o 1 T |0
00:00 05:00 10:00 15:00 20:00 25:00 30:00 35:00 40:00 45:00 50:00
Time mm:ss
/;m;rt £ T / Ru Mg Fal=] & Mn r £ ou Fally] FaS Fal Fai | ] £t
Elvira Paz 55
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Microfabrication process
Process summary
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LAB

Elvira Paz
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Post-process treatment ING
Magnetic annealing

Required to:

® Set the correct crystalline
structure
CoFeB/MgO/CoFeB

¢ To control the exchange

1h, 330°C, 1T bias direction

Stk IOGOGTHI 1041 AM  Enct W8 Jokc SO0 1T B Commerts:
1

VO0W 00 10000 1Z3000  1E0000  1EA00 w000 1000 1500 1SHN DM 1EXNW

Elvira Paz
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Characterization
Transmision elctron microscope

Vias Top Contact Lead

Junction I\/’OUT

o Pillar

Bottom Contact Lead

Typical MTJ stack thickness ~ 150 nm
The stack is made of 9 different alloys/materials

HV curr WD mag B | HFW —— 10 pym —————
° | 25.00kV | 6.4nA | 42mm 4 000x | 37.3 um
MT)J Pillar
Top Electrode Insulation Layer Bottom Electrode
Elvira Paz 58
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Characterization INGE
Automatic probe station T
E "E W
'8

6mm

8000 TMR=174.5%

st Large Series of 1102
R [1 MTJ] =3.06 Q T

6000 [HZO] . Linear range : [-29 Oe : 20 Oe] 4mm IVI TJ S W it h a n a re a Of

dR/dH= 126.2 Q/Oe

L 100x100 um? each.

3000 T T T T T T
4400 -300  -200  -100 0 100 200 300 400

Measured Applied Magnetic Field [Oe]

7000 ~

Resistance [Q]

Elvira Paz
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MTJ after process

Uniformity

INTERNATIONAL IBERIAN

NANOTECHNOLOGY

LABORATORY

+2.57E+4

+2 41E+4

+2.24E+4

+2.07E+4

+1. 91E+4
R

+1.74E+4
x

A
Db um2] +1.67E+4
+140E+

+1,24E+4

+1.07E+4

+9.02E+3

-22083-17679 1327 BRE1 -4452 043 4366 8776 13185 17554 22003

.

257E+4

+241E 8

<2244

+207E+4

+1.91E+4

+1.74E+4

+157E+4

+1.40E+4

+1.24E+4

+1.07E+4

+302E+3

-22089-176.79 1327 8861 -44.52 043 4366 B7.76 131.85 175,54 220.03

Calibrated Field [Del

40 P @ RxA, Center @ RxA_ Center T
@ RxA, Centerremoved @ RxA  Center removed
20 d d ° o
@ RxA,,, Borders @ RxA Borders
@ RxA,, Bordersremoved @ RxA , Borders removed
0 T T T T T T T T T T
0 2 4 6 8 1012141618 2022242628 4050

RXA [kQ - pm?]

Uniformity = stdev/average * 100

50

0 10 20 30 40
\'—'299997 ‘ ‘ ‘ I b
) 4
. . 995 . . ]
1/c Uniformity: ;‘E 1 : 1
All 18.13% g :
. o
Filtered 13.02% ¢ ¥° ]
g 051 ]
1/c Uniformity: 3 :
120 4 % b
. o R,
All 18.61% % 100 4 FZARxA,,
Filtered 13.56% &
s
5
2
£
=
=

RXA [kQ - pm’]

Number of devices [#] Cumulative Probability [%]

0 20

40

60

80 100 120 140 160

o

©

©

©
L

£,

2R TMR

0 20

40

T
60

T T T T
80 100 120 140 160
TMR [%]

1/0 Uniformity:
All 9.85%
Filtered 2.36%

Not working

Not working some positions

Removed
Removed some positions
Working

Elvira Paz
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Part IV
MTJ stack linearization

Elvira Paz
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Magnetic sensors
Applications

INTERNATIONAL IBERIAN

NANOTECHNOLOGY

LLLLL

AAAAA

Why MTJ sensors?

¢ They work at room temperature

® No need of expensive shielded
rooms

® Low power consumption
¢ High output power

Magnetic Noise oc

FL Volume

6x4 mm? array of

1102 MTJs connected in
series with an individual
area of 100x100 pm?

m i

BN

H

Equivalent Field Noise [pT/Hz"’]

equipment

rooms

100 -

10

|

.
"nfﬁt

il P

T R | T
Bias Current : 3.551mA
Bias Voltage : 20 V
Applied Field : 0 Oe E
MTJ Series Resistance : 5632.2 Q ]

Noise spectral density
error after 400 averages
with a 2-c confidence (96.8%)

] sensitivity required w‘lﬂ"‘
1for Magnetocardiography

1
ii

1 Sensitivity required
1 for Magnetoencephalography

1

10 100

T TorrrTT LR | T
1000 10000 100000

Frequency [HZ]

1E-5

1 1E-6

1 1E-7

Voltage Noise Spectral Density [V/Hz"?]

Conventional SQUID sensors

® Requires expensive cryogenic

® Requires expensive shielded

Elvira Paz
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Magnetic sensors
Applications

INGS

INTERNATIONAL IBERIAN

NANOTECHNOLOGY
LABORATORY

Offset Corrected
XX Field Sensor Qutput [mV]
8 6 -4 2 0 2 4 6 '8

T T T T T T T T
-304 =5y 18
304 L L L' VBridge_SV
> 306 1 " "u, 6 s
-306 4 ! - J
ComboSensor Throttle  HVAC  Steering E ] s N £
Steering- Position  Sensor Sensor Fuel Level # S 3084 - P =
Differential torque : Sensor a | o 3 3 3
Non-Contacting S 3104 = s {2 25
Angle Sensor . o { = P © 0
Motor lﬂ ’ G 3124 —a =0 = o
Posion 1 7 2 . S 3
", o ] u -
Sensor S O -314 \ 2 _ ¢
= N | " Fa ] %
: . [
o -316 L9 " 14 £ 5
9 i l\.\ .,l’. O B
LL -318- pal BV L 16 T
> i
‘ > -320 T T T T T T T T = -8 ;
e -314 -312 -310 -308 -306 -304 -302 -300 -298

Cga\zé:»i: . Whgg:‘gop:eed - TypeII\I:ITJs Cap Type Il MTJs XX Field Sensor Output [mV]
sensor s ' | Why MTJ sensors?
WA%%'&?%%'JZS&“' il - i
Head"gm‘ o — ¢ They have a good temperature
fre W T ziayersar slayer s stability
® They are robust and reliable
devices
® |ow power consumption
¢ High output power
Elvira Paz 64
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Sample description
MTJ Stack

NNNNNNNNNNNN
NNNNNNNNNNNNNN
AAAAAAAAAA

Soft-Pinning Layer

Sensing Layer -

Tunnel Barrier

Reference Layer (SAF) -

Pinning Layer

The sensing layer and the soft pinning
layer thicknesses control the magnetic
linear range of the sensors ==

Changing the thicknesses we control
the sensitivity

3 Anisotropies involved:

® Magnetocrystalline: Uniaxial anisotropy (SL-Hk)
® Sensing layer soft pinning field (SL-Hex)

® Reference layer strong pinning field (RL-Hex)

Elvira Paz
www.inl.int
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Magnetic characterization
Characteristic fields

INC3

NANUTEEHNOLUGY

1.0
0.8-
0.6-
0.4-
0.2-
0.0

0.2

-o.4§

06-

AH

-0.8 .
-1.0 1 ~'—0-—-o—uu“0“:ﬁ‘.

SAF rotation

o.‘=l— ~.£

Normalized Magnetization [arb. units]

-1000 -800 -600 -4¢ HEX>00 0 200 2
Applied Field [mT]

600 800 1000

Normalized Magnetization [arb. units]

©c o0 o o o m
SO N b~ OO 0O O
Il I Il I Il I Il I Il I Il I

o o
DN
I I

PO O
o 0 O
| P |

- AH
Cc

—

AN
o

Applied Field [mT]

10

Elvira Paz
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2-step annealing process ING3

Process
AAAAAAAAAA

. i Second annealing
First annealing - <T<T
3300C 1T 2h|‘ BlockSL-AFM BlockRL-AFM

Applied field
X > Applied field PP A

—_—> SL-H.,, Y SL-H,,
—> RL-H
ex —> RL-H_,
1st annealing 2"d annealing S o e
Tunable linear ool I ——lfy
response of the £ oal |||} Lo Al e
sensing layer with 2 °°]
2 0.0 e %o
respect to the = N
external magnetic g o+ B
- S -0.6 J 4
field Z sl y ,
) _1_0_'&;&?-5? | | —fcrcils
Ij;—:, —3IOO —1I00 160 380 —3IOO —lIOO 1(I)O 3(I)O

Applied Magnetic Field [Oe]

Elvira Paz 68
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2-step annealing process INCH

Stack characteristics
Ruthenium Iridium Manganese Nickle Iron
5Ta/50 CuN/5Ta/50 CuN/5Ta/5Ru/17 PtMn /2 CoFe, / 0.85 Ru/ 2.6 CoFe B, / 5Ta/50 CuN/5Ta/50 CuN/5Ta/5Ru/ 17 PtMn /2 CoFe, / 0.85 Ru/ 2.6 CoFe,B, /| 5Ta/15Ru/5Ta/15Ru/5Ta/5Ru/20 PtMn/2 CoFe,,/0.85 Ru/ 2.6 CoFe, B,/
MgO /3 CoFe, B, /0.21 Ta/ 16 NiFe /t,, /5.5 Ir'Mn /10 Ta/30 CuN /7 Ru MgO /3 CoFe, B, /0.21 Ta/16 NiFe /t,, /10 Ta/30 CuN/7 Ru MgO /3 CoFe,B,, /021 Ta/t,, /6IMn/2Ru/5Ta/10 Ru
50 70 = 70 5 10T 110
'g "&—— Large Linear Response 'g . 0,100 \ - 100
B 40- F40 5 % \ 60 g% e -90
T i 50 . 50 T 897 80
g’ 30+ " Very Sharp response L 30 ? 40 4o g ;g: :;8 B
c at zero field g‘ = 'g E 50] 50 S
% 20 ~teo - o 30 ) (30 % 40 \- L40 T
% Not Linear %20_ 20 = 20 \.\ o
= 101 - i - 2 204 " T20
g B \>V/ \‘. ’ 21 . 10 £ 1o, ./ o Tt —— Lo
g 0 T T\? ? T/T 0 % o T T T ? T T T ? O GC) 0 ' ' J ' ' ! ' ' J J J O
» 000 005 010 015 020 025 » 45 50 55 60 65 7.0 75 80 * 2 3 4 5 6 7 8 9 101 12
t., [nm] tyr [NM] t,., [nm]
¢ The spacer Ru reduces the ¢ Exchange decreases with ® Changing the thicknesses of
linear range. increasing MnlIr thickness. NiFe and CoFe allows the
¢ Thinner Mnlr appears to be sensing layer slope to be
N better textured than thicker tuned over a large range.
oFe
NiFe tNiFe M n I rl
‘Ta  0.21nm
Elvira Paz 69
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2-step annealing process
Limitations

-l
VY
PR
]
I ATIONAL IBERIAN .

INTERNATIC
NANOTECHNOLOGY
LABORATORY

Free Layer Normalized Magnetization

¢ With the 2 annealing process we are not
taking into account the magnetocrystalline

1.0
0.81
0.61
0.4
0.2
0.0

-0.2-
0.4
-0.61
-0.8

-1.04

anisotropy.

® We try to linearize with a 3 annealing process
to control the 3 anisotropies independently

European patent: EP15171162.9

Applied Magnetic Field [Oe]

( .
Upon the first Upon the second,
annealing orthogonal
annealing
Linear range
double of Hs
Hs| Hf
) S
-300 -100 100 300 -300 -100 100 300

® Successfully lineared MTJs with
linear ranges > 60-100 Oe

Most demanding :f‘: : ‘I’Ooge
requirements Hf < 1 Oe

¢ Usually fails to meet the most demanding
requirements for sensing applications

SL-Hk Rot

>

TeiocksLarm TeiockrLAFM Temp

Elvira Paz
www.inl.int
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3-step annealing process ING

NNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNN
FOCESS T

¢ Different times, temperatures

_ : Uniaxial Anisotropy
and directions can be used to

induced during

control all the anisotropies of deposition
the stack
First annealing Second annealing Third annealing
(Teiockearm<T) (TeiocktarM<T< TgjockiBarm)
- - Applied field . :
> Applied field PP A ——> Uniaxial Anisotropy > Applied field
—— Uniaxial Anisotropy A Ton AFM —_— Uniaxial Anisotropy
—>  Top AFM P ——>  Top AFM
—> Bottom AFM 4 Bottom AFM T Bottom AFM
Elvira Paz 71
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3-step annealing Process
1st Annealing

NNNNNNNNNNNNNNNNNNNN

AAAAAAAAAA

330°C 1T 2hr

® To crystallize the CoFeB/MgO/CoFeB
To achieve a large TMR ratio

After 1* Annealing
104~ T T T — T T 7
{ —— X Direction ¢/'o/ 1
s ]

0.81 —— v Direction
v

0.6 1 y .
04 § ]
0.2 1 .

./;—/—é—é—é—ég

0.0

0.2 -
-0.41 -
0.6- aprtt ]
08 e ]

%00

] het
-1.0 —'-=o=s=s=585555§
i R

-10-|8-6-4-20246810
Applied Field [kOe]

Normalized Magnetization [arb. units]

SL-Hk Rot

|

TelocksLAFM TeiockRLAFM Temp

X

> Applied field

—>  RL-H,_,

Elvira Paz
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3-step annealing Process
1st Annealing

INTERNATIONAL IBERIAN

NANOTECHNOLOGY
LABORATORY

After 1° Annealing

330°C 1T 2hr

® To crystallize the CoFeB/MgO/CoFeB
® To achieve a large TMR ratio

—_——

0.6-
0.4-
0.2-
0.0-

1.0—"'|'3.'t. <
1 irection ~

0.81 —— v Direction 7

5

il

;75—6—6—5.:

0.2
-0.41
-0.61
0.8
11,0 Jmnespme=ent?

s 5.5'85’09

ey ©

o4 o
o oo°
o o o°

® g0

-10 -8 -6

Normalized Magnetization [arb. units]

4 2 0 2 4
Applied Field [kOe]

8 10

SL-Hk Rot

Normalized Magnetization [arb. units]

After 1°' Annealing

1.0 7 7

0.61
0.41
0.2
0.0

—— X Direction
0.81 —— v Direction

T
)

|

i)

I
I

-0.2-
0.41
-0.6-
-0.8-

-1.0 _-‘—o—o—c—-

200 -150 -100

50 0

50

100 150 200

Applied Field [Oe]

>

TelocksLAFM TeiockRLAFM Temp

X

—

e
e

> Applied field

SL'Hk
SL-H,,
RL-H,,

Elvira Paz
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3-step annealing Process
2nd Annealing

NNNNNNNNNNNNNN

Taiocriarm < T < 275°C (270°C 1T 2hr)

¢ To rotate both AFM without rotating the SL-Hk

Temp: - Above the block temperature of the reference
layer AFM
- Below 275°C at which the magnetocrystalline
anisotropy rotates

After 2™ Annealing
104 T T T 1 T T 7&— R
{ —— X Direction /-7 ]

0.81 —— v Direction ,&co/g
0.6 7
4

0.2

0.0
-0.2-

0.4-

_0. 6 T pﬁ‘go@'@si

-0.8 —- .8'8%%:“..
07 y

= 1 . 0 T =8=c—o_555@99

-10 8 6 4 -2 0 2 4 6 8 10
Applied Field [kOe]

Normalized Magnetization [arb. units]

HEx A

|

TelocksLAFM TeiockRLAFM Temp

Applied field

Y

A

T RL-H,

Elvira Paz
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3-step annealing Process
2nd Annealing

INC3

NANUTEEHNOLUGY

¢ To rotate both AFM without rotating the SL-Hk

¢ Temp:

layer AFM

- Above the block temperature of the reference

- Below 275°C at which the magnetocrystalline

anisotropy rotates

SL-Hk Rot

L,

After 2nd Annealing

TelocksLAFM TeiockRLAFM Temp

)
) After2 Anneallng "é' 1.0 —°—IX bir(laction I
= 1.0 e e e - :
:Cs 0 8_ —X D|reCt|0n /é. = ] ; 08__ —0—Y Dlrectlon ';0? F: . .
S ge] e = g 061 ¥ 1 Applied field
S 04l = 041 ' ] A ——> SLH
2 0.2- 5 027 i
S o0 N 00 SL-H,,
2 0.2 2 .0.2- - Y
c;u” 0.4 _,§ § 04 i
-0.6 g 1
5 007 o -0.6- - RL-H
N -0.8- ! 3 . ex
c—EG -1_0_-=?=5_?-—5555?gg . I I I g '0.8_- a
= -0 -8 4 2 0 2 4 g 1L04——— R
= Applied Field [KOe] = -200 -150 -100 -50 O 50 100 150 200
= Applied Field [O€]
Elvira Paz 13
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3-step annealing process NG
3rd Annealing

Teiockst-arm < T < Tgjockrr-arm (150°C 0.02T 1hr) ™1

¢ To rotate SL AFM without rotating nothing else SL-Hk Rot

¢ Temp: - Below the block temperature of the reference layer AFM
- Above the block temperature of the sensing layer AFM

Field: Enough to rotate the sensing layer

>

TelocksLAFM TeiockRLAFM Temp

~ . After 3" Annealing
210 T o T ] =]
= { —— X Direction /%?7 ]
S 0-8‘_ —— Y Direction _g@/g ]
2 0.6 7 - X
@ ] 7 ] . .
S oa ] > Applied field
2 0.2
cU i
E 0.0
@ -0.4 7
gosf ) | RL-H,,
—c -0-6 N '0‘8'9 '..‘ .
] OF 88 4
(¢§) .O,g,o.'.
N -0.8 8.889-‘. 7
C_EU 10 -F=O—o—o_ﬁcgac ‘
= 10 -8 -6 -4 2 0 2 4 6 8 10
=

Applied Field [kOe]

Elvira Paz 14
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3-step annealing process INGH

3rd Annealing
Hex A
TBIockSL-AFM <T< TBIockRL-AFM (150°C O'OZT 1h|‘)
¢ To rotate SL AFM without rotating nothing else SL-Hk Rot

¢ Temp: - Below the block temperature of the reference layer AFM
- Above the block temperature of the sensing layer AFM

® Field: Enough to rotate the sensing layer >

TelocksLAFM TeiockRLAFM Temp

iy After 3" Annealing

T After 3" Annealing E 1.01 _,_I X i:)ir(lactilon L I ,=8=é=é=1
E 1.0 I X ||3 i I I i =) 8- . . & ]

= { —— X Direction Z 1 . Y97 ——Y Direction &

- 0'8'_ —— Y Direction O ] $ ]
2 06 :);,“’p = 0.67 / _ X | |
S o4l F’f = 0.4] ] > Applied field
c V7 S ] ]
S o] 2 0.2 ,, - -
7 02 g ] | . —_—> SL-H,
N 0.0 N 00 —

o -0.21 8 021 ] SL—HeX
c;u” 0.4 @ § 04 i
8 -0.6'_ p'g:g;f'i“, - -0.6 i RL_ HeX
N -0.84 08'35" O] |
S o= | N 3 o8 -

S 10 8 6 -4 2 0 2 4 e 101" —]
= Applied Field [kOe] = -200 -150 -100 -50 O 50 100 150 200

= Applied Field [O€]
Elvira Paz 14
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2-step vs 3-step annealing process INCH

Magnetic behaviour prEeHoLoet
‘v 10T T T T D T e w10 — T . e
= ]|—— 3 annealings S = ||—— 3 annealings eastiE st
5 0.84|——2 annealings S 0.84|—— 2 annealings 5
S 06 Fpm 2vam 3w S 06 Fpm ziam 3pm £ ]
E 04 a k) b o
— 047 330°c 270°C 150°C — 047 s330°c 270°C 150°C § & .
S o] 1T 1T o002T S gp] 1T 1T o002T $ 7 ]
= 2hr  2hr 1hr = 1 2hr 2hr 1hr # j
N 0.0 N 0.0
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2-step vs 3-step annealing process
Temperature behavior
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2-step vs 3-step annealing process
Transfer curves
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3 Annealings

2 Annealings

thire 4 nm 8 nm
tr 0.2 nm 0 nm
200 L i —— —— —— T T T T T
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180__ —— 2 annealings
160 - 1Ann 2" ann 39 Ann -
J . /
140 1 330°Cc 270°C 150°C j
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120 1 2 hr 2hr 1lhr
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Good linear response from
micron to nano devices

Journal of Applied Physics, 115, 17E501 (2014)
Nanotechnology, 27, 045510 (2016)
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MTJ stack INL""",'};

Descri ption mgggsﬂcvmmuav
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MTJ after process
Electrical properties
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I !
pH (UT)=0.9+416.9x |

Gauss Probe vs MTJ Series
e 102 10° E - - -
Gauss PrObe :_—;D.loo [
-200 ]
-300p 10°F E
-400 —(;.8 -0..6 -d.4 —0..2 0.0 0j2 0j4 OjG 018 e ,. ]
Current (A)
li\ [ e
=, 107}k I E
1000 ™ hs=4MA = F | 3
ol =5mA I
O I, =8mA 88 = ] L
- S g 8L ./m i
MTJ Series 32 g 107 . =
§ 10¢ o
> =]
10-9 ’9 . .“““IB . ...““I7 . ...““IG — 5
. . . . . 10 10 10 10 10
1E-10 1E-8 1E-6 MOHAC (T)
oH A (T)

Difference between magnetic field measured by the gauss probe and by the
series is of the order of 25%, due to:

¢ Uniformity of the field

¢ The positioning and area of the MTJ series is not exactly the same as that of
the gauss probe

Elvira Paz 22
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MTJ after process ING

Electrical properties e

TMR = 170%
RxA~30 kQ - um?

The TMR dependence with
bias voltage is negligible up to
Vbias =50V (Ibias =10 mA)

Linear response of the sensing layer with respect to the external magnetic field

6 —r— — f (Hz)
o / 160 200 f=196 Hz 10°
V4 L — [15) £T T T E
= G N 10°F 1
o ~ I E 2 2
< 3 elR eV, < V5 .1
5 —/ . x S 10°F ] | =50mA . 52 _ coth bias bias =
“ © o 107 L’ bias ~ o v =—g 2NkgT NA f
300 0 300 o . O’f
[ H (uT) | = /‘ 107 5
524KQ 129 Q/uT = <) - =
- 411 ,f Fitting a 1/f 10_7 n . 5
14 - 1 > White Noise a(H—O)—8.32-10 pm
L 4 = 9.85 nV/HZ*®
— o — — 10 z /985 nViHz e
-ax10* O 1x10* -1x10° 0 1x10* 10" 102 10° 10°
HoH (uT) HoH (1) f (Hz)
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MTJ after process
Noise measurements
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MT]J sensor

Il:)ias

Spectrum Analyzer

el =

Low Noise Amplifier

An AC magnetic field induces an AC magnetic

excitation s R__

DC bias current (I,,,c) through the MTJ to
measure the ACV,, :

vout (f, H) = Rac - Ibias

Reference measurement is acquired without
AC field applied

Electrical noise from the circuit is substracted

® The Spectrum analyzer input must be protected from the large sensor V..
¢ AC Coupling, only AC components of the sensor output reach the spectrum analyzer

¢ No amplification: G = 1

Elvira Paz
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MTJ after process
Noise measurements
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® Zero static fields (Hp-=0) . 4 A th <e is dominated b
<4 m noise i min
e 0.1mA<I,. <10mA bias € holse 15 dominated by
o the noise of the acquisition system
¢ AC magnetic field at a frequency of 196 Hz o1 4 mA th _ £ th ¢
~>4 m noi em
e 4.1 nT < MyHue < 1.6 pT bias € noise of the sys
becomes dominated by the MT]
series 1/f noise
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——~41.0nT ~ o N
210"t — —16.4nT ﬂ \’j\ ligs T L »
O = ﬂ U, 10° I = 400p e
F —~i.in$ 2 N"\'h‘\”ﬂm\ b 2
10 —~4.1ln ﬂl > 3
Maad{ 107 @ o 200 ® 115pT/Hz*
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/98 NV/HZ®® '
1 . 1 . 1 . —— —— ——— —— 10'8 o . 1 . 1 . 1 . 1 . 1
160 180f ] 200 220 0 10 10 10° 0O 2 4 6 8 10
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Dependence of the minimum detectable
field on I,;..:
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