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*-Mapa drogowa spintroniki

*-Cco howego w urzgdzeniach

» gtowice TMR/HDD

* pamieci operacyjne STT-RAM

* nano-oscylatory mikrofalowe STO

*-Technologia magnetycznych nano-ztacz tunelowych (MTJ)
* nanoszenie ukfadu wielowarstwowego - sputtering
- elektronowa litografia

*- Spin transfer torque
* Przelaczanie pradem spinowo-spolaryzowanych elektronéw (CIMS)

» ST- oscylator
@ Podsumowanie

* Projekt SPINLAB
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Dlaczego spintronika jest wazna? LAB

Metal

Spintronics
MRAM + Circuit Technology

SPINTRONICS

Semiconductor
Spintronics

iconductor [ ynetic Recording

Magnetic Sensors

NANOTECHNOLOGIA
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Magnetoresistance Device applications
MR ratio (RT & low H)
Year HDD head
ed AMR effect Lord Kelvin
1857 MR =1~4%
N
1967 ™ Indhuct(ijve
ea

1985 GMR effect

MR = 5~15%
1990

MR head
TMR effect .
1995 | MR = 20~70% A Fert, P.-Griunberg
1906 - J.Barnas
T. Miyazaki, J. GMR head J. Slonczewski, L. Berger
2000
Memory
Giant TMR effect TMR head '
2005 ‘MR = 200~1000% MRAM Novel
devices

2010 MgO -TMR head Sp|n Torque

\ 4

MRAM

Microwave etc.
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Ferromagnetic-electrode 1 Ferromagnetic-electrode 2

Assumption: tunneling of up- and down-spin electrons are two independent processes, so the conductance
occurs in the two independent spin channels.

_ (D (Er)-Dgy(EF) )
(DA(EF)+ Dl (Ep) )

MR = (Rap-Rp)/Rp=2PP /(1-P\P,) By

Spin Polarization P
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AGH Green IT
Memory configuration Memory configuration
in present system with Nonvolatile RAM
cpu  Databus ROM Nonvolatile
Controller RAM

Data transfer

Normally OFF
instantly ON

Fig. 2. Nonvolatile RAM application in I'T equipment.

R. Takemura et al. IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 45, NO. 4, APRIL 2010
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Areal Density Megabits/in?
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HDD- head
AGH

MgO-TMR head for ultrahigh-density HDD

Wafer of MgO-TMR head
J. Kanak

MEM Cut

—

Inte-
gration (O

Inte-
gration

¢ Volume production since 2007.
# Density up to 350 Gbit/inch? commercialized.
¢ Applicable up to 1 Thit/inchz2,

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Magneto-Resistance M RAM m B
R

J e
| » E Magnetoresistive Random Access Memory (MRAM)

Bit Line
MTJ

Fixed Layer ine
3 747_| | Word Line

| 4—
—

I Isolation i B — .
Transistor [ ot JPN\_ n"
= o CMOS ' _
, Freescale's 4 Mbit-MRAM
Cross-section structure based on Al-O MTJs

Volume production (2006)

Non-volatile, high speed, infinite write endurance, etc.

High-density MRAM is difficult to develop.

2008 —japonski satelita byt wyposazony w pamie¢ MRAM w miejsce FLASH

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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AL STT Write Mechanism

Pioneer in STT-RAM Technolog

e Spin-transfer torque writing

— Uses spin-polarized current instead of c"mm\ “4” or 40"
magnetic field to switch magnetization of Bit line
storage layer

— Has low power consumption
and excellent scalability

__",/— Storage layer

MTJ (magnetic oo i MN <—— Barrier
tunnel junction)

s Reference layer
(spin filter)

Selection
transistor

—| Source line

100Mb/cm?
=)
[(—— |

High resistance

MRAM—/

STT-RAM
Joo=1.0 x10¢ Alcm?

Low resistance ____.—-‘

Current (uA) 50 100 150
Magnetic Cell Width (nm)

Write Current (mA)

Resistance (k Ohm)
O = N W & O OO0 N @
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STT-RAM versus Conventional M'RAM EHAQ‘QQ|5

Pioneer in STT-RAM Technology

Conventional MRAM Cell

20-30 F- STT-RAM Cell
Cladding ems VL L e Dy 2SS Line ——
—MTJ
Landing
—— Pad

| Source rain

Si substrate

SOUrce 1

Si substrate

Write Word Line

Write Current: 1I,~ 1/ Volume I, ~ Volume
Key Advantages over conventional MRAM:
e Excellent write selectivity <— Localized spin-injection within cell
e High scalability <— Write current scales down with cell size
e Low power consumption <— Low write current (<100 pA)
e Simpler architecture <— No write line, no by-pass line and no cladding
* Faster operation <— Multibit (parallel) writing compatible
© 2010 Grandis Corporation 4/12/2010 8
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AL MRAM example

« Existing MRAM — up to 64 MB capacity
» Obstacle — critical current density

> SyF

Toshiba, ISSCC conference (2010)

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011



Katedra Elektroniki, Akademia Gorniczo-Hutnicza

Memory Technology Comparison

Pioneer in STT-RAM Technolog

Flash Flash STT-
SRAM | DRAM | oo | \anpy | FERAM | MRAM | PRAM | RRAM | O
Non-volatile Mo Mo Yes Yes Yes Yes Yes Yes Yes
Cell size (F2) | 50-120 | 6-10 10 5 15-34 | 16-40 | 6-12 | 6-10 | 6-20
REE[‘:;;“‘E 1-100 30 10 50 2080 | 320 | 20050 | 1050 | 2-20
i 1us/! | 1ms/
Write | Eraseig 00 15 i ™\ snrs0 | 320 |sor/120| 10-50
time (ns) 1M0ms | 0.1ms
108

Low

Write p h._u: Low

Refresh

" MNone None None None N{mﬂ y

3V
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MRAM vs. Semiconductor RAMs

STT-RAM Cell

6 F-

l— S MTI

e

SOuree

Si substrate

Tech

Node $80 B
54 nm
Cell Size $25B
$50B Marke
$15B
45 nm Market
$8B
32 nm
22 nm $108 $0.5B
2011 2012 2014 2016 ’
54 Mb 16b 2/4 Gb /8 Gb > 16-256 Kb 16Kb-64 Mb 16Kb-64 Mb 16Kb-—64 Mb
Density Density
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Intensified Worldwide Interest in STT-RAM Eﬁ'ﬁ;i';lﬁls

Pioneer in STT-RAM Technology

Jun. 2009: NEC tips new MRAM technology using STT at VLSI conference, N Ec
expects it to be scalable beyond 55 nm process

Oct. 2009:  Crocus Technology announces it will transition to STT-RAM from -
its existing heat-assisted TAS-MRAM in 2010

Nov. 2009: Korean Government updates on progress of $50M I/l -
STT-RAM program with Samsung and Hynix, installs l/I Vl I X
Wenii 1i10s W
[ H‘-t\

300 mm STT-RAM facility at Hanyang University

Dec. 2009: TSMC and Qualcomm describe 45 nm low power

embedded STT-RAM process and design at IEDM QUALCOIVW\

Dec. 2009: Also at IEDM, Hitachi & Tohoku University present

MTJ SPICE model, and Intel presents design space study HITACHI ( i ntel

and requirements for STT-RAM in embedded applications  Inspire the Next

Dec. 2009: France launches €4.2M SPIN project with 11 partners including LETI,

Spintec & Crocus, one of project goals is to develop magnetic FPGAs :
Jan. 2010: Everspin introduces 1 Mb MRAM for RAID storage applications EVEF#P_SPIN
Jan. 2010: Toshiba achieves 9 A switching current in perpendicular STT-RAM TOSHIBA
Feb. 2010: Toshiba describes a 64 Mb STT-RAM using perpendicular MTJs O
and 65 nm CMOS at ISSCC conference, Fujitsu also presents a paper FU] ITSU
© 2010 Grandis Corporation 4/12/2010 23

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011



mmm Katedra Elektroniki, Akademia Goérniczo-Hutnicza Spiﬂé

AGH
Cele

Optymalizacja struktury warstwowej magne-
tycznego zlacza tunelowego pod katem zjawiska
spinowego transferu momentu pedu (STT).

Wytworzenie tunelowego magnetycznego nano-
ztacza dla zastosowan na komorki pamieci STT-RAM
| ST-oscylatory.

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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TMR ratio of MTJs with an MgO barrier ~ @RIEC MR ratios up to 1,000% at RT

Tohoku University
S.Ikeda et ai., Appl. Phys. Lett., 93, 082508 (2008).
Jiang et al., Appl. Phys. Express, 2, 083002 (2009).

1994 1996 1998 2000 2002 2004 2006 2008
Year A 107 15.5 44 . 0.36 0.88 1.2
B 47 6.9 46 .‘».2 007r |06 1y 18

RA-P and R.*\-.Wu'cd m parallel and dptiparallel oZientation
of magnetizations of Treeand pinned layer, respectively

P. Wisniowski, J. Kanak, et al. J. Appl. Phys. 100 (2006) 013906
J. Kanak, et al. Vacuum 82 (2008)1057

o0 L
5 | MgO-barrier MTJs: 500%
I— - :
i Tohoku Hltachl $1010 /@5K)
S 400 I Y R S B Y A 1,
g mEn Table 3
2T Aveviaa st (g aist RA, TMR and H,, of MTJs with ALO and MgO barrier
= I e I
) i i i B " i BulTer AIO MTIs MO MTIs
100 | AlLO,-barrier MTJ f e
| " @RT RA-P A-AP - TMR M,  RA-P A-A M
o Limm L (MO um™) AMQum) (%) \ (kA m) (MQum?) Nﬂumi (%) 1|u\ m)
28
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Barrier quality LAB

XRD - rocking curve

AGH

4— soft electrode + Ta capping 4000 00
—a
B A— AlOx. - barrier | b ‘\‘ ‘\
4— reference — layer (IMn/CoFe-AAF) 3000 4 IrMn(111) M
§ ] Nt Vs
I 0
c
3 2000 A
4—— Ru30 ~
.t“%
C
[J]
€ 1000 -
44— Tasb -
O 1 1 T T T T 1
0 5 10 15 20 25 30 35 40
 [deg]
silicon oxide
XRD - pole figure
a) b)

a) RMS = 0.3 nm b) RMS =0.6 nm

a2_m-IrMn[11 b2_m - IrMn[11
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6 Target, 4 Inch Automatic Sputtering System §

Wafer Load-Lock and Handling System s v % Wafer
— m 11 oputter C |
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*-Technologia magnetycznych nano-ztacz tunelowych (MTJ)
* nanoszenie ukfadu wielowarstwowego - sputtering
- elektronowa litografia

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Sputtering deposition LAB
AGH
Singulus TIMARIS J- Wrona

Oxidation Module
Low Energy Remote
Atomic Plasma Oxidation;
Natural Oxidation;
Soft Energy Surface
Treatment

Multi Target Module

Top: Target Drum with 10
rectangular cathodes; Drum
design ensures easy
maintenance;

Bottom: Main part of the
chamber containing LDD
equipment

Soft-Etch Module
(PreClean, Surface

Treatment) Transport Module

(UHV wafer handler)

Cassette Module
(according to
Customer request)

Ultra — High — Vacuum Design: Base Pressure < 5*10° Torr (Deposition Chamber)
High Throughput (e.g. MRAM): 9 Wafer/Hour (1 Depo-Module) Courtesy of
High Effective Up-time: 18 Wafer/Hour (2 Depo-Module)

SINGULUS u

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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m JU Linear Dynamic Deposition (LDD) LAB

Advantages:

AGH
Target Drum §

Targets

*Short Target-Substrate Distance:

Good thickness uniformity and coating efficiency
*Thickness adjusted by wafer speed:

Precisely control & repeatability

Wafer - Leakage field of cathode parallel to wafer travel
direction:
- ldeal symmetry for magnetic film applications
4 - Stationary Aligning Magnetic Field (AMF):

- AMF can be optimized with cathode

Sputter Target ] H
Deposition Area
il LR
Yoke — ) == — " L Yoke
S N

- t\‘ N /' ,,/ \\‘ ‘\ ,/J P

Wafer Travel \““}]1;_4; - B {\:\;M/[s}’/
o Wiqning magnetic fied o I{f[lr[}[cour‘tesy Of
SINGULUS n

23745

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011



-
r"«.

UV

A7)
O

“] Katedra Elektroniki, Akademia Gorniczo-Hutnicza

Wedge technology LA

constant velocity gradient

\ 4

wafer velocity

A

1
1
lLa
€
1
1
1
1
1

. deposition area

start
velocity

e _____N__

N

* base pressure: p,< 5x10® mTorr "
P Po position of the wafer

* MgO - 4kW, rf magnetron sputtering,
variable Ar pressure 1 — 15 mTorr

* CuN - 4 kW, reactive (Ar+N) magnetron dc

*Ta,Ru,CoFeB - 1.5 kW magnetron dc

Sputter Target target

J. Wrona, T.Stobiecki et al. J.Phys. Conf. Ser. 200, (2010).

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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m IJJ Multilayer stack LAB

 MTJ stack deposited in Singulus
 MgO wedge thickness: 0.6 nm up to 1Tnm
(slope 0.017 nm/cm)

-4-RL

Wafer characterization microstructure — XRD, AFM
 electrical, magnetic: TMR, RA, MOKE-loops

-PL
4 AF

Nanopillars
» 2 step e-beam lithography,ion etching, lift-off
\'A

Si/SiO,

W. Skowroriski

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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MgO thickness (nm)
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*- Spin transfer torque
* Przelaczanie pradem spinowo spolaryzowanych elektronéw (CIMS)
» ST- oscylotor

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Spin Transfer Torque LAB
AGH
Unpolarized Polarized Transmitted
electrons electrons electrons
Electron y
flow |
LG ¢ (11 o
— —> —
Polarizer P Free layer M
: Local magnetization
Conduction Electrons Transfer of transverse
m
transmitted moment m
incoming =
OF Torque
(Spin Torque ST)

ST tends to align M (anti-)parallel to P

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Spin Transfer Torque (STT) LA

AGH
L(andau)L(ifszic)G(ilbert)S(lonczewski) dynamics
M,, m,- FL magnetic moment
1 dm a dm . -
7/. dtz _ Heﬁ X 1, + ]/mz X dtz M;, m;- RL magnetic moment
0 0 Slonczewski ‘96
1l d o d h
- m2 :Heﬁpme—l_imZx m2 +peﬂectiveJ ( ) (mZX(mZXml))
Yo dt Yo dt et M
Heff
M, (fixed) A (mX(M,<H))

« negative dampinga »

I > 0 favors P state

‘/4 [ < 0 favors AP state

Spin-Transfer Torque amplifies
/ precession motion!

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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(i) (AB
e STT - CIMS

Spin Transfer Torque— Curent Induced Magnetization Switching

Moment in an applied field along z with no anisotropy

a b Low current C High current, d High current,

) —damped motion —sslable precession —swilching
Applied field

Initial
Magnetization |

| = l¢itical

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Micromagnetic SW|tch|ng (OOMMF) LAB

=4> mmGraph

AGH

1

| Oxs_TimeDriver:imx I

M. Czapkiewicz

S=D0 So=

|

0 Oxs_TimeDriver:: Simulation time (s) 3e-09

=7 mA, P=0.7 a=0.01

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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m ]JJ Static measurements LAB

AGH Skowrorski et al. JAP 107, 093917
_ (2010)
« Standard TMR, I(V), dI/dV in 700 . . . .
L . . ] I |
magnetic field using quasi-DC = 600 _ 7
methods S . .
~ 500 — ]
« CIMS - down to 1 ms length % : / Mgoo%* .
% 400 4 - Dparrallel ' —
pUlSGS g - - antiparallel RA = 6.3 Ohm*um?® 4
X 300 — TMR = 160% |
200 | T | T T | T |

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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m IJJ CIMS measurements LAB

AGH In (t /t)
p 0
: 0 2 4 6 8
* results of MTJ with 0.96 nm 20— .1.0.1.2.1.4.1.6.1.8_
thick MgO barrier _ :g ;
« J_, estimation E sf . s s g ]
c0 < of W JAPwP h
£ 5- ® J PtoAP o
m _)0-10M ]
T T 15 F ]
Jc:‘]col_ B In(Pj 7)) U T T TP TP S SR TP TP S
CMSV TO T ' T ' T ' T v T
1000
A 4 _
Stability factor | AP —» P P—» AP _g
O 800
[Mj 36+7 | 35%11 @
2657 ) oo S 600
2
w >
(w} 30 &
2kBT Calc

Skowronski et al. JAP 107, 093917 (2010)
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AGH
J = 2e@u Mst, (Hext tH, =+ Hd)
cO h.
7= 2
2(1+ p® cos 0)
_J TMR
P 2 +TMR

W. Skowronski , T.Stobiecki, J. Appl. Phys. (2010), 093917

2.
J, [MA/em’]

oL, (x 107)

Katedra Elektroniki, Akademia Gorniczo-Hutnicza

Jo, exp
Juop

JCO theory:'

4 > o =

J'CO theor;g

. , :
0,7 0,8 0,9
MgO [nm]

07 08 09
MgO thickness (nm)
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m ]U Measurement setup for spin dynamics LAB
AG H Freq sweep

2-10 GHz
1 GHz generator

Bias t‘ELﬂA + AM N W. Skowronski

360
'ﬁl"a

Lock-in
amplifier
« MTJ sample placed in the magnetic .
field and tilted by a certain degree ;':'\_R:;l"%z 3
. Amplitude modulated RF signal 280  Angle 60"

supplied to the MTJ through a bias
tee

« Small DC signal measured using
lock-in detection

Ref
8kHz

w
N
(=]

Resistance [Ohm]
o N N

(o2} o S

S O
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Nanopillar with coplanar wave guide
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FIG. 1: ST-FMR spectra measured with different external
magnetic field applied.

W. Skowronski
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STT oscillators o -
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Parallel torkance vs. MgO thickness
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Podsumowanie
AGH

 Z sukcesm wytworzono nano-ztagcza tunelowe z
ultracienka barierg tunelowa wykazujace efekt STT.

e Zademonstrowano:

* przetaczanie magnetyzacji pradem spinowo
spolaryzowanych elektronow (CIMS) w komorce
pamieci STT-RAM

« oscylator na czestosciach GHz.

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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Krajowe Centrum Nanostruktur Magnetycznych do Zastosowan w
Elektronice Spinowej - SPINLAB

*@'lb- ‘ !I’ Stanowiska do osadzania warstw metodami epitaksji z wigzki molekularnej, ablacji laserowej, oraz
osadzania z wykorzystaniem dziata jonowego

mmm ‘!I Wyposazenie laboratoriow przystosowanych do pomiaréw strukturalnych (dyfraktometria
' rentgenowska, mikroskopia sond skanujacych) - (T. Dietl, T. Baczewski, T.Stobiecki))

@ Uktad do czasowo-przestrzennego badania magnetycznych wzbudzen technika rozpraszania swiatta
= Brillouina (A. Maziewski)

@ Femtosekundowy laser i kriostat z nadprzewodzacymi magnesami do badar magnetooptycznych (A.
Maziewski)

mmm Zestaw pomiarowy do charakteryzacji wiasciwosci nanostruktur i nano-urzadzen elektroniki spinowej
acd  w warunkach statycznych i dynamicznych (T. Stobiecki)

szerokopasmowego rezonansu ferromagnetycznego i impulsowej magnetometrii mikrofalowej (F.
Stobiecki)

Mikroskop PEEM-LEEM (Photoemission Electron Microscope — Low Energy Electron Microscope)
zapewniajacy obserwacje z wysoka zdolnoscia rozdzielcza , a w potaczeniu z uzyciem
promieniowania synchrotronowego pozwalajacy na uzyskanie magnetycznej i czasowej
rozdzielczosci, a takze selektywnosci chemicznej (J. Korecki)

@@ Stanowisko do badania dynamiki namagnesowania nanostruktur magnetycznych przy pomocy

Tomasz Stobiecki, AGH WFilS, Krakow 1.04.2011
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