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PVD (Physical Vapour Deposition) can be described using
four stages

1" - Vapour phase creation
(Thermal, kinetic or electromagnetic energy transfer).

2" - Transport of the vapor to the substrate

3" - Film growth on the substrate
(Surface construction)

4" - Film Analysis

(in-situ or ex-situ)
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* This 1s an empirical approach to the deposition process

* We can use 1t because 1t's possible to create the
conditions where these stages are weakly dependent on
the others

* It’'s easier to control the whole deposition process 1f we
can 1solate and treat as independent the fundamental
parameters of each stage

OPERA 3
15.06.2023



Usually we classify the vapour phase creation in two main groups

» Thermal Evaporation
Materials are heated in vacuum until its pressure is higher than the
environment pressure
Ex: Evaporation, e-Beam evaporation, MBE (Molecular Beam Epitaxy)

» Sputtering
- Tonic sputtering: high energy ions collide with a surface and sputter atoms
from that surface
Ex: Diode, Magnetron, lon-beam
- Laser sputtering (PLD, Laser Ablation): high energy and very short (~ 25
ns) laser pulses are focused on a surface
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PLD — Pulsed Laser Deposition

Oven

Target
Spinning

Plasma
EQ /

Substrat
) .
x
W

Laser pulse focused on target
e A= 246 nm (Kr:F laser)

* At = 25ns

« F~5 J/cm?

e P =2x10% W/cm?
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PLD — Pulsed Laser Deposition

David B. Geohegan, Appl. Phys. Lett. 60, 2732 (1992)

Target

|
|

LY

substrate

|
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100 Fl-_drr
Oxygen

11T R

0.5 us

FIG. 1. ICCD photographs of the visible plasma emission (exposure times 20 ns) following 1.0 Jem~? KeF/YBCO ablation into [(a)-(f)] 1X10°°
Torr and [(g)-(1)) 100 mTorr oxygen at the indicated delay times from the arrival of the laser pulse, The 0.2 cm x0.2 cm 248-nm laser pulse irradiated
the YBCO target at an angle of 30" as shown.
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Ionic sputtering

Ionic bombardment
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Ionic sputtering

Electric discharge regimes
dark discharge glow discharge arc discharge

townsend regime
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1. Vapour Phase

rf - Ionic sputtering 28 Ty

2.4 |ICHARACTERISTIC

20 - EXCESS
i ELECTRON
* We use 13,56 MHz to create a glow dischargeina 2 [ -
- —~ 08 P~ |
low pressure gas (~10-3 mbar) E L ;
 To minimize unwanted chemical reactions weusea 3 . ——f--———- .
1 D8 j= ' > CURRENT
inert gas (Ar, Kr or Xe) s R o T y
B eq e 1 | 1
* Due to the much lower ion mobility, compered to 7° 70 o 0 VvorTAGe
electron mobility) the rf negative cycle is not (a)
neutralized = a negative voltage appears at the  :I[
target surface = this 1s the accelerating potential oo
—_— 1 ™
needed for ionic bombardment g at ZERO NET
* rf rectifying effect E o4 b
! \J
- B :
» This means that we can sputter insulators ! —
A2 - . RF SIGNAL
as well as metals R e
(b)
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rf - Ionic sputtering

] Cathod ...
RF power in ——2—] f— SO2 line ”
(13.56 MHz) :
T/ | T, :
g % Generator | o _:@ia@ﬁm,'
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I I S . S | [ ¢ | Plasma and
— A—-l Target SO, = - | l r :boundarics
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/ | - :
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.I. | Y |
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3 l 1 Cs= |
| |
[ i B i s ]

Target thickness =0.25 in. - s co
Ttgdm«-éjm RF choke e Substrate holder

1
Substrate holder diameter=9.0 in. I
X . + |
Electrode =125 in. | Stray
ectrode spacing i DC voltage meter : apodonceI 1 : Sebstrate
) : L |
Figure 1 Experimental system for rf sputtering with sub- b e e b
strate tuning. Figure 2 Electrical model for experimental system.

J.S. Logan, IBM J. Res. Develop., March 1970
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rf - Ionic sputtering — planar magnetron

’ Clhick to play animation
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rf - Ionic sputtering

Sputtering yield

y — emited particles Mm Eng

.. ; a
incident ion (M+m)?2 Uy

were M = target atom mass
m = incident ion mass
E, = ion kinetic energy
U,, = target binding energy
a = constant (geometry dependent)

»  Sputtered atoms energy ~ 30 - 40 eV
" vyelocity ~ 3—6 E5 cm/s
» (Co-deposition is possible
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1. Vapour Phase

rf - Ionic sputtering — planar magnetron

plasma ring

electron trajectory

— e erosion trench —

S—=target surface

bonding layer
) —a
anode/vacuum wall
N : 7
nL - magnetron
\ surface
/ magnetron
/ﬁ g cross-section
/
/4 N =
g . insulating ring
iz
/. O-ring seal
Cu backing plate
bar magnets

l Fe field return plate

=500V

- — I T
F = qE + quXB “er”

Figure 9.10 Planar-magnetron structure and behavior. The electron-orbit radius is shown much larger than actual size for clarity.

Donald L. Smith, Thin-Film Deposition, McGraw-Hill, Boston (Ma), USA, 1995.
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1. Vapour Phase

rf - Ionic sputtering — planar magnetron

F

= qE + qix
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Mass transfer

Plasma Sources Sci. Technol. 29 (2020) 113001

1 -l | | | | L | | | | | L | | | L | l-
S O . 8 - (a) -
i' 0.6 -
-
HE
% 0.4f E -
= .-
= 0.2H h
= = = Sigmund-Thompson
o | = Ste ‘pai 1ova-Dew
[ ] 1 B 1 [ ] '] [ ]
2 4 6 8 10 12 14 16 18
gi [(‘.V]

180

Figure 19. (a) The Sigmund—Thompson and the Stepanova—Dew
energy distributions for titanium with binding energy of 3.30 eV and
the cut-off energy set to 17 eV and the constants were chosen as

n = 1and m = 0.2. (b) The sputter angular distribution for ions
under normal incidence calculated by equation (36).

* Energy distribution of the sputtered 1ons
from a planar magnetron under normal
incidence

« Angular distribution of the sputtered 1ons

Y(g,0) < cos8 (1+ Bcos?8)
¢ - incident ion energy
B - Calibration factor
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Film growth

Island nucleation

] \ W\ ‘
”\‘ \ \\\\\\\\\\\

Atoms impinge on the surface and subsequently migrate until they
meet other atoms. Together they form flat, two-dimensional islands.
These islands grow in size by incorporating additional atoms.
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Thin Film Analysis

"ex-s1tu"

= Structural (XRD, RBS)

= Optical (PL, Raman, Elipsometry)

= Microscopy (SEM, TEM, AFM, PFM, MFM)
= Electrical

= Magnetic

OPERA
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Growth of (110) YBa,Cu30,_s thin films

Phase diagram YBa,Cu;0,_s
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Growth of (110) Y Ba, Cus0,_s thin films

What substrate
We have to look at several properties and characteristics including

- Lattice mismatch
- Surface cut and topography availables

- Thermal properties (for example, are there any phase transitions within the

temperature range to be used during the deposition process?)
- Chemical compatibility

- Electrical and magnetic properties

Substrate used SrTiO;

OPERA
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Growth of (110) YBa,Cu30,_s thin films

CuO, PLANES

c-AXIS
,//////, CuO; ,422222222222gy
= PLANES — c-AXIS
=
/4 SrTiO3 AAAAAAAA SrTiO3

Figl: Schematic representation of the orientation of the CuO2 YBCO planes with

respect to the film plane a.) for the c—axis perpendicular and b.) for the ¢— axis in the
film plane.
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Growth of (110) YBa,Cu30,_s thin films

direction and perpendicular to that a [ 110 ] direction. Since along the [ O_Oiv] direction
the lattice mismatch between film and substrate

: 4 _3
e, ~Synct ) | ppg = Lo

is rather small a preferential growth with the ¢ — axis macroscopically ali?ned is gener—
ated. I'ig. 2 shows the orientations of the crystal axes in the substrates of different cuts
schematically.

001 110
A. OB (019 B. L ErYS

Fig. 2: Crystal orientations in a ( 100 ) cut [a] and ina ( 110 ) cut [ b ].
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Growth of (110) YBa,Cu30,_s thin films

40000 |-

Intensity (counts)

ig. 3: X ray diffraction pattern of a
YBCO film on ( 110 ) strontiumtitanate

o R
ld~780 C.

R(T)/R(300)—

o

o
w

1 1

100 200 300
TEKY

Fig. 4 Transition curve of
the film in Fig.3.
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YBCO thin films with the c-axis aligned in the film plane 349
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Fig. 6: Temperature / time profile for the epitaxy of ( 110 ) oriented YBCO thin films.
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Iig. 7: X — ray diffraction pattern of an ( 110 ) oriented YBCO thin film [ the insert
shows the electrical transition to superconductivity .

"The growth of (110) YBaCuO thin films and their characterization by optical methods", Habermeier, H.-U.; Lourenco,
A.A.C.S;; Friedl, B.; Kircher, J.; Kohler, J., Solid State Communications 77 9 (1991): 683-687.
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Growth of (110) YBa,Cu30,_s thin films
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Growth of (110) YBa,Cu30,_5 thin films

Fig. 4 A ¢ film on a (011) substrate. The interface is quite sharp in (a), but note the
loss of ordering of the 1-2-3 phase in the region near the interface. A layer of a different
phase appears along the interface due to Art damage (b). The inserted microdiffraction

pattern in (b) is taken from this layer.
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Surface crystallisation of thin (5.6 nm) amorphous BaTiO; films

1.98nm

(a) ()

1.0um

0.00nm

Figure 1. (a) Bright field STEM image of a 5.6 nm-thick BaTiOj3 film on Si substrate and (b) topography

of the film before poling (RMS roughness 0.18 nm).
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Surface crystallisation of thin (5.6 nm) amorphous BaTiO; films

amplitude*cos(d) (a.u.)
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20.0 nm
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Amorphous BatiO3 thin film with 5.6 nm thickness

Surface was locally elevated 9 nm (-20V) and doesn’t retract
even when under +20V electric field

160% strain in the poled region

Voltage threshold for modifying surface is -12V

Modified topography showed a 0.02 nm/min decay

The poled material develops high polarization that cannot be
switched back, even under a high electric field

Strong vertical piezoresponse was observed, witch
increased with time after poling, 20% after 100 min

The top layer of amorphous BaTiO3 film becomes
ferroelectric because of local crystallization (by Joule
heating?)
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2 5 . hight: =9 nm
:: . width: = 200 — 400 nm
g £ ;

——r—y T T T | SR T
9 -10 11 12 13 14 -15 -16 -17 -18 -19 -20 -1
Applied Voltage(V)

Figure 2. Topography of BaTiOj thin film after application of £14 V (a) and £20V; (b) during scanning
of the area 0.2 x 2 um?; (¢) Comparison of the topography cross-sections of the areas poled with
different voltages; (d) Average height of the poled areas vs. applied negative voltage.

“Giant Strain and Induced Ferroelectricity in Amorphous BaTiO3 Films under Poling”, Pegah Mirzadeh
Vaghefi, Ali Baghizadeh, Armando A.C.S. Lourenco, Vitor S. Amaral and Andre L. Kholkin, Materials

2017, 10, 1107; doi:10.3390/ma10091107
OPERA & universidade de aveiro
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28



LaBaMnO/BaTiO3/LaBaMnO heterostructures

Fig. 6. (a) TEM micrograph of LBMBT, heterostructure, the thickness of the layers is 40/30/40 nm, respectively, (b) the interface between bottom LBM layer and substrate,
the epitaxial growth of the film is obvious, and (c) the STEM-HAADF micrograph and EELS-mapping of the LBMBT, heterostructure.

“Effect of lattice mismatch on the magnetic properties of nanometer-thick La0.9Ba0.1MnO3 (LBM) films and
LBM/BaTiO3/LBMheterostructures”, P. Mirzadeh Vaghefia, A. Baghizadehb, M. Willingerc, A.A.C.S. Lourenco, V.S. Amaral,
Applied Surface Science 425 (2017) 988-995, http://dx.doi.org/10.1016/j.apsusc.2017.06.252 0169-4332
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XRR - X-Ray Reflectometry

Heinz Kiessig fringes 1931 (N1 on glass)

d=1420 A d=220A Z 5
dz
X

Kiessig, Heinz (1931). "Untersuchungen zur
Totalreflexion von Rontgenstrahlen”.
Annalen der Physik, 402 (6): 715768
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HfQ, thin films

HF1c: HfO2 on Silicon Substrate
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HfO, thin films

The S1 (100) substrate was etched (HF-last) for removal of the SiO, native layer,
but a S102 layer was formed during HfO, deposition.

1000

350

SRR
5

V’& !

4 {7“- :’

N 200
y

s PR SRR

- — = = - - - o
|

0 2 4 6 8 10 12 14 16 18 20 22

-

-h Si interlay 1s 1.43 nm thick

«— 6.6 nm —*

Thickness of the film: 6.6 nm OPERA e e e 33
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HfQ, thin films

To prevent the S10, layer formation during HfO, deposition, we deposited a
ultra-thin layer (patent pending) on the Si (100) clean surface.

680

660

i
640 .

i i
620
600
580
s604
540
520
s004
4804
450{
440
420
4004
3804
3604

3404

The interlayer is about: 0.5 — 0.6 nm
Thickness of the film: 20 — 20.5nm

Thickness and nature are really different OPERA
15.06.2023
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HfO, thin films

6dR: crystallites
HfO,/Mg/Si(100) ' A

6d: no crystallites

A

7dR: polycrystalline

ol

TRV S Am
2 ﬁ.m/ R

o

7d: crystallites 7bR: polycrystalline

anm

1.26m..

“Metallic Mg oxygen diffusion barrier difusion applied for electronic devices”, Armando Santos
Lourenco and Erwan Yann Rauwel, WO/2011/070398, PCT/IB2009/055667.
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HfQ, thin films

H{O, thin films on Si(100) deposited using ALD and rf-Magnetron Sputtering
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RBS — Rutherford Backscattering Spectrometry

What is Rutherford Backscattering

Spectrometry?

It exploits the phenomenon of collision between a
mono-energetic ion beam with the atoms of

the target

For the energies (some MeV)

and the ions (light ions such H+,| ~

He++) employed, the process
can be fairly considered an
elastic unscreend interaction
between the nucleuses as

in the Rutherford experiment | o i

RBS

Rutherford backscattering spectrometry

N/

Lightions Elastically scattered
Energy = 1- 3 MeV incidence ions

Epe =T (M, t)
Jd )OO0 T
Ss;n;le JJJ JJJJ Depth t
U DIIOIIIIII
SIIIIIIIID

“All science is
gither physics

or stamp
collecting.”

Ernest Rutherford,
bam Augu
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RBS — Rutherford Backscattering Spectrometry

ZnO thin films

What is Rutherford Backscattering

Spectrometry?

It exploits the phenomenon of collision between a
mono-energetic ion beam with the atoms of "
the target T

-
-

-

For the energies (some MeV) o
and the ions (light ions such H+,r‘ S
He++) employed, the process [ B
can be fairly considered an |
|
|
|

Incident

elastic unscreend interaction

\
e e s e i

RBS

Rutherford backscattering spectrometry
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RBS — Rutherford Backscattering Spectrometry

ZnO thin films
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1 (cls)

yield (counts/1000)

— | (cls) s -
ZnO thin films
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Current work
CogoFe40 very thin films for spinvalve and magnetic imaging
applications
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Current work
CogoFed40 very thin films for spinvalves and magnetic
Imaging applications

Parratt32 data output sheet
14/067,2023 16:08:53

sample parameters are:
diA o [ Ar2 Im{rha) / A*-2 sigma /A
air NIA 0E+0 0E+00 MNIA t = 129 A
1 120,44 6,128E-5  B5E-06 2232
Sio2 29 1.891E-5 2445607 7274 p= 84 g/cm3
bulk N/A 201565 458807 4 ] ’
L]

Parratt32 version 1.6 1997-2002by
Christian Braun, HMI Berlin. Versions:
1.6 and 1.5. File name: Parratt.exe.

L.G. Parratt, Phys Rev 95,359 (1954) .|~ meemmeeescee
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XRD — X-ray sources

Table 1. The peak wavelengths on an absolute scale, A . energies. E. full widths at half maximum, W, and asym-
metry indices, @, . of the measured diagram lines. Measurement uncertainties are given in brackets. Wavelength
to energy conversion is done using 806 554.477(32) (eV m)™" [75]. Note the 107 level of uncertainty of the
present wavelength results.

Line A (nm) E (eV) W (eV) Oy
CuKey, 0.154 059 29 (5) 8047.83 (1) 2.29 (2) 1.07
CuKer, 0.154 442 74 (5) 8027.85 (1) 3.34(6) 1.36
CuKp, 5 0.139 223 4 (6) £905.42 (4) 5.92

Cu Mo
Kty . scof [F‘ ‘
Intansity § 40op ; i
ii% 200 :'; f \ Ko 5
|
/‘”* | [ : B b
e
Exczlnnn Wavelength
Potormal

4
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XRD - Bragg-Brentano

* Na geometria de Bragg-Brentano o
vector difraccao, Q ¢ sempre
perpendicular a superficie da
amostra, > w = 0

* O vector difraccao Q ¢ o vector que
bissecta o angulo entre o raio
incidente e o raio difractado

* Durante as medidas, a fonte esta
fixa, a amostra roda 6 e o detector
roda 260 (sobre o circulo de
focagem)
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XRD - Bragg-Brentano

Brogg Brentano 2-THETAITHETA Setup
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XRD — Bragg-Brentano

GdVO,:Eu’* thin films on different

ZnO on saphire -
>

substrates @
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" Tsrmio (100)  ALO, (00.6) |STIO:(200) 5400 | GEV2D
’ \ —— GEV2d
10° SITiO, (300)
10*
:8, GEVO (200)
£ 10 /
GEVO (400)
/ |
107 GEVO (220) GEVO (600)

|

L
il |
20 25 30 35

N\

n
Ll

:'f“, |
il |
40 45 50 55
20 (¢)

60

65

70

75

ik
JORR

80

85

100

2

10

"~

File name: 2thetatatal_ZnSe.vrdml

2Theta-Omega (°)
10000 Sapp‘hire
zn5a
1000 ZnO (00.2)

@ Y
5
8 1w
z
8
=

10

1

20 30 40 50 &0 70
26 (°)
OPERA 46
15.06.2023



XRD - Rocking curve

* Omega scan, w, source and detector
fixed (260 fixed)

* Detecta desvios no paralelismo dos
planos cristalinos (devido a
deslocacodes, curvatura, rotacdo de
dominios, etc)

* Um cristal perfeito produz um pico
muito estreito (largura instrumental e
intrinseca do material)

* O pico ¢ observado apenas quando a
direccao cristalografica ¢ paralela ao
vector Q

1000

10

...........
15, 15.5 18,5 17,

OPERA
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XRD — Poles (¢ — scan)

* Distribuicao das orientagdes
cristalograficas (in plane)

* Estudo da anisotropia estrutural
no plano

* Registo da intensidade paraum =
dado 26 em fungdo da rotagdo ¢
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XRD — Texture (¢ — Y scan) contour maps

* Distribuicao das orientagdes
cristalograficas (in plane)

* Estudo da anisotropia
estrutural no plano

* Registo da intensidade para
um dado 260 em funcio da
rotacdao ¢ e da inclinacao Y
— para cada Y uma rotacao
completa em ¢
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XRD — Reciprocal Space Maps (omega-28 scans)

Do espectro de Bragg (6 — 20) seleccionamos um
maximo e em torno desse maximo fazemos um
varrimento em w — para cada valor de 260 fazemos
uma “rocking curve”, na zona de interesse

Omega 21.07700 Phi 0.00 X 0.00
2Theta 42.82700 Psi 0.00 Y 0.00
Z38.004

RLLLLLLN

2Theta

e

annn 0

OPERA
15.06.2023



X0.00

Phi 0.00
Psi 0.00

Omega 21.07700
2Theta 42.82700

XRD — Reciprocal Space Maps (omega-28 scans)

Zn0O on MgO (100)
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XRD — Reciprocal Space Maps (omega-26 scans)

Substrate influence

Zn0 on sapphire (Al,O5)

Omega 20.32900 Phi 0.00 X-38.00
2Theta 41.75000 Psi 0.50 Y-10.00
Z0.020
Qy*10000(riu)
4600
4400+
4200+

Qx*10000(riu)

T

FRERRRRRAn wm

£G4

ZnO on Al,05 (00.1)
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XRD — Reciprocal Space Maps (omega-26 scans)

- ZnO sobre SrT103 (100)
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XRD — Reciprocal Space Maps (omega-260 scans)

- ZnO on SrT105 (100)
substrate twin planes

detected — the substrate is

not a monocrystal
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XRD — Reciprocal Space Maps (omega-260 scans)

Zn5CMgO

| File name: znSc_gonioround2. xrdml
T
3

Intensity (counts)

3 !l Omega
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XRD — Reciprocal Space Maps (omega-28 scans)

. %‘
Interestingly the substrate is also
slightly tilted at the interface Il

Qz (001) 1/A

2.0

2.8=

2.64

244

2.34

3 1

2 96

1 'Q-Dz ':!| I::l-l::lzl 1

7=

5=4

MgO(200)

Zn0{00.2)

£n0(00.2)

\

ZnO(10.0)

T T
0.1 o2

Qx (100) 1/A

Zn0O on MgO (200)

substrate 1s slightly tilted at the
interface

Zn0 (10.0) grows 1nitially aligned
with the substrate

Apos uma dada espessura comeca
a desenvolver-se uma estrutura
inclinada, o crescimento mais
comum do ZnO (00.2)

As duas estruturas coexistem nesta
regidao do filme

OPERA 56
15.06.2023



[
4. Analysis
* —— Hfda_qgi
. . 1 | —— Hf4b_gi
XRD - Grazing Incidence 200,
— o
w =2
1500 -
9
@©
N
T 10004
Detector
" %mj
71
15 20 25 30 35 40
A
* Theincident angle, 0, is set to a very shallow angle (between 0.2 and 5 deg). .
:Tr.lih.wt the Xorayd 10 De fodused in the surfade of the samgle, Imiting the penetration depth of the X TthkneSS
*  Only the detector moves during data collection A
The value t 5 changieg during the stan [where 1« %°20 « ) Hf4a - 278
= AS 3 COnsequence, the Siffraction vector () s changing its Sirection during the scan
* Remember the diffraction only comes from crystallites in which dhkl is paraliel to s Hf4b — 2 80 A
= Therefore, the Orection Deng probed in the sample changes
- This is peefectly ok for idedl samples with rendomiy orlented grains. however, for samples with preferred
orientation thiy will Cause & problem
* Regular GIXD will constrainthe X-ray beam in the top few microns of the surface
* |P-GIXDcan be configued to constrain diffractionto the top 10-20 nm of the surface,
OPERA S7
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4. Analysis

XRR - X-Ray Reflectometry

Heinz Kiessig fringes — interferéncia da radiagdo reflectida na interface e na

superficie de N1 sobre vidro em 1931

d=1420 A d=220A

Kiessig, Heinz (1931). "Untersuchungen zur

Totalreflexion von Rontgenstrahlen".
Annalen der Physik 402 (6): 715-768

y X
K
m\ﬁ

n=1-0-13

<=

* Varrimento 68 — 260

°qx:CIy:0rQZ'_'tO

* apenas informacdo na
direccdo normal a superficie

OPERA 58
15.06.2023



4. Analysis

XRR - X-Ray Reflectometry

Acess
 Film thickness
* Film density

* Interface roughness
« Surface roughness
« electronic density profile along the normal direction

d

Ap
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4. Analysis

Microscopy — A.F.M.

1.98nm

(a) (b)

0.00nm
Figure 1. (a) Bright field STEM image of a 5.6 nm-thick BaTiO3 film on Si substrate
and (b) topography of the film before poling (RMS roughness 0.18 nm).

“Giant Strain and Induced Ferroelectricity in Amorphous BaTiO3 Films under Poling”,

Pegah Mirzadeh Vaghefi, Ali Baghizadeh, Armando A.C.S. Lourenco, Vitor S. Amaral
and Andre L. Kholkin, Materials 2017, 10, 1107; doi:10.3390/ma10091107
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4. Analysis - N

. N L : - ‘ \ <)
Caracterizacao magnetica —magnetizacao

Magnetizacao - resposta dos materiais a aplicagao de campos
magneticos

Classificagdo dos materiais dependendo das suas propriedades e valor da
permeabilidade (susceptibilidade —1 < y < o)

Trés grupos principais

« Diamagnéticos (y = —1,~107°)
* Paramagnéticos

* Ferromagnéticos

Ainda mais dois grupos
* Ferrimagnéticos
* Antiferromagnéticos
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4. Analysis

Caracterizagdo magnética —magnetizagao

Magnetizagao - resposta dos materiais a aplicacdo de campos
magneéticos

SRS
N NN [Tttt
Paramagnet Ferromagnet

BEREREEERE
Prhtdtbtid
RAREEER RN
Anti-ferromagnet
OPERA 62
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4. Analysis

Caracterizacdo magnética —magnetizacao

Magnetizagao - resposta dos materiais a aplicagdo de campos magneticos

Retains a large
fraction of the
saturation field
when driving
field removed

Magnetization

Saturation
magnetization

Narrow hysteresis loop implies Ferromagnetismo

a small amount of dissipated

energy In repeatedly reversing - s rye
the magnetization. Ciclos histeréticos

Desirable for permanent
magnets and magnetic
recording and memory
devices.

The area of the
hysteresis loop is

related to the amount
of energy dissipation
upon reversal of the

field.

Desirable for transformer

and motor cores to minimize
the energy dissipation with

the alternating fields associated
with AC electrical applications.
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4. Analysis

M (emu)

4,0x10™

Caracterizagao magnética —magnetizacao

3,0x10™ -

2,0x10™ -

1,0x10™

0,0 S

T increasing
T decreasing
By,
e, H = 1500 Oe
%&‘DQ
S
e NMG12a
Okﬁfz
s,
%
O%{7

50

——
100

I T LA L L B
150 200 250 300 350 400
T (K)
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4. Analysis

Caracterizagao magnética —magnetizacao

1,0x10”
—+—5K
: AN —-—300K
= | ™ [ —--380K
4 AN ,‘ I
S 50x10" - : -
B . .
N N “ }; ", N \.
E \'\. \'\. \.\ \
O . N . N N
E 0’0 \.\ ',
Q
= \\ I g \'\.\
O . S . -
gﬁ 5,010 N ; o
§ \.\.""'1 {'J/ / ™
-1 ;0X1 0-3 | ' | ' | ' | ' | ' ' | ' | ' | ' | ' |
50 -40 30 20 10 0 10 20 30 40 50
Magnetic Field (kOe)
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Hardware

* To build or not to build ?
» That was the question

Not to build = to buy = a lot of money...

To build = not so big money...(to start)
— kKnow how... and a lot of patience

Financial support
« POCTI/CTM35462/2000
« CICECO
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Hardware

Ponto de partida: escolha das fontes (o coragao do
sitema), Magnetrao plano de 2”.

Depois...

Desenhar uma camara de deposicao para:

« 3 X 2" magnetrons planos para metais e oxidos
ferromagnéticos, com uma geometria confocal
para deposicao sequencial e/ou co-deposicio de

filmes finos

* introducao de novas fontes PVD (térmica, laser,

ionica)
 Desenhar todos os outros subsistemas:

medida da pressao

controlo gasoso (Ar, O,)

controlo da temperatura dos substratos
arrefecimento dos magnetrons
electronica de RF (adaptacao de fase e
impedancia)

1 2 3 P 5
[ __ Sobsfale ] ‘
‘ T MAXMUM 1., o
N INSERTION o
l {1 magnetron) ‘ ! L
1 5 '&f"ﬂ\_\:{_ =S5 E \ |
] | |
a o
! rel
10°) =]
<—ﬂ ‘
. [
l 1 N
! |
\ i
o |
| ’
! 1
| |
| |
i o
! —
' g |
( Ly ] i
i ¥ Ear: n: i '
| i o 1
0ol R
7 1 ——
i ! 4 4 ‘
) e
i " DN16CF
] (3x)
I — Ol LTI T DaNAW | MAGNETRON CLUSTER | =]
et e | A PR TER
F M e TN T »1:71«104--.‘\ on DN200OCF 20 L .3 =
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Hardware

Wia Rachia vorbahalten

MAXIMUM | 0 X
S INSERTION ¢ Substrate| |
{1 magnetron) ! :
f i
i ~— Targets |
o{ |
= |
|
N
|
N
o |
~ 3
;
|
1
ol
- !
H ,.'r i I )
3 R
L] B :
m l”"._l_h]
4 " DN16CF
T (3x)
LT i T MAGNETRON CLUSTER | =
L beort. HG  CONSATNG < IONX.2 . s
e e R e

Especificagdes

Dimensoes

» didmetro 81 mm

* altura 56 mm

Alvo

» forma circular / plana

» didmetro 2" =50,8 + 0,2 mm
* espessura 2-5mm

* arrefecimento indirecto

Pressdo de funcionamento

* limites 3x1073 — 107! mbar
Campo magnético

* NdFeB permanente
Temperatura

* Maéxima 80 °C

Taxas de deposicao tipicas
« Cu(300WDC):154/sa 10 cm
« Al (300WDC): 84/sa10cm

Arrefecimento

» caudal minimo 2,0 I/min
3,0 I/min (P = 600W)
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Hardware
Camara de deposic¢ao
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15.06.2023

69



Hardware
Magnetrons

Trés magnetrons em
geometria confocal para a
deposic¢ao sequential ou
simultanea

15.06.2023




rf - Ionic sputtering

RF Sputtering — Codeposition
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Hardware
Deposition chamber

Blank DN40OCF

345

15.9
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Hardware
Heater assembly y
-
! .[1_]]*! 'l_,;
y | |/ .:J[I
i
Al w
! i U L
gl
N OPERA
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Hardware
Selagem de vacuo permanente — precisao ~ I um

Conventional
Gasket

T { T -
L

N

Radius = 0.008” &

Eﬂ Angl

AN
! T
/w

Radius = 0.016”

4
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Hardware

Sistema de bombagem
convencional turbo-molecular + rotativa
P iy = 10° — 1078 mbar (1072 Pa)
Pressure (Torr)

101 10" 10° 107 105 10° 10 10'  10°
| I 1 1 | 1 1 1

Dual Stage Rotah Vame Pump
All Ty

ry Mg

pes

scular

10" 10° 107 10° 10 107 10 10° 10°

Pressure (Pa)
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Hardware
Sensores de Pressao

Combinacao de sensores para cobrir todo o intervalo de pressao
pretendido Py, = 10° — 1071% mbar (Imbar = 1,33 Torr)

Patm

HV

UHV

RO 10° 107 107°10° 1070

RESSURE (Tom)

OPERA
15.06.2023

universidade de aveiro
theoria poiesis praxis

76



Hardware
Sensores de Pressao

Hot cathode

Pirani

Pirani )
103 — 1,3%x1073 mbar

Hot cathode
1,3%x107% — 1,3%x10~ 1! mbar
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Hardware
RGA - Residual Gas Analizer

Analisador de Gases Residuais
(RGA)

Exit slit

Um pequeno espectrometro de massa
quadrupolar (0-80 amu) monitoriza a
composicao da atmosfera residual, isto €,
do vacuo, para deteccgao de fugas e/ou
contaminagOes provenientes:

« da desgasificacdo dos componentes
da camara

* Oleo da bomba rotativa
* juntas de selagem (flanges)

Intervalo de pressao de funcionamento
« 1x1073 — 1x107! mbar

OPERA & universidade de aveiro 8
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Hardware
Sensores de Pressao

Combinacao de sensores para cobrir todo o intervalo de pressao
pretendido Py, = 10° = 1071% mbar (Imbar = 1,33 Torr)

UHV (Ultra High Vaccum)
Neste regime o livre percurso médio A das moléculas gasosas é

maior que as dimensoes da camara L
kgT
A= > L
V2md?p

: L. , , A
isto significa que o numero de Knudssen ¢ K, = e 1

No nosso caso temos L = 80 cm ¢, portanto, sera
p < 107> mbar
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Hardware

Sensores de Pressao

Escolha dos sensores

Pressdao de funcionamento

intervalo de pressoes que € necessario monitorar/controlar durante todo o
processo (preparagao, deposicao e pos deposicao)

Presenca de Ar e O2

exceptuando os medidores de pressdo total, ¢ necessario calibrar os sensores
para os gases (e misturas gasosas) utilizados durante todo o processo

Gases reactivos
podem ocorrer reac¢des quimicas que afetam a medida da pressao e degradam
o desempenho dos sensores ao longo do tempo

Altas temperaturas
interferéncia térmica nas medidas de pressdo durante todo o processo

Interferéncia electromagnetica (13,56 MHz)

Custo =
OPERA
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Hardware

Desempenho

Tempo de bombagem e pressao minima:
1,1 E-8 mbar (8,3 E-9 Torr) apds 20 horas (sem "backing")

As linhas a vermelho 12 el
representam simulagoes 10 o
para os varios regimes de 11;’ “309%0 T‘[fb(’
comportamento dos gases g 10 Coaog
(neste caso ar) il )
10° [ Oe,
- viscoso — 10% < P < 1074 10?: Oo-
- intermédio > 107> < P < 1077 128? D I —
- molecular - P < 1077 0 e e e e e

Tempo de Bombagem (Minutos)
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15.06.2023



Hardware

Desempenho

Controlo da Pressao parcial
de Are O,

® Pressdo Ar (GV aberta 3V, 5.7E-4 mbar/sccm)
B Pressao Ar (GV totalmente aberta, 4.0E-5 mbar/sccm))

1,0x10% 4———

1,0x10° 4———

Press&o (mbar)

1,060 4——

1,0x10°

1,0 10,0
caudal Ar (sccm)
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Hardware

Resistive heater

o TCelsius
Polynomial Fit of TCelsius
80 r—T—T 71T 1 T
800 3| T (I) =-34.04 + 184.04* - 9.62*]

750 3 : . : Pl
700 3 v}/
650 3 ol

k o]
600 3 -
O 5502 ol °
(o] 7] o
— 500 ] /,
450 3
] 3} 1 Intercept + B
3 y = Intercept + -
400 3 A Equation 1*xM + B2*x"2
. o/ N
350 E / Weight No Weighting
300 3 Residual Sum of 7957,16722 ]
7 ﬂ( Squares
250 . > Adj. R-Square 0,996
] /l/ Value Standard Error
200 4 TCelsius Intercept -34,04167 754545
; K TCelsius B 184,03863 4,16561
150 E sr" TCelsius B2 -9,6221 0,51607 ||
100 Frrrprrr e e e R A ARl ARt B AR
0,5 10 15 20 25 30 35 40 45 50 55 60 65 70 7,5

| (A)
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Temperature (in vacuum P < E-3 mbar)

Em estado estacionario o balan¢o de energia da

AT =T, —T, =T, [1—( R )i]

Es+€h

T, = 600 °C, AT =140°C !
(aquecedor metalico resistivo)

Muito importante:
* ¢ =€ (M) ¢ a emissividade das superficies

* O fluxo de calor ¢ dado pela le1 da
radiagdo do corpo negro de Stefan-
Boltzman

® =n?¢T* (W/m?).

* O indice de refraccao do meio acima da
superficie = 1 para vapores < 1 atm.

ambient T
A

4
€501,

-

film
deposition

heated substrate (s)
platform (h)

Figure 5.42 Geometry for radiative and gas-conductive
heating of a substrate.

Donald L. Smith, Thin-Film
Deposition, McGraw-Hill,
Boston (Ma), USA, 1995.
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Temperature (in vacuum P < E-3 mbar)

1000

900 |- . -
Ty=-1,1+0,790 T, _

800 PO, = 1000 mbar

700
600 [

500 [

T, (°C)

400 | i
i PO, = 10 mbar

300 .

200

100 - .

0.-"".1.1.1.1.1.:1.1.1.1

0 100 200 300 400 500 600 700 800 900 100!
(@)
T, (°C)

valores medidos: T = 600 °C, Ts= 470 °C, AT =130 °C, PO,= 10-®* mbar

OPERA
15.06.2023



Subida da temperatura do substrato devida ao aumento da
pressao de O, apos a deposicao, mantendo a temperatura
do aquecedor constante e igual a temperatura de
deposicao — "in-situ” annealing

4

10" g

10° £ o.-~

5T

10" £
10k | .-'o
10° £ =

10" — /’E?/

T

107 ¢

PO, (mbar)

3 [

107 £

4 [

10" ¢

5[

107 ¢

'6- 1 1 1 1 | i 1 1 1 | 1 1 1 1 |

650 700 750 800 850
T (©)

10
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