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Outline

- Electromagnetic Radiation as a Probe for Materials Properties
- Ellipsometry: Experimental setup

- Ellipsometry Data Analysis

- Motivation: Ohmic contacts for CMOS devices

- First Result:
Optical Constants of Ni,_ Pt  Alloys

- Second Result:
Optical Constants of Ni,_ Pt Si Monosilicides

- Third Result:
Infrared Optical Properties of Ni,_Pt, Alloys and Ni,_Pt,Si Monosilicides.
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Electromagnetic Radiation

- Each material has electronic states

at unique energy levels. st 1 mee 1 e

T LT LT T

- When you expose a material to | waveength (m)
radiation from all wavelengths, only

the A that matCheS that Ievel Can 400 500 600 700 Wavelength / nm
interact with the electronic state. ™~ "¢ o= o o

- VIS/UV radiation alters the electron energies of loosely
bound electrons of atoms or molecules

- IR radiation causes changes in the vibrational energy of
molecules.
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Why Ellipsometry?

- How thick is my film?
Interference condition (normal incidence):
n: refractive index
2 n d — N )\ d: thickness
N: integer
A: wavelength

- Learn about materials properties
Infrared light: Lattice vibrations
Visible and UV light: Electronic properties and band structure

<
l:::-

- Optical constants for optical applications.
- Microstructure (surface roughness, crystallinity).

- Composition.
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Ellipsometry:

4

- Light wave can be described as
superposition of two electric field s
components Plan

- s and p polarization

Plane of incidence. change in the polarization state

s and p waves: oscillatory directions

of the electric field

p: parallel

s: perpendicular

- Ellipsometry measures

change in the polarization state: A

amplitude ratio: v

Amplitude ratio
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Fundamental Equations Of Ellipsometry:

R E._ E | h%
po=—"L=—""L."5 —tanVWe" ._—

o T Monochromator
R, E, E,

S

Angle of incidence

(7)? = sin? q{l . G‘P”

n,k : Optical constants

=g +icg,

g, =2nk

Variable Angle Spectroscopic Ellipsometry (VASE)
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Data analysis

Experimental Data
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Motivation: NiSi thickness metrology
MOSFET: metal-oxide—semiconductor field-effect transistor

.”

NiPtSi

Polysilicon
Insulator gate

electrode

NiPtSi

Cu rrent Current

Semiconductor
(silicon) Electrons

Field-effect transistor

- Low resistivity
- Low formation temperature
- Low Si consumption

32 nm SOI CMOS (Greene et al.)
industrial self-aligned silicide process
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Ni Silicide Formation NiSi: Unstable at high temperatures
NiSi, Formation

START PHASE Agglomeration.

Ni

NiSi -

{i328°C

1400

Metal rich
silicides

! 336°C |

I
i i
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! 1
i i
i i
i
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L =
i
1
|

1200

1000

800
Ni,Si i RN .
METAL RICH SILICIDE Ni 20 40 60 80 g
Atomic % Si
350C l Effects of additive elements on the phase formation and
morphological stability of nickel monosilicide films
NiSi C. Lavoie “"*, C. Detavernier ¢, C. Cabral Jr. *, F.M. d’Heurle , A.J. Kellock ¢,

MonOSIIICIde J. Jordan-Sweet “, J.M.E. Harper ©

Microelectronic Engineering 83, 2042 (2006)
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Ni-Pt Silicides
NiSi + 8i — NiSi, (higher resistivity)

(need to push this reaction to higher temperatures.)

Ni,_ Pt Si+(1—x)Si — (1—x)NiSi, + xPtSi

Pt delays NiSi, nucleation (entropy of mixing)

G(NiSi/Pt)(G(NiSi, ) + G(Pt)

Formation of NiSi, is energetically disfavored

C. Lavoie *™*, C. Detavernier ¢, C. Cabral Jr. *, F.M. d’Heurle ®, A.J. Kellock ¢,
J. Jordan-Sweet *, J.M.E. Harper ©

Microelectronic Engineering 83, 2042 (2006)
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First Result

Optical constants of Ni,_Pt, alloys
(0 to 25% Pt)

SiO,

Si
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Ellipsometry of thin metal films

) oo () e () o () e () o ()
High reflection coefficient Outermost electrons) e (e ) ) (4 (|
N shared by all the () () () )+ )+
& surrounding atoms || #{# (%% + )+
“ 0 J# [+ %))+ )+

Zero band gap: almost
any frequency of light For metal films k#0, € is complex

can be absorbed. € decomposed into two components

unoccupied E = gFCA —+ gbound

Free carriers Bound carriers
(Drude) (Lorentz)

il e
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Samples and Experimental Details

" Films were deposited using Physical Vapor Deposition.
= Different Pt concentrations (0%, 10%, 15%, 20%, 25%)
= with/without annealing

(500°C for 30 s) 100 A

SiO2
2000 A
Si
» Room temperature measurements.
= Fourteen angles of incidence (20° to 80°, steps of 5°)
» Broad photon energy range (0.6 to 6.6 eV), 20 meV steps,

300 data points per angle. 2 nm resolution (1 mm slits)
= Each measurement lasts 24 hours
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Results * Optical Conductivity

 Dielectric Function o, = Légye, dtos
Interband
: : —-o,=(-¢)E¢ »
&, Describes absorption » = VEEy ransition
d -Intraband | _ /-\
0 —— 70 transition ]
. S -_' . 1
10 -, {60 I - .
| (1] - \ .
20 | o 0% as deposited 150 % " . A
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B0 g Johnson & Christy 149 : .
. Lynch & Hunter
Gy -40 - 130G S ]
-50 |* 4 20 *‘g i ]
= L
% 40 |5 ]
B0 - e A L asmsEeaa, 110 =, F
_______________ ¥ -s0 | i
-70 s T 60 -__' i
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Band Structure of Nickel: Possible transitions
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Ni,_Pt, optical conductivity for different compositions

o, (1/2em)*100

a, (1/em)*100

s— e
= 10% annealed
{ = = - 10% as deposited T [/ 15% annealed — 5 110
50k —y L \|- - -15% as deposited _ _ _ _ =
~ ] 7 15
451 L
- -20
40 + -
4-25
35 -
4 -30
30 L
“ . 4.35
25 - - i i ; } —— F——t }
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- " 4-13
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Total DOS Ni,Pt Projected DOS

20 ‘
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Initial quess

Discussion:

3 _water
Oscillator Model: 2 | Oscillator model 100 A

11SiO 2000 A
- Drude oscillator (free electrons ) I. :

- Lorentz @ 1.5 eV (d-intraband transition)

- Lorentz @ 4.7 eV (interband transition)

- IR pole @ 0 eV (7?77, see IR analysis later)
- UV pole @ 11 eV

- Same peaks were observed in pure nickel

- Annealed samples show higher

conductivity than as deposited samples due

to improved crystallinity DOS, DOS4
- Absorption peak gets broader with - /———\5d

increasing Pt content
4s 6s
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Second Result

Optical constants of Ni,_ Pt Si
monosilicides
(0 to 30% Pt)

Ni,_ Pt Si

Si

New Mexico State University [ss
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Monosilicides (Ni,_ Pt )Si ® N
- Ni1_XPtX I_“‘ r, 700 A Ni_Pt,

(0%, 10%, 20%, 30% Pt) 500°C | 200 ANir,PLSi
Si Si —> Sj
- 500°C for 30 s 0
- Thickness of resulting silicide = | [ I
2*metal thickness ot 7
- SiO, is native oxide on NiSi. y s :10 V
10_— Sl _
- Three angles of incidence: T 55 me 50 60 70
65° to 75° el

Pseudo dielectric function for mono Ni silicide (0% Pt)

- Vary thickness of silicide to
minimize Si substrate artifacts

New Mexico State University
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Monosilicide:

Vary thickness of
silicide to minimize Si
substrate artifacts

30

25

20

15

10

Arwin & Aspnes 1984
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——200 A B
—240 A 1
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photon energy (eV)

— 180 A
—200 A
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30% annealed (NiPtSi) .

—220 A 7

—250 A ]
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photon energy (eV)
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Results: Optical Constants of Monosilicide
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Dielectric function and optical conductivity for monosilicide

Oscillator model Ni, Pt Si

Si

| | —— 0% Pt

— 10% Pt
—20% Pt
— 30 %Pt

| — — 10% unreacted NiPt as deposite

/
/

Interband

transition

o 28 80
70
0 24
-10 s 60
—— 10% Pt 120 S
20k ——20% Pt =
— 30 % Pt g %0
30 - — -10% unreacted NiPt as deposited| | 76 @]
o o =
3 — 4
P 412 ©
3
-50 -8
N 20
44
-70 1 f | L | 1 1 10
1 2 3 4 7
photon energy (eV)
SO Oscillator Model:
4

3

4 5

photon energy (eV)

1 Drude (Free electrons + Intraband transitions)
5 Lorentz oscillators (Interband transitions)
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Literature results for NiSi and PtSi electronic structure
Bonding in NiSi Bonding in PtSi Bonding in NiPt
Ni(3d)-Si(s-p) Pt(5d)-Si(s-p) Ni(3d)-Pt(5d)

Spin Up
Pure Nickel
Ptsi:- total oos NiPt, 25% PT
Pure Platinum
NiSi: total oos Nf[\
m | 1 L] | T 1 N T T

1 T
A -2 -0 -8 -6 L -2 0 2 AL 2 0 -8 -6 <L -2 0

DOS (# of states per eV per atom)

Spin Down
—Pure Nickel
20 — NiPt, 25% PT
—Pure Platinum
Ni:d contribution o " T
Pt:d contribution 2
[ N D A L B L A L ML L L .||4—ll!|1fr||1|1fu| T
g
. [ \ f
Ni: s-p contribution Pt:s—p contribution % ’ Y
_/‘-VM—N\ M H ,\‘/ \
e ——— T T T T T .Jf-r-l’J:\||||||||:|||r % AAAAAA R ‘aw”
Sis-p contribution 8 o
Si.s-p contribution A—/"J\ 3 4/ '/// 7
J\._BM\\V\ IW/\’WJ\,“,J\/\ W : o /
) ‘ ) /
T_lll‘llﬂllﬂllﬁ-lllﬁr*zll'bli |||||||l|rr1|1r\M § | //3/‘4}
Wz -8 -6 - AL 2 0 -8 -6 -4 -2 0 2 g fon
foftevl i [ Eloriar
£-£, levi 7 — Platinum, Projcted
w8 s 4 2 0 2 4

Bisi & Calandra (1981)

Transition metal Silicides: aspects of the chemical bond and trends in the electronic structure
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Conclusion

= NiPtSi optical conductivity exhibits a metallic behavior due to
the metallic content as well as interband transition due to
silicon-related electronic states.

* Free carrier absorption is higher for pure metal than for the
silicide. However, interband transition is higher for silicides.

* |Interband transition peak gets broader with increasing Pt
content in the silicide (can be explained in terms of NiPt DOS).
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Third Result

Infrared Ellipsometry

-Ni,_ Pt, alloys
- Ni,_,Pt, Si monosilicides

- Pure Ni films (0% Pt , different thicknesses)
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g $ 160 |
g | 2 |
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0 1000 2000 3000 4000 5000 0
10 Wave Nnber cm ")
I l I l I I 48 T T I T I T T
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—~ 8— : : : | !
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% - . - BpET70°
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g . ~1200cm> |
S 21 > LOmode | 40|
g ~715cm™!
= T bond bending vibrations i
0 . | - | s |

0 2000 4000 6000
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Wave Number (cm -

New Mexico State University HATE

30




Visible Results

. Pure Ni films (0%Pt/SiO,/Si)

1000 A

%, No interference fringes

300 .

200/ 100 A I
" 1001 4 oop
v v

oL . 101

-100 0

0 8 0.0

60 : : : 50
501 _ |
401

wl 500 A 1 _

L 30k

f:luw 30L a IL::IN L
Y ol No interference fringes Y 200
1ol ] 10r

L ——._.__________M r

0 L | . L . | . L . | A 0
0.0 1.0 20 3.0 4.0 50 6.0 7.0 0.0

Photon Energy (eV)

1 1 I | 1
1.0 20 30 4.0 50 6.0
Photon Energy (V)
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: ENHI<Y : 25% Pt: 0=16,000/Qcm @ 250cm-?
N|1-XPtX a”OyS' NI/SIOZ/SI Opc= 30,000/Q2cm (Litschel & Pop)

220 T T T T T T T T T T T T -20 T T T T T T T T T T T T
200 - -
230 - _
180 I —— 10% annealed A
—— 10% as deposited ] 40 | i
o 160 — 15% annealed ] I
S | — 15% as deposited S 50} .
%E\ 140 —— 20% annealed i T —— 10% annealed
S I —— 20% as deposited ] g 60 1 —— 10% as deposited |
g 120 —25% annealed_ - Q i / —— 15% annealed )
o T —— 25% as deposited %N 70k —— 15% as deposited |
100 ] I — 20% annealed |
80 ——_——— i 80 - —— 20% as deposited, |
I I — 25% annealed ]
60 - 90 L —— 25% as deposited
40 \ ] . ] \ rI~==-" | \ ] , 100 [ . | . | . | . | . | ) |

0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000

wave number (1/cm) wave number (1/cm)

hw <1000 cm™: o, with PtT

(DC: Litschel & Pop, 1985) Two Drude oscillators: Two sets of electrons

1) electrons inside crystallites (grains)

, 2) electrons in the areas between crystallites
hw > 1000 cm™": 0,4 with Pt T

(d-intraband transitions Nagel & Schnatterly, PRB, 1973; Hunderi, PRB 1973
Pt adds richer d-state band structure

New Mexico State University N

STATE

32



5,(1/Qcm)*100

a,(1/Qcm)*100

Ni films (0% Pt): Different thicknesses

wave number (1/cm)

New Mexico State University

400 :
350 )
L
L
%00 I ‘\\ - - - 100 Angstroms
ol ) - - - 200 Angstroms
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| \\ \\\\\
- \ 1]
50 - \\ N
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0 1000 2000 3000 4000 5000
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_100-_ - s, 27 Gl T Wlth t T
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Ni,_ Pt .Si monosilicides: Ni,_ Pt /Si followed by annealing

400 v T T T T T 0 T T T T T T T T J
Free carriers : w0l __=zz2222%22--1
Y ' __,;:E::"_,-"
300 0% ] v _-zz=IIoT L
- - -10% AT AR R
o -——20% | -100 - \\\_‘/z’ ,/’ T
r - - - 30% 8 T 0%
= T , ---0%
g 200 %\ -150 |- y - - -10% ]
N < I - - -20% :
o . . < -200 ---30% -
100 X d-intraband absorption o | K |
/ . . .
20t Si-O vibration .
~_7
0 L | L -300 L ] . | . L . 1 A L .
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
wave number (1/cm) wave number (1/cm)

Si-O vibration fitted using Gaussian oscillator.

hw <1000 cm™: o+ with Ptt
Similar to Ni,_Pt, alloys: Ni-Pt alloy scattering

hw > 1000 cm™:  o,1 with Pt*
More d-d interband absorption as Pt content increases
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DC conductivity: w —0
Pure Ni/SIO,/Si

t(A) Fp [ Epy, DUy op 10° Texp X 107

LY 4.5 008 63 10 3.5 = Fy— ™
200 149 007 59 45 4.3 thiclfr?;‘ss“c VILy Increases wi
GILL 1709 005 61 28 8.6

|00 176 005 57 3.1 83 1. 43"

* Conductivity of bulk Ni from Litschel and Pop [87].

Ni,_ Pt /SiO,/Si
T annealed Ep; Ty Epys Ty ogx 100 o, x 10°
0.10 mno 6.8 1.4 106 0.11 1.42 .23
0.10  vyes 6.7 1.6 122 009 226 0.29
31? no 6.9 ij‘ lg-f 81‘21 ?-23 833 DC conductivity decreases with
A9 ves i i) i L o s
: Pt content

0.20 no 7 1.4 9 0.16 0.7 0.19
0.20  ves 7 1.5 10.1 0.14 1.02 .21
0.25 mno T 1.6 89 017 0.6 .15
0.25  vyes 7.1 1.6 102 015 09 (.22
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Ni,_Pt,Si monosilicides/Si

r Em Ty Em Tw & E T, 4 B T, B, A oxI0
0 206 05 54 037 5 016 0006 34 0.5 038 18 57 105 |og

0.10 134 009 59 04 194 016 001 42 077 04 18 547 27 103
020 12 01 54 047 145 016 0006 75 076 04 18 57 204 1025
030 11 01 63 044 146 016 0006 75 076 04 1.8 57 1.72 0.22

-Optical conductivity decreases with increasing Pt content.

- Electrical conductivity > optical conductivity
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Conclusion

Two carrier species in unreacted metal alloys (described by two Drude oscillators):

« Separation in real space (interior or boundary of grains)
« Separation in k-space (s- and d-electrons, different Fermi surface pockets)
 d-intraband transitions with low energies

Unreacted metals: Conductivity depends on Pt concentration in different ways

» Low frequency: Increased alloy scattering (DC-like)
« High frequency: Increased d-intraband transitions: Ni(3d) and Pt(5d) mixing

Same results for Ni,_,Pt,Si monosilicides.

Optical absorption (conductivity) increases with increasing metal thickness due
to the reduced scattering from grain boundaries.

Low-frequency conductivity is higher for (unreacted) metals than for silicides.
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Open Questions

 Build a single model to fit MIR and NIR/VIS/UV data
(250 cm' to 6.6 eV)

» Interpretation of the Drude parameters (plasma frequency and scattering rate)
for Ni-Pt alloys or silicides and comparison with DC electrical measurements.

« Comparison of Ni films with bulk Ni (mid-IR and UV)

» Temperature dependence of optical constants
(especially near the Curie temperature)

» Optical constants of NiO
Understand surface of metallic Ni (water layer or NiO native oxide)

 Far-infrared (100 cm-') and Terahertz measurements of optical constants
Measurements in a magnetic field
(University of Nebraska-Lincoln)

« FTIR ellipsometry of NiO as a function of temperature
(near Neel temperature)
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