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Realizacao das Medidas
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Amostras Referencia

Realizacao das Medidas

Porta-Amostra

HORIBA

i

Alinhamento da Amostra
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O Efeito do Angulo de Incidéncia (AOI)

> Angulo de Brewster
» Multiplas curvas para um mesmo fit (isotrépico)

> Angulos 6timos para cada sistema:

Samples Combinations

Thin films on Si 65°, 70°, 75°

Thick films on Si 60°, 70°, 75° or 535°, 65°, 75°

?

Other films on glass 552,65, 752

Films on metals 70°_ R()°

Anisotropic and graded films ; ° or 45°%, 60°, 75°
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Metodologia

» Passo a passo
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Construindo um modelo

> Representacdo Matematica de uma estrutura Filme/Substrato
= Cada camada com informacgao de espessura, n e k

e
n,, k; (camada 1)

ne, ke (substrato)

4

.D.A.dsp X%

l Substrate.spe x
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Construindo um modelo

» Representacdo Matemadtica de uma estrutura Filme/Substrato

= Cada camada com i

d,=?
d, =?
ds = ©°

nformacao de espessura, n e k

n,, k, (camada 2)
| —
n,, k; (camada 1)

ne, ke (substrato)

4

= O 10000

ll] B.dsp

O 10000

lI:].A.dsp

l Substrate.spe
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Construindo um modelo

» Cada uma das camadas representam um material (ou meta-material) com:

= Equacdes ou curvas experimentais especificas para as curvas de N e K

p =tanye™
) =, 7, 1 'l i
€=n"=sin 0|l +tan" 0, ( p)2
tp)
[ 800.0 [F]Si02.dsp
c-Si_HJY.ref
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Construindo um modelo

» Cada uma das camadas/blocos representam um material com:

= Equacdes ou curvas experimentais especificas para as curvas de N e K

= Parametros ajustaveis (fit modelo = experimento)

bupeman it Parametens 1 “ Despersion Pt Parametens &
Dispersion e name $102 dsp 4| Digpersion file name 5102 dsp 2l
z ! . e : s <
DRispersion fomula name: . Classical DRispersion formula name . Classical

Paramatars | Sub-tormula |

Paramatass Sub-hmnln]
- Y'”ﬁiujrhﬁl‘}a;;unnc; — Nominal Check = Absolute  Relstive
{F Fall Value I Min I Max llnlemoll Output ] flmm m_m . -I-'
8-; £w I~ | 10000000 0.0000000 | 0.0000000 I r “ Nominal volua
les % | 21200000 00080000 D.0008000 T r © Multiguess absolute -
¥ Single Oscillstar wl v 12 0800029 0. 0000000 | DODDODOD T I 7 Multiguess relotive :
= 2 |- Te#0 wp B 0.0000000 | 0.0080000 | 06000000 I~ r Multistart nbsolute
e, 10, T, | |Toosoounn | ooueooon | vodosoter | - Mubistat rolive
ol =0 til0 J | frd | _0.0000000 | 0.0000000 | D.0008009 ! r
I Drude Model L N1 SONNIN0T CANUNI0E) SoWNe. A
) - W, 4 ~0.0000000 | 0.0000000 | 00000000 | I
O, Yo J | 0.0000000{ 0.0080000) 0.8006006 1" ’
S T E s I, [: 0.0000000 | 0.0000000 | 06000000 I~ r
! D I | s 0.0000000 | 0.0000000 | 00000000 | I
I~ Double Oscillator — ¥s B 0.0000000 | 0.0000000 | 00000000 | I
Z‘ f.o g M '
Oy —0° +iye
P 4

| o T [oiose | ) |

(A 800.0 [F]Si02.dsp x| x
c-Si_HJY.ref X
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Construindo um modelo

» Cada uma das camadas/blocos representam um material com:

= Equacdes ou curvas experimentais especificas para as curvas de N e K

= Parametros ajustaveis (fit modelo = experimento)

_ E L4 oo
Duspersion Fit Parameters ﬂ oﬁ:}
Dispersion e name - 5102 dsp 2] 4.000 . .
Rizpersion formula nams: . Classical E%—»
Paramatars Sib-kmmlln| SO00 - e T N N
o !“ﬁqI‘quunncy - |-3.000
2000 B A
8 ]
o ]
i 1000 NN
¥ Single Oscillatar ]
= : [-f.#0 £_r 0.000 | : --------------- A5 pop e
(¢, " & . )o, e R T i O = -
®, "o * i l’gm 0 Ta | TR A U Y DU R S
7 Drude Model !
: Y T
o, ') i
= : i A 11000
o-"+il, o soo0 [ AN T S N
r I Double Oscillator — : L
N 2 o (i . EEL
Z f’(,) |~y 20 4 000 - ' L SE R O P PP EE P e
S0 —0° tiye : S
odbini, ¥ -5.000 o2 B o
——— 1 2 3y g4 0w, 5 B
Close ’ 1
. i Photon Energy (%)
kR \ : x| X
[F] 800.0 [F]Si02.dsp |
- X
c-Si_HJY.ref

A LPF
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Construindo um modelo

» Representando material Bifasico, Compdsito, etc...
= Dois materiais em uma Unica camada (aproximacao por meio efetivo)

® o ® .‘ ® | n, k,+ng ks (camada 1)

ne, ks (substrato)

d

l Substrate.spe x| ‘

\ \ N\ ~
Thickness

Proportion Material
Number of layer
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Construindo um modelo

» Representando rugosidade superficial
= Mistura de Material + Void (vazio)

T i i

Roughness

S| 500 []% | [FlSiNxdsp 50.00 %-@d_asp-fef 50.00 % * XD
| |
BE 11480 BEsiNcdsp X] %
I Csi_wor.ref a3
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Construindo um modelo

» Representando rugosidade INTERFACIAL
= Mistura dos Materiais

A

@ 1000.0 x| X
T 00 50.00 % * [{[F]B.dsp 50.00 % X | X
U@ 10000 L
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Alguns Modelos de Dispersao

» Oscilador de Lorentz (Materiais Dielétricos — SiO,)

» Modelo de Drude (Materiais metalicos e semicondutores altamente dopados)

» Modelo de Dispersao Classica (Isolantes e abaixo da energia do bandgap de semicondutores)

» Formula de Dispersao de Tauc-Lorentz (Materiais amorfos com absorcao na faixa do visivel ou UV)
» Formula de Dispersao New Amorphous (Materiais amorfos com absorcao na faixa do visivel ou UV)
» Modelo de Cauchy (Materiais transparentes)

» Formula de Dispersao de Briot (Materiais Transparentes de 300 nm a 1600 nm)
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Alguns Modelos de Dispersao

» Oscilador de Lorentz (Materiais Dielétricos — SiO,)
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Alguns Modelos de Dispersao

» Oscilador de Lorentz (Materiais Dielétricos — SiO,)

2 Materials €, g, )y o |S.R (eV) - . .
c —¢ Jo AlAs T0 | 827 | 4518 | 0378 [ 0-3 |_|m|tagoe5
~ . t AlGaN 1.0 46 7.22 0.127 06-4
p— AIN 1.0 4306 | 8.916 0 0.75-4.75 . ~
& > > . ao, | 1o | 2% [n2e| o | es-s | O OSCilador de Lorentz nao
OJ —_ CO _I_ IF OJ Al O, 1.0 3.171 | 12.866 | 0.861 06-6 ,
Aminoacid | 1.0 | 1486 | 14822| 0o | 15-5 dad
t 0 Au disc 1.0 2.409 1.628 | 0.708 e recomen a O para
_ Biofilm 1.0 2.12 12.0 0 1.5-5 .
o = 1 car: | 10 |z0% | 582 | o |om-al descrever as propnedades
Cro 0.687 3.1 8.0 1.694
Red Color g
leV < wy< 20eV aer | 10| 247 [ 572 o o2 | (energia de bandgap e
GaAs Ox. 2.411 3.186 | 5855 | 0.131 |0.75-4.75
GeO 1.0 | 2845 | 16.224 | 0463 | 06-4 i A i
0<T, <10eV o | 1o | e | v | o] Ve | efeitos quanticos) de
— — HfN 1.0 3.633 | 8452 0 . .
wo. | 10 | 20 | ea | o0 | 156 [ gteriais absorventes
HMDS 1.0 2.1 12.0 0500 | 1.5-6.5
ITO 1.0 3.5 6.8 0.637 15-86 .
o-LaF; | 1.0 | 2546 | 14.008 | 0.177 0.75-4.75 (Sem|COndUtOreS ou
e -LaF, 1.0 2.521 | 16.842 | 0.670 |0.75-4.75
LiGdF4:Eu™* 1.0 2.256 | 16594 | 8416 | 10-6.5 )
LiNbO; 1.0 5.0 12.0 0 a m O rfOS
LTO 1.0 2.204 | 13.784 0
MgF, 10 | 1890 | 6601| o |o08-38
MgO 11.232 | 2.599 1.0 0 1.5-55
NBF3 1.0 2.503 | 13.911 0
NiO 1.0 121.480] 3.470 | 0.360
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Alguns Modelos de Dispersao

» “New Amorphous” (Materiais Semicondutores baixa cristalinidade)

Materials | nv Wy f w r S R (&V)

a< |1564] 0542 | 0.123 | 3620 2645] 15-35

B'(UJ—UJJ-)-I-C AiGaAs |1.123| 4170 | 2192 [ 5569 | 0.510] 06-3

_ Ao, | 156| 985 | 246 | 104 | 0.44 Jo73-473
n(w) n, + AIN | 1574| 0490 | 058 | 5604|7857 15-5

(w—wj)2+rj2 =t

Alq3 1.526] 0422 | 0061 | 84652278 075-4

P P ———

3'{"';?,2 1.208] 1342 | 0181 | 4859 3.168] 15-6

- a-Si 1.750] 1250 o750 35 | 13| 15-5

f . (w —W )2 2 0000 pSi |2626] 059 | 0123 |3908fo0510] 15-5

] d f AsSe [|2493| 1686 | 0242 | 2471 0562]0.75-4.5

k 5 , 10 W > UJg Azo | 1.923| 2828 | 0132 | 3575|0516 06-2

(UJ): (w_wj)z +rj B30sS%es | 1 843| 3702 | 0.256 | 4.892| 0940 | 15-55
" 3000 ' TIO;

. 2 BaTio, | 1.500| 3000 | 0.100 | 5000 0500 | 15-55

0 ) for w < wg BaFeO |2535] 0936 | 0022 | 23740213 075-4.7

8K7 |1456| 5500 | 0073 | 8127|1347 15-55
1 00000

Ge g:'”d 3270|3336 | 0010 | 2550 | 0245 15-8
CH 1650] 0488 | 0084 [ 3443 1.838] 07-3
CFx 1.361] 2108 | 0023 | 4290 1186 07-475
pLc | 1501| 0420 | 00s3 | 2783|2237 Jo.75-4.75

f

|Bi = r—jj-(rf ~ (o, —%)2) 209
2.

CJ = fJ r] (U} —(i)g) ks J f:'-olmEfmy(:v,l | ' ’

] e

000000

p
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Alguns Modelos de Dispersao

» Tauc-Lorentz

. 2 15000 :, 16 000 :
|mag|nar|a e : ‘r Matenals Eg £x A Ep C- S. R (eV)
| PR ; e aC 1305 |3.774] 38.8356.335]6.227] 15-5
| AE,C\E-E.} . _ . —— v Blpeo: AIGaN | 3300 |[3.000{100.000]4500}1.000] 15-25
& o (E)=¢,xt, ={E (E* —E:} +.C° E° forE>E, 11.000 : o As;S; | 2349 |1.240]133.819]4 574}5.935]0.75- 4.75
’ | | . 10.000 - " 12000 ["AsSSe | 1.000 |1.600| 50.000 |3.500{2.000] 0.75- 4.5
0 tor E<E, 9.000 - 11.000 pLc | 0374 |2.960| 11.558 |3.533]3.346] 0.7-2
8.000 v 10.000 GaN 3.200 |3.500]100.000)4.500§1.000] 1.5-3
Real 7000 § - : - s ) .-——-feoon |Gesbse| 1.851 [2062] 54.703 |3.412|2.045] 0.65-3
A4-C-a, E, +E +a-E, ' 6000 . Rt ; sooo ~ | InGaN | 3.000 |3.500]100.000J4.500]1.000] 1.5-3
g (E)=e. ot sooo] i ' rooo | Polymer| 3027 |1.701| 3292157582 416] 0.7-4
¢ 0 o TE; £ 4.000 : s polysi | 0882 |3937] 49597 |3.711}0.321] 1.5-325
4 a,.  (2:E +a) 3.000 : — a-Si 2030 |1.692]142.599]3 840]1.908]0.75- 365
T g | Toarcan 2,000 4 R aSi:B | 1267 |2148|143.380]3.617]1.994]0.75-4.75
0 g 509 : i a-Si:H 1.393 |0.626]171.1053.582]2.201}0.75- 4.75
_ (a-2-E, 0.000 ' Lt Si,ON, | 3864 |1.760] 77.340|8.363}3.550] 1.5-65
Faretan) ——— i : e TaC | 1395 |2558] 67.312|8.713}9.760] 15-5
. L : - P zZns | 2976 |a.500 57.167 |3.954]1.200] 1.5-65
+4‘A'E0'Eg'(f — ]>< 1 2E 3 a s & GeSbTe| 0450 [2.024]158.795]1.688]2.397] 0.65-3
T-¢ta Photon Energy (£V)
[ (a+2'E ) (a—Z-E } onde
x| arctan| ——=% |+arctan| ——=%
¢ c ) a, =(E2-E2) B>+ E*.C* —E2-(E2 +3-E?)
_A-EO-C-(E2+E§)‘IH E-E,| » Oy = (B —E2)-(E2 + E2)+ E2-C”
- &E E+E, I
a=+4-E;-C
2 2~
+2.A.€3.Cng.m [E-E,|-(E+E,) © |7=VE-C2
e \/(Ej—E§)2+E§-C2 S=(B2 = a4
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Ajuste (Fit)

» Unir Experimento com Modelo Teérico — Minimo Quadrados

......
DS
.

-5
ooooo
+

oooooooo

~ (8 —€ )co ?
8 i S © t
= 2 2, -
0, -0 +1,0
[Fl 800.0 [F]si02.dsp
c-Si_HJY.ref

-1 i i i = ! .
1 2 3 4 5 6
Photon Energy (V)

A LPFP
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Ajuste (Fit)

» Unir Experimento com Modelo Tedrico

2 - - - -
¥ minimization on Is,Ic

; IS = Sinigyisoinid), Ic = Sin(Z¥})xCosid)
At il ¥* = 0.571407
.‘.::'. . O B TrereTiTE-itmbher = 10
k. 4 o : : { Carameters
R 1T ¥ 1) L1 Thickness [L] = 852,078 = 1.47%
- i R . 2} 5i02 &= = 2.1054740 = 0.0039%55
3 I | G \3] 5i0Z T = 14.5464000 x 0.0875363
. A Correlation matrix
.. .' . P =]= =7= =3=
] Spanteee”  to e’ 1.000 -0.857 0.Zg28
1 2 ”'l h |"I‘ 5 [ 1.000 O.123
Photon Energy (oV) 1 ] I:II:II:I

Initial data for f£fit

Model File : Thermox.mdl
, 5 = , Fitting Choice : Defaulc
~ (Ss——C’:le- " x Fitting Routine : Simple Fit
8 E= = » z ot 1‘ Experimental file: EReference Sanmple 3102201&6-clean.spe
o, -0 +1l o
Spectrum
REange : 0.6000 - £.5000 eV
Increment : 0.1000 eV
'8 ) Fointc=s Mumber: &0
Prans By 4 ¢ ' Post Calculated Values
B sooo [Fsi02.dsp x] x nolgse.Thm T --itY

c-Si_HJY.ref 23
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Ajuste (Fit)

» Unir Experimento com Modelo Tedrico

-5
- .

. . 157
s 0 ‘ . .. '. ¥ ¢ 1.56
it g 1.56

o 154
% 1.531

: : : . 2 - 1521
W 451
151

1.49

U O 9. i: -

2 2 . ‘
0, -0 +1,0 : , 146

Photon Energy (eV)

3 800.0 [F]si02.dsp “ 8
c-Si_HJY.ref x|
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Casos

» GaAs/InGaP/Ge

0.4 0.2 ¥ minimization on Is, Ic
0.3. s e = s L x5 fd), Ic = Sin(2%¥) =Cosid)
0.2/ 00 ot Mmber = 5
0.1¢ 1] <0 Parameters
s o 0.2 Ic 1) L2 Thickness [L] = 10618.560 + 61.004
2) L3 Thickness [A] = 2032.940 <+ 13.744
-0.1 3) InGaP E, = 1.8353 + 0.0130
0.2 4) InGaP 4 0.0729 + 0.0842
5) InGaP T 0.0141 £ 0.0098
-0.3 6) InGaP i, 9.0449 + 1.5105
: : - 71 InGaP == = 6.3897 £ 0.1356
1 2 3 g8) InGaP L, = 0.0758 £ 0.1220
Photon Energy (eV) 9) InGaP B, = 7.5256 + 0.0195
10) InGaP C, = 14.2195 £ 0.1302
ﬂm 20329 . Gaoas_iso.ref i
S0F 106186 " [FlinGaP dsp g%
U0 1500000.0 " Ge_palik 1102.ref X x
_ Void.ref =

Laboratério de Plasmas e Processos
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Casos

» GaAs/InGaP/Ge

1.[1 minimization on Is, Ic

i=

) »S3x(A),

fioer = 10

Parameters

1) LZ Thickness [i] = 10619.650
2) L3 Thickness [i] = 2025.360
3) L4 Thickness il = 19.434
4) InGaP E, 1.8344
S InGaP 4, = 0.0759
6)f InGaF T = 0.01Z6
7 InGaP A4, = 9.1150
) InGaP g« 6.3736
9y InGaP A, = 0.0764
10) InGaP By = T.5243
11) InGaP C, = 14.2154

H H H H H H H HHFHH

Ic = S3in(Z2%¥ «Co=(4)

19.257
4.375
0.513

0.0039
0.0z270
0.002Z9
0.4935
0.0439
0.0357
0.0055
0.0381

Laboratorio de Plasmas e Processos
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Eggs

0.2
-0.1
0.0
4 --0.1
0.2 Ic
N -0.3
-0.4
0.5
. . -0.6
1 2 3
Photon Energy (eV)
W 1940% | Geas_isare5000% * | Voidref  5000% * *
SIE 20254 | Goos_isaret X
SUE 106197 " [FInGaP.dsp ™
U0 1500000.0 | Ge_palik 1102 ref Batkakde refaction o
| Void.ref model X
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Casos

» GaAs/InGaP/Ge

» Modelo Adachi - Forouhi

Optical Constants of InGaP

3.9
3.8
3.7
n3.6
3.5
3.4
3.3
3.2

-0.35
0.3
0.25
0.2
0.15
0.1

0.05

A LPF

2
Photon Energy (eV)

Laboratorio de Plasmas e Processos
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* o
* la
m

[0 1500000.0

0.2
-0.1
0.0
y --0. 1
-0.2 Ic
. -0.3
--0.4
-0.5
| | -0.6
1 2 3
Photon Energy (eV)
1940% | Geas_isare5000% * | Voidref  5000% * *
2025.4 | Gaeas_isaref 5
10619.7 " [FInGaP.dsp =i
" Ge_palik 1102 ref ‘Backside reflection
| Void.ref model X
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Casos

» TiO0,/GaAs

Is

02

» Modelo New Amorphous

08

Is

04}

0.6
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=

!
2]

A LPP

06

04

06

04

02F

00

02

| TiO,/GaAs
Sample 1 - 20nm
¥* = 1.350059

— —Fit

A Experimental

" Sample 2 - 40nm
8% = 1692977

Sample 3 - 60nm
[y? = 1.968824

I Sample 4 - 80nm

8152 = 4.036926

Ic

Ic

lc
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Total

Expected

Casos

» TiO,/GaAs

Measure Roughness

Thickness Thickness

thickness (nm)

L oo N A H 20 19.1(1) Not detected  19.1(1) 3.3
odelo New Amorpnous
P 40 37.8(1) Not detected  37.8(1) 3.3
60 59.7(2) 1.8(2) 61.4(2) 3.3
80 79.2(3) 1.4(1) 80.7(2) 3.3
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Elipsometria Espectroscopica - Conclusoes

» Vantagens:
Nao destrutiva

Rapida, Precisa, Reprodutivel

Amostras ndo precisam de preparacao especial

Pode ser utilizada para medidas in-situ
= Capacidade de estudar estruturas complexas (superredes, multicamadas, etc...)

» Desvantagens:
= Necessidade de reflexao especular

= Camadas necessita alguma transparéncia na regiao espectral medida
= Necessita sistema computacional para aplicacdo de modelo matematico
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Elipsometria Espectroscopica - Conclusdes

“Elipsometria é talvez a técnica de superficie mais sensivel disponivel no universo. Porém, vocé geralmente
nao sabe o que esta medindo com tanta sensibilidade” - E. A. Irene

Quim. Nova, Vol. 25, No. 5, 794-800, 2002

FUNDAMENTALS AND APPLICATIONS OF SPECTROSCOPIC ELLIPSOMETRY

Débora Gonealves® and Eugene A. Irene
University of North Carolina at Chapel Hill, Department of Chemistry, CB#3290, 27599-3290 Chapel Hill - NC - USA

Recebido em 1/8/01; aceito em 8/11/01

This paper describes the use of ellipsometry as a precise and accurate technique for characterizing substrates and overlayers. A
brief historical development of ellipsometry and the basic principles necessary to understand how an ellipsometer works are
presented. There are many examples of studies performed in addressing materials science issues, and several are presented here:
measurements of thickness, optical properties, and modeling of surface roughness. These selected results obtained in our laboratory
for substrates, SV/SiO, interfaces, and polymers provide evidence that ellipsometry can play a critical role in characterizing different
types of materials,
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Elipsometria Espectroscopica - Conclusdes

» Laboratdrio de Caracterizacdo de Materiais (LabMat) do LPP
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» Grupo LPP
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