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Oblast pouzitelnosti modelu

Oblast pouzitelnosti modelu

@ Model je navrzen tak aby popsal dielektrickou funkci libovolné amorfni pevné latky
na zékladé nageho nového konceptu publikovaného v Thin Solid Films. ' 23 4 5

@ Lze pouzit pro popis libovolné neusporadané latky, jako jsou polykrystaly a
kapaliny. VSude kde je moZny popis dielektrické odezvy pomoci stfednich polf
(dielektricka funkce).

@ Spravny nazev by tedy mél znit Univerzalni disperzni model neusporadanych
kondenzovanych latek

@ Popisovany model Ize dokonce pouzit i pro uspofadané latky véetné
monokrystald, ale neni to moc efektivni. PouZiti je mnohem efektivnéjsi, nez
pouziti klasickych model(i (DHO, Drude model).

@ V této pfednasce budeme model demonstrovat na optické charakterizaci HfO,
vrstvy deponované na oboustranné lesténém kiemiku.

1 D. Franta, D. Necas, L. Zajitkova, Application of Thomas—Reiche—Kuhn sum rule to construction of advanced dispersion models, Thin Solid Films 534
(2013) 432-441
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Sumacni pravidlo

Sumacni pravidlo

Sumacni pravidlo svazuje hustotu latky s dielektrickou odezvou:

72+2-8

3 180-1.000231 = 5280 eV?

p=9680kg/m> — N :/F(E) dE = neNald =
0

@ N celkova sila pfechodU (total transition strength)

@ F(E) =~ &i(E)E je funkce sily pfechodl (transition strength function)
@ ne prumérny pocet elektront na atom

@ N, parametr hustoty (density parameter); N, = MN,

@ U korekce prispévku od jader

Vétsina sumy N méa plvod v excitacich elektrond, od jader je jen 2.31 x 107*N.
Pfechody od jadernych elektron( jsou nam optickymi metodami bézné nedostupné a
maji jen maly vliv na dielektrickou funkci v UV-VIS spektralnim oboru.

8 el Hf — 4f7/2 -14.2eV

6 el. Hf — 4f5/2 -15.9eV

2el. O-2s 22 eV
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Elektronova odezva

V pfipadé univerzalniho modelu misto N, pouzivame jako fitovaci parametr N, tedy
celkovou sumu. V pfipadé zanedbani excitaci jadernych elektron(i odpovida excitacim

valenc¢nich elektronll. Pro HfO> mé& hodnotu:
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Experiment: odezva od elektronti — elipsometrie NIR-VUV

e Experiment: odezva od elektron(i — elipsometrie NIR-VUV
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektront — fit #1
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Dielektricka odezva od valencnich elektron( vrstvy je v rdmci naSeho modelu popsana 5
zakladnimi disperznimi parametry a tloustkou (2 nm SiO, pfechodova vrstva, 0.38 mm c-Si)
volné: Eg =5.21eV, Ey =20.5eV, d; = 108 nm

fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3

kvalita fitu: xg: 26.1
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektront — fit #1
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Dielektricka odezva od valencnich elektron( vrstvy je v rdmci naSeho modelu popsana 5
zakladnimi disperznimi parametry a tloustkou (2 nm SiO, pfechodova vrstva, 0.38 mm c-Si)
volné: Eg =5.21eV, Ey =20.5eV, d; = 108 nm

fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3

kvalita fitu: xe: 26.1 (8patné nafitovana oblast E > Eg)
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #2
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volné“ Eg = 5.33eV, E, = 27.4eV, d; = 115.8 nm + exciton na 7 eV
fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3
kvalita fitu: ye: 26.1 — 10.9
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #2
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volné“ Eg = 5.33eV, E, = 27.4eV, d; = 115.8 nm + exciton na 7 eV
fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3

kvalita fitu: ye: 26.1 — 10.9

oblast E > Eg nelze zlepSit na tfidé KK konzistentnich modell (chybi drsnost)
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektron( — fit #3
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Energie fotonu, E (eV)

volné: Eg = 5.32eV, En =25.6eV, d; = 112.7 nm + exciton na 7 eV
+ drsnost (/7 = 1.6/3.6 nm)

fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3

kvalita fitu: xe: 26.1 — 10.9 — 4.07
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektron( — fit #3
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Energie fotonu, E (eV)

volné: Eg = 5.32eV, En =25.6eV, d; = 112.7 nm + exciton na 7 eV
+ drsnost (/7 = 1.6/3.6 nm)

fixovano: N = 960eV?, Ex = 12.5eV, ax = 0.3

kvalita fitu: xe: 26.1 — 10.9 — 4.07

E}, pomérné vysoké
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #4
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Energie fotonu, E (eV)

volné: Eg = 5.27eV, N = 764 eV?, df = 113.3nm + 2 excitony na 7 a 12eV + drsnost
fixovano: En =20eV, Ex =12.5eV, ax =0.3
kvalita fitu: xg: 26.1 — 10.9 — 4.07 — 3.51
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #4
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Energie fotonu, E (eV)

volné: Eg = 5.27eV, N = 764 eV?, df = 113.3nm + 2 excitony na 7 a 12eV + drsnost
fixovano: En = 20eV, Ex =12.5eV, ax = 0.3

kvalita fitu: xe: 26.1 — 10.9 — 4.07 — 3.51

Da se zlepsit transparentni oblast? Oblast zakazanych energii.
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #5
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volné: Eg = 5.43eV, N = 750 eV?, df = 111.8nm + 2 excitony na 7 a 12eV + drsnost +
Urbachav tail E, = 220 meV, oy = 0.035, transition layer 3.1 nm

fixovano: En = 20eV, Ex =12.5eV, ax =0.3

kvalita fitu: xe: 26.1 — 10.9 — 4.07 — 3.51 — 2.86
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #5
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volné: Eg = 5.43eV, N = 750 eV?, df = 111.8nm + 2 excitony na 7 a 12eV + drsnost +
Urbachav tail E, = 220 meV, oy = 0.035, transition layer 3.1 nm

fixovano: En =20eV, Ex =12.5eV, ax =0.3

kvalita fitu: xe: 26.1 — 10.9 — 4.07 — 3.51 — 2.86 Co Uhel dopadu?
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #6
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volné: Eq = 5.44eV, N = 767 eV?, df = 112.0nm + 2 excitony na 7 a 12eV + drsnost +
Urbachav tail, transition layer 2.9 nm, Ghel dopadu 70° — 69.8°

fixovano: E, = 20eV, Ex = 12.5eV, ax = 0.3

kvalita fitu: yeg: 26.1 — 10.9 — 4.07 — 3.51 — 2.86 — 2.40
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Experiment: odezva od elektront — elipsometrie NIR-VUV

Experiment: odezva od elektronl — fit #6
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volné: Eq = 5.44eV, N = 767 eV?, df = 112.0nm + 2 excitony na 7 a 12eV + drsnost +
Urbachav tail, transition layer 2.9 nm, Ghel dopadu 70° — 69.8°

fixovano: E, = 20eV, Ex = 12.5eV, ax = 0.3

kvalita fitu: xg: 26.1 — 10.9 — 4.07 — 3.51 — 2.86 — 2.40 miniméalni hodnota ~ 2
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Experiment: odezva od fonont — propustnost FIR-NIR
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e Experiment: odezva od fonont — propustnost FIR-NIR
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Experiment: ode: od fonontl — propustnost FIR-NIR

Experiment: odezva od fononu
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Pouzijeme stejné parametry jako ve Fitu #6 (nad 1200 cm~" propustnost sedi p&kné).
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Experiment: od od fonontl — propustnost FIR-NIR

Experiment: odezva od fononu
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Pouzijeme stejné parametry jako ve Fitu #6 (nad 1200 cm~" propustnost sedi p&kné).
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu
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Pouzijeme stejné parametry jako ve Fitu #6 (nad 1200 cm~" propustnost sedi p&kné).
Je nutné zménit parametry substratu.

fo = 20 ppm (typicka hodnota pro Czochralski kfemik),

fp = 0.7 ppm (odpovida pfiblizné koncentraci fosforu v Si26: 0.48 Qcm)
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu
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Pouzijeme stejné parametry jako ve Fitu #6 (nad 1200 cm~" propustnost sedi p&kné).
Je nutné zménit parametry substratu.
fo = 20 ppm (typicka hodnota pro Czochralski kfemik),

fp = 0.7 ppm (odpovida pfiblizné koncentraci fosforu v Si26: 0.48 Qcm)
Propustnost nesedi pouze v oblasti 200-700cm~", tj. v oblasti jednofononové absorpce HfOs.
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #7
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Modelujeme pomoci 3 gaussovskych piku.
kvalita fitu:

XT-MIR- 13.6 —+ 124

XT—FIR: 268 — 4.52
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #7
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Modelujeme pomoci 3 gaussovskych piku.
kvalita fitu:

xT-miR: 13.6 — 12.4 Offset v -MIR

XT—FIR: 268 — 4.52
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #8
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4 gaussovskeé piky

Offset: 1.0107

kvalita fitu:

XT—MIR: 124 —- 124 — 1.15
XT—FIR- 151 — 452 — 3.25
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #8
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4 gaussovské piky

Offset: 1.0107

kvalita fitu:

XT-mR: 12.4 —+ 124 — 1.15

XT_FR: 151 — 4.52 — 3.25 Artefakt kolem 600 cm—!
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #9
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volné: tloustka substratu ds = 0.38 — 0.393 nm, fo = 20 — 19.7 ppm, fo, = 4.8%,

fp = 0.7 — 0.706 ppm, vSechny korekéni parametry propustnosti
kvalita fitu:

XT-mR: 124 —+ 124 —1.15 — 0.317

XT—FR: 151 — 4.52 — 3.25 — 1.87
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: odezva od fononu — fit #9
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volné: tloustka substratu ds = 0.38 — 0.393 nm, fo = 20 — 19.7 ppm, fo, = 4.8%,
fp = 0.7 — 0.706 ppm, vSechny korekéni parametry propustnosti

kvalita fitu:

XT-mR: 124 —+ 124 —1.15 — 0.317

XT_FR: 151 — 4.52 — 3.25 — 1.87 Artefakt kolem 600cm—" zmizel.
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Experiment: odezva od fonont — propustnost FIR-NIR

Experiment: kompletni odezva — fit #10
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Fit elektronové i fononové ¢asti.

kvalita fitu:

xe: 26.1 — 10.9 — 4.07 — 3.51 — 2.86 — 2.40 — 2.41
XT-mR: 124 —+ 124 —-1.15— 0.317 — 0.290

xT_FRr: 151 — 4.52 — 3.25 — 1.87 — 1.86

Daniel Franta (Ustav fyzikalni elektroniky) Pokrocilé disperzni modely

19/25



Obsah

e Experiment: odrazivost UV-VUV
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Experiment: odrazivost UV-VUV

Experiment: kompletni odezva — fit #11
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Je nutné predpokladat rtizné tloustky pro elipsometricka a spektrofotometricka data.
df’E =111.9nm, df"R =110.8nm
kvalita fitu: xgr: 7.30 — 3.46
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Experiment: odrazivost UV-VUV

Experiment: kompletni odezva — fit #12
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Konecny fit reprezentuje simultanni fit vSech experimentalnich dat pomoci vSech
parametr( (47) jako v predchozich fitech.

kvalita fitu:

xr: 7.30 — 3.46 — 2.32
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Experiment: odrazivost UV-VUV

Experiment: kompletni odezva — fit #12

R, T, Is, lgy leyy
, 0066 oooo
—OOANONAODO—

) I |

Dielektricka funkce, €
>
[ R

Energie fotonu, E (eV)

Konecny fit jen mirné zhorSil prolozeni elipsometrickych dat, tj. snizily se korelace a
zvérohodnil se vysledek.

kvalita fitu:

Xxe: 26.1 =5 10.9 - 4.07 — 3.51 - 2.86 — 2.40 — 2.41 — 2.47

Xgr: 7.30 — 3.46 — 2.35, XT-MIR @ XT—FIRr beze zmén
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Shrnuti

Kromé standardnich vysledkd, tj. optické konstanty, tloustka, drsnost, Sitka
zakazaného pasu atd. mizeme z disperzniho modelu ziskat nasledujici informace:
Efektivni vs. skuteCny pocCet valencnich elektron(:

N 769 769 4426
= — = — 4. — ~b2 = ——— — ~5.
Me =, =180 ~ 43 728 ~° Mve 3 53

Ptispévek fononové ¢asti do sumy:
apn =0.141 = Npn=0.03eV? vs. N,=1.22eV?

Fonony pfispivaji jen 2.5% nukleonové ¢asti sumy
Prispévek fononové Casti do statické permitivity:

€(0) =14.46 vs. eee(0) =421 = ¢pm(0)=10.25

Drsnost:
o/T=1.57/2.99nm z AFM: o /7 = 0.56/6.29 nm

Pro zvySeni vérohodnosti v oblasti E > 10 eV je nutné rozsifit méreni do vysSich
energii.
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