F7030 Rentgenovy rozptyl na
tenkych vrstvach

O. Caha
PrF MU

Prezentace k prednasce
Numerické simulace
Pfiklady experiment(

Vybrané vztahy



Svlabus

1. Experimentalni technika: zdroje, vznik rtg zafefii, goniometry, optické prvky (monochroméatory, kolimatory,
zrcadla, fokusacni optika), detektory. Zakladni experimenty: polykrystalové a monokrystalové metody,
mapovani reciprokého prostoru

2. Kinematicka teorie rozptylu: Gvod do teorie rozptylu, rozptyl na elektronu, izolovaném atomu, krystal,
strukturni a geometricky faktor, omezena velikost krystalu

3. Difrakce na polykrystalech I: strukturni faktor, velikost krystalitu (Scherrerova formule), vliv deformace na
polohy a Sifky difrakEnich maxim, zbytkova napéti, kvantifikace fazového slozeni (vnitfni normal)

4. Polykrystaly II: Full profile fitting; Textury, ODF (orientation distribution function); Debye(v vztah, PDF
(pair distribution function).

5. SAXS: teoreticky popis, fidké roztoky — Guinier(iv a Porod(lv vztah, usporadané ¢astice — long range a
short-range order

6. Dokonalé, témeéf dokonalé krystaly, epitaxni vrstvy: Kinematicka teorie na monokrystalu a epitaxni vrstvé
— polohy difrakci, truncation rod, deformace v epitaxni vrstvé, relaxace. Mozaikovy krystal

7. Dynamicka teorie rtg reflexe: Jednovinna aproximace — hloubka vniku, reflexe na hladkém rozhrani,
multivrstvy (formalismus pfenosové matice), TRXRF

8. Dynamicka teorie rtg difrakce: Dvojvinna aproximace: pfipad Bragg a Laue, Borrmann(v jev, stojata vina,
GID, epitaxni vrstvy

9. Semikinematicka teorie I: DWBA, Rozptyl na drsnych rozhranich — popis drsného rozhrani, priklady:
fraktalové rozhrani, dvouurovnové, vicinalni, spekularni odraz a nespekularni rozptyl, drsné multivrstvy

10. Semikinamaticka teorie IlI: GISAXS na Casticich na povrchu a uvnitf vzorku, Difuzni rozptyl na defektech
v krystalu v okoli difrakce

11. Experimentalni rozliSeni Experimentalni rozliSeni v reciprokém prostoru: analyzer streak, detector
streak, monochromator streak, DuMondovy grafy, disperzni a nedisperzni usporadani, koherencni Sifka a
délka

12. DalSi rentgenové metody: Fluorescencni spektroskopie, absorpcni spektroskopie — XAFS, XMCD.



Semikinematicka teorie
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Semikinematicka teorie

Priklad: polonekonecCny substrat
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Semikinematické teorie
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Semikinematicka teorie

Otvory v krystalu

Vi(r)=K*x0 Y Qu(r— R,)

do
df? incoh
QT — kTZ - le

do _ N
df? incoh,kin_ 16?1-2

N
1672

K20 (|277(@)°)

size

| K *xot1t2|” <|!2F?"(tr;2q~)|E>me

0.3 e
02}
0.1
o <0 a <0 |
| | | 1
0,010 -0,005 0,000 0,005 0,010

Q (1/A)



Semikinematicka teorie
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Drsné rozhrani
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Drsné rozhrani

w(U,U') =w(U(ry),U(r)))
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Drsné rozhrani

Fraktalovy model

L, =MNe",

g(x —x') = |x — x| for |x — x| =0,
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Nekoherentni rozptyl na drsnéem
rozhrani
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Koherentni rozptyl na drsném
rozhrani

(A + K*)(E(r)) = (V(r)E(r)) = Ve (r)(E(r))
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry fraktalové drsnosti
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry fraktalové drsnosti
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry fraktalové drsnosti
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Odraz na drsnych rozhranich

Koherentni a nekoherentni rozptyl, rizné parametry fraktalové drsnosti

® scan, GaAs substrate
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Odraz na drsnych rozhranich

Koherentni a nekoherentni rozptyl, rizné parametry fraktalové drsnosti

o scan, GaAs substrate
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Drsné rozhrani

Multivrstvy
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Uncorrelated roughness

M awele ngith- dependent inheri-
tance of roughnes.

Fig.2. Drifferent models of rough-
ness correlations in multilayers



Semikinematicka teorie
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Fig. 11.19. Reciprocal-space maps of the diffusely scattered intensity calculated
for a [GaAs(7 nm)/AlAs(15 nm)|x10 multilayer using the DWBA method and
the simpler replication model according to Eq. (11.28). All the interfaces have the
same r.m.s. roughness, 1 nm; the same correlation length, 50 nm; but different
vertical correlation lengths, A . Upper left panel: no replication, A, = 0 nm. Upper
right panel: full replication A; = oo. Bottom left panel: A; = 100 nm. Bottom
right panel: full replication A; = oo, calculated by the simpler DWBA. The full
lines represent the arcs of the Ewald spheres for the limiting cases of a; = 0 and
ay = 0. Resonant diffuse scattering (RDS) disappears, if the roughness profiles are
not replicated (upper left panel). Bragg-like resonance lines are visible in all maps
calculated by the full DWBA. They are not reproduced by the simpler DWBA
(bottom right panel).



Nekoherentni rozptyl na drsnéem
rozhrani
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Figure 5.4: Simulation of the intensity distribution J(@),, ).) for a periodic Ni/C mul-
tilaver on glass, o = 7 A, A = 1500 A, h = 0.5. Left panel — no roughness correlation
between the interfaces, middle panel — vertical correlation A, = 1000 A, right panel — the
correlation is inclined by angle £ = 60°.



Nekoherentni rozptyl na drsném

rozhrani
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Figure 8.27: The measured (left) and calculated (right) reciprocal space map of the
[GaAs(70A)/AIAs(150A)]% 10 multilayer.



Drsné rozhrani

dvouurovnovy povrch
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Drsné rozhrani

dvouurovnovy povrch
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Figure 8.4: The probability wi,[ (Q,) calculated for a two-level system. The mean width
of the terraces are (L) = (Ig} = 3000 A, the step Leight i1s 10 A, the calculation has
heen performed for various values of the parameter m = my, = ms.



Drsné rozhrani

Vicinalni povrch

Figure 8.3: Sketch of a terraced surface with infinite number of levels
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Drsné rozhrani

Vicinalni povrch
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry pro vicinalni povrch

Kinematic approximation, gamma distribution, L=4000, ai+af=2.0deg
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry pro vicinalni povrch

Kinematic approximation, gamma distribution, m=10, ai+af=2.0deg
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rlizné parametry pro vicinalni povrch

Kinematic approximation, gamma distribution, m=10, ai+af=2.0deg
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Odraz na drsnych rozhranich

Nekoherentni rozptyl, rizné parametry pro vicinalni povrch
Semikinematic approximation, gamma distribution, L=4000A, ai+af=2.0deg
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