Lekcia 2

Mikroobrabanie
Priprava tenkych vrstiev



Vytvaranie vrstiev (opakovanie)

e Tenké vrstvy: menej ako 5um, vytvara sa v plynnej faze
— CVD - chemical vapor deposition
— PECVD - plasma enhanced CVD
— ALD — atomic layer deposition
— Naparovanie — evaporation
— Epitaxia — epitaxy, MBE — molecular beam epitaxy
— Naprasovanie - sputtering



Depozicia chemickych par - CVD

e Vid F6540 (Dr. Holik) a F4280 (doc. Zajickova)
CVD (chemical vapor deposition) predstavuje:

e Chemicku reakciu nanasanej prchavej latky s inym plynom, veducu k
neprchavému depozitu

e alebo - Teplotny rozklad (pyrolyzu) pri ktorom vznika pevna latka

Gas phase reaction &  Desorption
diffusion

Source gas
fows ) ﬁ Pump away [
@ ) i TABLE 28.2 Examples of Ceramic Films and Coatings Produced by CVD
Surface reaction and fllm gI’OWth Film Substrate Reactants Deposition T (°C) Crystallinity®
R R R R R R A SRR AR R RS Si Si Either SiCl,H,, SICILH, 1050-1200 E
or SiCl, + H, 600-700 P
SiH; + H,
Substrate Ge Ge GeCl, or GeH, + H, 600-900 E
SiC Si SiCl,, toluene, H, 1100 P
AIN Sapphire AICl;, NH;, H, 1000 E
In,05:Sn Glass In-chelate, 500 A
(C4Hs)2Sn(OOCH;),,
H,O
> - g B ZnS GaAs, GaP Zn, H,S, H, 825 E
Gas Induction coil or St wafers cds GaAs, sapphire Cd, H,S, H, 690 A
'y radiant heaters uartz tube Al,0; Si Al(CHy); + O, 275-475 A
lﬂlb( Q Cemented carbide AICl;, CO,, H, 850-1100 A
000 000 OO0 000 so. s Sl By 0 A
SiCl,H, + 2N,0 900
Y SigN, Si0, SiCl,H, + NH; ~750 A
. - SiNH SiO, SiH, + NH; (plasma) 300 A
TiO, Quartz Ti(OCzHs)s + O, 450 A
. TiC Steel TiCl,, CH,, H, 1000 P
_ F } e TiN Steel TiCls, Nj, Hs 1000 P
“Xhaust BN Steel BCls, NHa, Hs 1000 P
00 OO0 OO0 000 O0C Tilt TiB, Steel TiCls, BCly, H, >800 P
i.lng](.' “E, epitactic; P, polycrystalline; A, amorphous.

(C) CVD je jednou z najdélezitejsich technik pre vyrobu anorganickych vrstiev.



Termodynamika CVD

Termodynamicka analyza urdi, pri akej teplote, a ¢i vibec, je dana reakcia mozna
(neurdi vsak jej rychlost)

Priklad: TiC — karbid titanicity, extrémne tvrdy material:

TiCl, (g) + CH, (g) =>» TiC (s) + 4 HCI (g)

Od 1870+ je klucom k rieSeniu je volna Gibsova energia G, resp. jej zmena.

G je stavova funkcia vhodna pre popis dejov za podmienok konstantného tlaku,
konstantnej teploty a konstantného objemu — €o je de facto typicka chemicka
reakcia.

Pri chemickej reakcii sa zmena AG medzi produktami a reaktantami urci ako:

AG = Gprodukty - Greaktanty

Gibbs ukazal, ze za konstantnej teploty a tlaku je reakcia spontanna iba ak AG<O.

Reaktanty Produkty
I ~ AG<0 I /Aé >0
G Produkty G Reaktanty

Spontanna reakcia Nespontanna reakcia



Gibbsova-Helmholtzova rovnica

AG=AH-TAS

AH [J]] Zmena entalpie, t.j. energia uvolnena chemickou reakciou. Ak je zaporna,
energia sa uvolnila, reakcia bude exotermicka

AS [J/K] Zmena entropie, AS = AQ/T, resp. cca zmena poctu mikrostavov daného
makrostavu. Ak je kladna systém produktov ma k dispozicii viac mikrostavov a
preto je pravdepodobnejsi.

T - Teplota v Kelvinoch.
AH AS Spontanna? Kedy?
Zaporna Kladnd Ano Vidy
Zaporna Zaporna Ak |TAS| < |AH| Nizké teploty
T = |aH|/ |as|
Kladna Kladna Ak |TAS| > |AH| Vysoké teploty

Kladna Zaporna Nikdy Nikdy




TiCl, (g) + CH, (g) =» TiC (s) + 4 HCI (g)

Pre aktérov tejto reakcie vieme jednoducho ndjst AG;, AH;a S pre dané teploty
(napr. http://kinetics.nist.gov/janaf/ ). Vyuzijeme termodynamicky vztah:

AG,; 2 AGprodukty_ 2 AGrec:kamty

298K

298K AHfzgsk AG; AG,1300K
[kJ/K.mol] [kJ/mol] [kJ/mol] [kJ/mol]
TiC, 0,024 1184.096  -180.438 -168.821
4 HCl 4*(0,187) 4%(-92.312)  4*(-95.300) 4*(-102.644)
Ticl, 0,355 763162 -726.779 -606.321
CH, 0,186 74873 50768 v 52.626
Bilancia AS = 0,231 AH = +285,4 AG, = +215,9 AG, = - 25,7

. . . ] 298K
Pri 25°C formovanie TiC neprebieha (AG,  =+215,9 kl/mol).
Z podielu zmeny entalpie a zmeny entropie 285,4/0,231 dostaneme T,=1236 K ~

1300 K.
300K

1
SkutoCne - AG, je potom zaporné.

Postup je mozné aplikovat iba ak zapisané reaktanty su stabilné.


http://kinetics.nist.gov/janaf/

Rovnovazny stav

Z velkosti AG, je moziné urcit aj podiel jednotlivych reaktantov pri ustdleni rovnovahy v
uzavretom systéme (kedZe reakcie zo Statistickej povahy veci musia prebiehat obidvoma
smermi).

Vseobecne: aA(g) + bB(g) = cC(g) +d D(g)

Pre CVD: aA(g) + b B(g) = c C(s) + d D(g)

Rovnovazna konstanta: K =[C]c x [D]d/ ([A]? x [B]P) [ ]-rel. koncentracia
Pre CVD: K=1¢x (pa/Po)?/ (Pa/Po)® x (Pu/Po)P

V rovnovahe pre K plati : AG=-RTInK R=8,314 J K mol

Pre nds pripad 1300K TiC ziskame In K=25700/(1300*8,314) =2,378 =>

=> K=10,78 = 11*[HCI]* /[TiCl,]*[CH,]*
Malé K — velka koncentracia reaktantov, pomala tvorba tzv. epitaktickej vrstvy.
Velké K — rychla reakcia, tvori sa polykrystalicka vrstva.

V pripade velkého poctu medziproduktov sa vyuzivaju pre urcenie rovnovahy v uzavretom
systéme poc. programy na principe minimalizacie G (SOLGASMIX, EKVICALC, EKVIBASE...)



Pyrolyza CH,
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Fig. 3. Molar fractions at thermodynamic equilibrium. H/C = 4, P = | atm. Fourteen species taken into
account by the calculation.

Guéret Ch et al, Chem Eng. Sci, 52 (5) pp 815-827, 1997



Ellinghamov
diagram

Graf AGvs T

KedZe AG = AH - TAS,
AS odpoveda sklonu a
AH priesecniku s y.

AG=0 je hore

Obrazok pre reakcie s
0,. Pomodze napr. urdit
podmienky pre redukciu
daného oxidu kovu spat
na kov pomocou
vychylenia z
termodynamicke;j
rovnovahy (tzv. lesklé
Zihanie).

* Kovy v dolnej Casti
diagramu su schopné
redukovat kovy v hornej
Casti.
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Enhanced CVD

Mnohé zaujimavé reakcie potrebuju prilis vysoku teplotu, aby
mohli zaéat. Co viak, ked potrebna vysoka teplota znemoZni
ukoncit reakciu pri pozadovanom finalnom produkte ?

V termodynamike je teplota T mierou transferu energie pri
sprostredkovanou kinetickymi zrazkami reagujucich molekul. Tuto
energiu je vSak mozné podat aj inak:
= Nepruznymi zrazkami s velmi rychlymi elektrénmi = PECVD
(Plasma Enhanced CVD). Vdaka malej hmotnosti dokazu elektrony
ziskat velmi vysoku energiu bez toho, aby zdsadne ohriali okolity
plyn.
= Foténmiz laserového |u¢a = LECVD (Laser Enhaced CVD). Tento
spoOsob je zaujimany preto, lebo umoZziiuje doslova ,pisat” na
povrchy substratov



Depozicia atomarnej vrstvy — ALD

(Atomic layer deposition)

Vytvara uniformné 0,1-100 nm vrstvy,
ktoré idealne kopiruju morfolégiu
povrchu substratov.

Pri CVD sa reaktanty pustaju do reaktora
sucasne, pri ALD jednotlivo a oddelene.

e Prva atomarna vrstva A sa vytvori na
povrchu chemisorpciou (videdlnom
pripade kvoli adhézii)

e Druha vrstva chemicky B reaguje s
nanesenou prvou vrstvou.

e Proces sa moze nasledne cyklicky
opakovat

Je nutné aby A-B navzajom silne
reagovali, ale A-A a B-B nie (inak by sa
nevytvarala atomarna monovrstva).
Toto zasadnym sp6sobom limituje vyber
prekurzorov.
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Al,O; — najrozsSirenejsi ALD systém

Prekurzory: TMA (trimetyl aluminium) Al(CH;); a voda
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Procesné parametre ALD

A Tepelny rozklad reaktant
ALD okno Kondenzovanie cpeiny r(,)z a r,ee? antovia
nadmerna depozicia (CVD)
prekurzorov
Rychlost
depozicie
Sebalimitujuca
reakcia
Slaba reakcia s Desorpcia prekurzorov
podkladom
Teplota reakcie '
A /CVD
saturacia V ALD okne
Rychlost , ;e s
depozicie depozica nezavisla

od mnozstva
prekurzora

Mnozstvo prekurzora



ALD — efekt substratu a nukleacie

Ceramics International

ZrO,

SEM MAG: 200 kx WD: 2.97 mm MIRA3 TESCAN
View field: 1.38 ym Det: In-Beam SE 200 nm
SEM HV: 30.0 kV | Date(m/dly): 07/22/21 Department of Physical Electronics, CEPLANT

SEM MAG: 50.0 kx WD: 5.00 mm MIRA3 TESCAN
View field: 5.54 ym Det: In-Beam SE
SEM HV: 30.0 kV Date(m/dly): 07/22/21 Department of Physical Electronics, CEPLANT

Al,O, coating on plasma-activated PTFE

Surfaces and Interfaces 6 (2017) 223-228
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ALD priklady

CuCl / CuBr

SEM MAG: 10.00 kx WD: 3.00 mm L1l MIRA3 TESCAN @ ‘@h:% B R o 4 po =g
View field: 27.7 ym Det: In-Beam SE | 5 ym SEM HV: 15.0 KV WD: 5.00 mm | MIRA3 TESCAN|

SEM HV: 30.0kV  Date(m/dly): 10/04/18 Department of Physical Electronics, CEPLANT e O 800 ) RO oan SR
SEM MAG: 50.0 kx  Date(m/dly): 09/11/18 Department of Physical Electionics, CEPLANT

_

3
SEM MAG: 50.0 kx | MIRA3 TESCAN SEM MAG: 100.0 kx ‘ WD: 3.00 mm | MIRA3 TESCAN SEM MAG: 200 kx ‘ WD: 3.00 mm MIRA3 TESCAN
View field: 5.54 ym Det: In-Beam SE View field: 2.77 ym ‘ Det: In-Beam SE 500 nm View field: 1.38 ym ‘ Det: In-Beam SE 200 nm

SEM HV: 30.0 kV  Date(m/d/y): 10/04/18 Department of Physical Electronics, CEPLANT SEM HV: 30.0 kV | Date(m/dly): 10/04/18 Department of Physical Electronics, CEPLANT SEM HV: 30.0 kV | Date(m/dly): 10/04/18 Department of Physical Electronics, CEPLANT

E-MRS 2019




ALD priklady

MoSe,

MoTe,

1000 cycles 500 cycles 250 cycles

1500 cycles

Fig. 1. SEM top-view images at two different magnifications of the 5 pm-thick TNT

Scheme 1. Scanning Electron Microscopy (SEM) Top View
and Schematic Illustration of Anodic TiO, NTs (Left)
before Being Deposited by MoSe, ALD Process (Center)

ChemPlusChem 2020, 85, 576— 579 for Fabricating MoSe,/TiO, Nanotubular Heterostructure

(Right)

s PG
\ 'l” Y

2 A0y Y

Figure 2. SEM top-view images at different magnification of MoSe, nano- -
structures deposited on thin anatase TiO, layer using MoCl; and cyclic TiO, nanotubes
selenide 1 (a, c) and 3 (b, d).

layers decorated with a different number of MoTe, ALD cycles: 250, 500, 1000 and

1500.

N, purge
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ACS Appl. Nano Mater. 2020, 3, 12034-12045

Fig. 2. (a) HR-TEM image showing the multilayered MoTe; nanostructure deposited
upon 1500 ALD cyeles: (b) Locally amplified HR-TEM of the multilayered MoTez
nanostructure, where an interlayer spacing of around 0.69 nm was estimated; [c)
corresponding Fast Fourier Transform pattern, where the measured radii 1.401 nm-!
and 2.780 nm~' were about 0.71 nm in the real space value, confirming the as-
deposited MoTe, interlayer spacing (= 0.7 nm); d) STEM HAAD image of a fragment
of 5 pm-thick TNT decorated with MoTe; nanosheets upon 1500 ALD eycles; (e-h)
The corresponding STEM EDX elemental maps which exhibit the distribution of {e)
Mo(L). () Te(L). (g} O(K) and (h) Ti(K).

Applied Materials Today 23 (2021) 101017



ALD v praxi

e s~ T b

‘t
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D.M. King et al. / Powder Technology 221 (2012) 13-25

b) &

p 45 HDPE particle
" ALO; ALD film

AL, O; ALD film

30 nm

A. B. F. Martinson, et al,
Appl. Phys. Lett., 94, 123107, 2008

Kontinualny proces pri atm tlaku:

Gas Gas Gas
Bearing TMA Bearing H,O0 Bearing
ethust. l .exTust ethust l exlTust
-!!u v!!uv!!
<4— Substrate —p

P. Poodt et al, Adv. Mater. 2010, 22, 3564-3567



Bezpecnostné rizika CVD

TABLE 28.4 Hazardous Gases Used in CVD

Gas Corrosive Flammable Pyrophoric Toxic Bodily hazard

Ammonia (NH;) X X Eye and respiratory
irritation

Arsine (AsHj) X X Anemia, kidney
damage, death

Boron trichloride (BClj;) X

Boron trifluoride (BF3) X

Chlorine (Cl,) X X Eye and respiratory
irritation

Diborane (BzHe) X X X Respiratory irritation

Dichlorosilane (SiH,Cl,) X X

Germane (GeH,) X X

Hydrogen chloride (HCI) X

Hydrogen fluoride (HF) X Severe burns

Hydrogen (H,) X

Phosphine (PHj) X X X Respiratory irritation,
death

Phosphorus X

pentachloride (PCls)
Silane (SiH,) X X X
Silicon tetrachloride X

(SiCl,)




Fyzikalne depozicné metody

 Termické odparovanie
 Odporové odparovanie (Resistance evaporation)
* Odparovanie elektrénovym |[u¢om (Electron beam evaporation)
* (lon vapour deposition)
e (Cathodic arc deposition)

 Laser ablation

 Molecular Beam Epitaxy
* (Growth by metalorganic molecular beam epitaxy (MOMBE))
 (Gas-source MBE)

 (Chemical beam epitaxy)

 Naprasovanie — Sputtering
* (Glow discharge sputtering)
e (Magnetron sputtering)
* (lon-beam sputtering)



Napafovani (evaporation) ;

Material vo vakuu roztavime. Molekuly
par tejto kvapaliny vdaka velkej volnej e
drahe balisticky dopadaju na studeny

povrch, kde kondenzuiju.

Ak pri ohreve materialy disociuju,
kondenzovana vrstva bude mat inu
stochiometriu. Napr.

ZrO,(s) > ZrO(g) +1/2 0, (g)

VACUUM
TANK

MOLTEN
EVAPORANT ™

REFRACTORY

CRUCIBLE

Vtedy naparovanie robime z reaktivhom

plyne (v tomto pripade O,) — reactive

evaporation RE.

Pre ohrev nevodivych materialov,

pripadne materialov s vysokou teplotou

tavenia sa vyuziva elektronovy luc
(e-beam evaporation).

WORKPIECE

LAYER
VACUUM

TANK
EEEEEEE

WORKPIECE

EVAPORANT
CRUCIBLE

HEATER

TO VACUUM SYSTEM

TO VACUUM SYSTEM

Table A1.0.1. The effect of vacuum pressure on film
vapours. The pressure may be taken as either the total
pressure or the reactive gas partial pressure during
sputtering.

Pressure (Torr) Mean free path  Arrival rate ratio*

107! 0.5 mm 0.0001
102 5 mm 0.001
1073 5cm 0.01
10~* 50 cm 0.1
103 5m 1

106 50 m 10
1077 500 m 100
108 5 km 1000
1> 50 km 10000

* The ratio of molecular film vapour arrival at 10 Als to
the molecular impact rate of the residual gas.

Hadbook of Thin Film Process Technology



Pulzna laserova depozicia - PLD

Vykonny excimerovy laser je fokusovany na terc. Nevyhodou je
komplexnost interakcie (napr. vznik lokdlnej plazmy), vyhodu je
cena a rychlost depozicie.

e
\Mms-ﬂow

valve

High
vacuum

Substrate

\ Substrate

heater

Fused silica window

Focusing lens

Variable aperture

FIGURE 28.6 Schematic of a PLD system.



Epitaxia z molekularnych zvazkov (MBE — molecular

beam epitaxy)

Rast krystalickych vrstiev z plynnej fazy.
Vyznam hlavne pre polovodice (GaAs, InP
pre LED, lasery) ale aj supravodice
(YBa,Cu50,).

Zdrojovy materidl sa zahrieva v tzv.
Knudsenovych celach, z ktorych sublimuje
na terc. Viac ciel umozni vytvarat presné
vrstevnaté struktury.

Nutné UHV (108 Pa), aby sa molekuly
navzajom nezrazali. Velmi malé depozi¢né
rychlosti <= 1 um/hod.

Obohatenie reaktivnou atmosférou sa robi
iba v tesnej blizkosti substratu.

RHEED — Reflection High Energy Electron
Diffraction (5-100 keV)

Substrate
holder and heater

L]
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[ ] |4 N s
% S Electron
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analyzer Effusion
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sputtering
gun

Process
control
unit

m

Shutter cont.
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FIGURE 28.5 Schematic of an MBE system.
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Knudsenova cela

Knudsenova efuzna cela bola povodne vyvinuta na gravimetrické meranie
tlaku nasytenych par nizko-prchavych latok.

A |zotermicky obal s malym otvorom s plochou A,
-"’ $ Vo vnutri cely sa udrziava konstantny
/4 tlak nasytenych par p

} PA,

Rate of effusion =2, A = 2
v (2rmkT)"?

Ak je otvor dostatocne maly, potom
p=konst, Co ulahci jeho vypocet z ubytku
hmotnosti. Pre MBE je vyvhodné, ze efuzny
tok je usmerneny a ovladatelny pomocu T.

Efuzia - vytok plynu
pod tlakom malym
otvorom (resp.
kapilarou)



Naprasovanie

Atdmy su z povrchu pevného terca vyrazané (rozprasované) dopadom rychlych
ionov. Nedochadza teda k taveniu, ako pri naparovani.

Dva principialne odliSné pristupy k vytvoreniu dostatoc¢ného toku iénov:

Rozprasovanie ionovym zvazkom/ami
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Naprasovanie — depozicna komora
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Zhrnutie

e Tenké vrstvy: menej ako 5um, vytvara sa v plynnej faze
— CVD - chemical vapor deposition
— PECVD - plasma enhanced CVD
— ALD — atomic layer deposition
— Naparovanie — evaporation
— Epitaxia — epitaxy, MBE — molecular beam epitaxy
— NaprasSovanie - sputtering
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