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* The ALD temperature window

 Why low temperature ALD?

 Low temperature ALD in the literature
 Why plasma-enhanced ALD?

* Experimental details

* Overview of low temperature plasma-enhanced ALD
of metal oxides: comparison with thermal routes
« Al,O,
e TiO,
 Ta,O¢
e Conclusions
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The ALD Temperature Window
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A. Condensation

B. Insufficient
thermal energy

C.CVD
D. Evaporation

Growth per Cycle —»

Substrate Temperature —»

 Assumption: a sub-monolayer of material is deposited
* Loss of surface groups with increasing temperature
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« Some applications require high film quality but the
substrates required are temperature-sensitive.

« Organic substrates
e QOrganic polymers or small organic molecules
e Moisture permeation barriers in OLEDs
e Thin film transistors

Flexible OLED display

« Metals (or polymers) requiring a corrosion- reS|stant
barrier layer g

« Higher T, can alter the metal’s mechanical properties

* Dense, defect-free films required

e High resistance to wear and/or chemical attack N
Corrosion

» Al,O4, TIO,, Ta,0., combinations (stacks) on gears
TU /e s,
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Material Metal Precursor Oxidant Lowest T, ° C) Reference
[AI(CHj)4] H,O 33 Groner et al.
Alzc)3 [AI(CH,)] O, 25 Kim et al.
[AI(CH)4] O, plasma 25 van Hemmen et al.
TiCl, H,O 100 Aarik et al.
Ti02 .TiCi:I4 H,O, 100 K.ing et al.
[Ti(O'Pr),] H,O 150 Ritala et al.
[Ti(O'Pr),] H,O, 77 Liang et al.
TaClg H,O 80 Kukli et al.
Ta205 [Ta(NMe,):] H,O 150 Maeng et al.
[Ta(NMe,):] O, plasma 100 Heil et al.
[Pt(acac),] O, 120 Hamalainen et al.
PtOX [Pt(CpMe)Me,] O, plasma 100 Knoops et al.
[Zn(CH,CH,),] H,O 60 Guziewicz et al.
Zn0O [Zn(CH,CH,),] H,0, 25 King et al.
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For full references, see S. E. Potts et al., ECS Trans., submitted (2009).
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Why Plasma-Enhanced ALD?

Gas ionised by electrical energy
* |lons

« Electrons

* Neutral species

* Which (re)combine to form radicals

Radicals react with surface groups
lon energy and ion flux = surface ion bombardment
e Can lead to denser films

* Increased reactivity

e Extension of temperature window down to
room temperature?

W. M. M. Kessels et al., ECS Trans., 3, 183 (2007). T U / Te.".lm. che Uni
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Experimental Details (Plasma & Thermal ALD)

Remote Plasma ALD Reactors Liquid/solid CP plasma

precursor lines
with ALD valves source (O,)

ALD-I FlexAL™ OpAL™

(home-built)
* p-type Si{100} substrates /
. . Spectroscopic
° D|agnost|cs ellipsometer Substrate

e Film thickness: holder

— Spectroscopic ellipsometry (SE)
e Film composition
- RBS and ERD (H)
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Plasma-Enhanced ALD of Metal Oxides
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Al,O;: Growth per Cycle

« Water processes: lower
growths per cycle at
low temperatures

O

N

o
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- Ozone process: many
] extra surface groups at

Growth per Cycle (nm)
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T, <100 °C.
0.05L| FlexaL™: Literature: |
B Plasma-enhanced O Thermal-H,O| | < Reduction in growth
A Therma] H,O 751( Thermal O 1 per cycle with
0.00 ' increasing T, >
0 50 100 150 200 250 300 s

dehydroxylation.
Substrate Temperature (°C)

Plasma-enhanced ALD gives the higher growths per cycle at low
deposition temperatures.

[m], [A] J. L. van Hemmen et al., J. Electrochem. Soc. 154, G165 (2007).
[O] M. D. Groner et al., Chem. Mater., 16, 639 (2004). Technische Universiteit
[#] S. K. Kim et al., J. Electrochem. Soc., 153, F69 (2006). TU / Eindhoven
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Al,O5: Film Composition

24 : ‘ ‘ :
. FlexAL™: :
oo W m Pesmaenhanced | ° [C] <1 at.% in each case.
' A Thermal-HO
@18 2
<16 | + _ _
O o dedliaiio™™ AT + * —OH Is prominent at
R lower temperatures.
16
14 *
,312 . .
> R » Leads to increasing mass
T . density of the films with
o FRPdetectionlimit......... I A deposition temperature.
¢ 3.2 | |
5 30 BUKALG, T i """""" * B S
228 * 1 1 * No significant
5y . composition difference
7 22 between plasma and
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Al,O;: Cycle Time

Oxygen Plasma (TU/e) ] T,=25°C 1. I TMA Dose
[ 2. TMA Purge
I o agec 3. Il Oxidant Dose
> 4. I Oxidant Purge

Ozone
[2]

Water (TU/e)
1] |:

Oxidant

T, =100 °C

B i —T.=177°C
Wat[Se]r N T.=33°C —p
0f 20 40 60 80 100 120 140 160 180 200
Time (S)

Lower deposition temperatures require a longer
oxidant purge.

[1] J. L. van Hemmen et al., J. Electrochem. Soc., 154, G165 (2007).
[2] S. K. Kim et al., J. Electrochem. Soc., 153, F69 (2006).
[3] M. D. Groner et al., Chem. Mater., 16, 639 (2004). TU/ Technische Universiteit
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TiO,: Growth per Cycle

008F = =~ — I T T T T 1 T3 - Dehydroxylation with
— Increasing T..
-
= 0.06+ 1 ¢ Use of alkoxy-based
% precursors = no
3 o0.0al | A | chlorinein final film.
5 W [Ti(OP),] o
2 A [Ti(Cp™)OPY)] . [TI(O'PI’).4] + water
= 0.02+ O [Ti(OPY,]+H,O - procezs. very I;)w
(% % TiCl, +HO growth per cycle
0-000 5'0 | 1(')0 | 15'30 | 2(')0 | 2&|30 « TiCl, process: etching

at T, = 150-175 °C.
Substrate Temperature (°C)

Plasma-enhanced ALD: higher growth per cycle

[®] W. Keuning et al., work to be published.

[A] E. Langereis et al., work to be published.

[O] M. Ritala et al., Chem. Mater., 5, 1174 (1993).

[*] J. Aarik et al., J. Cryst. Growth, 220, 531 (2000). 'I'U / Technische Universiteit
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T1O,: Film Composition
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Both precursors:
same film
composition

[C] < 1 at.%.

[H] below
detection limit at
T.,250°C

Thermal route [H]
~0.3 at.%

Hydroxyl groups only seen at room temperature.
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[m] S. B. S. Heil etal., J. Vac. Sci. Technol. A, 26, 472 (2008).
[O] W. J. Maeng et al., J. Vac. Sci. Technol. B, 24, 2276 (2008).
[*¢] W. J. Maeng and H. Kim, Electrochem. Solid-State Lett., 9, G191 (2006).

B [Ta(NMe,)] + O, plasma (ALD-I)
O [Ta(NMe,) ] + O, plasma (literature)
L v [Ta(NMe,),] + H,O (literature)

<> TaCI + H @ (Ilterature)

o
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[<] K. Kukli et al., Thin Solid Films, 260, 135 (1995).
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[O]/[Ta] Ratio:

Our films = 2.5
Lit. PDMAT = 2.6
Lit. TaCl; =~2+ 0.1

[Cland [N] <1 at.%in
all cases for PDMAT

[H] detected but <5
at.%

From TaCl. [Cllup to 6
at.%

Difference in growth
per cycle dueto
different reactors?
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Conclusions
14
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Plasma-enhanced and thermal ALD routes compared

Advantages of plasma-enhanced ALD dependant on
pProcess:
Al,O5 from TMA

« Higher growth per cycle down to room temperature than the
thermal process with water

« Higher quality films at low temperatures than the ozone
process

* Reduced cycle times

TiO, from [Ti(O'Pr),] or [Ti(CpMe)(O'Pr),]

* Pure, stoichiometric films down to 50 °C.

« Higher growth per cycle than [Ti(O'Pr),] with water.
Ta,O; from PDMAT

» High purity, stoichiometric films down to 100 °C.
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