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Atomic Layer Deposition (ALD)

- Short Introduction & Fundamentals

- Challenges for Semiconductor Industries
Patterning Technology for Scaling-Down

- Area-Selective Atomic Layer Deposition

“ Metal ALD for interconnection

-  Noble metal & Transition metal

Oxide Semiconductor FET for 3D Structure

- ALD Oxide Semiconductor FET

“ Summary
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B Education & Career Background

B.S. M.S. Post. Doc. Samsung Samsung
in KAIST in KAIST in Harvard SDI SMD

Hanyang University

\ ,} 1993 1997 1999 2002.8 2005.3 2008.10 2009.9 2013.3 Present

'97.3~'99.2 Master degree in Materials Science and Engineering (KAIST)
-Thesis: A study of the deposition model about Atomic layer deposition TiN method (Prof. Sang-Won Kang)
‘99.3~'02.8 Ph. D. in Materials Science and Engineering (KAIST)

-Ph. D. in the Semester (Age: 26 years 8 months old), Making PEALD Tool with Genitech ((RASM)
-Thesis: A study on the plasma enhanced atomic layer deposition of Ta-N, Ti-N and Ti-Si-N thin films

’03.1~’05.1 Post Doc. in Chemistry and Chemical Biology (Harvard University, Prof. Roy G. Gordon)
- Synthesizing and developing Electronic materials
- Metal, Oxide, Nitride Thin Films with Amidinate precursors, ALD Tool Maker

‘05.3~'08.9 Senior Engineer in R&D center (Samsung SDI)
- Oxide TFT Project Initiator, Advanced Thin Film Transistor for AMOLED (Oxide semiconductor)

‘08.10~'09.8 Senior Engineer in R&D center (Samsung Mobile Display)
- (Flexible) Oxide TFT team PA leader & A Chief Secretary in Samsung Group-Oxide TFT Research Assoc.

'09.9~13.2 Assistant Prof. MSE, Dankook University
"13.2~17.2 Associate Prof. MSE, Hanyang University (Seoul)
"17.3~Present Full Professor, MSE, Hanyang University (Seoul)
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Prof. Jin-Seong Park @ Hanyang Universtiy

Research Activity

* Semiconductor/Display materials and device, (Plasma Enhance) Atomic Layer Deposition (Precursor, Tool, Process)

* Oxide TFTs and Device Physics: defect analysis and Mechanical degradation mechanism

* High mobility InGaZnO ALD, HQ SiO, & SiNx ALD. Sub-nm level Molecular Layer Deposition Patterning Process &
Area Selective Atomic Layer Deposition

e Korean Information Display Society (KIDS), Planning Secretary since 2010
Korean Material Research Society (K-MRS, Secretary), Electronic Material Letters (SCIE, Editorial Board)
American Vacuum Society (AVS) Thin Film Division Member, International ALD committee member

Publication (over 250 SCI Papers, over 100 patents) & Total Citation : > 18500 hits

0 Achievement & Research statistics

% 13 0|=
1. Merck Young Scientist Award (2014) & Merck Special Award (2021) — 13::1 ZWLEJ;
“Oxide TFT Material, Process, and Mass-production’” h-index 53 42
2. Korea Evaluation Institute of Industry Technology, President Award (2017) H10-index 158 b
: A Leading Researcher on Flexible Thin Film Device Applications 2100

3. International Conference (Award, Tutorial, Invited Speakers) -

-IMID, SID Best & Distinguished Papers )
-IMID 2014 & Korean Physics Society, Oxide TFT Tutorial Speaker e
-ALD Conference, AVS64, Invited Speaker for Flexible Display

4. 18 International Atomic Layer Deposition Conference 015 2015 2017 2018 2015 2050 2001 202

: General Chair (American Vacuum Society, 2018. Songdo-Incheon) (Source: Google Scholar)
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History of Atomic Layer Deposition

@ ALD process was adopted for

@ T. Sultola developed the concept of # Research focused on the epitaxial semiconductor device scaling
ALD [US patent 4 058 430 (1977)] growth of lI=V, IV, Si. and Ge -
and named it Atomic Layer Epitaxy using ALD T application

: Apply Al,O; to DRAM capacitor
In 2007

: Intel announced applying ALD HfO,
to CMOS Tr.

Powerful, More Efficient o .,
45nm Intel* Processors

Diikd © *ewn A Tk setags

s Dl

10nm
Ref. Journal of the Korean Physical Society, 30, 447 2001

Hafolen-basd Inted® 45am Process Technology

& Name
ALE (Atomic Layer Epitaxy) o 5 :
> The original name, pocei —
but for eptaxial films only = -
€ Thin Film Electroluminescent (TFEL) ALCVD (Atomic Layer CVD)
flat panel display manufactured - Emphasizes the relation to CVD

: AlbO3/ZnS:Mn/Al,O; Structure ALD (Atomic Layer Deposition)
- Generadl, covers all kinds of films

Eaanl l}
I
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Atomic Layer Deposition

ABAB...

(1234 1234...)

NV
o

Reactant A

—

4 pulse ! purge

(Step1,3) : (Step2,4)
- >

Amount adsorbed

Time t

Aristeidis Goulas, Riikka L. Puurunen, J. Ruud van Ommen, 2020, Wikimedia Commons, CC BY 4.0, link; ALD-cartoons-evolving-file
Riikka Puurunen, Fundamental of ALD, ALD 2021 Tutorial
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Atomic Layer Deposition

Yoy asg SLE Bas

| Reactant A | Reactant B | Reactant A | ReactantB| ReactantA| ReactantB| . :: ‘

1st ALD cycle 2" ALD cycle 39 ALD cycle

§ SOC tust IZ>

| Step 1 Step2 Step 3 Step 4 | Step 1 Step2 Step 3 Step 4 | Step 1 Step2 Step 3 Step 4 |

Partial pressure P,
Reactant A L L]
Reactant B IIIlIIIH — Pa™P5™P iners

1

Surface coverage (0<0<1) . :ZA
From Reactant A : ]
From Reactant B 0 b

Mass adsorbed

* . ' B ==

-------- dm/dt 0 5 0 15 20 25 30
Number of Cycles

George, Chem. Rev. 110 (2010) 111.
DOI: 10.1021/cr900056b

J.R. van Ommen, A. Goulas, R.L. Puurunen, Kirk-Othmer Encyclopedia of Chemical Technology, in press (2021).
R, SIS D BIIE MAT B Adapted from Puurunen, J. Appl. Phys. 97 (2005) 121301, https://doi.org/10.1063/1.1940727

> EEAXH ﬂ X-] XI-AX’- *ég*é https://commons.wikimedia.org/wiki/Category:Atomic_layer_deposition#/media/File:Schematic_illustration_of_changes_with_time_during_three_ALD_reaction_cycles.png ﬂrLIME
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http://doi.org/10.1021/cr900056b
https://doi.org/10.1063/1.1940727

Atomic Layer Deposition

ALD: saturating, irreversible reactions
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J.R. van Ommen, A. Goulas, R.L. Puurunen, Kirk-Othmer Encyclopedia of Chemical Technology, in press (2021).
Adapted from Puurunen, J. Appl. Phys. 97 (2005) 121301, https://doi.org/10.1063/1.1940727
l""-:‘ SCiStR 2R MAK B https://commons.wikimedia.org/wiki/Category:Atomic_layer_deposition#/media/File:Various_dependencies_for_adsorption_vs._time_in_ALD_and_other_cases.pn ﬂrLI E
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https://doi.org/10.1063/1.1940727

Atomic Layer Deposition

Growth vs. cycles

“growth curve”

A (31) I (82) h (b)
O ON___
O O
> > _|.C_'
ALD cycles ALD cycles =
O
A (a3) A (84) (D
& &
ol o
ALD cycles ALD cycles ALD cycles ]

Adapted from: Puurunen, J. Appl. Phys. 97 (2005) 121301. DOI: 10.1063/1.1940727
J.R.van Ommen, A. Goulas, R.L. Puurunen, Kirk-Othmer Encyclopedia of Chemical Technology, in press (2021).

m https://commons.wikimedia.org/wiki/Category:Atomic_layer deposition#/media/File:W ays_the_GPC_in_ALD_can_vary with_cycles.png
R, tHoiT|eE BcKs MR B Wr
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http://dx.doi.org/10.1063/1.1940727

Atomic Layer Deposition (GPC vs. Temperature)

\
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\

\

Growth per cycle (GPC)

\. Condensation

Precursor

Precursor
Decomposition

Not enough
Energy for Precursor
Surface reactions Desorption

\
\
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Atomic Layer Deposition (GPC vs. Temperature)

\. Precursor
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ALD Window
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Thermal Stability
Ligand Design
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Atomic Layer Deposition : Precursor

B Organometallic compounds, Inorganic metals compounds

(ex. AlMe,, Ti(NMe,),, TiCl,, Rus(Co),,)

Should be removed

Should be stayed Ligand: VECTOR
Metallic center: TARGET

Enabling metal supply
Enabling metal vaporization
Enabling ALD reaction

(wa) 5o & A A Iime
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Atomic Layer Deposition : Precursor

[J The versatility of CVD and ALD ultimately rests on the behavior and reactivity of the
precursor used.

[J This design can be guided by a short list of target properties, namely a low melting point,
high volatility and thermal stability, and high, self-limiting reactivity.

[ A low melting point is ideal, and this is most achieved by designing ligands with
branched moieties that frustrate crystallization.

[J Volatility must be well characterized to establish suitability for CVD/ALD and to inform
process parameters.

[J Stability must be balanced such that transport to the surface is possible and reaction at
the surface is likely.

[J Reactivity must occur at the surface and no sooner, with the further constraint that in
ALD the resulting surface species eliminates all routes for further chemisorption of that
precursor.

(oa) Hcan 2 s A Iime
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Atomic Layer Deposition : Precursor

B Frequent Ligands for ALD Chemistry

X R OR NR, NR SiR, CR,
| | | | | | co |
Halogen Alkyl Alkoxide Alkylamido Imido Alkylsylil Carbonyl Carben
. 2 R NR,

Dienyl Arene Allyl Amidinate Guanidinato

R—OI O—R R—O' 'N—R R—N' 'N—R
R R R R R R
Acac AcN NacNac i .
p—diketonato (Keti?nizgto) (Diketiminato) Cyclopentadienyl Phosphine

R = alkyl group

“R el By MAKBRE
PEEAN A FAAX HEA
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Atomic Layer Deposition : Surface Coverage & Selectivity

% Surface 8||Z-a site @ ||Z-M]| site & ML, reactant d S:;f;:jct k%)x Q /S-\s:;;t;ed

(a) number of sites limits ‘G . :

Brmbmbm 5 B

(b) steric hindrance limits

(b) T EEEE Ty .!_.‘.!‘t’. .’_r_o’r;r

(c) a + b together limit

0 W/%/%%/M

—{Correction steps}—

N

Area-selective

Functionalization
R ALD

Etching

Puurunen, J. Appl. Phys. 97 (2005) 121301
.‘ 2 14 b
3 mf %@;ﬂﬁd&ﬂmﬁiﬂx} Al Al Mackus. Merkx, Kessels, Chem. Mater. 2019, 31, 1, 2-12 ﬂrLlME
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New Challenges for scale-down

High-k & Metal Gate

High-k /metal gate technology is necessary for the sake of reducing EOT (Equivalent Oxide

Thickness).

Kox k

@® Logic @ DRAM
f, = [, < g, ——
Kxt,, L,

Dielectric constant (k)
Silicon oxide ~ 3.8
ZrO2/A1203/2r02 ~ 40

Higher Thickness > Gate leakage reduction

Tech. Node(nhm)

IME

‘.um-,.,t‘:‘ SOt 04T MAX B EE
A W MAPAKL HLA
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New Challenges for scale-down

High-k Capacitor Dielectrics

Trade-off between bandgap energy and permittivity of high-k dielectric.

-
o

High-k
sio®
Al,O;

@ . zo;
HfSiO, HfAIO' HfO,

Si;N, ® ‘ La,;0;

Ta,0; @

- @ BST
Tio; ‘ STO
@ in production
under development

10 100 4 5
Specific Permittivity (k value)

¢}

o
o
@

(=)

EZAZ Extension

o

®

oS

Bandgap energy (eV)
N

Leakage current density [a.u]

) ST S s Iime
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New Challenges for scale-down

Lithography

EUV(Extreme UV, 13.5nm)

10,000

0| M|2t Trend Line
(70% Reduction / 3 Years)

1,000
G-line

OPC
Phase Shift Mask
Double Pattern

=
o
=

=
1S

Feature Size Wavelength (nm)

1980 1990 2000 2010 2020

DSA(Directed Self Assembly)

Self-Assembly
(without guide),

Directed
Self-Assembly

SRy TSR B0 MAK BEE

P ar o HAAK AR
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Quadrupole Patterning

First N .
Patterns . |

SPT
() Process

Double ‘4 b 4 )

Spacer i it

Quad SPT
Process

Final
Patterns

NIL(Nano Imprint Lithography)

Quartz Mold
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.
New Challenges for scale-down

3D NAND Stack-Up Issues

As 3D NAND Stacks up, it is necessary to overcome Throughput Reduction and Equipment

Variation.

m
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o

Plug Hole Etch Time

3D NAND GT Plug
Process Time (+10)

° Estimate Value

2D NAND GT Etch

» 2D NAND Tech.

48nm

20nm

16nm 14nm
» 3D NAND Tech.

536 548

YA R TR AKX HEA
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New Challenges for scale-down

High Aspect Ratio Contact (HARC) Etch

Continuous LF Power-up and shorter Duty Pulsing Cycle for HARC Etch
Cryogenic Etcher : High Selectivity & High Etch Rate, more less Necking & Clogging

[ LF Power Up and Duty Cycle Down] [ Temp. Dependence on Si Etching with SF./O,]
+30°C -50°C -80°C -110°C
LF Power Up Real Max CD
& [a]
5 O
= = Device Passivation
é = CD Target | :?)Lneration
Vertical Etch Rate — | DC Pulse Down onthe
: sidewalls
Lateral Etch Rate @Max CD
Depth Stack (Tech) R. Dussart et al. J. Phys. D: Appl. Phys. 47 (2014)
O Improved Necking & Clogging Phenomenon by low temp Etch
PR et sadw tanzey | ﬂrLlME
~ A A
i R A e - 20 - H20%] TBHRLHEE] 22,1111 gusgeomanoss
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New Challenges for scale-down

Metal Interconnection (WL)

. More than 30% low stress of CVD W
. More than 10 times low F conc_entration in the W film

. Have to consider an effect of Electron Mean Free Path on the resistivity

22.3/20.0 For a feW nm scale
7w W, Co — Mo, Ru

Element Crystal structures Do (HE2 cm) v (10°m/s) 3 pe (1072 Qms) A3 pg (107 Q m?) Ty (£S5) Ao (nM)
Silver Ag fec 1.5387 1448 5.84 8.46 36.8 533
Copper Cu fece 1.678 11.09 6.04 6.70 36.0 39.9
Gold Au fee 2.214 13.82 6.04 8.35 27.3 377
Alumimm Al fec 2.650 15.99 313 501 11.8 18.9
Calcium Ca fec 3.36 4.80 247 119 73.6 354
Beryllium Be hep 3.56 12.62 13.2/21.0 17.1/24.3 37.0/59.1 48.0/68.2
Magnesium Mg hep 4.39 11.63 8.60/7.30 9.81/8.80 19.6/16.6

Rhodium Rh fee 4.7 6.67 4.85 323 10,3 6.88
Sodium Na bee 4.77 10.21 14.4 14.7 30.2

Tridium Ir fec 5.2 8.54 4.32 369 8.30

Tungsten w bee 5.28 9.71 8.44 .20 16.0 15.5
Molybdenum Mo bee 5.34 9.18 6.53 599 122 12
Zinc Zn hep 5.90 15.66 6.80/4.90 10.3/8.1 11.5/831 17.4/137
Cobalt Co hep 6.2 2.55 13.1/10.9 7.31/4.82 21.2/17.6 11.8/777
Nickel Ni fec 6.93 2.34 10.0 4.07 14.5 5.87
Potassium K bee 7.20 7.94 28.6 227 39.7 31.5
Cadmium Cd hep 7.5 15.55 8.35/6.89 12.6/11.3 11.1/9.18 16.8/15.1
Ruthenium Ru hep 7.8 7.24 6.88/5.51 5.14/3.81 882/7.07 6.59/4 88
Indium In bet 8.8 16.32 4.64/445 7.62/7.18 5.27/5.05 8.65/8.16
Osmium Os hep 8.9 8.19 7.60/5.51 6.41/4.33 8.54/6.19 7.20/4.87

https://www.semanticscholar.org/paper/Electron-mean-free-path-in-elemental-metals-Gall/5fde93380cf4f2b5564c042d34b5610bel16d18c3

Sstn SN0 daBRE
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New Challenges for scale-down

Area Selective Deposition (ASD)

N

Selective deposition

STEM and EDX mapping

Dielectric

' (Source : Intel, GF, Techinsights, 2017 IEDM

Microelectronic Engineering
M eta I Volume 92, April 2012, Pages 79-82)

dielectric on dielectric on metal on metal on
dielectric metal dielectric metal
SRy, SCistn BaCiY MAKBEY

) FEPS R Tregnn - MLime
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New Challenges for scale-down

Area Selective Deposition (ASD)
“* ASD of AlO, on dielectric

/ Inhibitor \

0 Dielectric deposition
OOOO<)QOOO
Metal ety T 000,

-

. 4

Selective AlO, —
ielectric

220 girr)
| —

= EELS Analysis

il M W

v" Selective deposition of AlO, on oxide surface. No AlO, on W surface

TR siitistn B AN B
Pu=Ad U HAAK NEA Lime

.1;' e -1 >~
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Patterning Technology for Scaling-Down
: AS-ALD and Other

(o) 2o 3 TR AR A Iime
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Patterning Technology for Scaling-Down

Extreme Ultraviolet (EUV) Lithography

ArF/ArF-i ArF Immersion + MPT

90/65nm

1st Gate Last 15t Gen 3nd Gen

Strained Si HK/MG FinFET FinFET FinFET

i-ArF single exposure
Advanced
[nm] patterning
10001 ) ) 100 technology .
ArF immersion ‘L\/ﬁ .
80
100 oy
1m £ ©
EUV = 60
65 a5 N _§
10— |Resolution 20 a 40 ! A
14 3 . Advanced
m—— |Wavelength 10 g ’ 5 patterning
7 20 N3 39 i
1 5 3 technology
<
2002 2005 2008 2011 2014 2017 2020 ‘ Poly Gate Pitch
0 20 40 60 80 100
Poly Gate Pitch (nm)
C) PR F v anm iLime
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Patterning Technology for Scaling-Down

Extreme Ultraviolet (EUV) Lithography

ExiLmask Immersion Multiple Patterning
Wave 60 -
.~ length 13.5nm
Target ¢ pe— - : :
50 —_—
40 _—
m\\ 34 —
EUV light ' gl y -y — S
source e P 30 27 _—
Wafer stage < prem— ——— —
10 == — e
ey TWINSCAN — — —
' NXE:3600D 0 :
| LE3 LE4 SAQP Single
- + 3 cuts exposure
13 0 51 v M
13.5nm 13nm 0.33NA =160
EUVlight length Resolution Projectionoptics Wafers per hour

https://www.asml.com/en/products/euv-lithography-systems/twinscan-nxe-3600d

* Considering the number of process and increasing throughput !!
* Introduction for a few nm scale patterning (3-5nm Logic node & Leading DRAM node)

S s i me
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Patterning Technology for Scaling-Down : Cost Issue

BXI Double Patterning 800% =
» Addttional cost of spacer cores
£ 700% = Mulipatieming deposition & etch
H » Track + chemicals
L Scanner OpEx
i = Scanner CapEx
% 500%
Quadruple Patterning 3
Multiple Patterning: , 2 00% i
i & 2 % . |
PEALD SiO, on PR £ s
Octuple Patterning a': o
42 4F 4 .

LELE  LELELE
(1 wt) {3 cuts)
ArFi (NXT1970C1)
a
DSA
'I I ‘ s\‘
Film stack Litho/trim Resist strip Brush Excess brush BCP apply PMMA SiN1 open Hard mask

etch by solvent grafting removal and DSA removal formation

Film stack Litho/trim etch  Mandrel 1 Spacer 1 Mandrel 1 Mandrel 2 etch, Spacer 2 Mandrel 2 Hard mask
etch deposit/etch removal Spacer 1 removal deposit/etch  removal formation
STSa B NANBEE Wr
HEAK U MALAK AEA litime

P’ Laboratory for Information Materlals and Electro-devices - 27 = I'Ilzogl B%fal E | 22.11.11 ALK W MARAX; A2 A



Patterning Technology for Scaling-Down : Top-Down Litho.

Basic Issues: Self-Aligned VIAs (SAV) with Edge placement error (EPE)

Desired: In practice:
Aligned VIAs Edge placement error (EPE)

-

Small VIAs are difficult to etch — Challenging to fill with metal (Poor yield and performance)

Example) Twenty trillion chances to fail......
- With a 24 x 24 nm metal pitch grid, there are 123 trillion possible overlap
locations on a 300mm wafer.

-If 1in 6 has a Cut or Via, there are 20 trillion Cuts or Vias on the wafer.

- ~40,000 occurrences of 20 trillion are outside +/-6c normal distribution.

C. Wallace, 5t Area Selective Deposition Workshop, April 2021

R, TSR BAs MAK B Wr
BB AK] U MAIAK AEA Ao rs diiLIMe
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Patterning Technology for Scaling-Down : Top-Down Litho.

Basic Issues: CD Variation, Roughness, Leaning etc.

B Critical Dimension —> controlling below 10nm

TR e LA AAAAAAAAA AARARAARRAAARARARAN S0 nenanans sy
40 nm hp 20 nm hp 12.5 nm hp

LPR LER
=
i
wm-,,t‘:‘ prerrsta s MAX B8 Wr
£ HEAN U MAAK MM e
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Patterning Technology for Scaling-Down

BIG PICTURE - KEEPING MOORE’S LAW
LOGIC SCALING PARADIGM UNDER PRESSURE

‘Top-down Lithography’ Snm: At las, .. 3nmm: Double vhammy
ouble patterning

Fin based device runs out of steam

EUV reduces cost

~~
@ NW devi
- A 10-7nm: More trouble cvices

B Multi-patterning cost escalates [ New Compute

J';; 14nm: FinFET ‘ Machine learning Qu

7 FinFET device saves the day antum computing N

c euromorphic

ol LB e e a0 X\ et

© 20nm: First sign oftrouble \ \ |/ 0 1.75nm

b Double patterning (cost !) 2nm
H:, Planar device runs out of steam \

N B

bo . V4 [ V4

) - +  ‘Bottom-up Lithography
- nm

10nm Scaling boosters

Less happy scaling era

Still doubles but device 1408 Track height reductiom

scaling provides diminishing returns 20npg# Special constructs
28nm
40nm
Happy scaling era 65nm *ASD (Area Selective Deposition)
# transistors per area p——
doubles every two year 90nm
for same cost
I 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027 2029 2031

Focus of process technology innovation is

Scale device and wire Scale basic logic cells Scale (sub-)system functions

Efrain Altamirano-Sanchez et al., Area Selective Deposition Workshop, April 2019, Leuven

R TSR Bci MAT B Wr
o fliLive
A0 % b FAA - 30 - x."20§| x|_g_MI:IAE1§| 22.11.11 &-’
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Atomic Layer Processing for Advanced Patterning

B Conventional wafer fabrication requires many steps across multiple tools
O Top-down process

Int\::l?f::g 3 Deposition > Lithography - Etch . Strip " Clean = Deposition

R @ S | S e e e

Put down the Create the Selectively Remove the Remove Deposit conducting
insulating layers pattern remove material to photoresist residues and materials for
to be patterned mask create features mask particles the device

O Bottom-up process

After etching

+ resist strip Area-selective ALD

\
patterned sample deposited film | resist film

non-growth area growth area

1 Edge placement

, Self-aligned

error (EPE)
[Lithography & Etch] [Area Selective Deposition]
Ry v 3ny dan@ns S. Bent, Tutorial Session, Atomic Layer Deposition 2019, Bellevue
)52 AK) U TRAKE AgA yer=ep MLime
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Atomic Layer Processing for Advanced Patterning
M Current Uses of Selective Deposition in Semiconductor Industry

e Cobalt-capping of Cu lines
O Metal-on-metal
O Performed by selective CVD

O Electro-less cobalt-capping emerging option

e Bottom-up filling of Cu interconnects

O Topographically selective

Additives Bottom Plating Sidewall Growth Fill
Adsorbed Accelerated Suppressed Completed

C
L-

O Electrochemical bath contains accelerators that 'ﬂ; ;74’ :
preferentially adsorb to the bottom of the feature E % :
and suppressors that adsorb to the top B | e SN LSt

Industry open to selective deposition and more applications need solutions

SR SrerTistn BICIE MAT B

A S. Bent, Tutorial Session, Atomic Layer Deposition 2019, Bellevue Wr
) H 2 AT U MARAKE AA ] diiLIMe
¥ Laboratory for Information Materlals and Electro-devices - 32 - x1'202' ﬂ'(')‘ E‘I"I‘Eq 2| 22.11.11

—

YEAM W YRR} A



Atomic Layer Processing for Advanced Patterning

B Area Selective Atomic Layer Deposition (AS-ALD)

Non-growth area Growth area

Patterned Surface

After ALD

 —— Growth area
Non-Growth area

[ Linear growth ]

AS-ALD

Thickness

[ Nucleation delay ]

A

>

Number of cycles

\,um-,.,“:‘ STt BpCIE MAT B
BEEAK U MAAKF AEA

Laboratory for Information Materials and Electro-devices

Growth to specific areas by exploiting differences in
local surface chemistry

Nucleation delay before the growth initiation on the
surfaces that are present on the same sample
Bottom-up processing of materials according to
predefined patterns

Nanostructure synthesis without the need for additional

process such as etching or lift-off

<ilflme
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Atomic Layer Processing for Advanced Patterning

Bl Area Selective Atomic Layer Deposition (AS-ALD) : Where is from Selectivity?

Interaction between involved Difference of Reaction energy between GS & NS
surfaces and molecules
Thin-film precursor (a) [*) oo P
a Y \,
Precursor v I
s adsorption &
Reactii:wi h pr&yrsor desorption %
\ Reflection Physisorption/ Physisorption/ Physisorption/
Diffusion/ Diffusion/ Diffusion/
Precursor- Precursor- Reaction Desorption Clustering
metal Co-adsorbate(s) dielectric
reaction ‘J‘\ reaction
r .
/ \ * Stable nuclei on growth surface Selective
Bindi Bindi sae
onmetal on dielectric * Unstable on the nongrowth surface deposition
Metal surface Dielectric surface
rag 3
L0 5 A
‘5 3 <;§ 4 (b) Selective
g & \! & @ o Non-growth no growt: o?::
2
« Difference in binding of the i 1og p O |
o A N
molecules on the NS and GS i \Gmwm Reaction—> B o \
- . g MH IR
° Competltlve adsorptlon! ®
growth on both
* NS : Non-growth surface 1/T
* GS : Growth surface ’

R, sieiretn Bk MAT B G. Parsons et al., Chem. Mater. 2020 32 4920
pE=EAN A FAAA A
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Atomic Layer Processing for Advanced Patterning

B Strategies for AS-ALD

HVM Requirement for AS-ALD

e Inherent selectivity % POg
1. Film Conformality & Property

w 2. Wafer-to-Wafer Uniformity

3. Defectivity (Particles, Metals)

4. Wafter-to-Wafer Repeatability

e Polymer blocking 4?? Pog , l } ) l
O SAMs l [Nucleation depending on substrates]

1 Substrate 1

delay by inhibitors”

e Surface inhibition e < | Offelective
= Nuclea ickness  Substrate 3
o Small molecules ﬁﬁﬁﬁl ! !) J;! = (with inhibitor)
-
ALD Cycles
R StoCistn Bapce MAK B Y
D= AR U HAAK AYA . . liLiMe
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Atomic Layer Processing for Advanced Patterning

SAM — Chemoselective Inhibitor

» Control of surface energy ~
SAM coated Hydrophobic surface

oTs & OTS monolayers
CH, CH, CI/ ll\CI Sio,
I ~Hel I G CH; CH; CH, CH CH CH
(CH)y7 (CH) 7 | | |
£| —_— 4I / —_— [C?]"[j"z:' 1CHz); [CHz:' |{CH2}||CCHz}w
eI el 1™
""" - ————c—'ﬁ‘crr%-——- 41\01 “or H
OH 2 OH H.O it - % e
| [ }" ) H

* SAM (Self assembled monolayer) adsorption on silicon oxide surface

* Hydrophobic functionalization of inhibiting surface

\ J
» ASD using SAM in nm-scale ™~
a AlLO,
'\'\ te 3 %?\ SAM Depositi . . '
ODPA 5102 Z:'-‘r.'
g 3} MO, = Metal Oxide ;
% LAY : ‘ D ation Defect Removal
slnhlbitorMolecule @ ALD Precursor ‘
* Selective SAM (Self assembled monolayer) adsorption on metal oxide surface *ODPA (octadecylephosphonic acid)
\_ Area selective inhibition (S>90%, ZnO ALD) by several hundred more cycles of ALD )

Adv. Mater. Interfaces 2016, 3, 1600464

T ———— Chem. Mater. 2019, 31, 1635-1645 ﬂrLIME
)24 A FAAX} HEA

A A2ds
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Atomic Layer Processing for Advanced Patterning

SMI — Chemoselective Inhibitor
e SAM vs SMI (Small molecular Inhibitor) ~

Qin Inhibitor-Precursor Interface Substrate-Inhibitor Interface
J;'/Q; Inert
_,d Groups 2
£ ¢/ A 82 ;
Backbone
2 ¢ sl 9 o) é
B L2 £
$ Reactive | 8
10 ¢ Moieties 8
9) A
8 @ ZZ ALD with swi
= ALD with SAM
SAM Molecule Small Molecule Inhibitor Cycles of ALD
<Molecular Structure> <Inhibitors on substrate> <Inhibiting Property>
* SMI (Small Molecular Inhibitor) : Smaller inert group
\__~ Improving Vapor pressure : in-situ Process & Practical Application in Vacuum J
r— Application of SMI with ALD process N
i ABCD-type SMI recycle i ASD and ALE
1 1 on Si
ABC-type sMi recycle I I oF _-:—_ on Sioz after DEATMS with DFM 3
1 e e 1
i / £ / - i Eo}
1 5 e 1 £ HC—HC, T"’
i NHy S AR | 2 R e Selectivity
: KRR : E 6F DEATMS)” 6 nm
! ! 2 Ty
i i Fat
i ! 2| sy
: : 9 ok nm
inhibitor @ A B, <Hacac> ! Aniline ! <
precursor @ ; ‘fp\r (CH,0,) ! ! ob
i I R
oxygen . & : : 0 25 50 75 100 125 150
! ! Number of ALD cycles
ACS Nano 2017, 11, 9303-9311 1 1
\ : Appl. Surf. Sci. 2021, 539, 148247 )

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021
Srista 30OE dANEHT

DR EAK O MAFAKF AISA Chem. Mater. 2018, 30, 7603-7610 ﬂrL|ME

3 DoAIOAZS
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Atomic Layer Processing for Advanced Patterning

Area selective ALD type

4 N
B Demonstration of SAM patterning

( AB-TYPE CYCLES ]

(a) 1 AB-type ALD cycles

i - through a combination of selective
Surface ! g

preparation !
] oy .

i 0 ALD : .[j i [: it deposition and selective removal of
! Precursor Co-reactant . . .

L - dielectric material. )

'

~\
— ABC-TYPE CYCLES F— B ABC-type ALD approach for ASALD

M[['[i M[‘:j

Inhibitor Treatment

using volatile small inhibitor molecules

and the precursor ligands are removed

by the co-reactant.

ABCD-TYPE CYCLES

(e)

('[ii glgt

non-growth area B Demonstration of SAM patterning

growth area

through a combination of selective

deposition and selective removal of

dielectric material.

4 N
—{  Awp/ALEsUPERCYCLES | . e
() ALDcycles T // B Periodic thermal ALE can be
< > ¢—>
R successfully integrated into an
B B B
‘ A0, isothermal ALD/ALE supercycle
Precursor : . )
Couactan ALD/ALE Super-cycles sC h eme

\. J

Nanotechnol Rev 2017; 6(6): 527-547
Chem. Mater. 2019, 31, 4793-4804
R BHOrCistE ACIE MAT DY Chem. Mater. 2019, 31, 2-12

PEEAN U MXLAK AEA 7\ Mater, 2020, 33, 3335-3345 ﬂrLIME

Che 32
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Atomic Layer Processing for Advanced Patterning

Atomic Layer Etching (ALE)

1st Reactant Products
\ Modification / Modification Step

( A) ‘ Isotropic Directional

— Directional ALE Directional ALE
Substrate Substrate

; oy £y
2nd Rea\‘ctant Volatile  Etch Products ' </ A4

Release / 3
a | ic ALE Di i LE
(B) - ETCHED LAYER THICKNESS I A z N sotropic rectional A

Directional

g -
Substrate Substrate 2 W@EI/ ‘ \I %@E\ﬂ&
Repeat
ALE l ¢ Starting point: deposition occurs at a faster rate

on the growth area

Growth area Non-growth area

¢ ALE is performed to remove any deposited atoms

Thickness
h
d

From the non-growth area

¢ Supercycle is repeated until the desired thickness is

Growth area Non-growth area reac h e d
Number of cycles

Ry SR Sy AT BRE 1
3o A 9 DAL A N <litive
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Metal ALD
: Ru & transition metal

«\“'“I""‘_.‘ %gngx?lm;q;ji?iqﬂ ggg ﬂrLIME
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Atomic Layer Deposition for Pure Metal

ALD Precursors and the associated materials on the Periodic Table

1 m = elements in at least one ALD film

B C

A SOt Saops NAK BT

9 10 11 12 .V

Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge Kr
Y zr Nb Mo il Ru Rh Pd Ag Cd In sn Xe
La Hf Ta W Re Os Ir Pt [N Hg Pb Rn

Ce Pr Nd @il Sm Eu Gd To Dy Ho Er Tm Yb Lu

Th | Pa| U | Np|Pu|Am|Cm|Bk | Cf | Es |Fm|Md]| Lr | No

Not used in ALD because the elements are

= low-volatility ) . . . .

compounds radioactive = highly toxic =inert

Oxide dielectrics

Al;0;, TiOy, ZrO,, HfO,, Ta,05, Nb,Os, Sc,05, Y05, BeO, MgO, B,0;,
Si0,, Ge0,, La,0;, Ce0,, PrO,, Nd,0;, Sm,0;, EuO,, Gd,0;, Dy,0;,
Ho,0;, Er,0;, Tm,0;, Yb,0;, Lu,0;, SrTiO,, BaTiO,;, PbTiO;, PbZrO;,
Bi,Ti,0, Bi,Si,0, SrTa,04, SrBi,Ta;0s, YScO;, LaAlO;, NdAIO;,
GdScO;, LaScO;, LaLuO;, LaYbO,, EryGas0,3

Oxide conductors or
semiconductors

In,03, IN;,04:8Sn, In,0;:F, In,0;:Zr, Sn0,, Sn0,:Sb, Sn0,:Al, SnO:N,
Sh;0;, Zn0, Zn0:Al, Zn0:B, Zn0:Ga, Ru0;, RhO,, Ir0,, Ga,0;, VO,,
V,05, WO;, W,0,, NiO, CuO,, FeO,, CrO,, Co0,, MnO,

Other ternary oxides

LaCoQj,, LaNiO,, LaMnO,, La, ,Ca,MnO;

Nitride dielectrics or
semiconductors

BN, AIN, GaN, InN, SizNy, TazNs, CuzN, ZrzNy, Hf;Ns, LaN, LuN

Metallic nitrides

TiN, Ti-Si-N, Ti-Al-N, TaN, NbN, MoN, WN,, WN,C,, Co,N, Sn,N

lI-Vl semiconductors

ZnS, ZnSe, ZnTe, Ca$S, SrS, BaS, CdS, CdTe, MnTe, HgTe

1I-VI based phosphors

ZnS:M (M=Mn,Tb,Tm ); CaS:M (M=Eu, Ce, Tb, Pb); SrS:M(M=Ce,Th, Ph)

llI-V semiconductors

GaAs, AlAs, AIP, InP, GaP, InAs

P Ax) L MRAK AHA

Laboratory for Information Materials and Electro-devices

- 41 - X203
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ALD Difficulties:
Oxide

Nitride
Sulfide

Element/Carbide
Because of Chemistry

Harder

Fluorides CaF,, SrF,, MgF,, LaF,, ZnF, .,
Elements Ru, Pt, Ir, Pd, Rh, Ag, Cu, Ni, Co, Fe, Mn, Ta, W, Mo, Ti, Al, Si, Ge, Sb - Precursor & Reaction
Other semiconductors |PbS, SnS, In,S;, Sb,yS,, Cu,S, CuGaS,, WS,, SiC, Ge,ShyTeg

Others La,S;, Y,0,8, TiC,, TiS,, TaC,, WC,, Ca,(P0O,),, CaCO;, organics

<iLIME

BEAM R HRpAAL ALY



Atomic Layer Deposition for Pure Metal

Requirement for metal ALD

1 Requirements of Metal ALDs

1. Nucleating well on a certain surface.

2. Providing films with the smallest possible surface roughness.

3. Giving continuous films even at thicknesses of a few nanometers.
4. Depositing the film as low deposition temp. (<150°C) as possible.

5. Low impurities in the films

|:> Unfortunately, low temperatures limit surface mobility
and minimize the tendency of the metal atoms to form islands

at low thicknesses and rough films at higher thicknesses !!

|:> 1. Suitable Precursors for metal ALDs
2. Highly reactive reagents as a reactant
3. Novel chemical routes for metal chemical reactions.

G 5o A 9 SRR A 24 Iime

A7 . — "
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Atomic Layer Deposition for Pure Metal

¢ Higher reactivity of radicals

— Large “process window” « More versatile reactions
— Low temperature deposition s
A Metal N
pI"CCUF‘SOI“ + 0

Decompogition

Process

9 Window

© Metals
- Nitrides
5 Oxides
O

£

Lowered
growth
temperature
limit

Growth temperature

Widened process window

2 ‘ /
Do An U HAARE AR fiime
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Atomic Layer Deposition for Pure Metal

Electrochemical Potentials

O Metallic first row transition

M2+ + 26— <= M E= (V)
Cu 0.3410
Ni —0.257
Co —0.280
Fe —D.447
Mn ~1.185
Cr —0.013
v ~1.175
Ti ~1.630

@ Reactivity of metal precursor with common reducing agents

< ALD growth on temperature T

@ Cu (ll) has a positive E° value : Possible Metal ALD!
= Ni(ll), Ti(lll)... have negative E° values : Challengeable Metal ALD!

|:> Thermal ALD growth of is only well developed for noble metals, Mo, W, and Sb,
Due in large part to their more positive E° values.

¢ FOs R ey Iime

S ra oAg]s
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Atomic Layer Deposition for Pure Metal

The type of Co-reactant for metal ALD (based on peer review papers)

1. O, (including air) and O,
2. H,
3. O, O or H,O followed by H,
4. Main group hydrides (hydrosilanes, hydroboranes and hydroalanes)
5. Amines and hydrazines
6. CxHyOz organic molecules (formaldehyde, glyoxylic acid, formic acid, and alcohols)
7. Zn metal
8. ZnkEt,
9. AlMe,
el 3ol 2 A A A itime
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Atomic Layer Deposition for Noble Metal

Simplified flowchart for noble metals and their oxides

+ 0, + ozoen + H,
> 200°C < 200°C formalin
Optimized
Grc»y\{th J + |_|2
conditions + Ozone
( ] [ ] > 200°C
\_
o"‘"""r_,.‘ Srfista BaiE MATBEE Wr
G FEES LS NN JliLIME
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Atomic Layer Deposition for Ru Metal

Ruthenium precursors reported for Ru ALD Processes

2 2 % % 2
¢ a. a g -

RuCp. Ru(EtCp); (EtCp)RuMeCp)  (Me:NE(Cp)RuCp  Ru(Cp)(CO),Et

® v g »
@ & Jo O UV

{EtCp)Ru{DMPLY)
“DER”

. XAX 0
=0 N S |
N 0C—Ru—CO —Ru=
)fa,m i | s | y H‘u o—hu o
o ‘o M.z o

PO O XX

(EtCp)Ru(Py) {(MeCp)Ru(Py) Ru(MesPy): Ru{DMPLY),

Ru(*Bu-Me- Ru(y
Ruithd); Ru{od); amd);(CO) “ToRuS”
~< W G <
L l l \1/
u i Ru I
CIRRG TG S S
(Pr-Me-Be)Ru(CHD) (EtBe)Ru(CHD)  (Et-Be)Ru(E+-CHD) R“’("‘[‘C‘mf_ﬂnh Ru(CO)(CHD)

SR, ST BaciY MAK B

B et U HRAK AEA N
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Atomic Layer Deposition for Ru Metal

metal preqursor To (°C) reactant Tue (°C) growth rate (A cyele™")
RuCp, 0 0y (air) 175400 [ e T e | e |
&0 Oy 125-275 01 3 E g7
80 0, 145 02=0.3
0, (air) 150 02
0, 170 0s
50 0y 175 1
80 0, 310-350 1
85 0, 300, 350 1230 ¢
Ru(EtCpl, 80 0, 170 7,15
80 0, 170 L0
0, 300 04
80 0, 300 03
65 0, 300 18
Ru(EtCp), azane 125275 093 °C 120 °C | 2B
{ EtCp) Rul MeCp) 45 0, 250-325 02039 p4-p 3T I0T
(Me,NEtCp JRulp 7580 0y (air) 325500 2IB-HD T g TEIC g gHO-H0TE 0T
(EtCp)Ru{ DMPD) 0, 150 04
{EtCp)Ru{ DMPD) in ECH 0, 110-190 029 °C, 0 3=0.4"0 T, 0.4=0.5552C, 0 3=p 50T D ReaCta ntS
0 o, 2020047 0, g0 Most Ligand: Cp
0, 150 03 .
230 o 250 0s 1. Oxygen or Air
Ru(DMPDY), 0 0, 175=250 <), 17O g g BE-BEC
2 o 225 0 2. Ozone
(ErCp)Rul Py) 55 0, 275350 03-0.5"7 "%, 0.2-04" ", 04-062C, 05-06 3 N H 3
(MeCp ) Bul Py) 0y NA 04=0.6 .
Ru(Me,Py), 5560 o, 150-315 0240 °C gaMe e 4 H 2
Ru(Cp)(CO),Et 85 0, 100-325 08=0.9°2°C .
90 0, 323 L0
Ru(thd), 100 O, (air) 325=450 Q335 °C, Q4Me-4007C g SH50°C
100 0, 150, 315 02 a4
Ru(thd), in ECH 0, 330, 380 o3
Bu(od); in n-burylacetate 200 0, 175450 p*FIEC g g pPeE  gREC 1R e
(*Pr-Me-Be) Ru(CHD ) 120 0, 185-310 0648 °C ghe °C, g2 g 3HETC
100 0, 120 09-10
120 0, 125 08
100 0, 140-350 Il
(Et-Be )Ru(CHD) 100 0, 140-350 nghh
(Et-Be )Ru (Et-CHD) 100 0, 140-350 045 E
Ru( Me-Me,-CHD ), 0 0, 200-325 010 g 38T g g0 g it
&0 0, NA 05
Ru(CO),(CHD) NH, 100 35=4
Ru(‘Bu-Me-amd) (CO), 140 0, 300400 0530 °C, LIS G, 530, | e
Eu(*Bu-Me-amd),( CO), 130 NH, 200=300 QOEHE°G 00 OD ) 320G BS OVD ) 7300 °C; 04 CVD
ToRuS RT Ha 100=200 L ¥ e S K
25 H, >150, »200 Lg%

“Abbreviations: NA, not available; KT, room temperature.

Sstn SN0 daBRE Wr
) CERSE RIS R Ao rs litime
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Table 3. Impurity Contents of Ru ALD Processes

Atomic Layer Deposition for Ru Metal

cycle sequence Tup (°C) impurity contents (atom %) method

Ru(Cply=0; (air) 300 0 <15 C <0.3, H <04 TOE-ERDA

350 0 <04, C <02, H <02 TOF-ERDA

400 0 <05, C <03, H <02 TOF-ERDA
Ru(Cp),~0, 145 O in surface and in film AES
Ru(EtCp),—0, 270 0 <2, C <2 TOE-ERDA, AES
Ru(EtCp ), —ozone 275 0=l AES
{EtCp)Ru(DMPD) in ECH-0, 250, 280 0 <AES limit AES

280 negligible O and C XPS
Ru(DMPD) =05 325 0<l, C<02, N <02 SIMS
{EtCp ) Ru( Py) =0y 275 UQJNLHLNDi TOE-ERDA
(MeCp)Ru( Py) -0, NA 010, C <L3 H <2 ERDA
Ru(Me,Py),~0, 275 036 C L6 H 3N 12 TOE-ERDA
Ruf(thd) =0, (air) 350 04, CLLH22 TOE-ERDA
Ru(thd)y in ECH=0, 380 0 <l SIMS
(*Pr-Me-Be) Ru(CHD =0, 220 0 ~4 XPS

125 0 <5IMS limit, C ~1.8 SIMS

270 O <SIMS limit, C <SIMS limit SIMS

310 O <5IMS limit, C ~2.4 SIMS
Ru("Bu-Me-amd),(CO),~0, NA 003 C03 APM
Ru("Bu-Me-amd),(CO),~NH, 300 0 ~0.2%, C ~D05% SIMS

NA 0, C, N < RBES limit RBS
ToRuS-H, 100, 200 03 C05-1,H<LN<1 ERDA

150 O <AES limit, C <AES limit AES

O Very low impurities in the films

0 High Deposition Temperature (>250°C)

SYristE S0 AN BT

HuAX] O MAAK AEA .
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Atomic Layer Deposition for Transition Metal

Dihydrogen

B Only undergo ALD with H, at high temperature (250-400°C)
B AMD classes as ligands may react with H2 on relatively low temperature.
: via a result of amidinate anion hydrogenation

Table 2

Metal precursor/co-reactant combinations that have been used for metal ALD or pulsed-CVD and employ H; as the co-reactant {not in combination with 0., 0, or H;0). This
table focuses on initial literature reports for each metal precursorco-reactant combination, The first column of the table indicates whether ALD or pulsed-CVD is claimed,
although in a number of cases in Tables 1-7 ALD is claimed without demonstration of self-limiting growth.

Deposited metal (ALD or OVD) Substrate Metal precursor Co-reactant Reaction temp. (*C) Year Reference

Mn (CVD) Various Mn[amd® "8, Hz 300 2010 Gordon et al. [76]

Fe (ALDY) Si, C, glass, WN Fea{amd™ Hz 250 2003 Gordon et al. [77.758]
Ru (OVD) Si0z or Alz0s Ru(thd)s Hz 140 2003 Lashdaf et al. [79]

Ru (ALD) Si0z Rulacach Hz 300-370 2007 Gelfond et al, [80]

Co (ALDY) Si, C, glass, WN Coz(amd™ Hz 260-350 2003 Gordon et al. [77.78]
Rh (OVD) Si0z [RRCHCO)z )2 Hz 75-100 1095 Kalck et al. [B1,82]

Rh (OVD) Si0 Rhialiyl)a Ha G0-80 1995 Kalck et al. [81,82]
Rh (OVD) Silh {acac)Rh{CO)z Hz 85-100 1095 Kalck et al. [81,82]

Ir {ALDY) Si0, IrFg H, 375 2005 Dussarrat et al. [83]
Ni (ALD) Tior Al Milacac), Ha 250 2000 Niinistd et al, [B4]

Mi {ALD) 5i, C, glass, WN Niz[amd® ), H; 250 2002 Gordon et al. [77,78]
Pd (ALD) Ir or Pd Pd(hfac}, H. 30 2003 Senkevich et al. [B5]
Pd (CVDY) Si0; or Alz04 Pd{thd}; H; o0 2003 Lashdaf et al. [79]

Pd (ALDY) Air oxidized Ta Pd{hfac), H; 20 2006 Lu et al. [35]

Pd (VD) (Glass or silica powder (hfac)Pd(allyl) H, 45-60 1996 Kalck et al, [82,87 B8]
Pd (CVD) (Glass or silica powder CpPdiallyl) H, 30-60 19496 Kalck et al, [B2,87 B8]
Pt (CVDY) (Glass or silica powder PtMe,(COD) Ha 90 2000 Kalck et al. [81,88]
Pr{CVDY) Ti, Al 5i0z Pt{acac): Hz 250 2000 Niinistd et al. [84]

Cu (ALD) Ta CuCl Hz I60-410 19497 Martensson et al. [89]
Cu (ALD) Pd{Pt, TiM, ITO, Ta, Fe or Ni Cufthd)z Ha 190-260 1908 Martensson et al. [ 18]
Cu (nd)* Tior Al Cufacack Hz 250 2000 Miinistd et al, [B4]

Cu (ALD) Si, C, glass, or Co on WN Cuz(amd"™ } H2 280 2003 Gordon et al. [77,78]
Cu (ALD) Si0g, SiaMs, Co, WN Cuz(amd™®); Hz 150-190 2005 Gordon et al. [75,90]
Cu (nd)* TiN Cu{hfac): Haz, pyridine 25-100 2010 Chang et al. [91]

+ nd = not determined.

gotsa 3aY HaNBHY D. Emslie et al. J. Coor. Chem. Rev. 257 (2013)
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Atomic Layer Deposition for Transition Metal

Dioxygen, ozone or water, followed by dihydrogen

B Two-Step ALD : Oxidation and then the followed by dihydrogen (reducing)
: Two separate non-alternating steps (PEALD cases)
: The metal film may be unexpected in terms of physical/chemical/electrical prop.

Metal precursor/co-reactant combinations that have been used for metal ALD or pulsed-CVD and employ both {a) O3, 0s or H20, and (b} Hz as co-reactants, This table focuses
on initial literature reports for each metal precursor/co-reactant combination. The first column of the table indicates whether ALD or pulsed-CVD is claimed, although in a
number of cases in Tables 1-7 ALD is claimed without demonstration of self-limiting growth.

Deposited metal (ALD or OVD) Substrate Metal precursor  Co-reactant Reaction temp. (*C) Year Reference

Ir (ALD) S5i0z, Alz05 orglass  Irfacach 0, then Hz 165-200 2000  Hamaldinen et al. [92]
Ir (ALD) Alz0 Cp'Ir{CHD) 05, then Hz 120-180 2011 Himal3inen et al_ [93]
Cu (ALDY Alz04, 50 Cull Hz0, then Hz 375-475 2004  Torndahl et al. [94]

Mi (ALD but step 2 involves plasma)  TiN NiCpz Hz0, then H-plasma 165 2002 Kang et al. [95]

Ni (stepwise)? glass Nifacac), 05, then H, (1) 250, (2) 230-500 2000  Niinistd et al, [B4]

4 Stepwise metal film deposition by deposition of a metal oxide film, followed by chemical reduction of the film. Separate co-reactants and temperatures are given for
each of these steps,

D B E AR & HAAK AEA fiime

Laboratory for Information Materials and Electro-devices - 51 - x'Ilzogl ﬂ%% ‘?‘#%jgl 22.11.11 MGATY O MAFAK} O PAL




Atomic Layer Deposition for Transition Metal

Nitrogen-based co-reactants : Ammonia, w or w/o dihydrogen

B Key point : These reactions yield metal nitrides which decompose thermally under
the reaction conditions;
- CoN and Ni3N decompose above 300°C.
- CusN decomposes above 200°C.
- RuN decomposes above 100°C.

Metal precursor/co-reactant combinations that have been used for metal ALD or pulsed-CVD and employ amine or hydrazine co-reactants. This table focuses on initial
literature reports for each metal precursor/co-reactant combination. The first column of the table indicates whether ALD or pulsed-CVD is claimed, although in a number of
cases in Tables 1-7 ALD is claimed without demonstration of self-limiting growth.

Deposited metal (ALD or CVD) Substrate Metal precursor Co-reactant Reaction temp, (°C}  Year Reference

Co (ALD) H-term Sior 5i0;  Colamd™ )z NH3 350 2010  Kim et al, [28]

Co (ALD) H-term Si {allyl™ yCo{CO); NzHzMe> 140 2012 Kwonetal, [20]

Cu (decomp)® glass Cu(Pyrim®}; (R-Me, Et) 1:1 NHa/Hz 180 2004 Grushin et al. [112]
Cu+ CusN (nd)® Silk or Alz0s Cuhfack NH3 or Hz0 then NHa 283 2006  Torndahl etal. [119]
Cu (nd)” Ru Cuz(amd®™ ) NHa 280 2006 Gordon et al. [118]
Cu (indirect) Ru Cuz(amd®™®™ )z NH3 to Cuz N film, then Hz 160, then 225 2006 Gordon et al. [118]
Cu (ALD) Si0a Cu{OCHMeCHz NMe; | HCO:H, then NzH, 100-200 2011 Winter et al. [130]
Ni (ALD) Si, Sil: Nildmamb]z NHa 300 201 Kim et al. [29]

Ni (ALD) 5i0y NilOCHMe(H;NMe; )z HCO,;H, then NzH, 175 201 Winter et al. [130]
Ru (CVDYALD mix) 5i0y or WN (amd™ ) Ru{C0), NH, 200-300 2007 Gordon et al. [117]

4 Experimental details were not provided.

b Mot determined at this temperature, although CuN ALD was demonstrated at 247 -C.

© Mot determined.

& Deposition was achieved in two separate steps (see co-reactants and reaction temperatures in the table).,

) S uanh 9 R A fiime
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Oxide Semiconductor FET for Semiconductor
: Importance of ALD
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Shifting from Display to Semiconductor

| Super-Large area display |

Flexible Display

O Previous Requirement
1. Low Temperature

2. High Mobility

3. Large Area

4. Power Consumption
5. Low-Cost Process

AR/VR display o

LIS
s® b

gzyfesfey

a-Si, LTPS, Compound Semi.
: PVD & CVD & ALD

guEEEg,
“‘ ...
L4 * L4

- £ Amorphous Phase
& | : High Mobility :
z‘,:, : Low Leakage Current ;
£ % <102'A/um ¢
u N L4 . . “‘

(¢°] "spguns®

S

©

o

WebMavie Pt e . L
T 3
m e /ﬁy‘ 0.62W

stiit image 1
Node
{1Hz)

Oxide Semiconductor TFT
+ Atomic Layer Deposition

SiK 10 nm oK

Most Important Interests are “Low Off-Current” & Low Proc. Temp.”!!!

[Semiconductor]

Image sensor

Dynamic RAM

O Advanced Requirement

1. 3D Nano-Conformality

2. Low-Temperature

3. Power Consumption

4. 3D Stack Structure

5. Higher Mobility & Stability
6. CMOS Compatibility

Ry St B AARTES
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Emerging Application: LTPO & OS-LSI

© Oxide Semiconductor as a switching device — Silicon Hybrid Structure

[0 Application of OS to Memory, Logic Device and image sensor

... with Extremely low off-state current characteristics

: OS is stacked on a silicon CMOS circuit can open a way to evolve

silicon LSl electronic devices into low-power consuming electronic devices.

B Advantages for Oxide Semiconductor Device
1. Low off-current Property : <10-2A/um
2. Low Process Temperature : <350~400°C

3. Conventional Deposition Process: PVD & CVD & ALD

B Demerit for Oxide Semiconductor Device

1. Device Performance (amorphous vs. crystallinity)
2. Key defects: Hydrogen, Oxygen & Ordering (crystallinity)
3. Process Margin (Material, Annealing (450°C, 700°C), Ambient (Hydrogen)

TR, erietn B3 NaK B
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Oxide FET R&D footprint for Memory Application

SEL (2012~Present) CAAC-IGZO Review

Al

DOSRAM & NOSRAM 2% [ ., o g on on  E -Various Memory Devices
3 1 i I I e
Low off-current 8 Z ----- 2 - Low off-current
- Long Retention 201 - Less Power Consumption
0 L2 - ! : i
- low power 5.4 5.7 VoI::ge [v]e.s 6.6 Bulk SIFET

https://www.sel.co.jp/en/technology/os_lsi.html YAMAZAKI, Shunpei, et al. International Journal of Ceramic Engineering & Science, 2019, 1.1: 6-20.

[2014]

[2012] [2017] [2020]
CAAC- IGZO DOSRAM IMEC
8kb DOSRAM *2TOC Concept (All IGZO FETs)
> Low off-current - Data were retained after the elapse Cox of Read-Transistor as capacitor
> CAAC-IGZO FET on Si-FET of 240 h at 85°C (around 10 days) - M3D Memory

- Increasing Density

05 Layer

51 senoon-
ductor layer

(1--+Si FET

L &

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 52, NO. 4, APRIL 2017 . i
BELMONTE, A., et al. 2020 IEEE International Electron Devices
ATSUMI, Tomoaki, et al. 2012 4th IEEE International Memory Meeting (IEDM). |IEEE, 2020. p. 28.2.1-28.2. 4.

Workshop. |EEE, 2012. p. 1-4.

LTS uu Iime
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Oxide FET R&D footprint for Logic Application

Hanyang Univ. : Prof. Choi & Prof. Park group
Dynamic Logic Circuit based on IGZO TFTs (Scan Driver)
- Flexible inverter, NAND

SEL
Image Sensor (2011)- FPGA (Field Programmable Gate Array)

(2013) - 32-Bit N-off CPU (2014)

https://www.sel.co.jp/en/technology/os_lsi.html

[2011] [2014]

[2011]

Hitachi

IGZO based RFID Paper

- Low off-current

- Low Power Consumption

[ 0 5V o 0 1) = o &
pc— — — — P e — —
pi— — — — — pRASEEE BN | —oms
DBynamic - 0 1 B 1
invortor. JRNNLLIN 1 0 i ) : [CTp— 55
I B leovsne0 sy e 0 o ———,———,—_
oo 0.5ms oo 7 Isteoy.sTaTe=0
=9 - L L
—t—1 Vorssy g wi s 0A
outr 1 1 A Vou9.2V
OUT! e e -
1 1
\0_ O Vo =0V
Bal.  Bal.  Bal  Eal 0
val val. - . . v“=ov
- . (e N
BTl GND s TeoEvlfsy CEvalt CEvalc “Eval”

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 10, OCTOBER 2017

[2015]

Karlsruhe Institute of Technology (KIT)
In,0,/CuO CMOS Structure
- inkjet method, Low cost

[2017]

[2020]

Chungang Univ.: Prof. Kwon group
IGZ0O/SnO corbino TFT, CMOS Structure
- Invertor, higher gain

Inner Electrode Extension (Ag)

Passivation (SU-8, 2 ym)

Ti

T
Active (Sn0, 12 nm) 50 nm) Active (1GZ0, 25 nm) Electrode

- a-1GZ0O NMOS Gate Insulator (SiO,, 40 nm)
%_ Substrate (n*- Si, Gate)
= —100
2 E (d) Max. Gain = 92.4
E > 60
2 =
+ 10 mm > H S >
s > 401 Voo
Num. of Gates 351 E A
Num. of TFTs. 1026 ot small 2015, 11, No. 29, 3591-3596 = 0%
General “Saturated” “Active” C‘; 0
Power Consumption |20 uW @5 V Si-CMOS  load Logic Load Logic 0 2 4 6 8 10
ViVl

2011 Symposium on VLSI Circuits - Digest of Technical Papers, 2011, pp. 54-55.
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Recent Works in SID 2022 (1)

M Fabrication Method for Miniaturized CAAC-0S FET for High-Definition AR/VR Displays
R. Hodo et al. Semiconductor Energy Lab, Japan, SID 2022 Digest p.310

(@)

STI . — Gt
SD /. height direction
electrode W direction \T/ L direction
Substrate
b
®) Top gate
CAAC- S/D metal
0S
Insulator
height direction
Back gate W direction \T] L direction
Figure 2. Bird's-eye-views of FETs
(a) Planer structure

(b) TGSA (Trench-gate-self-aligned) structure

ll pp——————— *

Figure 3. STEM images of oxide semiconductor display.
(a) Plan-view STEM image of OSFETs. (b) Cross-sectional
STEM image 1 in channel length direction. (c) Cross-
sectional STEM image 2 in channel length direction. (d)
Cross-sectional STEM image in channel width direction

Sstn SN0 daBRE

Back gate trench formation

Back gate metal deposition and planarization by CMP

Back gate insulator deposition

(2) CAAC-OS and S/ metal deposition and island formation
Insulator deposition and planarization by CMP

(b} Top gate trench formation

Top gate insulator deposition

Top gate metal deposition and plananzation by CMP

Passivation. interlayer, via, and wiring formation

By applying a metal mask and
an etch stopper, the rabbit ear
and the reduced cross sectional
area phenomenon that occurred
in other methods was eliminated.

Figure 6. Crystalline CAAC-OS FET with gate length of 6.5
nm(a) cross section in channel length direction (b) cross
section in channel width direction

(a) ] ( 1
byproduct rabbit ear |
otgame mask
e ‘
SD metsl
CAAC-0S —Lg

(b)

e —

| Reduced cross-
SD mictll ———g < sectional aca
CAAC-OS —® .

CH,, BCl;, Ar

(c)
Metal sk \
Etch stopper —:
SD metal // ‘ ’
CAACOS

Figure 3. Difference in shape depending on CAAC-OS
island formation process

(@) )
075 102
07— g0
52065 —f—— T — &10¢
& 0.60— “"5/ =10%
V055 > o 100
0.50 10°
4 2 0 2 4 4 2 0 2
7, V] M

—0om —3nm —5nom —10mnm
Figure 5. Comparison of (a) Cg-Vg characteristics and (b)
Id-Vg charactenistics between the presence and absence of
different oxidation layer at ends of DE

(Both of them are caiculation results; Cg-Vg measurement
Ve=Va= Vg =0V, l--Vy measurement: Vs = Vig=0V)

Y. Okazaki et al.SEL, SID 2022 Digest p310
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Recent Works in SID 2022 (2)

M High-Performance Sub-50nm Channel Length 3D Monolithically Stakable Vertical IGZO TFTs for
Active-Matrix Application, X. Duah et al. Chinese Academy of Science & Huawei, SID 2022 Digest p.318

(b) Width: © x CD, Length: Height

CD=130nm, L=50nm
‘-" o i

®

Channel Al Around

{a}Frcunt view (b) :

1
Formation Of Via hole
cD MIM structur etching

—!

o0 T T

) Active area  ALD deposition
Top-down view  isolation

of gate stack
(a) ALD deposit sequence
c
InOx«x  GaOx~y ZnOx-z ( 2‘5 [CD = 4pm
e > X : ' X ] W= 1xCD
EE-E00-0EE-B f M|
— S : s = E . Q00510152025 &
e [ g s . g b g =Y
25} 50% 50%
super-cycle - N
y £ 1] &
i Smaller
_LI_A_I_I_IEI_A_.LLLI. M_SV 30%
T5F ‘
— 20%
10:10:10 2:1:11 1111 10%
Xy.z
o -4 e 200 250 300 350
"‘_;‘ srrista 3a0s MAT B3RS S5 [m\Widec] IME
yIEAN A TAAK}; LA « « N
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Recent Works in SID 2022 (3)

B BEOL-Compatible Ferroelectric Field-Effect Transistors with Atomic Layer Deposition of Oxide
Semiconductor Channel Toward Monolithic 3D Integration, Z. Lin & Peide D. Ye (Purdue Univ.)

(a) (a) (b

0
i)

- 10410 nm HfOy
E 1051 nm AlLO,
2 10-6
2 z 107
1 nm Al,0, 5 & 103
10 nm HZO 8- < 100
e i
10-13
R B R 0
© s (d) N Voltage (V) 4 -2 :. 2 4 8
: as (V)
o | kHz-1MHz 18f decent endurance p 10° ® .
8 A - i T R
3 L i1 nm
a e 2
s 1.0} ] [ g 18;’
a & 6} Viouress=t4.5V
Fost s} Frequency=10 kHz < 10° !
o S bty ——V=0.05 V
T4 2 0 2 4 107 10° 10" 102 10° 10* 105 10° 107 —s=0.5 V
Figure 1. (a) Schematic diagram, (b) cross-sectional TEM Voltage (V) Endurance Cycles }g-u . . .
image anq (c) photo image from top view of the ALD In203 -4 -2 0 2 4
EUTER W W10 00 HEVE e At e et 0208 Figure 3. (a) Schematic diagram, (b) P-V, (c) C-V, and (d) Vos (V)
' endurance measurement of capacitor with W/10 nm HZO/1
nm Al203/1.2 nm In203 stack.
In,O, ALD TFT : >100cm?/v.sec, S ~ 63.8 mV/dec Ferroelectric hysteresis loop
Total Thermal Budget of 400°C With a memory window of 1.2V

Ry SHUCIS R BACIE MAT B Z. Linet aI., SID 2022 Digest p221
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Recent Progress of Oxide TFT via PVD?

[0 Key Approaches for Improving device performances (Mobility & Stability) \

1. Combinatorial Composition : Sputter Target Materials & Optimized Composition (In, Ga, Zn, Sn, and so on)

2. Channel Structure via sputtering : Tandem, Oxygen Scavenge, and so on.

3. Post Treatment & ambient Annealing : Uniform Oxygen concentration via [Energy + oxygen]

In,0; ALD & TFT InZn0O, InGa0, InGaZn0O
INZnSnO......ALD-TFTs

A .
100} ‘ X+IZO & X+ZTQ - AOS Materials for TFTs
(SRSPEE I b
n::::."‘ 5:’ )
50 ,J9% 2 AUNNREI ST Post Processes for TFTs
oto et 2 R /
« Linear Mobiity -§ 1) e ’
= L 1" g
"i gn o 'n lonkc R: §
.! “ o
AR W W SN G WA e

Patent Application (2011.09)
(US, KR, JP, EU, CN) with SDC

Field Effect mobility (cm?/Vs)

10 - Boie m
B Capped TFT
AOS TFT (Nature)
H. Hosono Metal Capped
S.Y. Lee
Intense Pulsed
K RN - Light Irradiation
J-S. Park
Y-J. Lee
| I | ¢ I I | >
2000 2004 2008 2012 2016 2020 2025 Year /
R SIS E B MAN B
Brman 2 mAAK g <tIMe
e - 61 - x'II20§I ﬂ%%$‘¢%§I 22.11.11 AT D HMKPAK} G
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ALD Values for Oxide TFTs?

B Why is ALD Oxide Semiconductor TFT anticipated for the mass-production?

Conventional Method : Reactive Sputtering Promising Tool: Atomic Layer Deposition
e i Target (Cathode)
EaEee i‘[ Plasma [ Merits] [ - ]
: 1 £

\
\\ / AI(CH;); pulse - Purge+CH, surface
= | - Conventional Large-Size
b
M Ee o - Low Throughput Issue
e - Well-Matured Thin Film Tech.
vy vs e e (G2 - Proper Precursors (In..)
- Conductive arge
& Chemical Reactions

M Deposited lyer - Reactive DC sputtering .

(Anode)

Al b

Gas inlet

[Demerits & Limits]

o meemsd o ro0 - Conventional Thickness
. o : Below 20~30nm thick [ALD Merits]
NI y - Ternary Oxide System

: InGaZnO
- Oxygen Ratio & Annealing

- Large Size Equipment

Now, On going to Mass-Production!

1. Beyond Sputtering method
: Reliability & Repeatability

: In-situ multi-composition

ZnO o0.00 025 050 075 1.00 in,o,
Xin (In;0,),(Zn0)..« (mol%)  [Ref. Hosono Group]

: Nano-level controllability even in 30nm thick
- Uniformity of Composition & Thickness

2. Nano-Control : Thickness & Composition
- SRU &LRU of Device Performance on Large Area P

- Difficulty of in-situ Cation's combination

-» In-situ Insulator, improving mobility & reliability

Even on very large-size substrate (>8G)

: Excellent Uniformity on both thickness & composition

Ry BTl R BULL UATBHE
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Atomic Layer Processing for Oxide Semiconductor TFT

l. in-situ Combinatorial Composition

~— Previous Mapping Diagram of Sputtered vs PEALD InGaZnO ~\
< Mapping of Sputtered IGZO> = Micro-structures:
Gaz‘(‘)a Ga‘;Qz .
NI o A"  Amorphous Crystalline A" - In, ZnD : amorphous = crystalline
J Ll = Electrical property:
10 100
- In, Zn : Hall mobility T
5 5 : Hall carrier concentration
- Obtaining mapping data from PEALD IGZO
X0 @rOne (o) 1003 ZnO  Xim(mOd-nOhs (o In3O3 is essential, valuable, and very easy.
NPG Asia Mater. 2, 15 (2010)
< ALD Sequence > < PEALD Experimental information >
:
‘ . ' DADI TMGa DEZ * Deposition method: PEALD
- —— \ / )
: - zmoxm N ba— SO Reactant: O, plasma
T / . Growth Temp.: 200°C
Super-cycle — H [~ sub-cycle
xm I |
—
H | 1n,0; x n, In,0, Ga,0, Zn0
L] sub-cycle
' 0.8(A/cycle) | 12(Afcycle) | 2.2(Afcycle)
L J

Sheng et al. ACS Appl. Mater. Interfaces 11, 40300-40309 (2019)

Ry TSR B MAKBEE
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Atomic Layer Processing for Oxide Semiconductor TFT

l. in-situ Combinatorial Composition

[J High mobility of PEALD InGaZnO TFTs : In-rich phase
$

N ]
-~ d & £
( ZnO sub-cycle x A ."2 8 ; ~ g _ 2 .
[ Ga,0.sub-cyclexB | c & S o 24
= 3 ~— =25 20 1/nm
Supercycle 4 | ! ] In,05 x n & O In,0, &
: | sub-cycle E A IGZO,, . IGZO1 .8nm
. ht :
‘ Ga,0; sub-cycle x B’ | 'a .
Super-cycle < | ! | 1,05 x 1’ § IGZ0, ,,,
sub-cycle [
[ ] v - IGZOu.anm
.
Si0, Gate Insulator 20 30 40 55 60 s 10 NmM
2 theta (degree)
2
10 1620, 1620 1620,
10° [ wiL:40/20um WiL:40/20um W/L:40/20um 1GZ0, 1GZ0, ., 1GZ0,
—_ V=201 Vin [V] 2.3+03 0.2+0.1 -1.3+0.1
L0
E w0<k . Uesflcm?/Vs] 4.8+0.2 30.3£0.8 655112
TN A O N
»
3 TMSLELEEELERRY 7™ o T EEEEEEREEY AL LR L L L e LT ne? Wsatlcm?/Vs) 9.9+0.1 34.14+0.3 743415
=
o 3
g 10°F S.S. [V/decade] 0.3440.03 0.26+0.02 | 0.26+0.02
10°F
0 Hysteresis [V] 0.56+0.1 0.20£0.04 0.20+0.03
10°
" lon/lore 2.9x108 5.5x108 8.9x108

-10
Gate Voltage (V)

-10 0 10
Gate Voltage (V)

[} 10 -20

-10
Gate Voltage (V)

10

)
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Atomic Layer Processing for Oxide Semiconductor TFT

l. in-situ Combinatorial Composition

~— ' Hall mobility & N, (RT) = (— Low temperature Hall measurement D
13 10'
@ PEALD IGZO ol g Y abLLE SR
o sciezo g QU 4 B"J R TN R I el [P SR DI
Y | #alGzo * n% A Te g"’ L TR R B g § . *-o_y
NZ * o \ * I > *
E B‘ A ¢ E 10 .; )
e o * =1 (7] = 10
= * 3 N g |4 g
£ e A S qo  Aa S
= £ (8] A 5 10
i =) s \ 3 A . o
T raiczo_tonm 5 10941620, 10441620,
o 0.1l-®-16Z0_1.8nm O fel6z0,, -*-1620,,,,
10° 14 I15 I15 I17 I18 I19 20 - w9, n = In,0, 105 In0,
10 10 10 10 B 10 10 10 3 2 5 6 T 107 4 : : : 0.24 0.26 0.28 030
N.(cm™) 1000/T (K") 1000/T (K) T™ (K™
- In,05 sub-cycle number increase -1GZ0 < 1.0nm = N, (< 107 cm3)
-> carrier concentration : E¢ locate in tail states & carrier conduction limited by potential barriers
- Dependency of p,,; and N, —> temperature-dependent behavior
-> Similar trend to sc-IGZ0 and a-1GZO -1GZO > 1.0nm = N, (> 10 cm3)
- At Same N - Fermi level exceeds the potential barriers
e
> :PEALD IGZO ~ a-IGZ0 > sc-IGZO -> carrier transport is no longer affected by the potential barrier
Hhall P
- temperature independence
L J \. J

Sheng et al. ACS Appl. Mater. Interfaces 11, 40300-40309 (2019)
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Atomic Layer Processing for Oxide Semiconductor TFT

Il. Surface & Chemical Reaction

[1 Dependency of each In precursor for In,0; ALD

- (a) ALD InO_ —a—In precursor-1 (b) ALD InO_ —a—In precursor-1
10l T, 200°C ~a— DADI 125| —o-DADI
o ——TEIn > |4 ; —»-TEIn
S S |
Sl T e | 51
L 08y =
P 9 0.751
o6l @ D— - b Y [
c Jor e £ 050} _
-g @ Q-—"‘"’fé % D j
B 04l 5 025+ Process window '
L 1 L L 0 1 I 1 1 1
30 40 0 60 50 100 150 200 250
Precursor temperature ( C) Growth temperature (°C)

B All Indium precursor exhibited self-limiting Behaviors under ozone reactants.

B They have similar ALD process windows Between 100 and 200°C. No thermal-decomposition below 250°C.

D) S ime
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Atomic Layer Processing for Oxide Semiconductor TFT

Il. Surface & Chemical Reaction

[0 Dependency of each In precursor for In,0; ALD

10° 60 102
(a) —a— In precursor-1 (b) —a—In precursor-1 (c)
—a—- DADI —a— DADI
—-TEIn —2-TEIn —~ 107t

10” ) €
- 3 =
g > 40 S 107
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G = =
. 10° e =
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2x102 Qcm _ O 10"} —a—In precursor-1
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100 150 200 250 100 15 200 250 100 150 200 250
Growth temperature (°C) Growth temperature (°C) Growth temperature (°C)

B InOx film with TEIn exhibited low resistivity (below ~104 Q2cm) over 150°C.

M In general, Hall mobility increased linearly on growth temperature due to the crystallinity. Most films have

high concentrations on all growth temperatures.

D SIS E BCIE MAT B
- ume

HE A | Ixix AKXl AlS{A N N
3 XH gc } }' égal - 67 - x'Ilzogl ﬂ%%‘?‘#%gl 221111 AT U HMREAKE YA

Laboratory for Information Materials and Electro-devices




Atomic Layer Processing for Oxide Semiconductor TFT

. Group lll doped ZnO ALD e
Mother Matrix still Low Mobility (1~3cm?/V.sec) ZnSnO based Oxide TFT

i i
i i
:G. B. & Al-O effect i 1. Stable Sn0, phase; Etch? i
i 2. X-ZTO system i
| |
1 1
i ;

ZnO ALD

Low Mobility due to G. B. ZnSnO ALD 3. High mob. & Stability

Limited Device Stability Moderate Mobility (10~15cm?/V.sec) (>20cm?/V.sec)
: Limitation of Sn conc. due to Etch B e L Lt

InGa?x ALD InGaZnO ALD
Mother Matrix Reasonable Moblllty(>15f:m.2/V.s.>ec) Good mob. & Stab. (>40cm?/V.sec)
Necessary for the Optimization Necessary for the Optimization
Ga, In Precursor & ALD Process Ga, In Precursor & TG/BG PA
: How to control Vo? Understanding Combination!! INZnSnO ALD
_ctoichi ?

Non-stoichiometry O/In’ Good mob. & Stab. (>30cm?/V.sec)
J. Sheng et al. ACS AMI 11, 12683 (2019) InZnOx ALD Necessary for the Optimization
J. Sheng et al. J. Semicond. 39 011008 (2018) Better Mobility(>40cm?/V.sec) In, Sn Precursor & TG/BG PA
W. Choi et al. JVST A 37 020924 (2019) Good Stability on TG or BG PA? ‘

M. Kim et al. Ceramics International (2019) ' re ope
J. Lee et al. ACS AMI 10, 33335 (2018) In Precursor & ALD Process Better Mobility & Stability !!

There are a lot of possibilities using ALD methods for designing oxide Material & TFTs
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1. ALD is well-known thin-film technique, but the chemistry is the fundamental in ALD.
2. The challenges of ASD are significant. However, it is an interesting area, fundamental
research in academia and industry.
3. MLD is getting important for novel function and property
4. Ruand Mo ALD is the key for next generation. The reducing agent is one of key
technologies in metal ALD for next generation.
5. ltisinevitable to design 3D structure for increasing the density.
Currently, new semiconductor is very critical issue for 3D Memory devices.
: ALD is the key process in Semiconductor industry.

Providing Not only conformal deposition in 3D structure but also New Breakthrough!
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Thanks for your attentions!
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0 Contact to:
Prof. Jin-Seong Park
E-mail: jsparklime@hanyang.ac.kr

Lab: http://hylime.kr
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