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Moore’s Law in Action
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What dictates FEOL (Transistor) Research Activities?

Important transistor parameters

(VT — threshold voltage; C_, —gate capacitance)

x —dielectric constant; L,W —channel length & Width
t — gate insulator thickness SAMSUNG
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What dictates BEOL (Interconnects) Research Activities?

w contacws: :

Source

Gate

RC may be reduced by:
T:RC: (p/ 1:metal)(g /td)l—2

1. Reducing resistivity p (Al=>Cu)
2. Increasing metal thickness (t, )
3. Reducing ¢ (low k dielectrics)

4. Shortening metal line length, L SAMSUNG



Moore’s Law Enables Innovation and Cost Reduction
CUST PER TRANSISTOR TREND

mm2 / Transistor

$ / Transistor

.(normnllzed) 1 (normalized)

0.1

0.01

22nm
14 nm
10nm

7nm

7nm 5nm

Twice the
circuitry in the Option to design
same space = for optimal
(architectural performance/cost

innovation)

Same circuitry
half the space
(cost reduction)
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Cleans/Wet Etch Requirements & Expectations

Increase in cleans steps, chemical demand, and complexity as we march towards smaller dimensions

Always up and running tools — No interruptions in supply chain > Chemicals/raw materials and
equipment spare parts are readily available

Invest proactively to secure the supply ¢ tal cost of ownership

Effective change control is a key to pr

Enhance quality and reliability contro
> Better Etch selectivity - Etch Selecti

» Eliminate contamination and reduce vari

aterial/exposed & underlying material

Environmentally friendly solutions

Defect reduction, continuous yield improvements and keeping cost per transistor low is the
key to the industry’s success!!

SAMSUNG



Cost of Contamination/Excursions

Possible Sources of Particles/Contamination

Corrosion products - Metal-rich residue
Electroless deposition of copper Cu** - Cu®
Precipitation/Nucleation of metallic complexes from the cleaning solution
Fab environment/facilities
Etching/Cleaning Chemical components
Incoming Particles > Chemical supply/raw mat

YVVVVYVYYYVY
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ééurcé: NE Mistkawf, Dissertation
« Contaminated raw material effects finished goods quality
 Customers cannot afford excursions: one failure can have a

significant financial impact , sze
« Early Detection Lowers Impact to Finished products SAMSUNG



First Line of Defense — Chemical Purity L

Filtration and Packaging Transportation /Transfer

Raw material sources, Purification, e crucial to semiconductor

processing.

Much stricter protocols and furth
a key.
Filters can’t introduce contaminants.
reacting with process chemicals

It is too late if we wait until a pressure drop IS observed —> Filter is supersaturated
Inline and continuous monitoring is vital in catching issues before they occur
Identifying potential failures and their impact is critical > FMEA

Collaboration/joint efforts with filter suppliers is needed to drive further improvements.

proving purity and quality control is

emove and retain impurities without
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Product Control and Yield Enhancement via Filtration

Typical trend post filter replacement
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Filter Membrane zeta potential as a
function of filter loading

Filtration cost function & performance investigations:
N el ©  On wafer evaluations: Surface scans, EDX, TXRF
1 I Zeta potential studies

Replacement

- toolan
process

Preventative

e ooyl * Chemical analysis
P o * Retention studies
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Beyond 14nm

» Non Traditional Scaling — 3D architecture, design innovations, and process
sensitivity are increasing

» Sub 10nm particles are now significant anced Purity is crucial

> Filtration Technology must keep u
tolerance

eet the paradigm shift in defect

» Trace levels of contamination ca pact on yield and device reliability

« Understand particle metrology g wafers vs. in-situ liquid vs. In-line

» Advanced metrology and analytical methods are critical for Defect Identification

and Characterization
Decision making will be difficult/flawed without stable and capable metrology

SAMSUNG



Future Technologies

Challenges for Future Device and Integration Options: 10nm - 3nm technology nodes
« Finand BEOL ILD lines collapse mitigation -- surface derivatization/modification is required

» Gate pitch scaling = Gate-All-Around (GAA) by fabricating Si, SiGe, and Ge nanowires as transistor
channel materials to enable the scaling evolution

*  Fin thinning — Ultra Thin Body Transistor
» Potential strategies to mitigate Shot Noi
»  Green chemistries development and the

ghness during lithography exposure
ide the box Thinking

e  The introduction of new BEOL materials: cob nitride, etc. mandates further innovations in

cleans/wet etching technologies

* Increased mobility fins = 111-V elements NMOS,
*  Cleans role to enabling EUV

*  Vapor/gas Phase strategies

« 3-D NAND and emerging memory devices --- Wet etch selectivity and vertical uniformity, Pattern collapse, etc.

SAMSUNG




Fin Collapse

Unbalanced Capillary forces During the drying step

Shear Stress Force

v

The Shear Stress 7 ( y)

where
r = distance from center
u is the dynamic viscosity of the fluid;
u 1s the velocity of the fluid along the boundary
¥ 1s the height above the boundary.

0 = densi ular speea

Note the direct relationship between the
shear/stress force and density/viscosity

Rinse interface Horizontal projection of ¥

iy

Substrate

Where v is the surface tension of the liquid, 0 is the
contact angle, D is the distance between features, and
H and W are the height and width of features

respectively. SAMSUNG
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Fin Collapse Prevention

NON-COLLAPSED FINS
APSED FINS

MULTILAYER i .

/ sTAackm I y

[ ~MULTILAYER Fln COI“p eXlt -
/~ STACK A

ey Heterogeneous multi
stack or encapsulated in

RECESSED-

sTI /
RECESSED FiN
RECESSED~

ST //
RECESSED FIN o
\ DD

100% no collapse is required

FUNCTIONAL
GROUP

Multistep rinsing including surface
derivatization and modification is
Needed

Source: Patent Issued WO 2018/063277 Al
Inventor: Nabil Mistkawi

SUBSTRATE

Self assembled monolayer to control

surface energy and contact angle SAMSUNG



Nanowire Channel Transistor Architecture

* Gate-All-Around (GAA) currently the leading strategy for extreme scaling beyond the FinFET architecture
* Fins are replaced with Vertical stack of Si and SiGe nanowires for NMOS and PMOS transistor respectively

Nanowire ' Planar =2 Fins =2 Nanowires
GBIE—E‘_GNE ﬁ

- Oxide
Silicon ——»
Nanowire further ) —t | E—

relaxes Tsi / Wsi Improved RDF
requirements (low doped
channel) R — | Quadruple
SOI MOSFET FinFET gate FET

Limit = Nanowire

1, = _|—= . 1 b A, = —.’ "
Excellent Eqy ’ .' X

channel

control tg, = 10nm, ty,=1nm 5 ~5.5nm - tg = 10nm, t,,=1nm J ~3.8nm | ’ = 10nm, t,,=1nm 2 ~3.8nm

Lg > 22nm Lg > 15nm Lg>11nm

Source: Kelin Kuhn / ECS meeting / October 2010

» Main Motivation for NW.
 Improves short channel effects by improving device electrostatics vs. fin
» Lower | for fixed VV; (low power) Or lower V for fixed | 4 (higher performance)

SAMSUNG



Nanowire Transistor Fabrication: Wet Etch Approach  _samsune
Gate-All-Around (GAA) - leading strategy for extreme scaling beyond the FInFET hitecture

Poly SiGe

Si
SiGe

Non-Selectively

- Wet Etch
Source: patent issued # W0O2018063300A1 p-r ~r Van .

Inventor: Nabil Mistkawi Selectively Wet Etch



What is Shot Noise In lithography patterning

At very low dosage Critical Dimension (CD) fluctuates due
to spatial fluctuations in the exposure dose

O o © © © o

Berore

Deposit

SAMSUNG




Shot Noise Mitigation Process Flow

B .

Fluc tuation of CD of ( Eﬁf—fﬁd es into the

holes dus to zhot noize
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Si
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=i
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Si

ETCHING
. Femowe thin film of
STEP 6 photor=sist on top of

the nanoparticles

STEPS _ fo.Smfm 8 STEP 7 mefeietes
Si0y ETCHING

—milh
PATTERN TRANSFER
Transfer the pattern Si Etch nanoparticlss =i
into B10n by weat
ztehing or mactive

ion etching (RIE)
Source: J. Mater. Chem. 100 (3), 955 2015. N. Mistkawi/PSU Collaboration




Titanium/Titanium Nitride selective wet etch formulation
Design Considerations: Green Chemistry Approach

At low pH only HF can dissolve Titanium.
HF also dissolves ILD (SIiO IOF, Si;N,).

Strong oxidizers can etch ti absence of HF at any pH.

W is readily etched in the p Idizers.

Strategy: Take advantage of HF etching of Ti BUT figure
a way to inhibit HF etching of ILD

SAMSUNG



TiI/TIN selective etch formulation design Considerations

Polymer

CH;SI(OCH,CH3); +

SiF, + H,Si0; +H,SiF,0,
H,O + HF

+ CH;CH,OH + CH,SiF, +
small MW polymers (e.qg.
Dimers, trimers, etc...)

« To prevent ILD dissolution by HF, a silane coupling agent was
Introduced.
* Must inhibit polymer formation.

SAMSUNG



Optimization of formulation synthesis/process cliffs & process window

i 8 Process
Window

(@
o
I
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Why Is the Formulation Compatible with ILD?

19F NMR F NMR
(Dilute HF) (Formulation)

Distinct HE peak is absent in final formulation

-140

-H3 ng fH3 rHs [C.Hg TI
EtO TI @) TI @) TI O

OEt F F OH F F
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How Does it Work?
Selective Ti

CH3 Formulation Solution

T1 Surface

Si—OH

23
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Summary

« Beyond 14nm process technology nodes would require ultra pure chemicals
and efficient filtration strategies

 Defect reduction, continuous yield improvements and keeping cost per

transistor low 1s the key to the 1

Icant financial impact,
e needed.

 Contaminations and Excursio
Therefore inovative Early De

« Several promising technologie 0 extend moore’s law into sub

10nm technology nodes:
* Preventing pattern collapse
* Integrating nanowire transistor channel for GAA

» Reducing effects of short noise

» Development of environmentally friendly wet etch chemistries SAMSUNG
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