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Introduction to my team (staff member: 10)

Semiconductor Integrated Metrology Center

<Plasma Technology >
<Process/Materials Evaluation Technology >

<Vacuum & Pump Technology >
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KRISS Plasma Research Lab (K-PRL)

» Member

Staff researcher

' N ﬂ

JH Ki Hyo-Chang Lee
Principal Research Scientist Principal Research Scientist
Distinguished Research Scientist

Post-doc Ph.D course
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Alumni

- Dr. DW Kim (KIMM), Dr. BK Na (KFE),
Dr. M Park (KFE), Dr. prof. KH You (CNU),
Dr. prof. BH Seo (Embry-Riddle Aeronautical University),
Dr. DH Choi (Samsung electronics)

» about Hyo-Chang Lee

Education & Career

2012. 08 Ph.D., Department of Electrical Engineering, Hanyang University (Korea)
Dissertation: Studies on plasma parameters and electron transport heating
in RF biased inductively coupled plasma. Advisor: Prof. Chin-Wook Chung
(Excellence Award for Doctoral Dissertation, only one selected)

2012.09 -2015.09 Lecture Professor, Research Professor, Research Fellow

Department of Electrical Engineering, Hanyang University (Korea)
2013.01 -2013. 02 Visiting Researcher,

Princeton Plasma Physics Laboratory, Princeton University (USA)
2015.10 - 2016. 03 Senior Researcher,
Etch Technology Team, Memory division, Samsung Electronics (Korea)
Principal Research Scientist (permanent position)
Korea Research Institute of Standards and Science (Korea)
(Distinguished Research Scientist 2020-2022)
2019.09 - 2021.08 Adjunct Professor

Department of Electrical Engineering, Hanyang University (Korea)

2021.10 - Now Professional Examiner, Korea Patent Tribunal

Academic/industrial achievement & Activity

* SCl: over 80 papers induding Applied Physics Reviews 5, 011108 (2018)
* Patents: more than 30

* |OP Hershkowitz Early Career Award (2020)

+ Editorial Board of Plasma Sources Science and Technology (IOP)

* |EEE Senior Member (2018)

+ Korean Intellectual Property Office Examination Advisor

. ﬁdvisor for 1hg rr:;j;:()__:ctc-tgeneraﬁon intelligent semiconductor technology
+ 2021 Prime Minister Award “Development of Plasma Sensor”(Korea
Invention Exhibition)

+ Plasma sensor : transfer of technology (one miillion dollars)

2016.04 - Now
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PRL kriss group

* Fundamental study * Industry support

P Plasma resistance measurement evaluation

(Establishment of KS) : Measurement of plasma T
p» source ) ) . :
. resistance of semiconductor process parts and materials
B .
o S i s » Plasma measurement test report issued

» metrology : absolute plasma density measurement

P monitoring ‘-

BAZ0 HUYEIasma Hectron Densiny] 53 AHET

- Test DrOCeHUIS for MESsLAING Dlasme electron dersity - Be UEE UEY BAX0 DNYSsma clection ] A7 (Plasma lectron Density)
densityish MXIRI0as eleciron tenmeraturel PRETRTE

Tt ool oesetens o s et dessicy sease

P calculation S
Plasma Measurement Test Procedure at KRISS
KRiSsramezmess | | kRiSsommmers | | KRISStmzenms
b processing (etch » Establishment of reliability evaluation test bed
’
depo, ashing, etc) : Plasma components, equipment reliability evaluation (Z}7| 5 N-Lab)

: Low contamination particle & plasma material reliability evaluation (NRF)

: Establishment of process sensor reliability evaluation test bed (NST)

Plasma physics & science development,
and semiconductor/display industry technology support




Plasma Group

= Plasma equipment

* 300 mm wafer .
Process (ICP, CCP)

v

-

Symmetric CCP .
with gap control

ICP+CCP

PlasmaOn

* PECVD (Si) * Helicon

Salenoid coils Brewster chamber (B chamber)

v
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HEEH
Difiusion
meDantennz > g ¥ Chamber
(D chamber)
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Gas feeding line
> @ 5
B field direction
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" Plasma Measurement

*  Cutoff probe
(ne)

* Floating probe

Laser scattering method
(ne, Te)

- OES .
(i, Te) (plasma light emission)
* Langmuir probe PROES
(resolution 2 nsec)
* Electron energy distribution QMs . )
| |
(Radicals) Material Analysis
* lon energy distribution PSM
(Radical, ion species) * SEM, Raman, TEM, XPS, PL, Profiler
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Cutoff probe & Flat cutoff sensor

Development of plasma diagnostic tool Plasma Sources Sci. Technol. 29 (2020) 035016
(microwave cut-off probe) * The amount of plasma incident on the wafer plays a
decisive role in the process result
n,=1.24x 1010(%)2 [cm™3]  NetworkAnalyser Wave cutoff probe in plasma
13.56 MHz ICP g d
m A g o Probe tip ~ Reflection
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e Dielectric oaxial cable . T —
tube ‘ f ch 10" ~ 10° -E 75
Figure 1. Amangement of the wave cutoff probe. Detecting Radiating % .LE 3o %1510
* A cutoff occurs in a plasma when the index n =ck /@ of refraction E % E 1g0)] — Estmationn,
goes to zero P £ g ot o
«  Awave is generally reflected at a cutoff. | ™ § || e \ + Neasueaoch,
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' Verify that the BCP diagnostics
Tip type Flat type accurately measure the plasma density
Tens publications from invention to applications of the wafer surface (uncertainty < 2%)




Cutoff probe & Flat cutoff sensor

|wafer type & switching | Semiconductor etching process evaluation
(@ Power condition ) Arplasma XHH 7HZ4=150 mm
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Cutoff probe & Flat cutoff sensor

. ] t t n
Wafer Resistivity Thickness a e n a e r
=E29|Q E=2
2 EdLxt S5
. >100 Q- cm = 43 ur = ;
Undoped Si (€ =117) 279+ 20 um =H e 7t UHHE (ZE) 2 c= == num Paper title Journal
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r 1~10 0 1 2y KR Ty Sap=of ®ICH &% 321391 ;?)122051792 12122208 21628 measurement in industrial plasma processing 29 (2020) 035016
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n R 2019 10-2019- 2020- 10- coplanar capacitance 30 (2021) 065012
2 = KR @oE Zat=ozich X7t of 2 e 3uy 0321 0032117 12.15 21936
Amorphous I 94 Abstract
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through electromagnetic (EM) field simulation. The BCP showed better performance with clearer
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Plasma precision measurement possible S setmar 1o A s et
even when the wafer is placed on the VA KR zmmm .

sensor . ETO = transfer of technology

: Real-time measurement of plasma density .E8 QMM 5ol to company

in the wafer area during mass production . . erge
of semiconductor devices Technology valuation (one million dollars)




Sensor-coupled intelligent process equipment

e Current & Next

Line width refinement : DRAM < 18 nm, Logic <7 nm
3D structure: 3D V-NAND/DRAM, Fin/GAA FET

Gés—in RF power

% 1

IMM (integrated metrology module)
: real-time monitoring sensors

Plasma (ne, Te, uniformity)
RF power (V, |, phase, cap position)
Temperature (wafer, chuck)

Pump (pressure, gas residence time)
Gas & P/C (composition, flow)

OES

SAM (stand alone metrology)
Ellipsometry, SEM, TEM, XPS, AFM

DB Storage

(Big Data)

Data Analysis
FDC

VM

Power sensor

OES |
Temperature I Etcl/Deporate ElcDepo
Profile
Processing ) Etcl/De
Pressure I = s Coiformiy
c

Plasma Metrology
Process Monitoring
Plasma

Control




Plasma diagnostics

Langmuir probe & EEDF

[-V curve measurement

: compensated single Langmuir probe

0o [ () as,
3 1
{e)= Eki"e,__. = ZL ef(g) ds
Measurernent probe tip
(T : 0.1 mm, .6 mm) Cholee filter

@ I 1 l=l 2"'] ls 2["1 l

D blocking capacitor

Referance ring probe Cleramic tube

: AC superposition method

Y . I+ simat) =
R vy ) :|
- )+ e |
i ﬁm[ EES
<. duv) wodi
i 1Hz [ & }’"”“
E- ‘_al ‘HV"' ¥u d*J’I:V)_" sin 2l +
a4 dr' 48 ar’
- rabsbtien: v d 1y, 5I(ﬂ+ cinTar—---
- 24 ar 384 41
1wz
. Bm| 2¢ i,
gw(é') = 7—[—] ‘g j;(g)zglﬂ E(E)
e A\ m v, 3 ]
L. L.
no=[7 e} de {e)= DRy = n [ erile) s

Phys. Rev. E 62, 7155 (2000); Phys. Plasmas. 20, 033504 (2013)

log EEPF (V™ 2em™)

log EEPF (eVem™)

) 4 6 BI01214161820

log EEPF (eV ™ em™)

0D246810121416182

(V) Total el Wiy

Phys. Plasmas 19, 033514 (2012)

Ar, Xe,
Ne, Kr

C4F8' 02'
NF;, H,, N,

Mixture
gases

P
TAEOL16 1520
Total electron energy (V)

Study on Unsolved Plasma Physics
Based on Plasma Measurements

Hysteresis physics of ICP

(a) (b) ©
10!1
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e 8 Sl
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5
v 10° ¥
g 10 / ay , 3 /
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== Backward == Backward =~ Backward
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Transferred power (a.u.)
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Appl. Phys. Rev. 5, 011108 (2018)




Plasma-Surface Interactions

(Structurization mechanism and Control)

Crystalline silicon nanoparticle formation by

tailored plasma irradiation

: self-structurization, nucleation and growth
acceleration, and size control

Showcasing research from Dr. Lee's group at plasma §
research laboratory, Korea Research Institute of Standards As featured in:
and Science (KRISS), Dagjeon, Rep. of Korea.

Crystalline silicon nanoparticle formation by tailored plasma
irradiation: self-structurization, nucleation and growth
acceleration, and size control

Extremely low energy plasma is utilized to transform the
amorphous Si film to crystalline Si nanoparticles. Silicon
atoms spontaneously rearrange (self-assembly) to form
crystalline nuclei and grow. The energy of the plasma ions
bombarding on the material is finely tuned to control the
size of the Si nanoparticles in a range of nanometer scale. It
is anew and unique phenomenon that the entire film is not
crystallized and crystalline nanoparticles (quantum-dots) are

generated. See Hyo-Chang Lee et al,
Nanoscale, 2021, 13,10356.

Nanoscale, 13 10356 (2021)

Discharge Physics and Atomic
Layer Etching in RF biased ICP

Phys. Plasmas 28, 063504 (2021)

Edge ring effect &
High aspect ratio etching mechanism

s mmetric

Trench
opening

Aspect

(b

=

Trench
sidewall

Aspecl ratio : 16.3

bottom

Reference wss- 6373.85um || 6758.55um

Applied Surface Science (In-press)

Aspect ratio : 41.8

Etching of 2D materials

b) 10
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-
2
.

Plasma density (cm®)

-
2
oy
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34 min

a
U
—

40 60 80 100 120 140 160 180
RF power (W)

Appl. Surf. Sci. 565, 150521 (2021)

Generation of carbon nanowhiskers,
nanotips, and nanodots by
controlling plasma environment

a1 b1 c1
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n R oauR
S __E_l_u_
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a2 )
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Plasma/Process Measurement Database

- Cutoff probe (ne)

- Floating probe (ion flux)
- QMS (radicals, ions)

- RFA (IEDF)

- ’ - LP (EEDF)

- OES

- V-

nsity (count’s)
3 a

Inte

| \ - Processing result
(etch, deposition, ashing)

Next-generation process technology development and

Development of high-reliability plasma DB




Plasma/Process Measurement Database

HAR etch & ACL mask damage

2 1} in Ar/0,/C,Fg/CH,F, CCP
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Plasma/Process Measurement Database

Ato m i C I aye r etc h Physics of Plasmas 28, 063504 (2021)

https://aip.scitation.org/doi/10.1063/5.0047811

P Instability in Ar/C,Fg mixture plasma
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Plasma/Process Measurement Database

Atomic layer etch

P Quasi- ALE in silicon materials P Quasi- ALE in dielectric materials
® B 1 ! Sputtering B 2 ! Sputtering B 3 ! Sputtering 1 | Sputtering I Sputtering
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Gap length effect & Surface structurization

Gap length effect
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Crystalline silicon
nanoparticle (Q-dot)
formation by
tailored plasma irradiation
. self-structurization,
nucleation and growth
acceleration, and size

control

Showcasing research from Dr. Lee’s group at plasma
research laboratory, Korea Research Institute of Standards
and Science (KRISS), Daejeon, Rep. of Korea.

Crystalline silicon nanoparticle formation by tailored plasma
irradiation: self-structurization, nucleation and growth
acceleration, and size control

Extremely low energy plasma is utilized to transform the
amorphous Si film to crystalline Si nanoparticles. Silicon
atoms spontaneously rearrange (self-assembly) to form
crystalline nuclei and grow. The energy of the plasma ions
bombarding on the material is finely tuned to control the
size of the Si nanoparticles in a range of nanometer scale. It
is a new and unique phenomenon that the entire film is not
crystallized and crystalline nanoparticles (quantum-dots) are
generated.

Nanoscale, 13 10356 (2021)

.

As featured in:

See Hyo-Chang Lee et al.,
Nanoscale, 2021, 13,10356.
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Si NPs Applications

By Zhenhui
Kang et al., Adv.
Mater., 21, 661—
664 (2009)

F. Meinardi et al.,
Nat. Photonics,
11, 177 (2017)

H. Fang et al.,, A
dv. Sci., 17, 170
0323 (2017)

Despite the indirect bandgap of Si, Si nanoparticles (NPs) of 2-6 nm show direct—-bandgap (size—-dependent) properties
in the visible range owing to the quantum confinement effect..«Thus, Si NPs, as an Earth—abundant and mass—production
material, have been utilized in various fields such as photovoltaic devices, . quantum—dot light—emitting diodes,s-and
photodetectors. o

For photonic device applications, the synthesis of Si NPs with superior size (2-6 nm) control and high quantum yield is
highly important. In terms of quantum yield efficiency, Li et al....and Pringle et al.shave recently reported the synthesis of
Si NPs with ultrahigh photoluminescence (PL) quantum yields over 70,:75,:and 90%.. So et al..have recently analyzed
the emission mechanism of Si NPs with such a high quantum yield in detail. Nevertheless, it is still difficult to control the
nanoparticle size finely in the 2-6 nm range.

To date, three types of approach for the fabrication of Si NPs have been developed:

(i) top—down approaches: electrochemical etching of bulk Si,s breakdown of Si-rich oxides containing Si
nanocrystals,-and ripple formation by locally applied ion beams on pristine crystalline Si films (above 500 eV).o

(i) bottom—up approaches: solution—based precursor reductionzand Zintl salt—based approaches:s.:

(iii) precursor decomposition and re—assembly approaches: preparation in supercritical fluids,=laser pyrolysis,=and gas—
phase discharge synthesis.

These existing methods require high temperature,s.-e2:use of HF solution,isiz2sand an additional process for the uniform
redistribution of NPs on the substrate,s.s72024Which is necessary for the uniform optical performance in optical applications
such as solar cells, quantum—-dot LEDs, and plasmonics,:and there are difficulties in controlling the size;«stherefore, a
new advanced technique to fabricate Si NPs with excellent size control and scalability in nonharsh (low-temperature) and
nontoxic environments is highly required.




ICP chamber scheme and experimental condition
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» Fixed parameters

ICP power: 300 W
Ar flow rate: 10 sccm
Working pressure: 20 mTorr

a-Si (LPCVD) thickness: 13 nm

Variable parameters

RF bias power of substrate
electrode: 5~11'W

Plasma exposure time




Formation mechanism

» Generation of Si NPs by plasma

c-Si nanoseed Ar Plasma
SO

asi s » B - .

Si substrate

a-Si film deposition Nucleation of c-Si nanoseeds
by LPCVD Ey, (c-Si) : 50 eV, E,, (a-Si) : 37.5 eV

¥

c-Si NP

\ Ar plasma
—3

Formation of c-Si NPs Growth of c-Si NPs

Ar plasma
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Formation process of Si NPs by plasma ion bombardment

m, o: 0.9 nm D:46nm,o: 1.2nm D: 7.0nm,o: 1.3 nm D: 8.0nm,o: 2.0 nm
4/(100 nm)2 N: 31 5/ (100 nm)? N: 44.0/ (100 nm)2 N: 24.6 / (100 nm)?

— 100 nm §60 min — 100 NM 90m|n ) nm 110m|n a

=10 =10 =10 =5
= = = 220
= 5 — 5} — 5 =15
= ) ) 10 =
P | | e W N ™ @ OAHM @ 0/\/\/;_/\__—\ @ 5/\/\/\/\—/\/\-—’ @
= PR P NP WU NENPEN SRS PR | _E .|.|.|.|.|.|.|'E _..,_,‘.‘,..:0 M e _ﬁ PR IO T S T
N0y 20 40 60 80 100 120 1400 N 020 40 60 80 100 120 140 Nt \20 40 60 80 100 120 14(7 NOOov 20 40 60 80 100 120 1400 ™ 0. 20 40 60 80 100 120 140
% age & \ ~ \ ’ \ . " ,
\ X: position (nm) _ < «  X:position (nm) // . X: position (nm) e \ X: position (nm) / N X: position (nm) L’
\ 57 \ ’ \ \
300

250
=200
£150
> 100

50 Z (nm)

5

0 0
0 50 100 150 200 250 300

0 ] 0
0 50 100 150 200 250 300
X (nm) X (nm) X (nm) X (nm) X (nm)

s s §

% 80 B 2

3 60 3 =]

& g 40 2

o 40 o o
20 20
0

C'(I|24»6 8 1012 14 16 18 20 0246_8101214161820 og 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Diameter(nm) Diameter(nm) Diameter(nm) Diameter(nm)

Fig) a-Si films after plasma treatment with bias power of 6 W by times
> Wlth increase in plasmatreatment time, nanoseeds grew into larger size of Sl NPs.
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SEM and TEM measurement of Si NP fabricated by plasma
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Number density and size of Si NP fabricated by plasma
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» Number density in TEM image is higher due to unexposed Si NPs under surface.

» Size of NP in TEM image is smaller due to unexposed Si NPs which are generated

|ater.




Size distribution of Si NP in SEM and TEM images
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» Size of NP in TEM image is smaller due to unexposed Si NPs which are generated later.




W/O bias 10 min W/O bias 2 hr 10 min

Ar plasma
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ICP without bias
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ICP with bias (9 W)

» Nucleation of Si nanoseed by ion energy is important for generation of Si NP.
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» Ar*ions below 100 eV can penetrate up to Si layer less than 1.5 nm thick.

» Thermal conductivity of a-Si is about 200 times smaller than that of metal due to

local disorder and covalent bonding.




Dot-structurization at surface of 30 nm-thick a-Si film

» a-Si (30 nm)

As-deposited

Fig) FE-SEM images of Si NPs on SiO,/Si substrate fabricated at
RF bias power of 9 W depending on plasma exposure time

> Nanoseeds were also created on surface of 30 nm-thick a-Si film.

» With increase in plasma treatment time, nanoseeds grew larger gradually.
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Comparison between a-Si and Cu

As-deposited 30 nm-thick a-Si As-deposited Cu film

ICP treatment for 10 min

ICP treatment for 1 hr 20 min




Nucleation of crystalline nanoseed (crystallization)

- ¢-Si nanoseed

Si substrate

Fig) Schematic of Si nanoseed generation
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Fig) Gibbs-free energy depending on radius of nuclei

D.A.Porter et al., Phase transformations in metals and
alloys third edition (Boca Raton, FL: CRC Press) (2009)

» Ar*ions bombard the a-Si film surface and transfer the ion energy.

» Energetic Si atoms form crystalline nanoseed (nuclei) by crystallization nucleation.




Self-bias and plasma density with different RF bias power
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» The ion energy was increased with increasing RF bias in high energy range.

» High ion energy over threshold energy for sputtering (37.5 eV) can control the NP

size.




Change of density size of Si NP in RF bias ndition
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Size distribution of Si NP in different RF bias power condition
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» The size of Si NPs decreased with increase in RF bias power.

» In Ostwald ripening stage, the uniformity of size decreased rapidly.
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Change of density and size of Si NP in different RF bias power condition
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» Generation rate of Si NP increased with increase in RF bias power.

» Size of Si NP decreased with increase in RF bias power.
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» Size of Si NPs decreased with increase in bias power of substrate electrode.

~ KRISs

» Fabrication time decreased efficiently.




Size distribution of Si NPs and comparison with other results

> Plasma surface structurization
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Size of Si NPs for various fabrication methods
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» Fabrication of Si NP was proceeded in non-toxic and low temperature environment.

» Size control was conducted in sub-10 nm range.




» Crystalline Si nanoseeds are generated near surface region of a-Si.

» Crystalline Si nanoseeds were formed by nucleation and grew into

crystalline Si NPs without a-Si thickness dependence.

» Size of Si NPs was controlled by changing RF bias of substrate

electrode.
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