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1 Nonlinear standing wave excitation in a

single-frequency CCP




1.1 Introduction:

» Capacitively coupled plasmas (CCPs) have been widely employed in etching and
thin film deposition processes in the semiconductor industries.
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1.1 Introduction:

1000 ————————
13.56 MHz

» Trend-1: increase of frequency

Higher excitation frequencies
produce reduced ion bombarding -
energy, required to minimize the
substrate damage.
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> Trend-2: increase of reactor size

Larger plasma reactors are ‘
required as wafer size increases, in
order to improve the throughput.
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1.1 Introduction:

field
f~13.56 MHz
VS
A~4.4m

Electromagnetic
field f ~ 200 MHz
A~03m

« Causing a severe plasma
non-uniformity!
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1.1 Introduction:
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> Lee |, Graves D B, Lieberman M A. Plasma

Sources Sci. Technol., 2008, 17(1): 015018.
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1.1 Introduction:

» Two distinct electromagnetic modes

Even (symmetric) mode Odd (asymmetric) mode
(a) first even mode , o (b) first odd mode ,
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» Sansonnens L, Howling A A, Hollenstein C. Plasma Sources Sci. Technol., 2006, 15(3): 302-313.
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1.1 Introduction:
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> Perret A, etal. Appl. Phys. Lett., 2003, 83(2): 243-245. > LiuY X, etal. J. Appl. Phys., (2014) 113, 043303.

> Lee |, et al. Plasma Sources Sci. Technol., 2008, 17(1): 015018.
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1.1 Introduction:

» Lieberman et al. developed a transmission o5 | | | | |
line model, which predicted that the higher
harmonics excited by PSR can lead to
spatial resonances, significantly enhancing o
the power deposition at the reactor center.  (mm)

» Lieberman M A, et al. Plasma Sources Sci.
Technol., 24, 055011 (2015).

» Wen D Q, et al. Plasma Sources Sci.
Technol., 26, 015007 (2016).
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1.2.1 Experimental setup and diagnhostics

» Schematic diagram of CCP reactor

Laptop } Gas inlet , o=

Oscilloscope

______ -»>
— External parameter
Gas outlet generator )
Reactor diameter: 28 cm
_ Electrode diameter: 21 cm
High voltage . Power
Oscilloscope ’ robe ? [ Matching amplifier
P P | network (10K~225MHz) Electrode gap: 3cm

> Di : hod Working gas: argon
Diagnostic methods Pressure: 3 - 50 Pa

1) High-frequency, high-voltage probe Elow rate: 40 SCCM
2) Floating double probe
3) High-frequency B-dot probe

Driving frequency:
13.56/60/100 MHz
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1.2.2 Numerical model

> Lieberman M A, et al. Plasma Sources

> Nonlinear transmission line model Sci. Technol., 24, 055011 (2015).

» Zhao K, et al. Physical review letters,
2019, 122(18): 185002.
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1.3 Results:

» Spatial structure of the physical
guantities (n = 1-5)
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1.3 Results:

» Spatiotemporal dynamics of the sheath 13.56/100MHz, 80W, 3Pa
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» At 100 MHz: a higher voltage, a thinner sheath and a higher speed of

sheath motion prevail at the center, contributing to a center-high
plasma density.

» Zhao K, et al. Physical review letters, 2019, 122(18): 185002.
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1.3 Results:

> Coupling between plasma series resonance 13.56/100MHz, 80W, 3Pa
(PSR) and spatial wave resonance (SWR)

13.56MHz
soo-(a) 145
— 140 ©
N Prememmnnnan,,. iaemsssmsans
T 500 o 135 E
EI4oo 3 130 =
> o
o 125 ©
€ 300 =
o {20 §
S
T 200 115 €
Q S
e {10 8
100} ; T
Strong coupling " swr 1°
0 : : : 0
0 0.25 0.5 0.75 1
vT
(c)
5
N'g 4
o 3
<
é 2
s 1
ﬁ
0
'99, 10
7, 20
0y, 50 234567‘cm\
¢ o1 . jition
%,. radial posit

> PSR frequency:

100 100MHz \ 112
10| (0) 25 S
s ; Wpgp = T wp:Na)
12 § » SWR frequency
{15 ©
£ 12
" = . E )(OmC _
5:' Strqng coup!ing 'I""fSWR :'5 - a)SWR B ( | j R - M @
0 0.25 to/;_ 0.75 1 .
@ » A strong coupling
occurat: N=M
e
3 ¢ 13.56 MHz:
E
<5 10 15<N=M <29
%, € 100 MHz:
N=M=2

http://pseg.dlut.edu.cn

July 16, 2020, IOPS



1.3 Results:

100MHz, 80W, 3-50Pa

® 1

Normalized B

Plasma density [m'3]

Q

o

()

N

©

£ B S ——

5 | 0123 4567 89 101 1213

Z § 7y —,‘n_!!- p_m E-E Eow T Radial position [cm]
012345678910612345678910 Plasmadensity

Radial position [cm] Radial position [cm]

Harmonic magnetic field (n=1-5)

» The higher harmonics decay dramatically with pressure, resulting in
Improved plasma uniformity.

» Zhao K, et al. Physical review letters, 2019, 122(18): 185002.
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2 Suppressing nonlinear standing wave

excitation via the EAE




2.1 Introduction:

» PSR oscillations in geometrically asymmetric discharges

geometrical asymmetry
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FIG. 1. Schematic diagram of the plasma model.  respectively. Bias voltage Uz =153 V and rf amplitude U=155 V.

» Annaratone B M, Ku V P T, Allen J E. Journal of Applied Physics, 1995, 77(10): 5455-5457.

> Klick M. Journal of applied physics, 1996, 79(7): 3445-3452.
» Bora B, Soto L. Physics of Plasmas, 2014, 21(8): 083509.
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2.1 Introduction:

» PSR oscillations in geometrically symmetric discharges

Electron heating
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» Schingel E, et al. Plasma Sources Sci. Technol., 24, 044009 (2015).

> Donkd&Z, et al. Applied Physics Letters, 2009, 94(13): 131501.
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2.1 Introduction:

» PSR oscillations in a CCP with finite electrode asymmetry
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2.1 Introduction:

» Optimizing plasma uniformity via the EAE
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» Lateral inhomogeneities of the plasma density caused by standing wave
effects can be eliminated based on the EAE.

» Nevertheless, the important interaction of the nonlinear standing wave
excitation with the plasma nonuniformities was inevitably neglected.

> Schingel E, et al. Applied Physics Letters, 2015, 106(5): 054108.
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2.2 Experimental setup and diagnostics

» Schematic diagram of CCP reactor

Gas inlet

1

7 4
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probe 2% m probe
7727227277272777277777777722777/7772% Z ////////////////////////////////////////////////// ’
~r~
Voltage probe
Gas outlet ¢m /—\
Self-feedback
control system
ICCD

camera

Power
amplifier

Matching
network

» Diagnostic methods
1) High-frequency, high-voltage probe
2) Resonance hairpin probe
3) High-frequency B-dot probe
4) ICCD camera

External parameter

Reactor diameter: 40 cm
Electrode diameter: 30 cm
Electrode gap: 4 cm

Oscilloscope

Working gas: argon
Pressure: 4 Pa
Flow rate: 40 SCCM

Computer

Function
generator

Driving frequencies:
30MHz & 60MHz

Target voltage waveform:
V. (t) =V,[cos(2x ft + 8) +cos(4r ft)]
V, =30V, f =30MHz
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2.3 Results:

» Avariation in the DC self-bias, the
central plasma density, and the
optical emission intensity with 6 can
be clearly identified.

DC self-bias
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» Nonlinear SWE becomes remarkable
as DC self-bias reaches a minimum.
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2.3 Results:
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2.3 Results
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3 Role of the low-frequency source on the nonlinear

standing wave excitation in a dual-frequency CCP



3.1 Introduction:

A) Special-shape electrodes

1. Phase shift control

B) Power source and external circuit { _
2. Electrical asymmetry effect

€ Another way to suppress the SWE:

I W

LF source ;; ? ;; ;;“E; HF source

(2~8 MHz) (100 MHz)

€ Advantages:
1) By regulating the LF parameters, the plasma uniformity can be optimized,;
2) The independent control of the ion flux and ion energy can be achieved.

http://pseg.dlut.edu.cn July 16, 2020, IOPS



3.2 Experimental setup and diagnostics

» Schematic diagram of CCP reactor

T 1 cesiet External parameter
J_ Reactor diameter: 28 cm
Electrode diameter: 21 cm

. i IcCD Electrode gap: 3 cm

Filter Working gas: argon
EE Pressure: 1-40Pa
Gas outlet F|0W rate: 40 SCCM

Network
analyzer

High voltage Matching Po“fe.r
= probe network [ | amplifier | T Syne. .
Oscilloscope (2/a/6/8Hz) Function Driving freq uency:

watching | [ Power 1| USR] | HF+LF mep 100+4MHz

network

(100MHz)

» Diagnostic methods
1) Resonance hairpin probe
2) ICCD camera > Zhao K, et al. Plasma Sources Sci.
3) High-frequency B-dot probe

Technol., 2018, 27(5): 055017.
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3.3 Results:

HF : 100MHz @ 50V
» Sources parameters —
P LF : 4AMHz @ 0/50/100/200/300V
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» Optimized LF voltage:
¢, =200V!

B Spatiotemporal plots of the electron-impact excitation rate

» Zhao K, et al. Plasma Sources Sci. Technol., 2018, 27(5): 055017.
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3.3 Results:
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4 Summary

& At relatively low pressure, higher harmonics enhanced by the nonlinear
PSR can induce radial standing waves, with voltage and current maxima
on axis, resulting in center-high plasma density.

€ In an electrically asymmetric discharge driven by 30MHz and 60MHz, the
nonlinear standing wave excitation can be suppressed by tuning the phase
shift between the two driving frequencies, leading to an improved plasma
uniformity.

€ By introducing a second LF source into a VHF (100 MHz) capacitive
discharge, the nonlinear standing wave excitation dominated by the HF
source becomes highly modulated by the LF source, producing a series of
sidebands of the harmonics.
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Appendix-1

TABLE |. Radial maxima of the physical quantities for the first five harmonics in argon
discharges driven at 13.56 and 100 MHz.

f [MHZ] 13.56 100
Harmonic order n 1 2 3 4 5 1 2 3 4 5
By.nmax (Exp.) [1T] 3.2 0.9 0.5 0.2 0.2 22.8 16.4 - - -
By.nmax (Sim.) [uT] 2.5 0.8 0.5 0.4 0.3 30.7 10.8 3.2 0.7 0.2
Vimax (Sim.) [V] 4008 0.8 0.5 0.5 0.6 941 376 11.2 3.0 0.7
Jn,max (Sim.) [mA/cm?] 4.9 1.6 1.0 0.8 0.7 63.5 516 19.4 51 1.3
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Appendix-2 Validation of the B-dot probe

» Output signals from the B-dot probe for three probe orientations

100MHz, 80W, 3Pa Radial position@4cm
a0 [@ I—I¢=7rll2 I¢=I-7r/2l—é=0_
€ 100
g o MARARAR A AR A A
%-100— ' ' ' ' ' ' ’ ’
> 200 F

> Criteria to validate the B- I e
Time [s] «10°8

dot probe measurements
570 {(b) —¢=r2{ = 70((C)p=r2 S 70|(d) —0=0
1 Vo0 =0 £ 60 £ 60 E.60
S % 50 % 50 % 50
- S 40 S 40 S 40
2) V¢=7r/2,n ~V¢=—7r/2,n %_ 30 %_ 30 %_ 30
20 20 20
B ¢ =0:the plane of the £ | £ £
- 0 0 0 H———
probe coil is parallel to 12345 12345 12345
Harmonic order Harmonic order Harmonic order

the electrodes
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