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Source: Demetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial
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Process simulation: Electroplating of Cu

Wafer

Active type (moving stirrer) reactor: vortex contour

By the vortex movement, the surface flux of 

Cu ion is uniformly formed along the wafer 

surface. 

Cu2+ Cu2+ Cu2+ Cu2+

Examples of stirrer design
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Peristaltic meso scale mixer
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• Bottom wall is flexible membrane.

• Waves traveled through wall and induced peristaltic motion that 

resulted in predictable mixing.
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The optimized structures of ACL and 2D charge density map

The optimized structures 

of the ACL (left) and 2D 

charge density map 

(right) for (a) undoped 

ACL and (b) N doped 

ACL (substitutional site). 

In the center of (a-b), 

several atoms in the 

dotted black box are 

highlighted. 

2D charge density map 

contains specified atoms: 

(a) C0 ~ C7, and (b) N 

and C1 ~ C7. Charge 

accumulation (red area) 

in the vicinity of the N 

atom can be seen.
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Recent trend in a semiconductor industry

Source: TechInsights
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Semiconductor fabrication process

> 50 %, plasma process

Semiconductor fabrication consists of the 

various (total 8) categories of process:
• Photolithography

• Wet Chemical Etching

• Dry Etching

• Diffusion

• Ion Implantation

• Film Deposition – Metallization

• Film Deposition – Dielectric

• Chemical Mechanical Polishing

Samsung Electronics SCS Engineers

Plasma is mainly adopted.
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Definition of plasma

Plasmas
A collection of freely moving charged particles which is, on the average, 

electrically neutral

• Discharges:

Driven by voltage or current sources

Neutral particles are important

There are boundaries at which surface losses are important

The electrons are much hotter than the ions

• Device sizes: 30 cm - 1 m

• Driving frequencies: DC to RF (13.56 MHz) to microwaves (2.45 GHz)
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www.geo.mtu.edu/weather/aurora/ 

Plasma: A plasma is a hot ionized gas consisting of approximately equal

numbers of positively charged ions and negatively charged electrons. The

characteristics of plasmas are significantly different from those of ordinary

neutral gases so that plasmas are considered a distinct “fourth state of

matter.” For example, because plasmas are made up of electrically charged

particles, they are strongly influenced by electric and magnetic fields (see

figure) while neutral gases are not. An example of such influence is the

trapping of energetic charged particles along geomagnetic field lines to

form the Van Allen radiation belts.

Source: http://pluto.space.swri.edu/image/glossary/plasma.html
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Source: CFD ACE+ manual
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Source: CFD ACE+ manual
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Source: CFD ACE+ manual
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Source: Demetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial
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Source: Demetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial
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Source: Applied Materials
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/



-49/160- Complex Flows and Plasma Physics LaboratoryDong-A University

Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/
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• Scalar fields are described by convection, diffusion and reaction.

• Convection → important in a transient problem, odd-order error, wave propagation

• Diffusion → important in a steady problem, even-order error, artificial diffusion

• In a vacuum system (i.e., Pop < 200 Torr), reactor is under the diffusion dominating

condition because Re is low.

• In an RF discharge problem, if the system is assumed as a continuum regime, normally

thermal velocity is much larger than electron velocity. Thus inertia term can be neglected,

and we can use “drift-diffusion approximation”. This drift-diffusion approximation makes

electron energy equation diffusion dominating.

• Thus accurate solving for diffusion term is critical to simulate semiconductor fabrication

system.

Importance of careful consideration of diffusion
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ρ - the overall density

v - the overall velocity

Yi - the mass fraction of species i

ji
C - the flux of species i due to the concentration gradients

ji
T - the thermal diffusion flux of species i

Gi - the generation rate of species i

Li - the depletion rate of species i

Mi - the molar mass of species i
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Transport of neutral species (stable molecules, radicals, …)
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Surface phenomena: sticking model & molecular dynamics

Deposition by radical species can be described by utilization of a phenomenological approach

called as a sticking model.
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Non-uniformity issues observed in the wafer edge

Source: Wafer-edge yield engineering in leading-edge DRAM manufacturing
by Oguz Yavas, Ernst Richter, Christian Kluthe & Markus Sickmoeller, Qimonda AG
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Ho Jun Kim and Hae June Lee 2017 Effects of the wall boundary conditions of a showerhead plasma reactor on

the uniformity control of RF plasma deposition Journal of Applied Physics 122 053301

Non-uniformity issues observed in the wafer edge

For a typical case with nonuniformity in the edge thickness, its deposition rate profile is plotted along the electrode

radius (0  r  150 mm, where r is the radial coordinate) with a solid red line. Near the edge (r  120 mm), the

deposition rate varies greatly, and concomitantly the corresponding area of wafer shows discoloration (see inset).

As shown in the schematic of the showerhead reactor, the geometric configuration of a reactor can give rise to

significant spatial changes in various physical aspects.
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Plasma reactor simulation: Capacitively Coupled Plasma

axis of the reactor

Electron density, Ne (m-3)

PIC simulation from Kim et al. of PNU

The off-axis maximum of the electron density is observed!

Powered electrode
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AlN block

(εr = 9.0)

AlN block (εr = 9.0)

Pump out (Neumann B.C.) Wall (Dirichlet B.C.)

X (m)

Y
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m
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❖ Domain
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etric B

.C
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Domain for simulation

Normally, the reactor is

Cylindrical → due to a wafer shape

Axi-symmetric
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SiNxHy film utilized in the memory fabrication

Plan-view images of Samsung V-NAND flash array

Pan-view images of Samsung 20 nm DRAM

SiNxHy film
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Reactor configuration used for SiNxHy deposition

Velocity distribution inside 

the showerhead hole

Velocity 

magnitude

[m/s]

r (m)

z
(m
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Dielectric 

block

RF powered electrode (Showerhead)

Centerline of 

reactor

Gas temperature (K)

Gas distribution assembly

SiH4/NH3/N2/He

Gas inlet 

manifold

Blocker plate holes

Showerhead holes

Discharge volume

rsh

rcrh

rgGrounded electrode (Heater)

CCP reactor configuration is plotted together with the spatial variation of the gas temperature. The

inset shows the velocity distribution obtained by a numerical simulation of neutral gas flow in the

showerhead hole. The reactor dimensions are also depicted.

Pop = 475 Pa
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Deposition rate contour experimentally measured

In the center of the deposition rate contour,

non-negligible variation can be observed.

Electrostatic case,

there are not 

any electromagnetic phenomena.
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Gas flow simulation performed with a realistic 3D geometry
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z-velocity (m/s)
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Velocity
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Velocity magnitude measured between 

the blocker plate and the showerhead

Gas flow simulation performed with a realistic 3D geometry

Results of the 3D gas flow simulation: (a) streamlines and velocity magnitude and (b) z-velocity

contour plot. In the inset of (a), it is observed that the streamlines of the interim space between the

blocker plate and showerhead are most curled at the center of the reactor (r ≤ 50 mm).
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Validation: deposition rate profiles

The simulated deposition rates along the wafer radius are depicted for the three different profiles of

inlet gas density at the showerhead and compared with the experimental results.
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Showerhead analysis

block
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h

The deposition rate profiles of experimental measurement agree well with the simulation results for the variation of

shower radius, with rh = 154.3mm (case 8) and rh = 145mm (case 9). The increased N density near the electrode

radius induces an increase of the deposition rate profile near the edge for the case with rh = 145 mm.

Effects of the shower radius
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Hydrogenated amorphous silicon: a-Si:H

• The term “amorphous” commonly applied to non-

crystalline materials prepared by deposition from

gases. In amorphous silicon the long range order is

not present. Rather, the atoms form a continuous

random networks.

• The electronic-grade amorphous silicon is called

hydrogenated amorphous silicon (a-Si:H). It is also

an alloy of silicon and hydrogen.

• In early studies of amorphous silicon, it was

determined that plasma-deposited amorphous

silicon contained a significant percentage of

hydrogen atoms bonded into the amorphous silicon

structure.

• These atoms were discovered to be essential to the

improvement of the electronic properties of the

material.
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Schematic diagram of a cylindrically symmetric showerhead reactor. Because of its geometric axisymmetry, only

half of the reactor is shown. The left boundary denotes the axis of symmetry, and the right boundary denotes the

radial wall (i.e., the sidewall). The spatial variations in (a) electron density, Ne (m−3) and (b) velocity magnitude, Vm

(m s−1), are depicted for the base case (Case 1). In the inset of (a), the spatial variation of time-averaged electron

power density, Pe (W m−3), is also depicted. (c) The streamlines are drawn in black.

(a)

Grounded electrode

RF powered electrode (Showerhead)

“Showerhead” inlet (Inlet boundary of discharge volume)

Electron power density

Max = 94,000 W/m3

Min = 0 W/m3

Electron density

Max = 2.89 × 1015 m-3

Min = 1.00 × 1014 m-3

RI

(0 mm ≤ r ≤ 165 mm)

RE

(r > 165 mm)

165 mm

Max = 6.50 m/s

Min = 0.00 m/s

r ≥ 100 mm

d = 15 mm

Velocity magnitude, rh = 154.3 mm

r ≥ 100 mm

d = 15 mm

Streamlines, rh = 154.3 mm(b) (c)

A

B

Min Max

Max = 673.5 K

Min = 673 K

r ≥ 100 mm

d = 15 mm

r ≥ 100 mm

d = 15 mm

Max = 673.5 K

Min = 673 K

Vm = 3.8 m s−1

at r = 110 mm, z = 12.5 mm

Reactor configuration used for a-Si:H deposition
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r ≥ 100 mm

d = 15 mm

Streamlines, rh = 130.0 mm

r = 150 mmr = 100 mm

r ≥ 100 mm

d = 15 mm

Streamlines, rh = 154.3 mm

Effects of the gas distribution



-114/160- Complex Flows and Plasma Physics LaboratoryDong-A University

Radius (m)

D
e
p

o
s
it
io

n
ra

te
(n

o
rm

a
liz

e
d

)

0 0.05 0.1 0.15

0.98

0.99

1.00

1.01

Case 1 (Isothermal, Shower radius = 154.3mm)

Case 2 (Isothermal, Shower radius = 130 mm)

Case 3 (Isothermal, Shower radius = 164 mm)

Min

1.00 × 1017 m-3

Max

2.80 × 1019 m-3
Si2H6 density

Case 1 Case 2

Effects of the gas distribution

Simulated deposition rates measured along the radial direction for Cases 1 (red square), 2 (green square), and 3

(blue square). The rates are normalized to their corresponding averaged values. In the inset, the spatial variations

of Si2H6 densities are depicted for Cases 1 and 2.

Simple change

makes

the big

difference !
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Effects of the thermal diffusion
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Effects of the thermal diffusion
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Simulated deposition rates measured along the radial direction are given for Cases 6 (red diamond) and 7 (green

diamond). In addition, the experimental data for Case 6 (blue circle) are superimposed. For Case 6, the numerical

and experimental data are both normalized to their corresponding averaged values. However, the profile of Case 7

is normalized to the averaged value of the profile of Case 6 to serve as a quantitative comparison of the

deposition rates. A deposition rate discrepancy of about 17% can be seen between Cases 6 and 7. The inset

depicts the spatial variations of SiH3 densities for Cases 6 and 7; the SiH3 density of Case 6 is lower than that of

Case 7 near the “hot susceptor.”

Tsh = 473 K

Tsw = 423 K

Ts = 673 K
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Contour plots of spatial variations in the time-averaged (a) electron density, Ne, (b) ionization rate of SiH2
+, (c)

ionization rate of NH3
+, and (d) electron power density, Pe for case with the grounded sidewall. The profiles are

radially uniform at r < 100mm as shown in (a) and (d), and thus (b) and (c) are shown only for r  100 mm.

Sidewall effects: SiH4/NH3/N2/He mixture
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Case 1: d = 15 mm, grounded sidewall

Case 3: d = 9 mm, grounded sidewall

Case 2: d = 15 mm, dielectric sidewall

Case 4: d = 9 mm, dielectric sidewall

Contour plots of the time-averaged dissociation rates of SiH4 molecules (e− + SiH4 → SiH3 + H + e−) for (a) case 1,

(b) case 2, (c) case 3, and (d) case 4. As the profiles are radially uniform for r < 100 mm, contours are shown only

for r  100 mm.

Sidewall effects: SiH4/NH3/N2/He mixture
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Normalized deposition rate profiles for cases 1, 2, 3, and 4. Owing to the axi-symmetry of the reactor, the

simulated deposition rate profiles are plotted along the electrode radius.

SiH4/NH3/N2/He mixture
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Concluding remarks

• In this study, we numerically demonstrated that modulation of the sidewall conditions

could contribute to controlling distributions of the plasma variables in an intermediate

pressure CCP-PECVD.

• A cylindrical discharge volume was set to be radially surrounded by a lateral sidewall.

To vary the sidewall conditions, we toggled its electrical condition from grounded to

dielectric.

• Some important findings were observed.

✓ First, we found that the case with the grounded sidewall has the spatial

distributions of the ionization rate, ion and electron densities more heavily

weighted toward the larger radius than the cases with the thick insulator.

✓ By utilization of the thick insulator, noticeable reduction of the peak ionization

rate could be achieved near the sidewall without significant changes of the ion

and electron densities in the inter-electrode region.

✓ These observations were owing to the fact that the effective size of the electrode

of the case with the thick insulator becomes more comparable due to the higher

impedance of the sidewall, as compared with that of the case with the grounded

sidewall.

✓ As a result, the thick insulator induced significant improvement in the uniformity

of the deposition rate profile.
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• Remote NF3 plasmas have now been adopted for 

cleaning most CVD/ALD reactors due to faster clean 

times, reduced reactor damage and substantially lower 

emissions of gases having high GWPs. 

• An NF3 plasma is generated upstream of the reactor, 

generating F atoms that are then transported to the 

reactor where they react with the residue such as SiOx or 

SiNx covering the reactor surfaces. 

• Since the discharge is confined to the plasma source, the 

surfaces of the chamber are not exposed to a flux of 

energetic ions. 

• Hence, the residues are cleaned by a chemical etch.

Reference: 

Integration of remote plasma generator with semiconductor processing chamber

US 6387207 B1

Number densities of reactive radicals are calculated in the

RPG model and their flux values are introduced as a boundary

condition of reactor inlet. 

Remote plasma cleaning (RPC)
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▷ Plasma Chemistry

NF3 Dissociation: e + NF3 + Ar → e + NF2 + F + Ar + Ar* + … 

▷ Radical Chemistry

1. Gas Phase Reaction

Volume Recombination: F + F + M → F2 + M

2. Surface Reaction

Surface Adsorption: F → FS

Surface Recombination: F + FS → F2

Surface Desorption: FS → F

Oxide Etching: SiO2 + 4F → SiF4 + O2

e + NF3 → e + NF2 + F

Mole fractions of F2 molecules in transport 

tube length. The curves show computed values 

for three different pressures: 3, 5 and 8 Torr.

Remote plasma cleaning (RPC)
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Simulation Experiment

Well

Matched

Remote plasma cleaning (RPC)




