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Background

 Silicon wafer is 10-20 cm in diameter and a few mm thick

* A plasma is generated which reacts with the wafer thus etching a
desire pattern

* How VSim can be used to model this problem:

* model many of the reactions which occurs in the plasma and at the
plasma/wafer interface

* Dielectrics can be placed in the simulation to determine how to create a
uniform sheath across the wafer

* Desired Outcome: Create a uniform sheath across the length of the
wafer so that the ions impact uniformly.
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What is VSim?

* VSim is the entire computational engine, visualization setup, post-processing and
data visualization package

* Computational engine is called Vorpal

* VSim is a multi-physics, fully kinetic, electromagnetic particle in cell simulation

* Multi-physics - plasma physics + associated physics (such as reactions with neutrals,
secondary emission from boundaries, and many other processes)

* Fully kinetic : all plasma processes can be captured (in principal)
* In practice, some time scales are too long to use a PIC code
* Other conditions also arise that make PIC impractical, e.g. the need for many particles per cell
* Electrons and ions treated kinetically
* Electromagnetic — Maxwell’s equations are solved at each time step using the plasma current
and charge density as source terms (in addition to BC’s and external source terms)

* Electrostatic is a special case in which only the E-field is solved for because self-consistent B-field is very
small
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Advantages of VSim for Modeling Wafer
Processing Simulations

* VSim computes the fully self-consistent electric field
* Electrons and ions are both kinetic so sheath solved for correctly

* This sheath electric field is directly responsible for accelerating ions into wafer
* This ion acceleration is directly responsible for etching process
* But correct ion acceleration depends on the correctly computed sheath electric field

 When a plasma interacts with any surface (including the wafer) a sheath naturally
forms.
* Sheath oscillates between 10-100 electron Debye Lengths (Ap)
* Therefore, it is essential to resolve Ay in order to get electric field correct near wafer

e VSim naturally captures all sheath dynamics

* Any fluid model needs to determine what needs to be included to compute the sheath
correctly (such as a pressure term, correct collision rates, etc. )

* No ad-hoc methods are needed in VSim
* VSim includes many collisional processes and secondary electron emission
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Overview of Setup

This boundary is in the middle of many plasma
chambers

FocusRing ———

We simulate the region near the wafer and do not
include the whole chamber

Goal is to capture the detailed sheath dynamics
correctly

Silicon Wafer ——~—

Therefore, need BC that smoothly injects new
particles and models the potential correctly

All simulations done in 2D cylindrical coordinate
system

»
»
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Video Showing Potential and lon Dynamics

Modeling Edge Effects in Wafer Processing
Using VSim

Tech-X Corporation
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Explanation of Simulation Setup

e The simulation domain includes the near-wafer region

* As a result, need a way to smoothly inject plasma species at upper

boundary

* VSim has a nice emission boundary condition which places the particles

correctly in the boundary cell
* But we still need a way to specify the velocity correctly.
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Explanation of Boundary Conditions

* We have injected particles at a boundary to model small part of a much
larger plasma

* If particle injection not done correctly, a sheath often builds at injection
boundary

* But this sheath would be artificial and we have found a way to eliminate the sheath

* We will show that the following quantities are conserved at the injection
boundary:
* Density
* Flux
* Temperature

* Also, we show that no sheath forms if injection done correctly
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Injection Method

* The simulation is initialized with a distribution function given by f(v).
 Distribution function is spatially uniform

* We assume f(v) is a drifting Maxwellian in —z direction and no drift
in r and phi directions

* Plasma is initially charge neutral and no net current (v = V4 and g, = -q;)

 Bohm’s criteria states the following:
* No sheath will form if vy; = \[17\;—3= lon Sound speed

* This is the initial drift speed we choose for the plasma along with the injection
speed (for both species) at the boundary opposite the wafer
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Choosing Initial Particle Velocity

* In a PIC code, particle velocity is chosen via cumulative distribution
function: ) f_v’ocof(v'x)dvg’c
[5 fdv's

 Risrandom number between 0 and 1. This equation is inverted for
each R and v, is determined

* If R is uniformly chosen between 0 and 1, then the likeliest chosen
value of v_occurs where f (v, ) peaks

* An analytic inversion exists which speeds up choosing particle velocity
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Choosing Injected Particle Velocity

* To choose the correct distribution function for the injected particles, lets

assume the initial distribution function is a non-drifting Maxwellian (though
the results are general, this is simply for illustration)

* Lowest velocity particles (v=0) travel slowly away from the boundary as
illustrated below:

slechion_ux

Injecting a Maxwellian
would be incorrect since
too many low-velocity
particles would be injected.

Position (10%6 m)

'-15 0 5 10 i5 2';7 25 NNOVATION 2 o 2 0

Velocity (10"-3 m/s)




Injection with Maxwellian is Wrong

Initial Phase Space Evolved Phase Space

Vx (1076 m/s)

Vx (1076 m/s)

16 18 20

10 12 14 16 18 20 22 24 26 X (10%-3 m)

X (10%-3 m)

If injected with a Maxwellian, then too many cold electrons
injected at boundary
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Choosing Injected Particle Velocity

* The correct way to replace the initial distribution function is to match
the flux leaving the boundary:

[ v fW)d v,

f_oooo v,xf (v'y)dv',

* Crux of the problem: The above equation can be inverted analytically
if f(v',) is a non drifting Maxwellian. Otherwise, must be inverted
numerically
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Injection with Flux-Conserving : vf(v)

Initial Phase Space Evolved Phase Space

Vx (1076 m/s)
Vx (1076 m/s)

12 14 16 18 20 22
X (10*-3 m)

Initial phase space is preserved with correct injection method

Therefore, need to inject with vf(v) NOT f(v)
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Method of Inverting | vf(v)dv

We invert the cumulative distribution function using a semi-analytic method
called Rejection-Sampling Theory

Recall that [ vf (v)dv is integrable if f(v) is a non-drifting Maxwellian

Steps to applying Rejection-Sampling method
* Define G(v) > g(v) such that [ vf(v)dv = [ G(v)dv is invertible
gw)= o exp( - ) - G(v) is integrable
th th
Solution to cumulative distribution function is: Choose a random number ¢
between [0,1).

v e (- 2)

c V= vth\/—ZIn(l — &)
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Method of Inverting [ vf(v)dv

+ g) = vf () = Sexp (- 2

th

2 )2
gw) = A—exp (— 217_) > Lexp( v = va) >

vth o? vth

gw) > g)

* Choose A and o based on the following:

A = exp(|vg|/ven)

2 vth |vd| 2
=11+ Vin
—«a 2V,
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Method of Inverting [ vf(v)dv

e Pick a velocity based on analytic solution from g(v)
* Pick & uniformly in [0,1)

v =0,/ -2In(1 - ¢)

Choose a different random number R

Same v

All of these steps are
carried

2 .
+ Define the following: { = R * A ——exp (— v—2)> out in the python
Vin 20 .
script that
— vg)* comes with the
cIf ¢ < LzeXp — w Zd) then load particle
Vin 2V, example:

waferlmpact.py
Else, loop through algorithm again
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Example and benchmarking

* Assume the following: V4 0014 et
= Vth 0.012

* ~150,000 points were 0,010
sampled. 0.008 -

0.006 -

* Distribution function
filled with 100,000 points B0y

0.002 A

* More sampled points
needed as V, increases

0.000 A

V/Vin
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Gas and plasma species

* Electrons and Ar+ ions
e Te=3eV
e Ti=1eV

* Both drifting towards wafer with a speed of 1.5Cs = 1.5\/1%

* Some simulations include a Ar neutral background with the following
properties
* Pressure ~ 0.15 Torr
* Temperature : 300 K

* Some simulations also include Secondary electron emission from
dielectrics
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Angular Energy Distribution Function

* Four different simulations have been performed

* lon Angular Energy Distribution are compared to determine role of various
part of the physics such as:
* Inclusion of collisions with background neutral population
* Inclusion of secondary emission off of dielectrics
* Height of Focus Ring

* VVSim includes the capability of including many different types of
collisions. In this model we have included 3:
* lonization collisions
* Elastic collisions
* 11.83 eV excitation collision (this one had the largest cross section)
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Secondary Emission

* In addition to collisions, VSim can model secondary emission off of
dielectrics and conductors

* In our model, we include two types of secondaries.
* Electrons and ions that accumulate on the surface
» Secondary electrons that are emitted due to the impact of electrons and ions

e Using VSim, you can model how these secondaries affect the IAED.
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Role of Focus Ring

High FR: Potential (V) Low FR: Potential (V)

0.200

Color contour plots of potential at
RF cycle ~ 14 (time step 9600).

.——20 .00
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0.170

Impact on sheath near wafer
is difficult to discern

0.0
Max: 1.020
Min: -428.2

0.160
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)
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0.150
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Cutouts are needed

0.130

NOTE: All data analysis done in
Visit, which is free!!
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Role of FR on Sheath Potential

High FR ;503 M/
e The higher FR causes greater
’’’’ inhomogeneity in the potential near
the wafer edge (indicated by the
vertical line)
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Angular Energy Distribution Function

We built a new analyzer for these sorts of simulations

Requires collecting the correct data along the wafer which includes the following:
Particle position

Particle velocity (all three components)

Particle energy

Weight of Particle

Particle charge

Time particle hits surface

* Number of particles in macro particle

All of this data is collected at each time step.
The analyzer then bins the data along the surface and in time

The analyzer then computes the angle and energy it hits the surface and bins the data
using a 2D histogram function in Python.

All of this can be done in VSim
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W vsim - Wafer Impact

File Edit

Tools View Help

V B

sl Available Analyzers: Open
compareFields.py A
SR | computeBeam2ModeCoupling.py
computeCavityG.py
R computeCumulativeSumHistory.py
P | computeDebyelength.py

computeEmittanceFromDump.py
computeDielectricModes.py
computeEmittanceOnPlane.py
computeFarFieldFromKirchhoffBox.py
computefarfieldRadiation.py
computeFieldCrossProduct.py
computeFieldMaxAmplitude.py
computeFieldRellntensityHilbert.py
computeGradient.py
computelnverseQ.py
computeMassFlux.py
computePtciBalance.py
computePtclimpactSpectrum.py
computePtciLimits.py
computePtcINumDensity.py
computeS 11Parameters.py
computeSParamsFromHists.py
computeSParamsViaOverlapintegral.p
computeSpectrogram.py
computeTimeSeriesAmplitude.py
computeTimeSeriesF requency.py
computeTransitTimeFactor.py
convertFieldComponentCartToCylX.py:
convertFieldComponentCartToCylZ.py
convertPtciComponentsCartToCylX.py
convertPtclComponentsCartToCylZ.py
createMissingPtcisDumps.py
createParticleTracks.py
exportSpecies.py

Snapshot of Analyzer

_VSim10.py (custom) 3

simulationName | waferimpact

speciestiame | ions

startTime |1.

Outputs  computeAEDS_VSim10.py (custom)

Analyze

endTime |14

lowerPos |0.16

upperPos |0.175

historyName [leftionLoss

numEnergyBins |5

g

numAngleBins |50

upperEnergy (250
lowerAngle |-10

upperAngle |10

Command Line Usage: ComputeAEDS_VSimiO.py [options]
This analysis script computes Energy and Angular Distrubtion (AED) Function

op

x Show this help message and exit.
--simulationName=SIMULATIONNAME, -s SIMULATIONNAME
e of the simulation.
--speciesName=SPECIESNAME, -S SPECIESNAME
Neme of the species.
--startTime=STARTTIME, -T1 STARTTIME
Time to start analysis in terms of RF Period
--endTime=ENDTIME, -T2 ENDTIME
Time to end analysis in terms of RF Period
--1owerPos=LOWEREOS, -P1 LOWERFOS
Lower bound of axis over which data will be binned. In
1D this input is ignored (though lowerPos must be less
than upperPos
pperPos=UPPERPOS, -P2 UPPERFOS
Upper bound of axis over which data will be binned. In
1D this input is ignored (though lowerPos must be less
than upperPos
-8

Name of the history dataset.
gyBins= -Neng
Number of energy bins in histogram
-Nang NUMANGLEBIN:
Number of angular bins in histogram

--1 , -E1
Lower energy to bin data, in eV
-E2 UP!

Upper energy to bin data, in eV
--lowerAngle=LOWERANGLE, -Al LOWERANGLE

Lower angle to bin data, in degrees
RANGLE, -A2 UPPERANGLE

angularrequency |67.5¢6

NOM 2

perpDir [ +x

extractModes.py
extractModesViaOperator.py Overwrite Existing Files
hfssToVshS.py
performLowPassFilter.py The following variables can be used in the above analyzer options:
D by
$DR =C:

putFieldOnSurfaceMesh.py
remavePtclC omnanent v i elnteractions\waferimpact
< > $SIMNAME = waferimpact

Import Custom Analyzer

Upper angle to bin data, in degrees

--angularFrequency
Angular frequency of RF source
--NDIM=NDIM, -nDIM NDIM
Number of spatial dimensions. Currently acceptable
a2

--perpDir=PERPDIR, -P PEREDIR
Perpendicular direction to surface that charges are
collected on. Accepted values are
g e e e
Y-axis would have perpendicular direction of +X. X-axis
would have perpendicular direction of +y
Whether a dataset or group should be overwritten if it
already exists.

--overwrite, -w

This analysis script reads in absorbed particle log history data and bins +
the data along the surface of the absorber to produce an EAD function. To use
this analyzer, specific + data must be collected which is the following
no special order): Particle position (x/z if 1D, x,y/z,r if 2D), +

all three velocity components, energy, particle weight, number of particles in a
macroparticle, time particle hits surface, charge of macro particle

@ Analyze: ANALYZER READY Configure analzyer and click analyze button.
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Energy (eV)

XTech-X

lon AED High Focus Ring

Data are binned between RF cycles 12
And 14 at last 1.5 cm of wafer (near FR)

An obvious asymmetry is observed

Integrating along angle yields energy
distribution

Integrating along energy yields angular
distribution

Both of these are also computed
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1D Angular and Energy Distribution Functions: High FR

Curve o.14i:—
ar: i E

0.125

0.10¢

onsED

0.08:
™ 0.06%
0.04-

0.02:

T T I T 7 The asymmetry is also
Energy (eV) . .
obvious in the 1D plot

0.00%
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XTech-X

lon AED Low Focus Ring

Same binning in time and space as before

A more symmetric distribution is now seen
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1D Angular and Energy Distribution Functions: Low FR

Var:ionsAD

Angle

We now see a more
Symmetric AD

ooooooooo

Energy
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Comparison of Low and High FR

oo Clearly there is an optimal
o] height for the FR.
g | This optimal height can be
\/\ found through multiple
\ simulations with VSim
éf\f

eeeeeeeeeeeeee
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Role of Collisions

* We have added the following collisions:
* Impact lonization
* Excitation (we chose the one with the largest cross section
* Elastic Collisions

e Background neutral pressure ~ 0.15 Torr
 Arbitrary background densities can be used

A few caveats
e DX < MPF
* DT < Collision Period

* |If collisions result on lots of new particles, very useful to use managed
weights
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A Word on Managed Weights

* In VSim, if lots of new particles are created due to ionization
collisions, then this will slow down the simulation

* Managed weights allows particles to combine particles while
conserving charge, density, fluxes, momentum, etc

 However, if there’s not enough particles in a cell, the simulation will
be very noisy.

* So, you can also split particles to reduce noise if there are not enough
particles to resolve the physics.
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Comparing Run With and Without Collisions
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Plot of potential along wafer
within sheath

Aside from an offset, the two
plots look very similar

So potential doesn’t tell us
much
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Compare AD plots

0.050!
Curvg « .
el Collisions play an
2 00 NO important role
g - Collisions
h 0.020;»
0.010, Collisions fill in the AD
10 """""" s o s SO that more ions
Curve impact at a 900
Var: ionsAD 0. 050:E
0,080 Angle (0° w.r.t. surface
foug  With normal)
9 Collisions
0.020?
0.010%;

‘ L L L L 1 L L L 1 L 1 L L L L L L L L L L 1 L L L L 1 L L L { h
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Curve
Var:ionsED

Curve

Var: ionstD

ionsED

ionsED

Compare ED plots

0.12¢
o.1o§—
o.osg— No
0.06-  Collisions
0.0452
o.ozii

e L A D

120 140 160 180 200 220 240

0.10°
o.oai
0.06; With

- Collisions
o.oz%
0,08 === —"%s BT 10 00 a0 240

X

XTech-X

Little Energy is lost
due to collisions

Keep in mind that the
dominant collisional process
is elastic which is energy
conserving

At higher neutral densities we
might see more energy lost
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Now add Secondaries from Wafer and FR

* To model secondaries, | split both ions and electrons in to two equally
dense population

* One population would accumulate on to the wafer and FR

* The other population, when striking the wafer or FR, could produce a
secondary electron with a 30% probability
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What Role do Secondaries Play?

0. 0903_ Low FR w Coll no Sec
0.080- We see that secondaries cause the
g Low FR w Coll w Sec .
. 0-070" AD to become asymmetric
5
~ 0.060;—
S 050 Vsim can include sophisticated
S .
3 o0 secondary emission models
: that allow the user to put in emission
E 0.0305— .
as a function of energy
0.0205—
0.010%—
15

Angle (Degrees)
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Conclusion

* |n this talk, | have discussed how VSim can be used to aid in the
design of your wafer processing chamber

* VVSim can be used in the following areas

* Role of surrounding dielectrics in determining the homogeneity of ions
impacting the wafer

* Role of reactions
* Determining optimum neutral pressure

* Role of secondary electrons and how to account for or subtract out their
effect
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A Tech-X
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Interested in evaluating our software products?

Visit www.txcorp.com or send an email to sales@txcorp.com
for a free 30-day trial evaluation of VSim, USim, or RSilm
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