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The R-matrix method

J. Tennyson, Electron - molecule
collision calculations using the R-matrix
method, Phys. Rep., 491, 29 (2010).
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Dominant interactions

Inner region

Exchange } Adapt quantum chemistry codes
Correlation High | functions required

Integrals over finite volume
Include continuum functions
Special measures for orthogonality
configuration generation must be appropriate

Boundary Target wavefunction has zero amplitude

Outer region  Adapt electron-atom codes
Long-range multipole polarization potential

Many degenerate channels
Long-range (dipole) coupling



Two methods of doing R-matrix calculations:

A. The UK Molecular R-Matrix Codes

AFreely available online
APeople can join as users on CCPForge
AComprehensive but hard to use
(Can take a whole PhD (3 years) to correctly run one molecule!)

B. Quantemol-N

AEasy to use graphical interface

AVery simple input, requires little scientific knowledge or training

AExtra features (ionisation, dissociative attachment estimator,
high energy electronic excitation, etc)

Note also: @u&ntﬁmol” Qﬁ/
Quantemol-P 0D plasma chemistry code (runs GLOBALKIN)

Quantemol-D  2.5D simulation of industrial plasma processessing (runs HPEM)
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#Fri Mov 04 14:01:48 GMT 2011
radialChargeDensity=false
pointGroup=C2v
model=CIHF
optimise=false
basisMAtomSym_N=1
basisMNAtomSym_Si=1
multipoleoff=false
basisMAtomSym_H=1
cutOff=50.0
maxEnergy=20.0
basis=cc-pVTZ
rmatRadius=10
symEquivAtoms=[Sil, H2, H4, M5]
stepEnergy=0.02
attachCalc=false
casLimit=2
singleCccup=[0, 0, 1, 0]
basis_Si=

poly_dcs=true

$i1=[0.0, 0.0, -0.5533496571877554]
fragments=[H3N+, Si-]
vibEnergy=1000.0
affinity=1.389521
dissEnergy=0.0
molecule=5iH3MN+
basis_MN=

minEnergy=0.1
plotAlIBEScaled =false
doubleOccup=[7, 3, 1, 0]
basis_H=

targetStates=3

H4=[0.0, 0.0, 2d566503428122443]
H3=[-1.343730464,6:6—139 4231877553]
H2=[1.343730464, 0.0, -1.1971574231877553]

M5=[0.0, 0.0, 1.1266503428122445]
cas_virtuals=3

Quantemol-N Inputs:

electron 1 silane

SiT H bondlength



N\ 1= A
Quantemol-N

—
E /homes/salim/quantemol-N.home N.shell/ s/ I ane_C2v_Cl/neopentane_C2v_Clfile
Progress

Molecular formula : | CCHHCHHHHHHHHHHCC \ Import molecule...
1. Molecule Definition

Number of Atoms : 17

attempts/ C6H6/ C6H6_631G_HF/ c6hb.file 3

Point Grnup:

Select symmetrically
non-redundant atoms:

2. Coordinate Entry
3, Symmetry Definition Atom labels : C1 C2 H3 H4 C5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 C16 C17

€1 c2
B Cc3 C4
4. Electronic Structure Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1E cs C6
5. Target Model Eiexjio) HsH8
1 H He H9 H1i0
6. Scattering Parameters 2 Li Be B € N O F Ne H11H12
8. Output Options 3 Na Mg Al si P 5 d Ar
4 K G Sc| [T (V| [Cr [Mn [Fe [Co [Ni||Cu [Zn| Ga Ge As Se Br Kr
5
6
7 o
* Lanthanoids
** Actinoids

e - -
e

D Com i o v e i & B Main advantages of using Quantemol-N:

Exdtation Cross Sections Triplet Eigenphases lonisation Cross Section
Resonances Theoretical model wertical Excitation Energy cevy Target Energies

Excitation Cross Sections,(see den_message for labels of excited i User fnendly |nterface’ Wh'Ch Vastly

states)

15

r simplifies setting up an R-matrix simulation.
o | . Full tutorial system to reduce learning curve.
" g ——— A . Library containing 40+ examples.

S S S M By S B S e e . Easy to use results format.

Energy (eV)

Excination 10 2B1 Excitaion 10 282
—_—

24/7 service support from Quantemol team.



Ouantemol-N

Quantemol-N 4.1 can calculate:

Elastic cross-sections

Electronic excitation cross-sections

(extended to high energies with BEF)|* =55 s

Super-elastic cross-sections between -
excited states

2 -
L Al Si
4 [ [ S W (N D (] e (81 D i [ Ga e

LRI RO O TR TUET T

N
a

Electron impact dissociation

Scattering reaction rates

Resonance parameters

Dissociative electron attachment
cross-sections estimator

Differential cross-sections

Momentum transfer cross-sections
Atomic cross-sections

Electron impact ionisation at all
energies (BEB)

Red: features not in standard code

((((((







Chlorine T Dissociative Attachment

=1

—— Quantemol-N
---- Kurepa & Belic (1978)

I B

0.1

Cross section (Ang"2)

0.01

0.001 ‘ '
0 5 10

Etlel‘éy’ (eV)

Dissociative electron attachment cross sections for Cl,
Calculations used the DEA cross section estimator in Quantemol-N

. DZP basis for the target and frozen bond-length of 1.988Angstrom.

. CAS-CI representation: 20 core electrons are frozen (Cl 1s, 2s and 2p orbitals).
. 14 active electrons are distributed as: (4 - 60g, 4 - 50u, 2" u, 2" g)'*.

~ Lowest virtual orbitals of Ug, Gu and “ u retained in the scattering calculation

48 target states in the close-coupling expansion.



Oxvagen 1 Dissociative Attachment

le-17 -
Ng r —— Quantemol-N .
2 i -——- Rapp & Briglia (1965) | |
2 le-18 |- |
5 | ]
=
o le-19 = a
A 1
le-20 L | | |
3 4 5 6 7 3 9 10 11 12 13

Energy (eV)

. Calculations: 6-311G* target basis at frozen bond length of 1.2144 A.
. Target CAS: 4 core electrons frozen,and10 electrons in 12 valence orbitals:
(109, 14,4 (Zﬁg, 3(’19, 20, 34, 1'°u, 2'°u, 1 g)12.
. Scattering calculation augmented with the 4ug, 4u,and 2’ g orbitals.
48 states retained in close-coupling expansion.



T. Mori, M.Sasaki, T Nishizuka and T. Nozawa,55th AVS (2011)

RLSA (Radial Line Slot Anttenna)
micro-wave plasma reactor

micro-wave ﬂ

[N
|,Dmmmﬂﬂfmmmml|

I |
| Plasma generation region

Plasma diffusion region

[ ]

1. Micro-wave excited a high density plasma.

| 1 = = 2. Plasma is transported by diffusion,

Te is cooled and uniformed.

3. RF bias works only accelerating ion ,

/o

S cv not for plasma generation.

RF bi




. Mori, M.Sasaki, T Nishizuka and T. Nozawa,55th AVS (2011)

Why does High Press. Process make vertical profile?

HBI/Ar Process Pressure dependency

Vpp : Const. =415V
Residence time : Const. = It is proportional to Pressure

Press. 40mT 70mT 80mT 100mT

RF 113W 80w 73W 70w

120secC }or

Etch.D

ot 232(147%) 158 205(144%) 142 204(121%) / 168 216(108%) / 200

Taper 81+ + 68+ - 86+ +/ 81- - 86 + 84- - 86/ 85 -

The higher pressure, The Dense/lso pattern dependence is getting better

1w




Reaction model

-Charged species;, Br, Ar*, HBr*, Br, Br,*, SiBr,*, andSiBr+
-Neutral speciedr, Ar*, HBr, Br, Br,, H,, H, SiBr,, SiBr, andSiBr,

-Electron impact reactionfonization, excitation, dissociation,
attachment, and recombination

-lonT neutral reactions
-lon T ion reactions
-Moleculel molecule reactions

SiBr, SiBr,, SiBr, SiBr,"* omitted in original chemistry



Fic. 3. Fluxes to the wafer as a function of radius {Ar/Cl,=90/10, 500 W

ICPE, 15 mTorr, 100 sccm) and 75 V substrate bias. (a) Ion fluxes and (b)

neutral fluxes. The scaling values for the fluxes are indicated in the figure.

Cl is the major neutral radical flux. Ar* and CI* are the dominant ions.
----------------------------------------------------------- 15

E 5 T T T T T T E

| I, (10") |

: =4 ~__ : Ar/Cl, =90/10sccm

i IR : ; 500W ICP

i 5, AU i 15mTorr

| P Ner (o) =

Hi SiCI (10%) .

| O T A . AREI uxo ,wds Si
; @, Redwlm | important but was not

| ATR— 5 dominant at this lower
: W 6r SELR) : pressure

: § s i, : '

i FP - i

i Es- - :

i 320 SiCLAOY__ - . Agarwal A. & Kushner M.
; t————ct10") —— ; JVSTA26 (2008 498

: % 2 3 24 5 = !

! (b) Radius {cm) !



)

DEA cross section (

. Study effect of etching by-products (SiBr,) on the plasma.
. Quantemol-N estimates of cross sections for new species
. Below estimated dissociative electron attachment cross sections for SiBr and SiBr,

. Full cross section set calculated for these species.

30 T 4 T T

i SiBr I SiBr, i

DEA cross section (Ag)

1 | ‘ | | I
: 0 3 10 15 20
Energy (eV) Energy (eV)

Estimated DAE cross sections as a function of electron impact energy.
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100 mTorr

SiBr,
Number is
maximum [#/cn] :
With 1.9e13
SiBr, reactions

Without
SiBr, reactions

6.6e13

Electron distributions are localized near top, because microwave heat comes from top.
Br negative ion produced both inlet and near wafer because of attachment reactiog. of SiBr

SiBr, in case with SiBrreactions is localized near wafer because there are reactions of SiBr



SiBr,

SiBr

100 mTorr 1.913

SiBr,*

5.7e12

SiBr

Si

2.3ell

S L
SiBr and Si are produced from SiEnd SiBr respectively.

1.8e13

Number is
maximum
[#/cm3]

lons produced from byproducts are localized near wafer which is dominant ions attack to



lon fluxes on wafer 2.5E+16
2.0E+16
>
. . N I 40
Without SiBrx E 1.5E+16 "
3+
- N E] 80
reactions E 1.0E+16 o5
LL
5.0E+15
0.0E+00 L= ' . . . .
Ar+ Br+ HBr+ SiBr+ Br2+ SiBr2+
5.0E+15
4.0E+15
. . R
Including SiBrx N 3.0E+15 @ 40
5 m 70
reactions ® 080
5 2.0E+15 0100
LL
1.0E+15 B ]
0.0E+00 N N — .m=.=_gj| |

Ar+ Br+ HBr+ SiBr+ Br2+ SiBr2+



21

=
00
o

e
N Ol
o O

—e— with SIBr2 reaction

—a— without SiBr2
reactions

(o))
o

w
o

Average mass of ion
(@)
o

o

0 50

Pressure (mTorr

100

150

0 lon mass gets heavier as pressure increases

o lon fluxes and energies will change significantly with pressure

in this collisional sheath.



ﬂ?ﬁ
x SA @
g
INGENIERIE
[IC] CENTRO ITALIANO ET SYSTEMES UNIVERSITA
RICERCHE AVANCES PERDJGIA i g Ty
onirsry L CENTRE NATIONAL U /)
el i DE LA RECHERCHE S
e SCIENTIFIQUE ’/R\,
=
UNIVERSITA UNIVERSITAT
DEGLI STUDI DI BARI DE
ALDO MORO BARCELONA
PLANETAR V . . . AODELS
Ibrational excitation of
key molecule:
e
TR Venus, Mars, Earth
INSTITUTE FOR
PROBLEMSIN POZNAN
MECHANICSRUSSIAN - e e
ACADEMY OF SCIENCE o ¥ ORI Ol
<o
! v,
VONKARMAN SOFTWARE
INSTITUE FOR FLUID ENGINEERING RESEARCH
DYNAMICS CONSIGLIO POLITECNICO & PRACTICES

NAZIONALE DI
DELLE RICERCHE TORINO



Potentzl energy (eV)

Electron i CO: 2P resonance

12

st It Resonance position R-matrix resonance positions
el M and widths
o1t . o
L eeemmemmmees Static exchange plus polarisation
-4} “‘ - 2r7) (SEP) mOdel
-8}
5 CO (X '1%)
1 ; 3 y 5 s 7 8
Internuclear distance (a.u.)
R-matrix calculation
= ——  Fit
=
Widths
....... T

Internuclear distance (a.u.)



Electron1 CO:

resonance enhanced vibrational excitation 0 A v 0



