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Silicon nitride crystallization in microelectronics fabrication
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C. Blshop et al. Experimental characterlzatlon and modification of Silicon Nitride
crystallization reaction kinetics for microelectronics applications. EMC June 2023
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Experiments
Materials synthesis with defect control

Time-resolved TEM imaging with in situ
nanoindentation, laser heating, impurity
mapping and diffraction

Mesoscale/Continuum modeling
Crystal plasticity
Local stress fields & microstructure
Thermomechanical modeling

Atomistic modeling
Molecular dynamics using LAMMPS

SiN nucleation and growth
temperature, stress & imperfections
Quantum accurate potentials

Backeround

Goals for atomistic modeling:

1. Model crystallization with empirical
potentials.

2. Show these models retain kinetic
properties which extrapolate to
experimental conditions.

3. Extract qualitative and quantitative
properties of crystallization
mechanism.




Goals for atomistic modeling

1. Model crystallization with empirical potentials.

Using 3 models:  Marian-Gastreich-Gale (MG2)
Tersoff
Vashishta

2. Show these models retain kinetic properties which extrapolate to experimental conditions.
Arrhenius fitting of 1D crystallization rates

3. Extract qualitative and quantitative properties of the crystallization mechanism.

How does crystallization proceed on an atomistic level?
Qualitative comparison with experiment
Quantitative input for mesoscale models
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Empirical interatomic potentials 7

MG2
2-body potential

C. M. Marian, M. Gastreich and J. D. Gale. Phys. Rev. B. 62
(2000) 3117-3124

Tersoff
3-body potential

Parameterization by A. Dasmahapatra and P. Kroll.
Comput. Mater. Sci. 148 (2018) 165-175

Vashishta

3-body potential + electrostatics

P. Vashishta, R. K. Kalia, A. Nakano, W. Li and I. Ebbsjo. in
Amorphous Insulators and Semiconductors, edited by M.
F. Thorpe and M. |. Mitkova (Kluwer Academic,
Netherlands 1997) 151-213

aiMD from L. E, Hintzsche et al. Phys. Rev. B. 86 (2012) 235204
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MG2 & Tersoff reproduce short-range Si-Si feature found in

Si-N-Si Angular Distribution aiMD structure.
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8 (degree) 3-body potentials Tersoff & Vashishta
retain more rigid bond angle.
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Structure generation and LAMMPS implementation
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Seed generation \

- a-SisN, unit cell is replicated for: I \ |
~2.8nm length in growth direction : -
~5nm x 5nm lateral contact

- Seed is thermalized to run temperature |

using Nose-Hoover thermostat and
anisotropic barostat
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e
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~ V (low density) .
V (high density)
. 22— b
Amorphous generation ] |
- Melt-quench amorphous generation of o A O R SO U HU N R B BRI

- Box dimensions orthogonal to growth
direction are fixed to match thermalized
seed size

- Growth direction dimension permitted to
fluctuate in volume according to Nose-
Hoover barostat

Tnm slice of V (low density) 4 f,}.
showing void presence soasts
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Structure generation and LAMMPS implementation

Seed generation Seeded crystallization construction

- a-SisN, unit cell is replicated for:

~2.8nm length in growth direction | - Amorphous layer is replicated for
~5nm x 5nm lateral contact at least 15nm total length in
- Seed is thermalized to run temperature growth direction
using Nose-Hoover thermostat and . .
anisotropic barostat - Pressure controlled by anisotropic
Nose-Hoover barostat
) Amorphous
Amorphous generation “Dynamic” regions fixed to run
- Melt-quench amorphous generation of temperature
14,112-atom simulation cell (~5nm)3
- Box dimensions orthogonal to growth 77 Low-temperature regions fixed to
direction are fixed to match thermalized ;"g 300K to inhibit growth from
seed size ¥4 periodic interface
- Growth direction dimension permitted to Crystal seea

fluctuate in volume according to Nose-
Hoover barostat

000005

Not to scale
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Quantifying local order via Steinhardt order parameter \
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The Steinhardt order parameter, g,(i), is a rotationally
invariant order parameter which computes local \

coordination symmetry.

1
2

q(@) = (2 Em=—u|m|2)

[+1

qlm(i) = [qlm(i) + E‘jzl, qim()]

+1
. 1
qim(l) = —Zj=l, YZm(Qi_;'J (pu)

Yim - Spherical harmonic of with angular quantum
number [

: Number of nearest neighbors on atom i



Quantifying local order via Steinhardt order parameter N\
AN

The Steinhardt order parameter, q;(i), is a rotationally ™
invariant order parameter which computes local \
coordination symmetry.

For [ =6, applied to N-N local order distinguishes not
only between amorphous and a-Si;N, but also

among other known polymorphs.

1.2

= amorphous = a = f = Wl =y

R 07 OK crystal
= structures
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willemite-11 (wll) } { )\
052 00 0.2 0.4 0.6 0.8 1.0 1.2
PLUMED toolkit used for g6 analysis ae

The PLUMED consortium. Promoting transparency and reproducibility in enhanced molecular simulations, Nat. Methods 16, 670 (2019)
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A first look: Bulk seeded crystal growth

Spherical seed implanted in
amorphous Si;N, at varied
temperatures and potentials

Results shown for Vashishta potential
at elevated temperature, 2400K.

Only nitrogen shown.
Colored by Steinhardt g6

1‘) a-SisN, crystal N
. amorphous

@

C. Parkin in-situ TEM

Key conclusions:
- Evidence of anisotropy in crystal growth. Similar growth behavior is observed by experiment.
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Planar crystal growth analysis
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Key conclusions:
- Growth rate anisotropy is enhanced at higher temperatures
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N\
Interface position identified by spatial

binning of average potential energy values\,
along the direction of growth. \

Growth rates in 001 and 010 a-Si;N,
extracted for each potential.

MG2, growth progression
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Planar crystal growth analysis

2500 1250
Oe T al
Simulation temperatures vary
between potentials to account for - -
characteristic glass transition.
-10 - — 4.5e-05
Arrhenius fits of linear velocity - Z
show extrapolation to experiment £ | [G-©MG2001 ¥ ' =z
A A MG2 010 ™
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Key conclusions: UT (K )

- Both density and orientation impact growth rate
- Our potentials span a range of Arrhenius fits to lower temperature growth rates.
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Multiscale & collaborative efforts N\

Integration with mesoscale models UItra-.fast (UF) mterpretable machine- )
learning potentials AN
- Bridging the time- and length-scale gap with - Machine learning potentials show promise to
experiment obtain accuracy on par with 15t principle
simulation at the computational cost of
- Computed properties from atomistic classical force field methods.
S|mulat!ons become input parameters for g Eeegos
phase-field models S L ——
0.7 '—.LJ %(Rgéﬁg“.%) '
. 06 * % This Work
§osi | 115 GApisnap
E 04 EAM4 ©® Reference
an' Morse
0.2-::
UF SNAP
011 P25 ASNAP o
T g | DFT
0.0 b=t : :

3 T 3

107 10° 10" 10" 10 10° 10
Computational Cost (ms / atom / step)

" A. Rezwan CNT demonstration - Ongoing parameterization iterations
7 X
c
0.0 e 190 Xie, Rupp, Hennig, https://arxiv.org/abs/2110.00624 (2021).
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Atomistic mechanisms of silicon nitride crystallization

1. Model crystallization with 2.  Show these models retain
empirical potentials. kinetic properties which
extrapolate to experimental

conditions.
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| | | 1 0de-14

-30 L
300a 0.0005 0.0006 0.0007 0.000%
TR )
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Extract qualitative and \
quantitative properties of
crystallization

mechanism.
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Empirical interatomic potentials
Epn—gi= IJE[I:_'J-;F] \— Erx(ru- — ?'ﬂ)‘ — Zexp \— a(ru- — ?‘D)‘} A \\
MG2 g _As |y Additional tapering polynomial function \
Si=st 73 P b "~ used near cutoff
. bar, )
.e‘q. Y iy E' Ly
Epy-n= T—hEKP !_ ?— - —E 1 —exp [_ bf;?'.-;]EE 0 ( ::, ) -
if P Fij :
Vashishta b= Ezg:_ ESE:ZJ' Tij Pij Tij
EZB - T:U + rij €Xp [_ E:I ?'3 exp [_ ;
1 1
Tijs Tik < T¢3

E3p = Bijj; €xp [ ] (cos 6j;; — cos 6] u.:)
Tij —Te3 Tik — T¢3

Tersoff
E= {Aj exp(=2ymyj) + Bij exp|—uymij| bij) 1 1,1 <Ry
2 2_n, )1 1 71'(7'i1 Ru)
bij = Xij \ 1+ Zgai WPyl + ‘L— = 7 =z T zcos (—51 - ) yRij <1y < S
-+(hi—COS aikj) ('; J S
yTij = Oij
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Leveraging PLUMED2 for LAMMPS post-processing \\

Collective variables include... \
- Angles
PLUMED - Bond directions
The community-developed PLUgin for MolEcular Dynamics - COOFdiﬂatiOﬂ ﬂumber
' - Density
What is PLUMED? https://www.plumed.org/ _ Distances

- Lattice similarity
- J coupling (e.g. FCC, simple cubic)
- Radius of gyration

PLUMED is an open-source, community-developed library that
provides a wide range of different methods, which include:

» enhanced-sampling algorithms - Reference structure RMSD

« free-energy methods - SAXS intensity

» tools to analyze the vast amounts of data produced by - Steinhardt parameters (Q3, Q4, Q6)
molecular dynamics (MD) simulations. - Torsions

These techniques can be used in combination with a large toolbox of
collective variables that describe complex processes in physics,
chemistry, material science, and biology.

The PLUMED consortium. Promoting transparency and reproducibility in enhanced molecular simulations, Nat. Methods 16, 670 (2019)
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Leveraging PLUMED2 for LAMMPS post-processing

>
= +

=¥

PLUMED

The community-developed PLUgin for MolEcular Dynamics

What is PLUMED? https://www.plumed.org/

PLUMED is an open-source, community-developed library that
provides a wide range of different methods, which include:

* enhanced-sampling algorithms

+ free-energy methods

¢ tools to analyze the vast amounts of data produced by
molecular dynamics (MD) simulations.

These techniques can be used in combination with a large toolbox of
collective variables that describe complex processes in physics,
chemistry, material science, and biology.

/7 I

lammps postprocess.in:

fix 1 all plumed plumedfile plmd.proc
rerun myoutput.dump every 1 dump X y =z

- 4
Glmd .proc: \

g6: Q6 SPECIES=<pID range> R 0O=<cutoff>
1lg6: LOCAL Q6 SPECIES=g6 R O=<cutoff>

\RPMPMULTICOLVAR DATA=1g6 FILE=q6out.xy?//

The PLUMED consortium. Promoting transparency and reproducibility in enhanced molecular simulations, Nat. Methods 16, 670 (2019)
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Planar crystal growth analysis
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Key conclusions: ol V thigh density) y
- Our potentials span a range of Arrhenius fits to lower : :
tem pe rature grOWth rates. 28300600 500 1000 1200 1400 1600 1800 2000 7300 240D
. . . . TiK)
- Both density and orientation impact growth rates.
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Ultra-Fast Interpretable Machine-Learning Potentials \\

Relative Cost The UF potential uses cubic B- N, o \
L Jo o r0t 0 w0 g0t spline functions in a linear basis E=Y"Y Vi(ry) o ‘
. rl I I [ | | . . . . -
expansion in pair distances r;. =1 j= \
07 1%L NTF“TSIIEZFET i " " ' e Va(rig) = 3 (calNna(r)
06 - i oo Local support: Interpretable - n=-2
E os %50 Trdtonal Fach cubic B-spline spans, at most, * Learns coefficients of cubic B—Splmest;_o
%04 | EAMS ® Reference four knot intervals represent energy land scape from 1
T « For any input, exactly four basis principal data
5 9371 Morse functions are non-zero
021,  Evaluation cost does not scale with 100" | 1,00 | 1.00 1 1.00 1 1.00
014 R qsﬂ'qépmimp _ the total number of basis functions. & B . & &
e B B BT Ol P Differentiability: 2

» Istderivative is smooth (forces)
« 2nd derivative is continuous (phonons
and elastic constants)

Computational Cost (ms / atom / step)

N(ry) [eV]
o —-

Machine learning potentials
show promise to obtain
accuracy on par with 1st
principle simulation at the
computational  cost  of
classical force field methods

Representation of many-body
potentials by 2-body and 3-body

basis functions optimizes speed and
memory efficiency in use of the
potentials. e e e A N

Viry) TeV]
o —-

Xie, Rupp, Hennig, https://arxiv.org/abs/2110.00624 (2021).
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