TUTORIAL SYNOPSIS

— Quantum

Wise

When every atom matters

Boron diffusion in bﬁy( Silicon

In this tutorial we will use ATK's Adaptive Kinetic Monte Carlo (AKMC) algorithm with DFT to
investigate the diffusion of a single B atom in a bulk Si lattice. Specifically, we will investigate how
mobile B is in a defect-free Si lattice, with B in a substitutional lattice site as the initial state. In

order to do this, we will follow these steps:

< Optimize the silicon bulk to find the correct lattice constant for our computational model;

% create the B-doped Si crystal;
% run the AKMC simulation.




Optimizing the bulk Si

- o Database - Crystal Cupboard

Bl"lder File Databases Ba::ls ﬂi:dowg Help

o . €, silicon (alpha) (%]
“*Go to the Database using Add —» From Database.

Name

Formula Lattice
T o e e e B T

“*Search for “Silicon (alpha)” and add it to the
Stash.

“*Send the structure to the Script Generator.

Description

Si (Silicon (alpha))

B Configuration

Chemical Formula: i
Lattice

= Face Centered Cubic (fcc)
*a=5.4306 Angstrom

svmmetrv information



Optimizing the bulk Si

- Script Generator(;
Script Generator Hle Edt windovs_teb

E &

“*Add the following Blocks: podes ot
<> N Newc‘at(umm‘ % Z:tcalculamr
* eW C a I C U | a tO r AN ED OptimizeGeometry
4| Adjust Configuration
Exchange and correlation: il e

| optimization

PB ES @Ana\ys\s

" Basis set. SingleZetaPolarized

© K-point sampling: 4x4x4
Global 10
! _Shifted tO Gamma Default output file |bulk_si.nc
Script detail Minimal =
©  Mesh cut-off: 50 Hartree

“OptimizeGeometry

* Untick “Constrain Lattice

For the atom indices associated with

® amicorT Density mesh cut-off 50| |Hertree a given tag, change the combo box in
" ol cended Hickel Interaction max range 20 [ang the cuqstraint column to tr’]e desired
Vecto rs AT FecHonier constraint. To apply constraints to
EE(’[H)H temperature 300| K

O ATK-Classical the current selection, press the Add

k-point sampling Selection button.

. u . . D) Abinit ) — - o )
+ Click "Atomic Constraint e =l T L
% 8 C .
Calculator settings Periodic 54 %4 & ca;e, table entries are displayed in
H n . H B
Editor” and fix the fractional ooy e _
Iteration control parzameters @ sampling al; 4; 4]:] O sync Tag Constraint
H H E 2ebiexch w Number of symmetry reduced k-points: 36 Selection 0 Fixed -
coordinates of Si atoms.
o et @ shiftto Gamma g @ g
k-point shift
Estimate Memory Usage
[ Cancel | OK




Creating the B-doped €rystal

Builder

Builder

<In the LabFloor, select the optimized structure (with
9/D001) and drop it onto the Builder. .

»  Crystal Symmetry Info
> Fit Cell

“*Make the cell orthogonal: e

» stretch Cell

D lick Bulk Tools = S Il T el

click on bu 00Is uperceil ;
C' as a linear combination of the current cell vectors A, B, and €.
B . " . ”n It} ”n Atoms ar_e added as needed to reflect the new cell size. Press

click on “Conventional” and then “Transform”. Commrtinl o Shogie the ool il oty untoe f
a preset of tranformations. Press Transform to apply the current
transform.

A B 5

A EiE 18 102 o

“*Make a 64 atom cell: click on Bulk Tools - Repeat
and increase A, B and C to 2 before clicking “Apply”. 2 = A = |

Add

“*Select the Si atom you would like to replace with B. - T
(alpha) - Brillouin Zone Viewer..

= »

<*Go to Builders — Substitutional Alloy

» New element. B

© Percentage: 100%

v Builders

> AFM Cantilever Tip

» Amorphous Prebuilder
> Icosahedron Builder
> Interface

> Nanowire

> Nudged Elastic Band
¥ substitutional Alloy

Create an alloy by replacing the selected atoms (all if none are
selected) with a new element. Specify the algorithm (Normal
distribution or Fixed fraction) to use, and how large a
percentage of the atoms should be replaced.

“*Send the structure to the Script Generator

Preview Creale

stash > Wulff Constructor
Add

Copy
Delete

silicon  bulk_sinc  bulk_si...
(alpha)

Generic Alloy...
Packmol..

Polycrystal (Voronoi)..
Surface (Cleave)...



Setup the script

Script Generator
“*Add the following blocks:
“*New Calculator:
© Kpoint sampling: 1x1x1
" Basis set: SingleZetaPolarized for Si and
DoubleZetaPolarized for B.
" Remaining settings: The same as before.
“OptimizeGeometry:
©  Keep the default settings.

“*Send the script to the Job Manager and run it.

) New Calculator

calculators Exchange Correlation
@® ATK-DFT Type GGA
ATK-SE: Extended Hiickel

oo

Predefined functionals | PBES
ATK-SE: Slater-Koster

Exchange
ATK-Classical
- Correlation
Abinit =
— Parameters
Hubbard U Disabled =
Calculator settings
Spin Unpolarized =
Algorithm parameters =
Basic
Iteration control parameters
Numerical accuracy parameters
Parallel parameters
Poisson solver Basis Set
Element Pseudopotential Basis Set
Boron FHI [Z=3] GGA.PBE DoublezetaPolarized
silicon FHI [Z=4] GGA.PBE singlezetaPolarized
Activate tags Add element

Estimate Memory Usage

OK

Blocks Script

New Calculator Q Bulk

New Calculator
Analysis from File @

OptimizeGeometry
Adjust Configuration

14 wnitial state

Optimization
@ Analysis

Global 10
Default output file |sib-optimized.nc

Script detail Minimal =

New calculator

Calculators. Numerical Accuracy
@ ATK-DFT Density mesh cut-off 50| |Hartree :
ATICSE: Extended Hiickel Interaction max range 20| |Ang -
D ATK-SE: Slater-Koster
N Electron temperature 300 (K =
ATK-Classical
- k-point Ssampling
Abinit
N Grid type Preset densities
FHI-aims
ka ke ke
cCalculator settings Periodic &= = &
Algf)r\thm parameters O Density (A)
Basic
Iteration control parameters @ sampling 105 1|2 1]2] O sync
Basi t, h lati =
s cr=laten Number of symmetry reduced k-points: 1
Numerical accuracy parameters
Parallel parameters Fewer options
Poisson solver
@ shift to Gamma & = &
O k-point shift
Estimate Memory Usage
=)<



Running the AKMC simulation

Script
“*Script provided(sib-with-akmc.py). Download it

and save it in the project folder.

1.1 SetVerbosity: Removes the logging of the

DFT calculation from output and log-files.

2.1 The optimized configuration is read from

the saved file, sib-optimized.nc.

3.1 Calculator setup is identical to the one used

Er the structural relaxation, except for the
addition the ParallelParameters, which is used

to ensure that just one process will be used for

each saddle search.

“* Note: It might make sense to use more than
one process per saddle search for a bigger
system, but the optimal distribution depends on
your system and the setup and queuing rules of

your supercomputer.

setVerbosity{CALCULATOR UPDATE= )
setVerbosity(PROGRESS_BARS= )

basis set = [
GGABasis.Boron_DoubleZetaPolarized,
GGABasis.Silicon_SingleZetaPolarized,

exchange_correlation = GGA.PBES

k point sampling = MonkhorstPackGrid(
na=1,
nb=1,
nc=1,
shift_to_gamma=[ , . 1.
)
numerical_accuracy parameters = MumericalAccuracyParameters(
k_point_sampling=k_point_sampling,
density mesh cutoff=50.0%Hartree

)

parallel_parameters = ParallelParameters(
processes_per saddle search=1,
)

calculator = LCAOCalculator(
basis_set=basis_set,
exchange_ correlation=exchange correlation,
numerical_accuracy parameters=numerical_accuracy parameters,
parallel_parameters=parallel_parameters,

)

bulk_configuration.setCalculator(calculator)
nlprint(bulk configuration)
bulk _configuration.update()




Running the AKMC simulation

Script
<*Final part of the script: The AKMC simulation

if as..pa‘:ch..is;%inle.['akrnc.ma.rk;v ch;ai.n.nc‘);.
4.-| First two blocks: check if a previous AKMC simulation i aaaion e i aasaih
else:
markov_chain = MarkovChain(bulk_configuration, TotalEnergy(bulk configuration).evaluate(})

has already been run, in order to reuse that information,

or initialize new objects if no previous results are {Foo.puthsHicOume leaach)s:
kmc = nlread('akmc_kmc.nc')[@]
present. o
kmc = None

5.1 SaddleSearchParameters: We restrict the NEB

calculation to more than 5 images (for more complicated

saddle_search_parameters = SaddleSearchParameters({max_neb_images=5)

SyStemS more than 5 images mlght be needed) ;km.c.=.Ada;;tivekir;éticMﬁﬁteCar10[markov_chain,

calculator=calculator,
kmc_temperature=300*Kelvin,

6.- The actual AKMC simulation: Starts with the number nd_temperature=3606*Kelvin,
. saddle search parameters=saddle search parameters,
of saddle searches as a parameter. As AKMC is a constraints=(e],

confidence=0.99,
assumed prefactor=1e13/Second,
write searches=False,

stochastic method, it is important to run enough saddle

. . write_kmc=True,
searches to ensure that the reaction space is adequately write markov_chain=True
write_log=True)

sampled. This script is prepared for making additional

akmc. run(47)

runs.

6.1.- Assumed prefactor: For solid state systems it is

often a good approximation to assume the prefactor,

For more information on the AKMC parameters
see the tutorial “Modeling Vacancy Diffusion in
Si0.5 Ge0.5 with AKMC”.

which is very expensive to calculate.
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