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Motivation & Outline

Ion beam synthesis (IBS) of epitaxial single crystalline 3C-SiC

e Implantation

Stoichiometric dose | 180keV | 500 °C B

300

= Epitaxial 3C-SiC layer & precipitates

e Annealing

10h at 1250°C
= Homogeneous 3C-SiC layer

: -\»: . A
500 g . Y

600

z [nm] F (111)SiC-DF

3C-SiC precipitation

not yet fully understood

XTEM: single crystalline 3C-SiC in Si(100)

Outline

e Assumed SiC precipitation mechanisms / Controversy
e Utilized simulation techniques

e C and Si self-interstitial point defects in silicon

e Silicon carbide precipitation simulations




Supposed precipitation mechanism

Si & SiC lattice structure

Silicon Silicon carbide
Si| e Si Si| e C

a = 5.429 A a = 4.359 A

pgi =100 % pgi =97%

C-Si dimers (dumbbells)
on Si lattice sites

of SiC in Si

(h k1) planes match
T

Agglomeration of C-Si dumbbells
= dark contrasts
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Precipitation of 3C-SiC in Si
= Moiré fringes
& release of Si self-interstitials
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Controversial findings

e High-temperature implantation /xejim et a1/
e Substitutionally incorporated C on regular Si lattice sites

e Si; reacting with further C in cleared volume

o Anneallng behavior /Serre et al./
e Room temperature implantation — high C diffusion
e Elevated temperature implantation — no C redistribution

= mobile C; opposed to stable Cgu1, configurations

e Strained Sil_yCy/Si heterostructures /Strane et al./Guedj et al./

e Initial coherent SiC structures (tensile strain)

e Incoherent SiC nanocrystals (strain relaxation)

é Csub — VS — Ci é




Utilized computational methods

Molecular dynamics (MD)

System of N particles N = 5832 + 1 (Defects), N = 238328 4+ 6000 (Precipitation)
Phase space propagation Velocity Verlet | timestep: 1 fs
Analytical interaction potential Tersoff-like short-range, bond order potential (Erhart/Albe)
1
E=g > Vi, Vij = fo(rig) [fr(rig) 4 bij fa(ri;)]
1#£]
Observables: time/ensemble averages | NpT (isothermal-isobaric) | Berendsen thermostat/barostat

Density functional theory (DFT)

e Hohenberg-Kohn theorem: o N
Uo(r1,72,...,rN) = Ulno(r)], Eo = E[no] i R
e Kohn-Sham approach: ——V’+ Vett(1) — € | @i(r) =0 A

: : : 2m \
Single-particle effective theory \‘

e Code: vASP

e Ultrasoft pseudopotential

4 N

| 2
e Plane wave basis set | Ecyy = 300eV | n(r) = Z [P ()]

‘ ¥

\

e Exchange & correlation: GGA 1\ J
e Brillouin zone sampling: I'-point | Y

e Supercell: N = 216 £+ 2 S y 4




Point defects & defect migration

Defect structure

e Creation of c-Si simulation volume

e Periodic boundary conditions

e T'=0K, p=0 bar

Y

Insertion of interstitial C/Si atoms

Y

e Tetrahedral e (110) DB

Relaxation / structural energy minimization Hexagonal Bond-centered

(100) DB e Vac. / Sub.

Defect formation energy
by =FE — Zz Nip;

Binding energy Migration barrier

1St 2nd

Ey, = Ef°™> _ pl7 — F:

e Displace diffusing atom

Tinitial

Ey, < 0: energetically favorable configuration e Constrain relaxation of (diffﬁsing) atoms

Ey, — 0: non-interacting, isolated defects e Record configurational energy




C interstitial point defects in silicon

Es [eV] T H (100) DB (110) DB S B Caub & Si;
VASP unstable unstable 3.72 4.16 1.95 4.66 4.17
Erhart/Albe 6.09 9.05* 3.88 5.18 0.75  5.59* 4.43
Hexagonal [> (100) Tetrahedral

E¥ =9.05 eV Ly = 3.88 eV -

Bond-centered

Ef =5.59 eV
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C interstitial migration
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First-principles [001] — [010] 09 |
- - : 0.8 | \
0.7
=06
=05
3 o4}
03 | \
0.2 x
0.1
O 1 1 1 1
0 20 40 60 80 100
AFE = 0.9¢V | Experimental values: 0.70-0.87 eV Displacement [%]
= Migration mechanism identified!
Note: Change in orientation vou .kﬂ ) “
_ oo
2.5 :
Empirical potential [001] — [110] — [010] , | 001 / (110
L , = 15t SN
e Transition involving [110] DB L% —
(instability of BC configuration) < Lr
o AE~22eV & 0.9eV 05 T
e 2.4 — 3.4 times higher than ab initio result 0 -~ m = 0 100
e After all: Change of the DB orientation Displacement (%]

Drastically overestimated diffusion barrier 001] .;o é‘ ‘-&.
[100]




Defect combinations — ab inito

Summary of combinations

Ey [eV] 1 2 3 4 5 R
[001] -0.08 -1.15  -0.08 0.04 -1.66 -0.19
[001] 0.34 0.004 -2.05 0.26 -1.53 -0.19
[010] -0.17 -0.27 -1.88 -0.05
[010] -2.25 -1.90 -2.25 -0.12 -1.38
[100] -0.36  -2.25 -0.12 -1.88  -0.05
[100] -2.25 -2.16 -0.27  -1.38
Csub 0.26 -0.51 -0.93 -0.15 0.49 -0.05
Vacancy  -5.39 (— Cgup) -0.59 -3.14 -0.54 -0.50 -0.31
Interaction along [11 0]
° ° ° ° o O T T T T T T T T T
Combinations of (1 00)-type interstitials
e C; agglomeration energetically favorable Ly
e Reduction of strain Z ol
>
: : 55
e Capture radius exceeding 1 nm s 4
e Disappearance of attractive forces %D \
a8 4+
between two lowest separations. =
S . 5 .Data
C; agglomeration / no C clustering . o IFﬂ;ggo]gilﬁge?;l}dj{;?;’g;?ﬁtli§ .
01 02 03 04 05 06 07 08 09 1

C-C distance [nm]

1.1




Defect combinations of C-Si1 dimers and vacancies

V at 2: Eb = —0.59 eV

Vat 3, By, = —3.14 eV

IBS: Impinging C creates V & far away Si;

Low migration barrier towards Cgyyp,
&

High barrier for reverse process

High probability of stable Cg,1, configuration

6 2.5
51 5 |
— 4r —
> = 1.5
T, o,
B > 1L
4 51 A
1L 0.5
0 0

Dlsplacement %

AR

100]
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Combinations of substitutional C and Si self-interstitials

Csub - Si; (110) interaction Transition from the ground state
e Most favorable: Cgyp along (110) chain of Si; e Low transition barrier
e Less favorable than ground-state C; (100) DB e Barrier smaller than C; migration barrier
e Interaction drops quickly to zero e Low Si; migration barrier (0.67¢eV)
— low capture radius — Separation of Cg,p & Si; most probable
0.8
0.7 +

04 | ]I)ata I0 | 06 r

' Lennard-Jones Fit — 0.5

02 2,

: o 04T
> 0 2 < 03
D, 2 0.2
)
%D -0.2 . 0.1
% O 1 1 1 1
o 04t 1 0 20 40 60 80 100
:'g 0.6 | Displacement [%]
M

-0.8 -

a1k °

[001)
02 025 03 035 04 045 05 055 0.6
r [nm)]

Csub & Si; instead of thermodynamic ground state

IBS — process far from equilibrium




Ab initio MD at 900 °C

t = 2230 fs t = 2900 fs

Contribution of entropy to structural formation




Silicon carbide precipitation simulations

Procedure

e Create c-Si volume

e Periodc boundary conditions

e Set requested T' and p = 0 bar
e Equilibration of Eyi, and Eyot

Y

Insertion of C atoms at constant T

e total simulation volume

e volume of minimal SiC precipitate size

e volume containing Si atoms to form a minimal
precipitate

Y

Run for 100 ps followed by cooling down to 20 °C

Note

e Amount of C atoms: 6000
(rprec =~ 3.1 nm, IBS: 2-4nm)

e Simulation volume: 313 Si unit cells

Restricted to classical potential caclulations
— Low C diffusion / overestimated barrier
— Consider Vo and V3

(238328 Si atoms)




Silicon carbide precipitation simulations

Temperature as used in IBS (450 °C)

C-Si (100) dumbbell configuration C; (100) dumbbell dominated structure

Si-C cut-off Formation of C; DBs

l No agllomeration / precipitation

Limitations:

e Time scale problem of MD

= slow phase space propagation

| | e Short range potential

= overestimated diffusion barrier

0.3 0.4 0.5 0.6

0.1
r [nm]
' 450°C
Si.C 850°C Increased temperatures
B 1250°C 1
1650°C ]

_ | SC cutoff LR | Csub dominated structure

’(‘ \“\ ’} Csub . )

N A TN Si-Cgyupb-Si along (110)

Csub-Si-Cgup & nearby Si;
/\ Conclusions:
1\ W_ .
[ | e Stretched coherent SiC structures
\ N~ —— | = Cgub involved in precipitation mechanism
e Reduction in strain by Si;

0.1 0.2 0.3 0.4 0.5 0.6

r [nm]




Summary and Conclusions

Summary
e First-principles investigation of defect combinations and mobilities in Si

e Empirical potential MD simulations on SiC precipitation in Si

Conclusions on SiC precipitation é C; — vs — Caup é

e (g, involved in the precipitation mechanism

e Role of the Si;
Vehicle to rearrange Cgup— [Coup & Si; < Cj]
Building block for surrounding Si host & further SiC

Strain compensation ...
... Si/SiC interface
... within stretched coherent SiC structure

Further conclusions

e High T <« IBS conditions far from equilibrium
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Polytypes of SiC

cubic (twist) hexagonal (no twist)

3C-SiC  4H-SiC  6H-SiC Si GaN  Diamond
Hardness [Mohs] 9.6 6.5 - 10
Band gap [eV] 2.36 3.23 3.03 1.12 3.39 5.5
Break down field [10° V /cm] 4 3 3.2 0.6 5 10
Saturation drift velocity [107 cm/s] 2.5 2.0 2.0 1 2.7 2.7
Electron mobility [cm?/Vs] 800 900 400 1100 900 2200
Hole mobility [cm?/Vs] 320 120 90 420 150 1600
Thermal conductivity [W /cmK] 5.0 4.9 4.9 1.5 @ 22




IBS of epitaxial single crystalline 3C-SiC

e Annealing

200

300

400

500

Implantation step 1

Almost stoichiometric dose | 180keV | 500°C
= Epitaxial 3C-SiC layer & precipitates

Implantation step 2

Low remaining amount of dose | 180 keV | 250°C
= Destruction/Amorphization of precipitates at layer interface

10h at 1250°C
= Homogeneous 3C-SiC layer with sharp interfaces

Y

3C-SiC precipitation
not yet fully understood

(111)SIC-DF

XTEM: single crystalline 3C-SiC in Si(100)




Si self-interstitial point defects in silicon

E¢ [eV] (110) DB H T (100) DB \Y
VASP 3.39 3.42 3.77 4.41 3.63
Erhart/Albe 4.39 4.48*  3.40 5.42 3.13

Vacancy

Tetrahedral

nearly T — T

AE [eV]

0 20 40 60 80 100
Displacement [%]



../video/si_self_int_hexa.avi

C-Si dimer & bond-centered interstitial configuration

C (100) DB interstitial Bond-centered interstitial
Erhart/Albe VASP

e Linear Si-C-Si bond
e Si: one C & 3 Si neighbours

y- .-

e Spin polarized calculations

e No saddle point!

Real local minimum!

Si-C-Si bond angle — 180°

T Si MO C MO Si
= sp hybridization sp3 sp sp3
Si-Si-Si bond angle — 120° L

= sp? hybridization T °p T
- Tt Tab Tab Trrr
sp® Tl sp”

sp
T T
b b

Charge density

e Spin up

A e Spin down
y e Resulting spin up
o Si atoms
e C atom

Charge density isosurface




C interstitial migration — ab initio

Symmetry:
= Sufficient to consider [001] to BC transition [001]
= Migration barrier to reach BC | AE = 1.2eV

AE [eV]

= Migration mechanism identified!

1

0.9
0.8 |
0.7 +
0.6 |
0.5 F
0.4
0.3 F
0.2 F
0.1}

0

20

40 60 80 100
Displacement [%]

o o,

[110]

—_—

///

0 20
AFE = 0.9eV | Experimental values: 0.70-0.87eV
[001] ‘l':l:"
()

Note: Change in orientation

40 60 80 100

Displacement [%)]

[100]

—_—




C interstitial migration — analytical potential

BC to [001] transition

2.5

2

1.5 ¢

1k

AEFE [eV]

0.5

- I Tzlfls
\\ 7 =100 fs

60 80
Displacement [%]

100

S

(001

[110]

2.

(010

el

T [100]

pe

e Lowermost migration barrier

o ANFE ~22eV

e 2.4 times higher than ab initio result

e Different pathway

Transition involving a (11 0) configuration

e Bond-centered configuration unstable
— C; (110) dumbbell

e Minimum of the [001] to [010] transition
— C; (110) DB

2.5 T T T A T
[007] [110] / (0T 0]
2 | /A i
/ .
E 1.5 + o ' \\
1+ \
q \X
0.5 7=100fs 3 -
7=1fs —— ~
0 1 1 1 1
0 20 40 60 80 100

Displacement [%]

2F R

[100]

—_—

o AF =~22eV & 0.9eV
e 2.4 — 3.4 times higher than ab initio result
e After all: Change of the DB orientation

Drastically overestimated diffusion barrier




Silicon carbide precipitation simulations at 450 °C as in IBS

' ' ' i Low C concentration — V;
g
I V§ | C; (100) dumbbell dominated structure

C-Si (100) dumbbell configuration

T e Si-C bumbs around 0.19 nm
Si-C cut-off

- e C-C peak at 0.31 nm (expected in 3C-SiC):
l concatenated differently oriented C; DBs

| N \\ \ ) e Si-Si NN distance stretched to 0.3 nm

Formation of C; dumbbells
C atoms separated as expected in 3C-SiC

— High C concentration — V5 /V3
0.1 0.3 0.4 0.5 0.6
r [nm] e High amount of strongly bound C-C bonds
. . . . e Increased defect & damage density
“g : UV,V : - — Arrangements hard to categorize and trace
<‘§Si | A'#‘”'"Jy"'f,u ) e Only short range order observable
L C b WY A e
C-C 0.2 0.3 0.4 Amorphous SiC-like phase
: : : Formation of 3C-SiC fails to appear
i C Si-Si cut-off /’ ] i
Si.Si . V. Formation of C; indeed occurs
I h\ 028 0.3 0.32 0.34 0.36 | 1 Agllomeration not observed
/\ /\\ / R Amorphous SiC-like structure
0.1 0.2 0.3 0.4 0.5 0.6 Va,3:  (not expected at 450 °C)
r [nm] No rearrangement/transition into 3C-SiC




Increased temperature simulations — V;

Si-C

450°C
850°C
1250°C T
1650°C
2050°C
C

sub

N

0.1 0.3

0.4

r [nm]

0.6

il Ty
I Wy

b\
[ NNATVIG
WA WEA A
A VN VRAAWLA
YA B TWWwm

\

WWAAA A MM LANAAIAAA AR AN A AN

450°C ———
850°C
1250°C ——
1650°C ———
2050°C

0.1

0.6

450°C
. 850°C
Si-5i 1250°C —
. 1650°C
2050 °C
Si-Si cut-off

0.28

Si-C bonds:

e Vanishing cut-off artifact (above 1650 °C)

e Structural change: C; (100) DB — Cgyup
Si-Si bonds: Si-Cgyp-Si along (110) (— 0.325 nm)
C-C bonds:

e C-C next neighbour pairs reduced (mandatory)
e Peak at 0.3 nm slightly shifted

N\ C; combinations (dashed arrows)
S Ci (100) & Cgyp combinations (|)
' C; pure Cgyp combinations (J)

Range [|-1]: Csub & Cgup with nearby Si;




Increased temperature simulations at high C concentration

\ 450°C ' ' ' 450°C
‘(\\\‘ 85OOC 85000

A 1250°C - C-C cut-off 1250 'C ——
|| SiC cutoff leoee F 1650°C |
“‘\ ‘\\“ l 2050 OC [ ““ AAAA 2050 OC

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
r [nm] r [nm]
0.186 nm: Si-C pairs 1 0.15 nm: C-C pairs 1
(as expected in 3C-SiC) (as expected in graphite/diamond)
0.282 nm: Si-C-C 0.252 nm: C-C-C (2"¢ NN for diamond)
~0.35 nm: C-Si-Si 0.31 nm: shifted towards 0.317 nm — C-Si-C

e Decreasing cut-off artifact
e Amorphous SiC-like phase remains
e High amount of damage & alignement to c-Si host matrix lost

e Slightly sharper peaks = indicate slight acceleration of dynamics due to temperature

Slow structural evolution due to

Hich 11 hort ¢
igh C & small V' & short ¢ = strong C-C bonds

< High C & low T implants




Long time scale simulations at maximum temperature

Differences

e Temperature set to 0.95 - T,
e (Cubic insertion volume = spherical insertion volume
e Amount of C atoms: 6000 — 5500 < rprec = 0.3 nm

e Simulation volume: 21 unit cells of ¢-Si in each direction

Low C concentration, Si-C Low C concentration, C-C

A
o

0.1 015 02 025 03 035 04 045 0.5 0.55 0.6 0.1 015 02 025 03 035 04 045 0.5 0.55 0.6

T [nm)] r [nm)]

Sharper peaks! Sharper peaks!

No C agglomeration!

High C concentration

T

oo
wm o wm

t
t
t

I
owo
= =~1=1

i C-C
| P
! A il g
L L >

0.1 015 02 025 03 035 04 045 05 0.55 0.6

r [nm)]

No significant changes
iC-Si-Si 1
C-Si-C |

Long time scales and high temperatures most probably not sufficient enough!




Investigation of a silicon carbide precipitate in silicon

4 4

3 4
3 Si 3 3 3
AG; N —r Y
é5500
\
8§ 4 3 5500 - 3\ 1/3
S a =500z = (222 ag
3
ag; 327
1\ 1/3
v=(3) e
sic
0.235 nm —; SiSi
' cCc ——
Si-Si in plain ¢-Si - A
\SS:E Y
0.188 nm |
¥ 0307 nm
| N f / 1\\1_1 { L, X \\,
0.1 0.2 0.3 0.4 0.5 0.6

Construction

e Simulation volume: 213 unit cells of c-Si

e Spherical topotactically aligned precipitate
r = 3.0 nm < = 5500 C atoms

e Create c-Si but skipped inside sphere
of radius x

e Create 3C-SiC inside sphere of radius x
and lattice constant y

e Strong coupling to heat bath (T = 20 °C)

Results
e Slight increase of c-Si lattice constant!
o (C-C peaks
(imply same distanced Si-Si peaks)
e New peak at 0.307 nm: 2°*¢ NN in 3C-SiC
o Bumps (|): 4'°® and 6" NN
e 3C-SiC lattice constant: 4.34 A (bulk: 4.36 A)

— compressed precipitate

e Interface tension:
20.15 eV /nm? or 3.23 x 10~* J/cm?
(literature: 2 — 8 x 10~* J/cm?)




Investigation of a silicon carbide precipitate in silicon
Appended annealing steps

e artificially constructed interface

-3.4 T T T T T T T 3000
MM
— allow for rearrangement of interface atoms a6 L — | e
e check SiC stability |
g 1 2000 i
Temperature schedule ! -/ Reduced heating rate =
& {1 1500 =
e rapidly heat up structure up to 2050 °C 542 / Melting c
= | 3}
(75 K/ps) o 44 / e
. = Start of rapid heating 1 500
e slow heating up to 1.2 - Ty, = 2940 K by 1 K/ps -4.6 Free encrgy
— melting at around 2840 K () asb . ompame 0

0 100 200 300 400 500 600 700 800

e cooling down structure at 100 % Tm (1 K/ps) Time [ps]
— no energetically more favorable struture
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DFT parameters

Equilibrium lattice constants and cohesive energies

USPP, LDA USPP, GGA PAW, LDA PAW, GGA  Exp.
Si (dia) a [A] 5.389 5.455 - - 5.429
Aq [%] - - -
Eecon [eV] -5.277 -4.591 - - -4.63
Ag [%] 14.0 % - - -
C (dia) a [A] 3.527 3.567 - - 3.567
Aq [%] - - -
Eecon [eV] -8.812 -7.703 - - -7.374
A (%] 19.5% - - -
3C-SiC a [A] 4.319 4.370 4.330 4.379 4.359
Ay [%] _
Econ [eV] -7.318 -6.426 -7.371 -6.491 -6.340
Ap [%] 15.4 % 16.3 % -
Si (dia) C (dia) 3C-SiC
a [A] 5.458 3.562 4.365
Ag [%] 0.5 0.1 0.1 < entire parameter set
Eeon [€V]  -4.577  -7.695  -6.419
Agp (%] 1.1 4.4 1.2




DFT parameters

4.33 T T T T T T T T
432 | L o
431 | 1
= 43t/ ]
= /
S 4200 .
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© 4.28 B ' 7
£ 427 1
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126 | | ]
4.25 |/ :
424 “‘ 1 1 1 1 1 1 1 1
200 250 300 350 400 450 500 550 600 650
Energy cut-off [eV]
4 T T T T T
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55
g
3} Type 3 1
g Type 2
b= yP Type 1 Type 2
= i
S
=
(110) ——
hexagonal T
tetrahedral ———
. I vacancy — &
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Number of primitive cells

Lattice constants with respect to the PW
cut-off energy

Defect formation energy with respect to the

size of the supercell




