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Simulation of lon implantation processes
using the SRIM software

mariaconcetta.canino@cnr.it
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Outline AS £ ST

* SRIM introduction

* Theory

* How to setup an ion implantation simulation

* SRIM Output

* lon implanted profile construction: dose and concentration

Exercise 1: Al ion implantation in 4H-SiC to form a 300 nm deep junction
Exercise 2: Implantation through a mask.

Exercise 3: implantation and damage.

Exercise 4: Implantation through a stopping layer.
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The SRIM software

TRIM= Transport of ions in matter
Monte Carlo computer program that calculates
the interactions of energetic ions with

amorphous targets
=N R~

Depth vs. Y-Axis I

FLOT Window

B3+ XY Longitudinal
-2500A

i) A — |5000 A
Max Target Depth [20000

| [ % Longitudinal All I

> fgl.d,.f 1]
>

I 1 L 1
— Target Depth — 5000 A

Save As [- Label | Clear |

after they stop within the target

B3+ ION RANGE Distnbution

AS Bf ST

ATRerylihen SLaCLime Copture STy Tor Suclens wnd anlie slate pATeiee

SRIM: stopping and range of ions in matter
guantitative evaluation of how ions lose energy
into matter and the final distribution of these ions

(= & ][]

ION RANGES

lon Range 2436 A
Strogele

= She wness
= G489 A Kurtosis

=6.7718
=-T4.4246

{ATOMS/em3) / (ATOMS/em2)

0A - Target Depth -

C

Save | Saveds - Help I

Save As Im Label I Clear I
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SRIM Approximation: amorphous material

Channeling effect in crystalline solids

\’/’ /\./ \’, % 7& $ | ‘( L \ .\\\ . ‘,’,‘,,',I 5
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o O 5 B X A o NN

/
(A) Axial channeling (B) Planar channeling (C) No channeling (Random arrangement) SIMS profiles

" ® —o0— Onaxis [0001]

—a— §° along the (1100) plane
—o— 8 along the (1210) plane

© —v— & along the plane halfway
between (1100) and (1210)

More pronounced implant tail consequent to channeling

3

Channeling reduction by target tilting

3

Concentration/Dose (um'™)

-h
<]

0.0 05 10 15 20 25
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Stopping power

Stopping power= energy loss per unit length of the ion path

Electronic stopping: losses to target electrons Nuclear stopping: losses to the nuclei

Dielectric Medium . . Target . 1
Electronic: Electric field Recall Nuclear: Impzct with cores of
“drag” created by positive 1on atoms causes damage.
Y moving in a flood of electrons N N
Incident
fon
R

Scattered
Retarding E-field Ton

Electron excitation and heat Displacement and lattice damage

Target

Accelerated ion path

Electronic stopping ! Nuclear stopping
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Stopping powers in SRIM

STOPPING POWER, S

LOW | INTERMEDIATE I HIGH
ENERGIES | ENERGIES I ENERGIES
| | (BETHE - BLOGH
| | REGION)
I |
l ELECTRONIC I
l STOPPING I
I |
|

NUCLEAR
STOPPING

I
I
I
I
I
1 I
I
I
I

2/3
ION VELOCITY

A. Cruz, Radiat. Eff., 88 (1986), p. 159

Vo Zy

‘r I Marica Canino CNR-IMM

—_
[y
(o]
<

—
Q
(e}
(o]
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600

400

200

1.2

1.0

0.8

Stopping Experiment/Theory Aluminum Stopping (eV—em?/10'8)

—

- T T T T T T ] T T T T T 1 T T T
| Ion = Aluminum (13) i A S
Target = All Solids I 8 1782
- 10 203
Aa‘:%%'- 9 0 247
B — o 1991-Abdez 6 2 506
Norm Tgt = Cu(29) i Fgrel i
STOP 2003 :
- STOP 1998--- e
| Plotted are Tgt.Names ‘ o 7 &
7 § 7 's3i
- ﬁ ju Ag 1976—Fors 12 & 7 8214
s . AQ 1979—Ward 2 2 01188
%, A9 13°1 AbdeZ 13 & B 1906
i " i AARE L ]
Igrt Fors 12 5 7 821
| RO1—AbdeZ 14 7 15908
Data Sete=27 (194pts)
B Mean Errov= 4.8 0/a
o | i 1 I 1 1 1 I I 1 1 | 1 I 1 | I | I 1 1 1
1 10! 102 10% 10* 103
1 1 I 1 I | I | 1 | I I I | | I | 1 I | 1 1 1 SE‘:I =
[on = Aluminum (13)
TTarget = All Solids |
| STOP-2003
Too 10%
*0 it LERE
e g, hgpoc g R0 5%
. oc s :E\gT AT IIF “f‘fish‘uu hq
“ : Yo 4% ks FE PP
#C T Au l"‘I "IU AR \ u“ Nﬂﬁ
*e e o . ths e, ,.ua!f“ Re o
o 1= *C ra v Fo— 5%
‘;"‘C N . *C
Ag *C 10%
Au
i ¢ Data Seta=27 (195pts)
Mean Error= 4.5 o/o
I [ A N B I [ I [ I I
1 Z 3 4
10 10 10 10 m,;L Q2

Sep. 8, 2002
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Stopping range calculation Compound dlctlonary _J

g

o Common Compounds
e
Setup page Result file — ]
i = C N Density (g/ Atomic Stoichiomel
% lon Stopping & Range Tables X !’ SR Calculation: SRIM Outputs\Aluminum in C-Si EEE o L:.‘-'fs m Ll e o > ehore
ion S Disk File Name = SRIM Outputs\Aluminum in C-Si c: COMMON  IMPLANTATION COMPOUNDS
; B COMMON TARGET MATERIALS
lon = Aluminum [13] , Mass = 26.982 amu B} PLASTICS / POLYMERS
- METAL ALLOYS
Target Density = 3.1600E+00 g/cm3 = 9.4917E+22 atoms/cm3 [* ICRU DESIGNATED COMPOUNDS, with Helmut Paul's additions
€ ======= Target Composmon S [+ BIOLOGICAL MATERIALS (Human)
P i1 Atom Atom Atomic Mass £3 BIOLOGICAL MATERIALS (Misc.)
Name Numb Percent Percent @  LIQUIDS / GASES
C 6 05000 02995
J Si 14 05000 070.05
X[ PT/C [Carbon ~|(6 —1'| Bragg Correction = 0.00% * ‘“:‘{:?mm'?‘:i'?a‘l““_””m' Add to Target Ci
PTfSi [Siicon > Stopping Units = MeV / (mg/cm2) Ao i o e o Mo
1| See bottom of Table for other Stopping units [

lon dE/dx  dE/dx Projected Longitudinal Lateral

Energy Elec. Nuclear Range Straggling Straggling Output plot
1000keV 3739E-01 1821E+00 128A  57TA 41/ | . ic stoppé
11.00 keV 3921E-01 1822E+00 138A  61A 44/ ﬁ:f;g;‘ft::;’,:’;"g;‘:fer —»— projected range
1200 keV 4095E-01 1820E+00 149A  65A 47/ ae——s—=—4000
1300 keV 4263E-01 1817E+00 159A  69A 50 10+ T .
14.00 keV 4.424E-01 1812E+00 170A  73A 53/ : g » 13500
1500 keV 4579E-01 1806E+00 180A  77A 564 ] - a
16.00 keV 4.729E-01 1.799E+00 191A  81A 59/ L > 13000 £
o| 1700keV 4875E-01 1791400 202A  85A 614 @ o 2500
i smAm . e mamr A4 4 mAme— An nen s o ~e % 1_: ._,—’/ . g]
 Print Close a8 | » 12000 G
2 »”’ .;
. . . . . —_— » _ 1500
Useful for a first determination of the implantation energy range g ... g
. . . g %" T 110008
needed to achieve a desired dopant profile " lsgg £

* ————————————0
. . 0 2000 4000 6000 8000 10000
r Marica Canino CNR-IMM NPMET School - SRIM sof ion energy (keV)
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M Calculation
lon Distribution and Qulck Calculatlon of Damage

“@ TRIM Setup Window
|I
Restore Last TRIM Data | 7|

-[ION DATA | PiH  [Hydogen =1 |0
»| TARGET DATA

lon Distribution with Recoils projected on YY-Plane

2o |

o~

How to setup a TRIM calculation
» lon: type, isotope, energy

» Target: number of layers; composition, density, thickness
» Simulation: type, plotting window depth, output

- 2| Output Disk %

Stopp 2|I” lonRanges

| SRIM-2008 v|| ?| 2| " Backscattered |

o ? I" Transmlttedlons/Re oils

Sputtered Atoms _ a
Zollision D etails Range Table

0 Special "EXYZ File" Increment (ev)  Main Menu |

( |H (10) into Layer 1




4 SRIM-2008.04

File Help, FAQ and Scientific Explanations

Help  Animate Crange 77 | s | Now: 432 0199399 lons |
~ ~
ION TARGET DATA Calculation Parameters
lon Type AL 26.982 amu | 3| Al (200) into No_ 590 Silicon Carbide (1 layers. 2 atoms) Backscatered |ons :
on cnergy e = = ransmitted lons
lon Angle | © | Layer Name Width (A) |Density | C (12.011]|Si (28.086| Solid/Gas |Sto « ] 15125
9 degrees | —No. 590 Silicon Carbide] 10000 3160 050000 050000 Sold 0N :;‘:r"s“"‘"""

Completed | 431/0f(99999 || ™y Citice Binding Energy_ 3 2 —|——"""> Range Staggle

SHOV LIVEDATA | HELP || " |Suiface Binding Energy j _‘ 7.41 47 - |[Longitudinal 22524  B40A
Plots _ " ||Lateral Proj. 4694 585 A

PLOT Window
p Ja-[ow __Ja

Max Target Depth |1UUUU

———— COLLISION PLOTS |
v %Y Longitudinal All

2 [T ¥Z Longitudinal  Mone
[T %Y lons Only Tile
[T YZ Lateral Clear

Background color White/Black |

=5 DISTRIBUTIONS
lon Distribution
lon/Recoil Distribution

Lateral Range
lonization

E"

Energy to Recails
Damage Events

Integral
Differential  lons

111111111‘

— Target Depth —

Save | SaveAs ]- Label | Clear |

lon Ranges (3D data)
Backscattered lons

Transmitted lons
Collision Details

g

P e ) e o Tl T B T XA B

Radial 7324 383 A

Type of Damage Calculation
l] Illuick: Kinchin-Pease
Stopping Power Yersion

2| [sRiM-2008

% ENERGY
LOSS lons Recoils

lonization 4784 17.25

Yacancies 0186 1.71

Phonons 0.61 32.42

SPUTTERING YIELD |
Atoms/lon | eV/Atom

0.000000  0.00
0.000000  0.00

ﬂ v Save evnryinns

Random
Number 474480 |

Counter

HELP I

bar wet sa1ie state wareree




SRIM output ion distribution

B3+ ION RANGE Distribution | — || =] Iﬁ
ION RANGES

- Ion Ronge = 2439 A Shewness =3.1262

o Strogele = G50 A Kurtosis =-34.3146

2

]

:ﬂ"‘ 6x10*
=

E sx10?
=

~ 4x10t
"E Ix10*
(]

l;? - . . . x104
= |y inal distribution of

SE he ions in the target | =1

0A

- Target Depth -

0
S000A

Save As

Print

o ST
A

The Ordinate is set so that by multiplying by an ion-
beam dose, normally in units of "Atoms/cm2", the plot
reads directly as a concentration in units of atoms/cma3.

Dose = Fluence = areal density of injected ions [cm]
Concentration = number of ions per unit volume in the
target [cm3]

Ref. SRIM help button
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Multiple ion implantation

—a— N 35 keV
I — = N 100 keV
“_ 107+ ﬁ —=—sum
S R A,
(?-9,_ ] 3 L,E‘i:‘.i'-.ﬁ i
g 4 | f 'ﬁ ..3.
S _ F]'I .1. .
g 07 M \
O i [
g _f.f*-.f I A
9 10° [v"' '\ ]
© 1 s 1 .
£l 5 Ll
Q 5
O 10 ' I T T J T T T T
O 0 1000 2000 3000 4000 5000

Depth (A)

<‘r l Marica Canino CNR-IMM

ASEE ST

For ion implantation at multiple
energies the profile is the sum
of the single implant profiles.

NPMET School - SRIM software Hands-on



SRIM output files

File Plot

BV S I

1111 1<) <1<

DISTRIBUTIONS

lon Distribution
lon/Recoill Distnbution
Lateral Range
lonization

Phonons

Energy to Recoils
Damage Events
Integral  Sputtered
Differential lons
lon Ranges (3D data)
Backscattered lons

Transmitted lons
Collision Details

(@

B - ION RECOIL Distribution =R =l ==

ATOM DISTRIBUTIO!
final distribution of the ions
& recoils in the target

Ions (Not to Scale)

&
Y
Y
Y

i

0A - Tareet Denth - =00
&5 - IONIZATION Distribution o[- 3]

; TIONIZATION
' RECOILS

energy loss to the
target electrons

0A - Tareat Danth - =0

- =N

—a&— N distrbution —O— Si recoils
110° )
IS ] S
O {10’
™ ]
5
= 110°
- E
je)
© 110°
5 3
S
4
S 110
o
03

0 100 200 300 400 500
Depth (nm)

The atom distribution plot generated by SRIM

is scaled to the recoil distribution. Above is

the in-scale plot (log scale).

The data relating to "lons" is the direct energy
transferred from the ion to the target electrons.
The data relating to the "Recoils" is energy
transferred from recoiling target atoms to the
target electrons.
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Dynamic annealing

DISTRIBUTIONS

lon Distribution D
lon/Recoil Distribution

lonization

Phonons

Energy to Recoils
Damage Events
Integral  Sputtered
Differential lons
lon Ranges (3D data)
Backscattered lons

Transmitted lons
Collision Details

g O
11111ﬂ1ﬂﬂ§

Lateral Range Rﬁ

B3 - ION RECOIL Distribution

Lo O |msm

»
t

Ions (Not to Scale)

ATOM DISTRIBUTIO!

P - T e

0A

- Tarezet Deoth -

S00

(o [O )

TIONIZATION
RECOILS

- Tareat Danth - =0

AS L/ ST

tate STy Tor Saclent s anliv

The heat generated through
energy loss to electrons can
result in the annealing of the
lattice damage during ion
implantation. This process is
referred to as dynamic
annealing. Dynamic annealing
can be promoted also by hot
ion implantation.
Damage at the ion end of
range.

ol - SRIM software Hands-on



Excercise 1

Calculate the ion implantation energy and dose required to generate the following dopant profile in
4H-SiC (density =3.21g/cm3)
Phosphorus, 2x102?° cm™3 concentration and 250 nm depth.

10% g

Phosphorus implantation

102
IE 0
5 10
g i After
= 107 implantation
E %, and annealing
E 10 @t 7= 1600°C
=
Q X .
O 10" After implantation ™.

10

0 0.2 0.4 0.6
Depth, pm

Fig. 9. Depth profiles of phosphorus atoms implanted in A.V. Afanasev et al., Semiconductors, 56 (2022) p. 472

4H-SiC: as-implanted and after annealing in Ar at a tem- .

<‘r I Marica Canino CNR-IMM NPMET School - SRIM software Hands-on



Solution to excercise 1

Calculate the ion implantation energy and dose required to generate the following dopant profile in
4H-SiC (density =3.21g/cm3)
Phosphorus, 2x102?° cm™3 concentration and 250 nm depth.

102 ¢
1 - Phosphorus implantation
3x 1 05 . —— F’f'f"_ﬁf‘-"r 1 . 102! i 200 keV, 2.7 x 10" ¢m 2
_—:-_;E:E:E:::{:- P 1E20€ f h - E 100 keV, 1.4 x 10 cm ?
. £ ] / . £ o 50 keV, 9.0 x 104 cm?
™ S g
= ] c u \_ =] After
0 2x10 ! \ _,9_, 1E19 \ g 10" implantation
E'FE : . o ] i g N\ and annealing
8 ) IJL “g | \ g lo]g = ‘l'-‘.. at T: ]6000(:
= g10°] 7 k‘ ™ g 1E18: L - A\
I F"' .L'-. -_ 8 1 \_ @) .Iorfé After implantation
1™ = - ] E
[y _L""- O 1E17. :
0 Al , LS T y " | T T T 10 &
E | | 1
0 2000 4000 6000 0 2000 4000 6000 0 0.2 0.4 0.6
Depth (Angstrom) Depth (Angstrom) Depth, pm

Sum of the profiles multiplied by singles doses.

Can you notice any discrepancy btween SRIM simulation and SIMS profile? Can you comment?

<‘r l Marica Canino CNR-IMM
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https://drive.google.com/drive/folders/1YT4cwKaSgspdnMJyEtXdv8s3lQpa6E5J?usp=sharing

Excercise 2 A ST

Determine the minimum thickness required
for a SiO, layer deposited on top of the SiC
wafer to be used as ion implantation mask.
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Solution to excercise 2

Determine the minimum thickness required
for a SiO, layer deposited on top of the SiC
wafer to be used as ion implantation mask.

t>R,+AR =
(269.6+69.7) nm =339.3 nm

Is the above value safe?

B3> XY Longituc ' = | ® || 22 || B+ 10N RANGE Distribution

(o [& e

ION RANGES

2741 A Skewness  =-0.4265
TM2A Kurtosis =3.0243

Ton Range
Straggle

{ATOMS /em2) / (ATOMS/em2)

0A — Target Depth —

- Target Depth -

6x10¢
sx10¢
1x10*
ax10¢
x10*

1x10*

5000A

Calculation using SRIM-2006

SRIM version ---= SRIM-20058.04
Calc. date -—= giugno 14, 2024

Disk File Name = SRIM Qutputs\Phosphorus in O-5i

lon = Phosphorus [15] , Mass = 30.974 amu

Target Density = 2.3200E+00 gfcm3 =6.9759E+22 atomsfcm3

======= Target Composition

Atom  Atom  Atomic  Mass

Mames MNumb Percent

Percent

3 8B 06667 05326
51 14 03333 04674

Bragg Comection = 0.00%
Stopping Unitz = MeV ! (mglem2)
See bottom of Table for other Stopping units

Save As

Print | Help |

Save As | Print | Label | Clear |

‘r . Marica Canino CNR-IMM

49 4
22 A
20 A
29 A
62 A
63 A

389 A
415 A
441 A
46T A
493 A
518 A
56T A
62T A

lon dBE/dx dEMx Projected Longitudinal Lateral
Enmergy Elec. Muclear Range Sitraggling Straggling
10,00 ke 3.445E-01 2.230E+00 157 A 66 A
11.00 ke 3.613E-01 2.239E+00 169 A T1A
12.00 ke 3.774E-01 2.245E+00 182 A TG A
13.00 ke 3.928E-01 2.24BE+00 194 A 80 A
14.00 ke 4.076E-01 2.24BE+00 207 A 85 A
15.00 ke 4.219E-01 2.247E+0D 219 A 89 A
13000 ke 1.364E+00 1.399E+DD 1744 A S8 A
14000 keVy 1.416E+00 1.355E+DD0 1879 A4 535 A
15000 ke 1.466E+00 1.314E+DD0 2015 A 64 A
16000 ket 1.512E+00 1276E+DD 2151 A 082 A
17000 ke 1.555E+00 1.240E+DD 2287 A B19 A
18000 ke 1.597E+00 1207E+DD 2423 4 B46 A
20000 ke 1.67T6E+00 1. 146E+DD 2696 A BOT A
22500 ke 1.76BE+00 1.073E+DD 3036 A 758 A
25000 ke 1.B56E+00 1.021E+DD 3374 A 16 A

686 A



Excercise 3 A ST

Calculate the ion implanted profile
and the damage profile generated by
50 keV He and 1000 keV Si ion

implantation in Si.
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Solution to exercise 3

Calculate the ion implanted profile
and the damage profile generated

by 50 keV He and 1000 keV Si ion
implantation in Si.

As-ii: amorphization at R, (Si)

After annealing:

= Damage at the Si End Of Range

= He-filled bubbles at the vacancy
peak of He ii.

y —N

(b)
as-ii
BF TEM
1x10%
- 1x10™
§
SRIM § 1x10™
g1x10'°
8 18
§1x10
1x10"
Annealed
BF TEM

— Si 1000 keV

—— He 50 keV
-------- Vacancies by Si
-------- Vacancies by He

Vacancy concentration (a.u.)

T

ls00 1000, 1500
A

M. Canino et al., Defect engineering via ion implantation to control B diffusion in Si. Mat. Sci Eng B, 159-160 (2009) pp. 338-341.

https://doi.org/10.1016/j.mseb.2008.10.033.
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Excercise 4 AST

Calculate the ion implantation parameters (energies and doses) necessary to generate a 300
nm deep implanted box profile in 4H-SiC, with Al concentration equal to 5x10%° cm3. The SiC
layer is covered by a 1080 nm thick Al layer.

<‘r I Marica Canino CNR-IMM NPMET School - SRIM software Hands-on



Solution to excercise 4

ATReryli s 1actioe Codture STy Tor Saclent st anliv slale pAveiee

Calculate the ion implantation parameters (energies and doses) necessary to generate a 300
nm deep implanted box profile in 4H-SiC, with Al concentration equal to 5x10%° cm3. The SiC
layer is covered by a 1080 nm thick Al layer.

tion: SRIM Outputs\Aluminum

Al profiles in SiC at different energies (cm-3/cm-2)

Il 55.00 keV 6.100E-01 1465E+00 892A  323A  229A

45000
40000
Determine the minimum Al implant energy oo
25000
20000
15000
10000
5000

0

0.00 1000.00 2000.00 3000.00 4000.00 5000.00

—8—500 650 ——700 —@—800 —@—900 -—@—1000

Choose three energy values
and calculate the doses

6.00E+19

-1000.00 -500.00 0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00

5.00E+19

—e—500 650 —@— 700 4.00E+19

500.00 keV  2.296E+00 4.882E-U1 B3YY A 1638 A 1598 A
550.00 keV 2468E+00 4.588E-01 9103A 1710 A 1699 A
600.00 keV 2.638E+00 4.332E-01 9775A 1775A 1792A
650.00 keV 2.806E+00 4.106E-01 1.04um 1832A 1877 A 2.00E+19
700.00 keV 2.972E+00 3.906E-01 1.10um 1883 A 1956 A

3.00E+19

Minimum Al
implantation energy

800.00 keV 3.297E+00 3.564E-01 1.22um 1974 A 2096 A

900.00 keV 3611E+00 3.284E-01 133um 2048A 2216 A 1.00E+19
100 MeV 3914E+00 3.049E-01 143um 2111A 2321A
110 MeV 4.207E+00 2849E-01 153um 2164 A 2414 A 0.00E+00
. Print Close |
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Solution to excercise 4

Calculate the ion implantation parameters (energies and doses) necessary to generate a 300
nm deep implanted box profile in 4H-SiC, with Al concentration equal to 5x10%° cm3. The SiC
layer is covered by a 1080 nm thick Al layer.

Dose dependence on the energy choice

6.00E+19 6.00E+19

=500

550

600

4.00E+19 650
=700

3.00E+19 =—8=—750
— 500

5.00E+19 5.00E+19

4.00E+19

3.00E+19

e 550

i 900

e 950
1.00E+19 1000

2.00E+19 2.00E+19
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Thank youl!

mariaconcetta.canino@cnr.it

Material at: https://drive.google.com/drive/folders/1YT4cwKaSgspdnMJyEtXdv8s3IQpabES5J)?usp=sharing
Short link: https://shorturl.at/yhfRX
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