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Summary

 Kelvin probe force miscrocopy : an introduction
» Analytical and numerical methods

« Simulating the experiment



Kelvin probe force microscopy

Measurement of surface voltage versus incident photon energy

Surface Photovoltage embodiment : Light signal minus dark as a function of photon energy
Semiconductor materials (surfaces, interfaces, and bulk) and optoelectronic devices
Contactless technique and non destructive

No need sample preparation or junction fabrication

Information extracted : semiconductor type (n or p), electronic transitions (band-to-band,
defect-band), diffusion length, minority carrier-lifetime, open-circuit voltage...

Challenge : Analysis of surface techniques dominated by surface defects

=> Solution : Modelling



Kelvin probe force microscopy : The technique

Two-pass mode scanning :
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Kelvin probe force microscopy : basic principle

DC light

LEe==1Tand
d &
L ldo

Sam p|e from Marchat’s PhD Thesis

Vibrating probe/capacitor :
Kelvin probe



Kelvin probe force microscopy : CPD and SPV

I(A) ::

Surface Voltage or Contact
Potential Difference (CPD)
=> Work Function (W)

-

Lamp and Monochromator

'

SPV-Spectroscopy



Kelvin probe force microscopy : Surfaces
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Work function affected by surface states / charges
Signal modified by QFL splitting



Analytical / numerical models sketch:

Analytical model :

« Charge : q(p-n+Nd-Na) - electrons, holes, donors, acceptors
» Solve Poisson equation (Matlab)

=> Surface field as a function of acceptor and donor defects

Numerical model :
« Solve current and continuity numerically (Silvaco)
* Arbitrary (within reason) defect distributions

The object :
* Bulk silicon
« 2D surface acceptor and donor defect states (analytical)
3D surface acceptor and donor defect states (numerical)



Analytical : equal trap capture cross section
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=> qualitative agreement in trends - future work.




Scanning KPFM modelling:

* Dynamic simulation :
« Static simulation :

* Method :

Computationally intensive
Requires software development

Solve work function statically
Sequentially move the probe

Call numerical software as computational engine
Develop driver software "KELSCAN"

Files (= 5000 lines):

~

A owchart:
Kelscan /,,——\ ® 00 ) kelsource
o™ \\\ 20 items, 37.44 GB available O —
KPFM e - { Save ’—5" Sample file + Silvaco input ] N N N N
model TN , ; b, a a a
N I modify k Material functions.f graphs.f help.f kelscan.f
W ~ Geometry
\ N N )N )N
\\ Defects a a a a
\\\ llumination kelscanmodule.f menus.f parameterscans.f samplechange.f
Bias N N )N
a a a

\

A Accept. defect
//
/

-

L N
/
P /-
| Solve | |M|n|m|se|| Scan k\
\\\\\
\

Solution

profiles

(fields,
properties)

Contact

potential

vs. bias

\
A\,
N
A
A\
Geometry

Contact potential
onlDto3Das

a function of
selected
variables

CV:

samplechoice.f
a

samplewrite.f
a

solvepositionscan.f

[Key: | Functions | and [outputs] ‘

sampledefault.f

o

solvebiasscan.f

o

sampleread.f

o

solvematerialscan.f

o

solvescans.f

solvestatic.f

samplesave.f

solveminima.f

summer-probe.f

ol
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Reminder : Kelvin Probe Force Microscopy KPFM
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\ (a) (b) (c) /

Kelvin probe force microscopy: work function measurement.

(a) Sample and tip far apart.

(b) Sample and tip in contact: Fermi levels align,current flows. The vacuum level step: Vcpd
(c) External applied bias equal to Vcpd equilibriates vacuum levels.

=> Known KPFM tip vacuum and Vcpd levels gives sample work function.

ATLAS ATLAS
Data from str0.str Data from str0.str

0.02

0.04

Microns

Materials

Air Air
Aluminum - Aluminum
Silicon — Silicon
Conductor Conductor
Electrodes . Electrodes

T T
0 0.2 0.4 0.6 0.8 1 12 14 0.73 0.74 0.75 0.76 0.77
Microns

Materials

0.1

Microns




Solution method : minimum tip / probe field

40000

Plot.dat: ——
/
000
/
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25000 \\ /
\

_ \
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£ AN /
s /
15000 \ /
3 . /
° /

10000 \\ yd

/
/
AN
5000 \ ) //
N A
~
. O
0 0,002 0,004 0,008 0,008 gias (v)

No defects: "Gap" field as a
function of applied bias:
Minimum = 4meV

60000

0,01

50000

40000

arb. units)
AN

B 30000 i

Total field
v/
/
N

20000 \\ /,//

10000 AN <

\\\\ /
Y

0
0,12 0,122 0,124 0,126

"Gap" field as a function of

0.128 Bjas (v)

applied bias: Minimum = 50meV

0,13

"Gap" / "Bulk" methods for Vcpd comparison :

1,276e+08

1,274e+08

1.2722406

1.27e+08

1,288e+06

units]

1,286e+06

1,264e406

Total field (arb.

1,262¢406

1262406

1,258e+06
0

341500

0.002 0,004 0,008 0.008 gigg vy 0,01

"No defects: Bulk" field as a
function of applied bias:
Minimum = 4meV

341000

340500

rb. units)

)
340000
2

Total field,

933500

935000
0,12

0.122 0.124 0.126 0128 piag(y) 013

"Bulk" field as a function of
applied bias: Minimum = 50meV

» Little difference for these doping levels
» Differences nevertheless expected

=> Rapid "gap" or spot method prefered

(Reminder: @p,,,~4.246V D, 4.05+(E-Ep))
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Kelscan demonstration

Splash screen choice "1" — choose sample

NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
>
e .
) Choose an option:
Terminal
Local probe work function calculator

MATE
Sample nged* :lejo-A5-ECV-2.in

1 - Read a sample - Modify the sample 3 - Save the sample

- Set model options

- Single static solution
- Solve contact potential minima
- Solve contact potential scans and maps

h - help - graphs q - quit

Choose an option:

Corbeille

6
-[' Mf:ie

Documents passe

a A0 0923

- & m e s T




Kelscan demonstration

Sample choice

JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
>

) Choose an option:
Terminal 1
MATE Sample choice

si-cm-15.1in 1-dimension-ti pnp.in
cm-nd-1el7-488nm.in 5) cm-nd-1el7-785nm.1in cm-nd-1e17-980nm. in
lejo-A5-ECV.in 8) n-si-scans.in p+n-n+scell.in
lejo-A5-ECV-2.in 11) new-pnn.in pnp-2.in
$114343AA-dark.in 14) Si14343AA-light.in 15) Sil4343EE-dark.in
S114343EE-light.in 17) Si14343AA-dark-2.in  18) Sil4343AA-dark-def-n
v1-5114343AA-dark-de 20) v2-Si14343AA-dark-de 21) si-lel5-light.in
si-lel5-dark.in 23) si-lel9-light.in 24) si-lel9-dark.in
pnn-jnpv.in 26) pnn-jnpv-2.in 27) sampletempfile.in
doping-variation.in  29) doping-variation+reqg 30) doping-variation+aut
si-nlel5-808mev.in 32) si-nlel7-636mev.in 33) si-nlel9-685mev.in
si-plel3-770mev.in 35) si-plel5-565mev.in 36) si-plel9-605mev.in
test.in 38) default.in 39) wrocl-dope-var.in
pn-solar.in

Which sample number do you want? (anything else quits)

Corbeille

Q
- Mot de
Documents passe

- P my sis B | S (= S iconnolly@sil... B A 09:23 CRJ KO




Kelscan demonstration

Sample modification menu

. NoMachine - JC-interne-nomachine .
jconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide

10
: New format current file : lejo-A5-ECV-2.in
Terminal
MATE Local probe work function calculator

Sample: lejo-AS5-ECV-2.in
1 - Read a sample Modify the sample 3 - Save the sample
Set model options

Single static solution
Solve contact potential minima
Solve contact potential scans and maps

h - help graphs q - quit

Choose an option:

Corbeille

Q
v
- Mot de
Documents passe

AN X T | T S comonyosi.. WML




Kelscan demonstration

The sample file format: Saves all simulation parameters shown here.
Silvaco compatible : can be directly run by Silvaco Deckbuild

8 O O NoMachine - JC-interne-nomachine
jeonnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide
>
o 2
i Change sample
Terminal
MATE Sample: lejo-A5-ECV-2.in

- Add / delete layers

- layer material

- layer doping type and density by layer

- layer widths (cross section the probe senses

- sample / layer depth (thickness under the probe)

- KPFM probe - position layer index currently 10
- Probe bias (Vcpd is 1.1 V, probe bias is 0.95 V)
- illumination (is off
- Surface defects (are off)

- Switch cathode from sides to bottom (opposite the probe tip)
- Numerical accuracy in the sample

- quit

Corbeille

Q
p o
. Mot de
Documents passe

AN TP T e S connonesi.. W B ool B




Kelscan demonstration

Sample properties of multi-layer sample simulating Lejo Joseph doping profile measurement

8 O O NoMachine - JC-interne-nomachine
jeonnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
>

X Index Width (um) Doping (/cm3) Type (p or n) Material (name)
Terminal

MATE .750E-01 .280E+20 silicon
.750E-01 .330E+20 silicon

.756E-01 .313E+20 silicon

.750E-01 .295E+20 silicon

.750E-01 .249E+20 silicon

.750E-01 .184E+20 silicon

.750E-01 .133E+420 silicon

.750E-01 .T23E+19 silicon

.756E-01 L173E+19 silicon

.750E-01 .261E+18 silicon

.750E-01 .108E+18 silicon

.750E-01 .178E+18 silicon

.750E-01 .180E+18 silicon

.750E-01 .150E+18 silicon

.756E-01 L122E+18 silicon

.756E-01 .214E+18 silicon

.750E-01 .372E+16 silicon

.750E-01 .512E+16 silicon

.750E-01 .645E+16 silicon

20) .756E-01 .117€+18 silicon

Add or delete (existing layers will be copied) ? (a/d or quit)

Corbeille

Q
p o
. Mot de
Documents passe

o A T[] S ] S connolysil. W




Kelscan demonstration

Doping levels

[cXeX¢) ine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
p =

Change sample

Terminal
MATE Sample: lejo-A5-ECV-2.in

- Add / delete layers

- layer material

- layer doping type and density by layer

- layer widths (cross section the probe senses)

- sample / layer depth (thickness under the probe)

- KPFM probe - position layer index currently 10
Probe bias (Vcpd is 1.1 V, probe bias is 0.95 V)
illumination (is off)
Surface defects (are off)

Switch cathode from sides to bottom (opposite the probe tip)
Numerical accuracy in the sample

quit

Corbeille

Q
- Mot de
Documents passe
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Kelscan demonstration

Doping levels and tonyplot doping graph

NoMachine - JC-interne-nomachine
- jconnolly@silvacox2:~/programming/kelscantool
Fichier Edition Affichage Rechercher Terminal Aide

) .800E+19 silicon -0.00E+00
Terminal .300E+19 silicon  4.25E-03
MATE .130E+19 silicon .88E-03
.950E+19 silicon .35E-03
.490E+19 silicon -3.03E-03
.840E+19 silicon -1.09E-02
.330E+19 silicon -1.92E-62
.230E+18 silicon -3.50E-02
.730E+18 silicon -7.19E-62
.610E+17 silicon -1.21E-61
.080E+17 silicon .44€-01
.780E+17 silicon .31E-01
.800E+17 silicon .30E-01
.500E+17 silicon .35E-01
.220E+17 silicon .40E-01
.140E+17 silicon .26E-01
.720E+15 silicon .31E-01
.120E+15 silicon . a8
.450E+15 silicon . =
.170E+17 silicon . File Edit Plot Tools Help

Number of layer to modify? (quit) “@ 8 Lif @[':’ ® 5 [ )2 a: ] @I jJ

Section from bias-0.95V.str (deleted)
Data from bias-0.95V.str

Tonyplot (silvacox2)

Acceptor Conc (/cm3)
Donor Conc (/cm3)

0.6 0.8
Distance along line

= 0.000 ¥ = 0.000 | Tonyplot 3.10.15.R © Silvaco 2018

{7y Ml iconnoly@si... |~ (Gnuplot] | aiTonyplot (sivac... WL i




Sample modify — KPFM probe

>

Terminal
MATE

- & m e s T

Kelscan demonstration

NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide

Change sample

Sample: lejo-A5-ECV-2.in

- Add / delete layers

- layer material

- layer doping type and density by layer

- layer widths (cross section the probe senses)

- sample / layer depth (thickness under the probe)

- KPFM probe - position layer index currently 10

- Probe bias (Vcpd is 1.1 V, probe bias is 0.95 V)

- illumination (is off)

- Surface defects (are off)

- Switch cathode from sides to bottom (opposite the probe tip)
- Numerical accuracy in the sample

- quit

Corbeille

6
-[' Mf:ie

Documents passe
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Kelscan demonstration

Sample modify — KPFM probe properties

JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
p =
i P - KPFM probe - position layer index currently 10
Terminal
MATE Probe bias (Vcpd is 1.1 V, probe bias is 0.95 V)
illumination (is off)
Surface defects (are off)
Switch cathode from sides to bottom (opposite the probe tip)
Numerical accuracy in the sample

quit

P
KPFM probe properties

1) Probe tip position (7.20E-01
2) Gap between probe and sample (1.00E-01
3) probe length (1.26E-01
probe width (2.50E-62
probe work function (5.00E+00
probe material (aluminium )
Gap (probe <-> sample) material (air )

Corbeille

Q
- Mot de
Documents passe
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Kelscan demonstration

Single solution of structure for specified structure including probe position, defects, and illumination

NoMachine - JC-interne-nomachine
jeonnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
>

Terminal
MATE

1 - Read a sample - Modify the sample 3 - Save the sample

- Set model options

- Single static solution
- Solve contact potential minima
- Solve contact potential scans and maps

h - help - graphs q - quit

Choose an option:

Corbeille

Q
p o
. Mot de
Documents passe

AN TP T e S connonesi.. W B ooxll B




Kelscan demonstration

Single solution showing acceptor type defects and fields in a multilayer structure

8 O O NoMachine - JC-interne-nomachine
L jeonnolly@silvacox2: ~/programming/kelscantool -ox
|' Fichier Edition Affichage Rechercher Terminal Aide
P

Field parallel: 8931.0898
Field normal: 137828.00

Terminal
MATE Local probe work function calculator

Sample *changed* :lejo-A5-ECV-2.in

1 - Read a sample 2 - Modify the sample 3 - Save the sample

4 - Set model options

5 - Single static solution
6 - Solve contact potential minima
- Solve contact potential scans and maps

File Edit Plot Tools Help
BB A08 0 +&E&aR_[2 3

Tonyplot (silvacox2)

h - help - graphs

7

ATLAS
Data from bias-0.95V.str

Choose an option:

= = Tonyplot (silvacox2)
File Edit Plot Tools Help
leassoas+aaak @B |

ATLAS
Losx10l9 ——— Datafromacceptorsdat

#—* Totalacceptortra nsity (/cm3/eV) |

V)

(53
g
£
=
o
=
5

© N @ -
= B3 > =
= = = =
o o o o
— o - —
) @ © ©
Microns

'S
x
-
o
o
©

©
=3
-
o
r
@

Total acggptq;trag,dergity (fcm3,

0 0.2 0.4 0.6 0.8 1 2 14
Microns

0 02 Acc&ftor statl-Energy @) L 12

x = 0.000] Y = 0.000 | Tonyplot 3.10.15.R © Silvaco 2018 7

AN X T I Ml oo [ty shac. mronot ..

% = 0.000 Y = 0.000| Tonyplot 3.10.15.R © Silvaco 2018,
e A im 0941 _%4 0]
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Kelscan demonstration

Single solution Tonyplot parameter lists — here band structure and field

8 O O NoMachine - JC-interne-nomachine
L jeonnolly@silvacox2: ~/programming/kelscantool -ox
Fichier Edition Affichage Rechercher Terminal Aide
Field parallel: 8931.0898
Field normal: 137828.00
A Local probe work function calculator
Sample *changed* :lejo-A5-ECV-2.in
1 - Read a sample 2 - Modify the sample 3 - Save the sample
4 - Set model options
5 - Single static solution
6 - Solve contact potential minima
7 - Solve contact potential scans and maps
Tonyplot (silvacox2) .o
h - help g - graphs ) .
File Edit Plot Tools Help
choose an option: lvyeBnoss(+aanp I@H] o
ATLAS Section 1 from bias-0.95V.str
Data from bias-0.95V.str (0.000, 0.046) to (1.500 , 0.046) o
- r 22
. 1.2 = ~ Acceptor Conc (/cm3) %(1,
\ b - 4 onor Conc (/fcm3) = 19
Tonyplot (silvacox2) .o ox J — EEEEC(?:Y:M e 18
. q T 1 r 16
File Edit Plot Tools Help 08— Ev (T} (eV) r 15
= - g r 14
lvag|io8g +acak IE 1 13
D f A Composition X 0 4_- :%(1)
1.08x1019 - Cond Current X . 7 -g
; 19 . Total acceptor t Cond Current Y . 4 L
%04"10 - Cond. Current Density E A 'g
& . Conduction Band Energy x X . o 0 :4
8 1x101? 3 i [:V s - 3
ga 1018 . E Field X 7 :é
6x —
§ 3 E Field ¥ 0.4 11»
& .2x1018 o J 2
B ] 7 g
-~ - -
:p.8x1018 3 . A 6
] B Electric Field B 7
@4)(1015 _— Electron Affinity : g
g ] Electron Conc -10
J . -11
‘= 18 Elsctron QFL K
gﬂxlo _: Electron ensrgy relax time 12 L L 12
= LI e s e ﬂ 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
0 02 Accdiftor{ Function L Microns Microns
Functions... oK I Cancel | Apply | :
X = 0.000 Y = 0.000 X = 0.000 ¥ = D-DDO| Tonyplot 3.10.15.R © Silvaco 2018 |
X J i - | 0 jconnolly@silm ZTonyplot (silvac... || ®Tonyplot (silvac... | ZiTonyplot: Displa...
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The prime function :

8 0 0

-
e —

Terminal
MATE

Kelscan demonstration

the contact potential solution

NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo

Fichier Edition Affichage Rechercher Terminal Aide

Field parallel: 8931.0898
Field normal: 137828.00

Local probe work function calculator

Sample nged* :lejo-A5-ECV-2.in
1 - Read a sample - Modify the sample 3 - Save the sample
- Set model options

- Single static solution
- Solve contact potential minima
- Solve contact potential scans and maps

h - help - graphs q - quit

Choose an option:

- & m e s T

m

Corbeille

Q

¢

Mot de
Documents passe
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Kelscan demonstration

A range of methods for flexibility: Spot method preferred (Speed).

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantool

Fichier Edition Affichage Rechercher Terminal Aide
>

Terminal 5 - Single static solution
MATE 6 - Solve contact potential minima
7 - Solve contact potential scans and maps

Choose an option:

Contact potential minima

- Spot field at tip surface contact potential method (faster)

- Air gap contact potential method (slow)
- Bulk field contact potential method (slow)

- quit

- help g - switch graphs on (use with care).

Corbeille

6
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Documents passe
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Kelscan demonstration

Contact potential evaluated from two points (assumes linearity)

NoMachine - JC-interne-nomachine
jeonnolly@silvacox2: ~/programming/kelscantool
Fichier Edition Affichage Rechercher Terminal Aide

| In fieldspotminimum, solution:
vepd analytical, numerical: 1.0708258 -0.88573092
Terminal

MATE Local probe work function calculator

Sample *changed* :lejo-AS5-ECV-2.in

1 - Read a sample 2 - Modify the sample 3 - Save the sample
4 - Set model options
- Single static solution

5
6 - Solve contact potential minima
7 - Solve contact potential scans and maps

h - help g - graphs q - quit

Choose an option:
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Documents passe
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Kelscan demonstration

Contact potential scans

[cXeX¢) JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide
>
e .
Choose an option:

Terminal
Local probe work function calculator

MATE
Sample nged* ejo-AS-ECV-2.in

1 - Read a sample Modify the sample 3 - Save the sample

Set model options

Single static solution
Solve contact potential minima
Solve contact potential scans and maps

h - help graphs q - quit

Choose an option:
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Kelscan demonstration

Contact potential scan over the surface

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo

Fichier Edition Affichage Rechercher Terminal Aide
>

Terminal h - help g - graphs
MATE

Choose an option:
7

Scans

- Scan the overall solution as a function of applied bias (fields)

- Scan the contact potential over the surface (Vcpd)

- Scan the contact potential as a function of a range of parameters (Vcpd)
- Scan integrated field scan in the sample bulk

- Scan integrated field scan between sample and probe

- quit

- help g - switch graphs on (use with care).
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Kelscan demonstration

Contact potential scan over the surface : range and resolution (integer grid spacing)

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo

Fichier Edition Affichage Rechercher Terminal Aide
>

i - Scan the overall solution as a function of applied bias (fields)
Terminal
MATE - Scan the contact potential over the surface (Vcpd)
- Scan the contact potential as a function of a range of parameters (Vcpd)
- Scan integrated field scan in the sample bulk
- Scan integrated field scan between sample and probe
- quit
- help g - switch graphs on (use with care).
2(Default 0.000 ) Low position (um)?
(Default 1.500 ) High position (um)?
(Default 1.000 ) Spatial resolution ? (1 = maximum, 120=minimum)

Range 0.000 to 1.500 every 1 grid steps.
Continue ?
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Kelscan demonstration

Contact potential scan : comparison with doping

e 06 NoMachine - JC-interne-nomachine
- jconnolly@silvacox2:~/programming/kelscantool -0x
Fichier Edition Affichage Rechercher Terminal Aide

o) 1

) Local probe work function calculator
Terminal

MATE Sample

*changed* :lejo-A5-ECV-2.in

1 - Read a sample 2 - Modify the sample 3 - Save the sample

- Set model options

- Single static solution
- Solve contact potential minima

~ow

Gnuplot - Solve contact potential scans and maps
. "lejo-R5-ECY-2-1ight=F-nx-1-defect=F-side=T-vcpd-1.dat" ——
1} ] h - help - graphs q - quit
0.8} 1 W choose anloptton:l . . File Edit Plot Tools Help
exec /usr/local/silvaco/lib/tonyplot/3.10.15.R -
0.6 F 4 flas-0.95V.str -set probe-structure.set “@E"@ﬂ@l'}@&ﬁz av @Bﬂl dJ
oab | Section from bias-0.95V.str (deleted)
2 Data from bias-0.95V.str
= 0.2F 4
o Acceptor Conc (/cm3)
5 o} ] 20 Donor Conc (/cm3)
-0,2 WM 19
0.4 F 18
0.6
17 —
0.8 F
16
-1 A
0 0.2 0.4 0,6 0.8 1 1.2 1.4
Position(un) 15
14
e
12
11 - T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 ez 14
Distance along line

X =0.000 ¥ = 0.000 | Tonyplot 3.10.15.R © Silvaco 2018
-] m 11:.01 _%

= two jconnolly@sil... | Gnuplot B Tonyplot ( Tonyplot (silvacox2)



Kelscan demonstration

Parameter scans : simple single layer homogeneour p-type Si

8 O O NoMachine - JC-interne-nomachine
Tonyplot (silvacox2) -ox |59 jeconnolly@silvacox2: ~/programming/kelscantool
File Edit Plot Tools Help Fichier Edition Affichage Rechercher Terminal Aide
a1 e = =1 [ = 3 - layer doping type and density by layer
HQP %‘ woe w®A@R Z I I J‘ 4 - layer widths (cross section the probe senses)
5 - sample / layer depth (thickness under the probe)

108x1019 = P - KPFM probe - position layer index currently 1

%)4)(1019 — V - Probe bias (Vcpd is 0.98 V, probe bias is 0.0 V)

" 3 L - illumination (is off)

E 1x1019 o D - Surface defects (are on)

I~ = C - Switch cathode from sides to bottom (opposite the probe tip)

§5x1015 - N - Numerical accuracy in the sample

g B

9.2x1018 3 9 - quit

% H

g |

8x1018 o 1

I Add (a) or delete (d) layers:

$ax10t® 5 ‘ . .

g = Index Width (um) Doping (/cm3) Type (p or n) Material (name) Tonyplot (silvacox2)
3 8x10l8 3 1) 1.00 0.100E+20 P silic

= I Y

L L L Add or delete (existing layers will be copied) ? (a/d or quit) | 2| @I j
o 02 acdfror stat® énergy (/8 1 1.2
ATLAS
x = 0.000] ¥ = 0.000 | Tonyplot 3.10.15.R © Silvaco 2018 Data from bias-0V.str
A

Tonyplot (silvacox2) -oxf

File Edit Plot Tools Help

lvyag|toaa~aaal e

7|

f AT&S

[*—_Totaldonor tra nsity (/cm3/eV) |

0 02 phitbr state Bifergy (eVA8 1

12

0.2

0.4

Microns

0.6

0.8

X = 0.000

Y = 0.000

»m:

| Tonyplot 3.10.15.R © Silvaco 2018

Ehll - .]connolly@sil_..D[Gnuplot} :ITonypIot(siIvacm:ITonypIot(siIvac..‘ :lTonyplot(silvac...

0.2 0.3 0.4

0.6

0.5 0.7 0.8 0.9 1

Microns

3.10.15.R © Silvaco 2018

n ‘(!)‘

.33 L
11:33 —_

% = 0.000 ¥ = 0,000 Tonyplot
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Kelscan demonstration

Scanning option 3 : Vcpd scans for a range of parameters

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo

Fichier Edition Affichage Rechercher Terminal Aide
>

Terminal h - help g - graphs
MATE

Choose an option:
7

Scans

- Scan the overall solution as a function of applied bias (fields)

- Scan the contact potential over the surface (Vcpd)

- Scan the contact potential as a function of a range of parameters (Vcpd)
- Scan integrated field scan in the sample bulk

- Scan integrated field scan between sample and probe

- quit

- help g - switch graphs on (use with care).
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Kelscan demonstration

2D scan example : First variable, acceptor defect peak density scan

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide
>
e

i Parametric scans
Terminal
MATE ) . .
(1) Acceptor gaussian peak (F) (4) Acceptor gaussian width (F)

(2) Donor gaussian peak (F) (5) Donor gaussian width (F)
(3) pefect layer thickness F) (6)

R - define scan limits and run a scan

q - quit
1
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Kelscan demonstration

2D scan example : Second variable, donor defect peak density scan

[cXeX¢) NoMachine - JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide
>
e

i Parametric scans
Terminal

MATE

(1) Acceptor gaussian peak (T) (4) Acceptor gaussian width (F)

(2) Donor gaussian peak (F) (5) Donor gaussian width (F)
(3) pefect layer thickness F) (6)

R - define scan limits and run a scan
q - quit
2
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Run 2D profile

8 0 0

>

Terminal
MATE

LA Tl T B connotyos..

Kelscan demonstration

JC-interne-nomachine
jeconnolly@silvacox2: ~/programming/kelscantoo
Fichier Edition Affichage Rechercher Terminal Aide
Parametric scans

(1) Acceptor gaussian peak (4) Acceptor gaussian width (F)
(2) Donor gaussian peak (T) (5) Donor gaussian width (F)
(3) pefect layer thickness F) (6)

- define scan limits and run a scan
q - quit

-

(1) Acceptor (range, steps:1.00E+18-1.00E+18, 1.00E+01)

(Default ©.1000E+19) Lower acceptor-like defect density ?
lelo

(Default 0.1000E+19) Higher acceptor-like defect density ?
1e20

(Default 10.00 ) Acceptor-like defect density steps?

(2) Donor (range, steps:1.00E+18-1.00E+18, 1.00E+01
(Default 0.1000E+19) Lower donor-like defect density ?
lel®

(Default 0.1000E+19) Higher donor-like defect density ?
le20

(Default 10.00 ) donor-like defect density steps?

lGnupIot]
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Kelscan demonstration

Resulting contact potential map : Data fitting identifies zone consistent with experiment

NoMachine - JC-interne-nomachine
L} jconnolly@silvacox2:~/programming/kelscantool
Fichier Edition Affichage Rechercher Terminal Aide

8 0 0

e
) Local probe work function calculator
Terminal
MATE

Sample: simple.in

1 - Read a sample - Modify the sample 3 - Save the sample
- Set model options
- Single static solution

- Solve contact potential minima
- Solve contact potential scans and maps

h - help - graphs q - quit

Choose an option:

Gnuplot

0.1 0,15 0,2
"simple-vepd-scan2,dat” ——

S1d 2o2ooo
BiRoaimnk
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Surface photovoltage simulations

Definitions :
* SPV
e Structure

ATLAS

ta from donors.dat

The difference in light and dark work functions : SPV = @(Light) — @(Dark) independent of tip reference.
Symmetric c-Si pn junctions (p-doped layer 1E17cm= 0.3um ; n-doped layer : 1E17cm= 0.3um)

0.1 —] ) Efode 11019 = Total donor trap density (/cm3/eV)

Jair ] X

] F
s 8x10l8 | .
2 1o
2 |
< ] JA!
2 6x1018 I

- ] B [
; 2 L i
£ axw08 — | \
g ] L
g ] L
3 2x1018 } X
e ] 4 1
f b
- Fa Y
0 mm— e —
T
0 02 04 06 08 1 12

Donor state energy (eV)

1) pn — surface donor defects 1e19cm/2 2) Surface defect donors

1 T T T T T 02
& Vepd dark —+—
Section 1 from bias-OV.str ¥ Vepd light
(0.000,, 0.001) to (0.540 , 0.001) 09 . ’AM SPV ok o
2
< (T) (e 08 - X £ e 401
e ectron QFL (@ LR
. v (1) (e /
06 = : 07 i/ 1
A
N B %”WW 1o =
0.4 — AN 06 : [ | 2
N\ g | )
02 3 g £
- — 5 o e :
s = £ R 01§
S 2 o4 M : 1 &
B 2 8
02— 5 % | 8
& — 03 | £
0.4 5 ~ 1 02 @
. 3 b \J
02t
06 =
S i
03 \ o ”’H“\J? 03
. i
1| ol
! ! ! ! ! 04 . . . . . 04
0 01 02 03 04 0s o o 0z 03 oa o5 0™
Microns
Position(um)

4) Surface photovoltage — p side
3) Surface transverse cut: Bands and

populations (light)

Surface donor defects : « p-side surface depletion and band bending.
* n-side close to charge neutral

=> SPV signal on p-side



Surface photovoltage simulations

Definitions :
* SPV : The difference in light and dark work functions : SPV = @(Light) — @(Dark) independent of tip reference.
* Structure Symmetric c-Si pn junctions (p-doped layer 1E17cm= 0.3um ; n-doped layer : 1E17cm= 0.3um)

ATLAS ATLAS
Data from bias-OV.str Data from acceptors dat
o1 T o 11018 ] = Total acceptor trap density (km3/eV)
1 air 1 I
3 8xw018 | o
3 ] ]
5 Pox
B - [
2 ga0t8 | f %
o £ ] \
§ H ] I
= T axi0l8 — I \
g ] b
= 2x1018 i X
3 B § X
° X
q #
0] — Spmmm—
u T T T T T
03 0 02 04 06 08 1 12
MMMMM Acceptor state energy (eV)
5) pn — surface acceptor defects 1e19/ 6) Surface acceptor distribution
cm3
08 T T 035
Section from bias-OV.str (deleted) Vena ot
ov. cpd g
Data from bias-OV.str *"****“““*wﬁﬂ** =108
— 06 - < 1
— EmEy p 025
Electron QFL (eV) 1
- ~ — Ev(D)(eV) X
0.8 — N Hole QFL (eV) 04 * s 4 02
] . - SN ~
% 7 o1 2
= 3 02 £ g
2 01 %
s e 2
> 0 —| f: 005 &
g g 0 . / 8
fex | g
E N e . o
\ . | 005
\\ i
— Y, 0.1
A — 0.4 Tl
015
H
T
08 . 02
0 s 2 U () & 0 0 02 03 04 05 06

MMMMMMM

7) Surface transverse cut: Bands and 8) Surface photovoltage — n side

populations (light)

Surface acceptor defects :  « p-side surface depletion and band bending.
* n-side close to charge neutral

=> SPV signal on p-side



Concluding remarks

1) Focus of this presentation

* Introduction to advanced KPFM techniques
* Presentation of user friendly nhumerical modelling

2) Next steps :

* Refine description (KPFM tip size for example)
* Analyse real materials

=> Publication : NanoTexology partner EPJPV
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