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Outline

» Introduction
2 nanotechnology = nano-characterizations!

» Electric Field-mediated evaporation

» Atom Probe Tomography experiments

@ APT measurements
< 3D reconstruction

» Sample preparation
» APT data analysis
» APT: some issues
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Introduction

Nanotechnology

> Ultra-thin films

» Nanocrystalline materials
» Nano-wire

» Nano-islands

> ...

Nanocrystalline
Si films

Applications

Si nano-wires

» Microelectronic
> Solar cells

100 nm  Ge quantum dots >
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Introduction

Nano-materials + nano-objects (10 to 100 nm)
— 3D characterizations (nano-grains, dots, wires...)

Y/
' » Composition /stress
> Defects in nanostructures
(dislocations, clusters...)

> Interfaces

Nano-characterizations » Variations versus directions (3D)

- Structure
2D analysis: HRTEM, HRSEM...; 3D analysis: STM, AFM...)

- Composition
2D analysis: STEM, nano-AES,...; 3D analysis?
= APT = 3D chemical analysis at the atomic scale
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Introduction: microelectronics

90 to 20 nm
-—>

metal metal metal

dielectric
high-k stack

Nanocrystalllne Iayers

metal

APT measurements

Pt segregation in Ni,Si GBs
dopant 1
\ : J
L 5 nanowire
Nanotechnology | e
> Reduction of material volume and film thickness
> Increase of the number of interfaces (+ stress)
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Introduction

Atom Probe Tomography Microscopy

» Chemical analysis of 3D volumes
» Atomic scale

» No need of composition calibrations

(Molecular Dynamics, Monte Carlo)
(a) (b) ©y0

» Composition of interfaces and defects (dislocations, clusters...)

» Can be directly compared to 3D simulations at the atomic scale
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Punctual electrical charge

field lines

/
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F=—d ¢ yv=_1 F="
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The eleclric field from an The electric field froman
isolated positive charge isolated negative charge

F=const
VVYY T YVVYVYY

Punctual charge g in vacuum

F(r) = electrical field at the distance r from the charge g

V(r) = electrical potential at the distance r from the charge g

U(r) = electrical potential energy at the distance r from the charge g

f, = electrical force applied on an other charge q" at a distance r from g
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Field effect

specimen

electrode
\.
T -
F

Vv
kR .

V =10kV, K; =5, R=50nm \%
= F = 400000 kV/cm?

F =

Size effect on electrical field

V = applied voltage between the tip and the electrode
R = curvature radius of the tip (~ 50 nm)

K¢ = considers the influence of the specimen/detector geometry ~ 2-7
F = electrical field on the surface tip
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Atom probe tomography (APT)

refrigeration 40 - 200 mm
\

v : :
T~}

flexible thermal
connection

MCP

2D detector
_._;,-!

laser pulse a P— -
1

UHV
t=0 chamber
LA J'\— electrical pulse
__|__

high voltage supply
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Ion evaporation: energy barrier

1/ Break the chemical bonds = A
2/ Ionize the atom n times = X1

3/ The n electrons back in the tip = —n®

- <

Gh=A+) 1, —nd

J

Q, ~ 10th eV

I
—_

specimen

A
\Vi L electrode
+ o m— —
/e‘ F
T
\
Potentiel
ionique L1 -nd
0 "
/I\ /—Etentiel
A atomique
Metal |\ \
B\ A T without F
T uithF

Electrical field mediated evaporation: thermally activated

I, = ionization energy of the nth electron
>I., = ionization energy of the free atom
® or ¢, = work function of the emitting surface

A = heat of sublimation = total chemical bound energy of an atom of the tip
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Field evaporation

The electrical field F allows to reduce the barrier Q, = Q,

A
\Y . :
activation energy = Q, = A + E I, —no, —f(FdC)
. " f(Fclc) — TFclc
<> .
evaporation rate = ¢ = v exp(— Q,/kgT)
N
2] -n® -%C F?
\ The expression of the function f(Fy.)
X, depends on models, but close to the
threshold of evaporation, a linear
behavior was experimentally observed
Metal Potenticl = f(Fyc) =yF4c, With y a material-
ic;lniquerous dependent parameter
champ

required time for evaporation = 7., = 79exp(Q,/kgT )
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Field evaporation: Athermal model

Very low T (20-100 K) = field evaporation only with Q, = 0

Low temperature Q, — 0 to obtain elec. field mediated evaporation

F, = evaporation field at zero activation energy = electrical field needed
in order to cancel the activation energy!
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Laser-pulsed APT: Thermal field evaporation

Ge* Ge* / Ge,?*

+
Ge,

Count

molecules

80
Mass-to-Charge-State Ratlo Da)

0.4 nJ and 20 K for Ge(OOl) substrate

» Detect Ge?* and Gel* with a ratio Ge?*/Gel* ~ 0.2 (influence of Ge,)

» Ge, molecules are observed in the mass spectrum
» Background noise ~ 1
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Laser-pulsed APT: Thermal field evaporation

Ge2+

M {u Wl m |

400
Mass-to-Charge-State Ratio (Da)

740 760
Mass-to-Charge-State Ratio (Da)

0.07 nJ and 20 K for Ge(001) substrate

> Detect Ge2* and Gel+ with a ratio Ge2+/Gel* ~ 10
» No molecules in the mass spectrum
» Background noise ~ 1
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Laser-pulsed APT: Thermal field evaporation

Ge(001) substrate
0.07 nJ

Ge"

0.4 nJ

= } l

760
tCthtth M tCthtth\o(Da

Laser power reductlon O 4 370.07 nJ = 20% reductlon of the Ge peaks FWHM

If the temperature/laser power increases

» The width of the mass spectrum peaks increases(loss of resolution)

> The ratio X2*/X1+ changes: X2* decreases while X1+ increases

» Molecules can appear in the mass spectrum (complexification)

= Usually APT experiments occur in the thermal field evaporation regime
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Post ionization
U e-
A/ E,
V \ Eicm+
specimen > ’ electrode
\ o
@ —- @
U{n:Z]
AN v
= —p
X
1/ Atom evaporation with the charge +1 = Q;
Metal | VYa\ /¥ _¥_. Q; < Q;
2/ Atom post-ionization getting the charge +2
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Post ionization

Fz. =1 ., —¢

C n

1/ atom pulled from the surface:
lose 1 or more electrons

Fermi

Level Electron Energy

Level

2/ ion reach Z_.: 1 or several post-
ionizations

o e —— 3/ ion flight

Metal

One dimension tunneling model = at 0 K (no laser pulsing)

F = electrical field
Z. = post ionization critical distance between the ion and the tip surface

& = zero field electron work function of the surface

I..; = ionization potential of the n times charged ion
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Post ionization

Fz Equations’ notation

h=m,=e =1 (m, = electron mass)
Energy unit: the hartree (27.2 eV)
T Length unit: the Bohr radius (0.053 nm)
| unit of field strength: 514.2 V nm-! or 51.42 V A-1

o In the equations the field strength is in V nm-1
Py
e I Z
e EF/
e el — —
. 4 ﬁmode[ Vo odel Z/r— Frcos @
Surface
Model I
Vi odqe = tunneling potential of the considered electron

~Ze/r = electrostatic potential at distance r from the ionic nucleus
Z = effective nuclear charge seen by the tunneling electron

r: measured from the nucleus of the ion

0 = the field direction

The energy level of the least tightly bound electron in the ion is not
shifted from its zero field value of -1, ,
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Post ionization

F=0 F(z+2)

Model II
L = screening penetration length of the electric field beyond the surface

The energy level of the least tightly bound electron in the ion is shifted
from its zero field value: due to the field effect (AEg.,) and due to the
ion and electron image potentials (AE;age)
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Post ionization

Vmodel(‘z{}’ i"‘) — E(zn) :Iﬂ_p_[ - ﬂEStark - Z(zg)/r— Fr COS&

’ Electron
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Post ionization

» Post-ionization occurs at or near the evaporation fields of
most, if not all, metals

» Field evaporation may occur as a two-stage process

» Post ionization does not influence the initial evaporation and
does not affect the rate at which evaporation occurs at a given
field strength

» The total number of evaporated ions is dependent on the
initial field evaporation, while their charge state is dependent on
post-ionization

» T and F (depends on the shape of the tip) at the very top of
the tip are unknown during experiments, thus, the ratio between
2+ et 1+ peaks in the mass spectrum can be a good indication
of evaporation conditions (repeatability)

I‘mz Institut Matériaux Microélectronique Nanosciences de Provence % ——AN
o i UMR &242 CMRS, Universités Paul Cézanne, Provence et Sud TeulonVar ’I/ """"""""" <€




Field Strength |Vnm™)
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2t Experimentally = evaporation field can
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, ratio of 1ons of
different charges
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Atom probe tomography (APT)

refrigeration 40 - 200 mm
\

v : :
T~}

flexible thermal
connection

MCP

2D detector
_._;,-!

laser pulse a P— -
1

UHV
t=0 chamber
LA J'\— electrical pulse
__|__

high voltage supply

UNNVERSITE. SUD

&8 -
i polytechnique e
St =]

entrale Marseille

I’I‘T'IZ Institut Matériaux Microélectronique Nanosciences de Provence %m N
el L i UMR &242 CMRS, Universités Paul Cézanne, Provence et Sud TeulonVar ;}w" ‘‘‘‘‘‘‘‘‘




APT: electrical or laser pulses
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340

T(K)
Relative evaporation voltage as a function of emitter temperature for
a tungsten sample. The detection rate is 0.005 atom/pulse.

Electric- or laser-mediated ion evaporation

Electrical pulses: conductive materials
Laser pulses: semiconductors and dielectrics
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APT: ion identification

SiO, film
1000 r ‘ . OZ-I|-2

i+2
100 Si

Counts

104

100 . X T .024_1

Si+1

104

Counts

1
28 29 30 31 32 33

Daltons
Time of flight mass spectrometry

M = ion mass, n = ionization degree, L = flight distance, e = elementary
charge, t, = time of flight, V = electrical potential applied on the tip
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APT: 2D detection Iin real space

position signal

electron spcnt/Eﬂ II ‘ Delay lines X and Y

Qnd\'ﬁ"{? multianode L y
= | —H SRR tup triGHT
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C
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amplification

X =V, x (ter - tRIGHT)/ 2

40 mm diameter
ion e Y=V t -t 2
o MCPs in a chevron v % (toown = tup)/
electrons configuration Cu=V,=V,~14ns mm-1
silicon Delay line detector

» Single ion hit on micro channel plate = electron cloud (~ 50% of ions)
> Electron cloud on delay lines = X:Y coordinates
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APT measurements

System Schematic Puck Exchange Specimen Database Yoltage Atom Probe | Laser Atom Probe I HD-eFIM | Instrument Admin
Setup Parameters Run Statistics Advanced Controls
Auto Evaporation Control w Elapsed R30_00939_125-Drift Comp Scan 2010-06-2817:2843
S e . 03:31:19:6. Min: 0.35, Max: 068, Centroidt -1136.71, 359.90, 261357 il
arget Evaporation (% i 33 ha
& 3 Evap Rate Auto Scanning
Specimen Valtage (V) 5251 0.58 % ol
Pulse Rate (H2) T Total lons
ulse Rate (Hz z
— 54347144 e 072
Pulse Energy (nJ) 0.600= Golden pe 3% e = 058
93100 % oas
Multiple g 0.29
0/ =3
[~ Stop Elapsed (min) 1200 6-74L9.___.J 5 0.14
Pulse Energy RN
[~ Stop Total Events 20000000 0.59 nJ Setup: NOT SAVED AeO S
; Specimen Vol L aeR®
[~ Stop Specimen (V) 102000 Rl A= =S - =
6195V : : e
i2 I Reflectron Voltage Load Scan _—
Show Noise [V
Calibration |Laser_mastar_To_CaI_4.?k\/_1 2 4' ol 3@__.4 TIP TRACKING: auto scan in 55 sec or 49 valts
Manual Alignment R30_00939_6 - Focus Scan 2010-06-2814:05:23
Tip Scan 0.25—
-
Focus Scan

Beam Position

-1136.7, 359.9, 2613.6
0.00— | 1 1 I [ 1
2580 2595 2610 2625 2640 2655 2670

Z Focus [um)

\wkaseiPosition | PuiseFiacCal | Advancedacg |, Advancedlaser |

Specimen: 031109_Alain_1:M-26 Status : Alignment event at 17:28:36: Drift Comp mode tip scan - auto scan time interval elapsed
Local Elecirode: =062310MNi_22 File: WL.SS_SERVER\LEAP_DataiR30_00939

P=1.4x101 Torr, T = 20-80 K, Pulse rate = 100-250 kHz, evap. rate = 0.2-1%, laser power = 0.01-3 nJ

Acquisition
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APT measurements

Detector Ion Map XI Detector Event Histogram X]

:Evaporation Rate » x

Detector lon Map Evaporation Rate
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APT: 3D reconstruction

» APT microscopy “"Raw” data = sequence of hit records

i

Hit number, Xpetector 1 Ypetector 7 Atpyiser vSpecimen

» Reconstruction = process that transforms Raw data into the 3D
volume (of the tip) containing the atoms
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APT: Stereographic projection

Gault et al., Ultramicroscopy 111 (2011) 448 Gault et al., JAP 105 (2009) 034913
I : Normalised 30 o 0
3 1Fj’glential Cfc "’ 1 : 2
| 3
: ~ 10 =
> <
- -10 B
' o
Electrostatic simulations of the potential around the 20 Q
tip (shank angle = 10°) and of the ion trajectories IN
30 A =
30 20 10 0 10 20 30
Ion trajectory oy
» Experimental distance d, . between the observed crystallographic
poles corresponds to the stereographic projection of the sample crystal
structure with a constant center
» m can be determined experimentally considering the ratio between
crystallographic angles observed in APT data (0 = arctan d,.. /L)
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APT: 3D reconstruction

Slﬁ
6-
4-
2. _'___,..-----.---.-. E|eCtrica|
field
s X/RU
i | .— ' D
0 2 4 6 g e

detector

Ion trajectory

» Almost stereographic projection with constant center

» Magnification (M) proportional to the ratio between the tip-to-detector
distance (L,) and the tip radius of curvature (R;) = few cm and M > 1M

» Compression due to tip shape + elec. Field = m compression factor
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APT: voltage reconstruction

e
"R

v
Reversed projection
.

X, Y,

detector

» Knowing the ion tip-to-detector trajectory (stereographic projection
corrected by a compression factor), we can deduce the reverse ion
trajectory (detector-to-tip)

» Ion with straight trajectory = direct relationship between each position
(Xtips Yiip) ON the tip surface and the position (Xg, Y4) on the detector
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APT: voltage reconstruction

sample -
I""—- ~ /,——f
// \ T
£ \\ /, ,a-"ff
I / el
\, =
' : | —
' € ? —I——I¢
\ ' \
R, /'v m R L,
\ /o
A\ Vi oy
e /
N

detector

» During the specimen evaporation, the radius of the tip progressively
increases, since the shank angle a of the tipis > 0

» The variations of the tip radius can be determined using the relation
between the elec. field, the elec. potential and the radius

Evap. field factor K. = const for a given material (evap. equilibrium shape)
F = const for a given material + conditions of evaporation (evap. rate)
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APT: voltage reconstruction

lon |

ion (i+1) 2 = 7

in . = Zip T dz

AR
7 7
?

v, =2 =5

a tip

2
UStip

dz=dz =

» Assume that the volume V, of a detected atom is removed equally
across the tip surface Sy, = the volume of a single atom is spread over
the entire tip surface

> Not all the atoms are collected = n = detector efficiency

» The depth location dz of an atom in the tip can be determined knowing
the volume Q of the considered atom, and knowing the surface of the tip
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APT: voltage reconstruction

(i+1)th ion

2= 7'+ 4z
ldz' Sip =—%5 = dz

 QUKIF? _f)
S, (m+1)2v?:  ——

dz'= Ro(l—\/(x;p +Y2 ) Rg)
Z"=7"+dz+dz
» The evaporated surface of the tip can be determined knowing the

surface of the detector S, and the magnification M

» The atomic positions in-depth are progressively built in the plane
normal to the specimen apex

> In order to reconstruct atomic positions at the specimen surface, a term
dz’ is added to account for the curvature of the tip = projection of the ion
orthogonally onto the spherical cap beneath the apex plane

IWIZ Institut Matériaux Microélectronique Nanosciences de Provence % ——AN
el L i UMR &242 CMRS, Universités Paul Cézanne, Provence et Sud TeulonVar ;]/ """""""""




APT: shank angle reconstruction

dR  sin(a) f (a)
dz 1-sin(a)
i+1 i ' _ QLZ '
2" =7"+dz+dz' dz= S +°1)2 7 dz'=R b- X2 +v2 )R

> If the tip shank angle a is constant, the variation of R versus the depth
Zz can be expressed using classical geometry laws (in general 2 < a < 10°)

» The same method as for voltage reconstruction is used for Z variations
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APT: shank angle reconstruction

* / /
."“ ’ ,.D
d
] PT=s= R(m cos )+ \/1 —m2sin’ U’)
L
, d X3+Y3 (/X3 +Y3
Ay = T me DR L+m+ 1R L

» Use geometrical relations to determine the position of the atoms on the
surface of the tip, knowing the distance L between the tip and the
detector, the ICF m, the curvature radius R of the tip, and the ion
coordinates on the detector (Xp, Yp)
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APT: 3D reconstruction

3D reconstruction based on:
- Single evaporation field F
- Single curvature radius R
- Single shank angle a

Gault et al. Mat. Today 15 (2012) 378

001 101
Ga grain boundary segregation in a nano-

crystalline Al thin-film. The atomic planes
are resolved up to the grain boundaries

» The Reconstruction procedure works well but...generally used in not
suitable cases! = samples made of different materials exhibiting different
F, R and o (multilayers, clusters...)
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Atom probe tomography

» Magnification ~ 10° times = x10 millions
> Lateral resolution (T < 100 K) ~ 0.05-0.3 nm

1

£

i P L = '“.I- ] 2
(kTR Y [ on+D* 'R,
§=J15{}33+1}‘. gl Ry |, Ont D7 AR, |
|  eFk, | | 2MeFk,

Thermal term (principal) + Heisenberg incertitude

» Depth resolution < 0.07 nm in best cases
> Field of view ~ 50-250 nm

» Analyzed depth up to 0.5 um (depends on tip
fracture)
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APT improvements

LOCAL
ELECTRODE ion trajectory

...........
IIIIIIIIII
...........
.......
............
............
........
.........

......
.......................................
..........................
..........

SINGLE ATOM \ REFLECTRON
SENSITIVE LENS
DETECTOR

> With the local electrode, the voltage is applied between the sample

and the LE, i) allowing to apply a lower voltage on the sample for the

same elec. field (decrease of sample fracture probability and improves
mass resolution), ii) allows to use arrays of pre-shaped tips improving
sample preparation and sample preparation time saving, by giving the
capability to select the evaporation of a given tip among several

» The reflectron lens allows to multiply by ~3 the flight path length of
ions, allowing to significantly increase mass resolution
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APT: sample preparation

» Bulk metallic materials can be prepared by electro-erosion, but for
semiconductors and for the main part of nanotechnology materials
(nano-layers, nano-wires, quantum dots...) the samples need to be
prepared by Ga* focus ion beam (FIB)

> Similar to field evaporation, differences in materials’ erosion
properties complicate FIB sample preparation

> Need weak ion beam (2-5 kV) to minimize Ga contamination and
sample amorphization
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APT: sample preparation

1/ Ni sputtering
2/ Pt deposition

3/ Carve the a sample wedge
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APT: sample preparation

4/ Lift off the wedge 5/ Attach wedge pieces on
pre-shaped posts

Pt injector

sfe, HV mag Bl W [ it | " 20 ym
¢e® |30.00kV| 2500 x [16.5mm|0 ° (9.7 p. UNIVERSITE PAUL CEZANNE

Omni probe

Pre-shaped posts HV  mode] det| WD |mag B tf| 500 jm ———

500kvV. SE |ETD 4.9 mm

UNNVERSITE. SUD y
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APT: sample preparation

Pt ' Cut the
wedge

Attach Pre-sha
Join wedge + post |wedge + post pos

e, V mag B wD tilt | curr 5pm oo HV mag
*#%30.00 kV| 8000 x [16.5 mm |0 °|27 pA UNIVERSITE PAUL CEZANNE £#° |30.00 kV| 8 000 x [16.5 mn

wedge

5/ Attach wedge pieces on ni probe

the pre-shaped posts APT sample

mag H| WD [tilt| curr 10 uym
OOKV 3500x [16.5 mm|0 °[9.7 pA UNIVERSITE PAUL CEZANNE
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APT: sample preparation

et WD 'n‘ag | tit HV

mode| det | WD |mag @ tilt

TD| 3.9 mm | 20 000 x 52 500kV. SE |ETD|3.9 mm|25000x 52

post

HV mode| det| WD [mag @B tilt
500kV. SE |ETD 4.2 mm |19 997 x 52

6/ Shape the tips

HV mode| det| WD |mag @B tit | HV mode | det WD

5.00kV. SE |ETD|3.9 mm|65004 x 52 500kV. SE |ETD 4.2 mm|

Institut Matériaux Microélectronique Nanosciences de Provence % —
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APT: sample preparation

HV  mode det WD | mag @ | tit | ————
[5.00kV SE [ETD 4.0mm|[119992x 52

b -

HV | mode det| WD | mag @B tit 500 nm
1500kV. SE |ETD|4.2mm|100008x 52 °
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Reconstruction tools

Spatial distribution map (SDM)

~Reconstruction Parameters
- l 5 530004
MMW(@')||)||t||||||||0||||||| Al itz
1 4
Detector Efficiency ) 0.37 | Reset
|llll|llll|llll|llll|
| l 51000+
manme(f-Vﬂf)"”}‘l""l..."'ll'|l50.00 iz
= Il 1
Image Compression Factor “)“l“' O T e 0,90  Reset -
{ -
X Projection Center SO0 0 P [ '|| -0.70  Reset g | Atomic pI |
¥ Projection Center Gl Vo g 0.12 Reset 47000 dIStanC
450004 !
Jv &= wim) [ .26 4 [ 334
|| w(nm) | -16. 4[v 4+ X 4 !
e = 2fz= Ge(001) substrate "
o : o : ,m.. 43000- !
o
© R T I BT
= z (nm)
0
r =1
it
180 160 140 120 100 80 60 AN
z ~
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Reconstruction tools

Count

—

Mass spectrum

Proportion of isotopes

?BGE+2

8 G TGeH
18000
d 1868 Get?
14000
= 1260 + 4 ge+
2 2 10000
U g.0es ©
6000 Bt
4085 g
B 9 ‘EH*E Mg 20004
o " T —— T —
1 140 15.0 30

Mass spectrum identification

IMass-to-Charge-State Ratio (Da)

220 260 300
Mass-to-Charge-State Ratio (Da)

ar.o

IMass-to-Charge-State Ratio (Da)

Si™

Count

30

.0 260 .0
Mass-to-Charge-State Ratio (Da)

giz+ Si*/Ni2*

Ni2+ Ge2+

LmZnp
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APT data analysis

3D qualitative analysis

Gay dot: Si atom Buried Ge islands
Green dot: Ni atom

Red dot: Ge atom

» Ion selection, clipping, plan-view and cross-section view
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APT data analysis

3D qualitative analysis: Examples
Ge(Mn) nano-columns

“Nano-columns

TEM

~ Ge(oon)

cross-section plan-view

50 100 150 200

0 Ol 0¢ 0¢ OF

APT

T I
~40 -30 -20 10 0 10 20 30

oF 0¢ 0 O0cZ 0Ov-.

Purple dot: Mn atom

N 0¥ 0¢- 0¢- OF-
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APT data analysis

Quantitative measurements: Region of interest (ROI)
Buried Ge islands

Gay dot: Si atom
Green dot: Ni atom
ROI Red dot: Ge atom

» Definition of a volume of interest for data analysis
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LS I UMR &242 CMRS, Universités Paul Cézanne, Provence et Sud TeulonVar

e, €M T
o echnique
N 8 frenete trale Marseille l‘!}?ﬁww

Cen




APT data analysis

Exporting region
Buried Ge islands

Gay dot: Si atom

Green dot: Ni atom

Red dot: Ge atom
> Allows for example to define the mass spectrum of a given volume

sample taken from the global APT volume (noise study, peak overlaps...)
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APT data analysis

Buried Ge islands

—

o 14.04

iy
b
T

iy
o
7

Atomic %

oo
[}
1

o
7

ha
7

Concentration (
I

o
o

A

Quantitative measurements: 1D concentration profiles

]
-
]

_,
@
T

_1
ha
7

@
7

*
7

Concentration (Atomic %)

Distance (nm)

[
B

0o 40

) SI.D 12.0
Distance (nm)

LmZnp
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APT data analysis

1D concentration profiles: Examples
Ge(Mn) nano-columns

H2

Purple dot: Mn atom

20 40 60 80 100 120 140 %

o)
o

-
o
aaaansl i

RN
o
A |
\

—=— nano-column
—0o— matrix

—

Mn concentration (%)
P S=""s
| P
= i
===
e,

Concentration (%)

0.1I v I v 1 v I v 1 v L) v I v I v 1 1
0.01~— ————
0 20 40 60 80 100 120 140 160 5 S
Depth (nm) Lenght (nm)
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APT data analysis

Quantitative measurements: 2D concentration map
Buried Ge islands

Max (red) = 0.17%
Min (blue) = 0.0%

Gay dot: Si atom

Green dot: Ni atom _ _

Red dot: Ge atom Projection
plan
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APT data analysis

2D concentration map: Examples
Si clusters in a SiO, thin film

2D Si atom distribution surrounding

: a single Si cluster
1 4 Si concentration (%}
12 ’ 0.25
0.33
Gray dot: Si atom 0.40
Green dot: Ni atom 10 ggg
Light blue: O atom 8 0.63
— 0.70
0.77
E 6 0.85
” 4
2
0 AZ=3nm
O 2 4 6 8 10 12 14
X (nm)
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e
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it PAve
A
%
b,
3 Centrale Marseille
v
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APT data analysis

2D concentration map: Examples
Ge concentration in the core of a Ge "dome” island

100 v T T LB |

~ () —si f

X 801 "u, Ge

§ 60 .

= . "

e |}

c 404

(0]

Q

S

020'

0+ —"T——1—

x5 0 10 20 30 40 50 60 70

Depth (nm)

3D 2D 1D

» 1D profile ® Ge concentration in the island core ~ 50%
> 2D map = Ge concentration in the island core ~ 55%
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APT data analysis

Iso-concentration/iso-density surfaces
Buried Ge islands

UNNVERSITE. SUD

: C M 7ié;
fon Bolgrechnique

entrale Marseille
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APT data analysis

Iso-concentration surfaces: Examples
Ge(Mn) nano-columns
TEM

Nano-columns

N

 Ge(001)

cross-section

o
N
-
18]
(@]
188
O
—
1)
o
—_—
N
Q
—
n
-
—
D
-
—
0
-

CMn> 5 %
» Concentration gradients

0
CMn> 15 %

= nano-columns richer in Mn in their core and closer to the surface
ImZnp
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APT data analysis

Iso-concentration surfaces: Examples
Mn . Ge;(C) layer grown on 8CE)ie(111) by reactive diffusion

\ nm
N ® Mn atom < TO-E}MJ_‘ PR H R I R T op ey AP EEEE J65.9%
® Ge atom = 601 e
_g 50.
® 401
CMn>5O% / s
§ 30
é 20 _.22‘7%
}CMH>5O% 10 S mmmmaza, =,19,4%
0 T T ¥ T T T T T T 1
0 4 8 12 16 20 24
Lateral distance (nm)
g 110 ————————————————— S
o] /{_F ]
S 90] lllllI%TH“"\H_BB'OB%
© 1 | |
= 80 —— Mn IT\
ie) 70=:—I—Ge ¥
8oL R Ao, H
:' E 10 c /I\T N7 F19.58%
60% Mn et Ge . N%Ej\_( 1l /
Il isosurface Mn = 50.5% S ; . AL /s ) 16%
slice = 10 nm (P SN e e -
0o 1 2 3 4 5 6 7 8

Lateral distance (nm)

» Delimitation of different phases (phase selection for data analysis)

LmZnp
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APT data analysis

e Iso-surfaces: cluster detection

Blue dot: O atom

8 Green dot: Sl.at_o_m ) Blue dot: B atom
Red_ voIL!me§. S|I|con_-enr|ched Green dot: Ni atom
regions in SiO, matrix Black dot: Si atom

Blue volumes: isodensity
surfaces = 0.65 B at nm-3

15i 30%

200
x-direction (nm)
= N
o O O

300

40 60 80 100 ‘120
R4 , Depth (nm)

Si nano-clusters in a B nano-cluster in a
Si0,/Si(001) layer Si0,/NiSi/Si0,/Si(001) layer

UNNVERSITE. SUD

: C M i56;
foe polytechnique
e d e G T ESC IR

trale Mars

Institut Matériaux Microélectronique Nanosciences de Provence 1] eenamom. 47
m q DE RCHE
o i UMR &242 CMRS, Universités Paul Cézanne, Provence et Sud TeulonVar 7 L




APT data analysis

Quantitative measurements: proxigram
Buried Ge islands

1D Concentration Profile (Fixed Bin Width) Ave ra g e CO m positi O n Ca I CLI Iated
] / along the directions perpendicular
“IMax ~ 13¢ to the defined iso-surface

interface

- NS UL e

proxigram ROI

Concentration (Atomic %)

4.0 X 8.0 8.0
Distance (nm)

Proxigram > Allows the curvature of an
/ interface to be taken into account
in the 1D concentration profile

< Max ~ 21%
2N

Concentration_(Atomi_‘c %) N
N 5 ]

0.0

o X oo 2.0
Distance (nm)

5%

UNNVERSITE. SUD

o T e
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APT data analysis

Proxigram: Examples

Cluster composition
Mn-Ge nano-clusters in poly-Ge

',__:_.'5 0 210 ~ proxigram arround the isosurface T /1
t' 7 I ¥ I ¥ ] . 1 . L] ¥ I M L] o
10 ] ] A
< 61 ] —>
20 T
| 5° \
T 4- .
30 =R
© 34 -
g |
40 5, | ]
_ c ] |
150 =14 | Af\ .
i i lom ola WU UYL M A - Average cluster size
® Ge at. (50%) 4 3 2 1 0 1 2 3 4
M Mn isosurface 1% Depth (nm) - Average cluster

. composition
Island average size ~ 2 nm P
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APT data analysis

Proxigram: Examples

Cluster composition
Si nano-clusters in SiO,

Plane view

at %

length (nm)

Island average size ~ 5 nm

Si-pure island core ~ 1.5 nm
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APT data analysis

Quantitative measurements: atomic radial distribution
Mn-Ge nano-clusters in poly-Ge

® Mn eGe oC ©0

Z 1003
- ]
O]
N
T >
R S SO %'gm;
S c3 ]
-E;'IO E ©
8 A w
5 5%
] SEM
2 6 2
g
50-1 JWM&N%%I - g 0,1 "l'l'l':'l ! L
> 0 1 2 3 4 5 6 7 8 9 10
0 20 40 60 80 100 Radius (nm)

Depth (nm)

» Investigation of atom distribution, here up to 4 nm a Mn atom has ~10
times more Mn and C atoms than Ge atoms in its vicinity
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APT data analysis

Quantitative measurements: cluster analysis

\"\'} in Si
Distribution Analysis Nearest Neighboor Distribution a to m S I n I
drr:ax
1000 - ! - - Random
- = Random —— Data
— Data 800 =
= €
3 3 600 —
o (5]
400 —
200 —
| I — o=
4 5 6 b) 05 10 15 20 25 3.0
Concentration (%) d-pair (nm)
Cluster Size Distribution Radial Distribution Function
7 -
1000 — > 6
Nmin - = Random '2
| — Data g 5
= 100= 1 N\U 3 a4 :
c
: Vo 8 180
o 1 £ 3 -
10 — | = 2 -
1 =
'l‘: m 1 —
1 0
g ;:;;Il;[ﬂ ; ;455 100 011l;lll;l1léll‘;ll1
c) d)
Cluster Size (Atoms) Distance (nm)

» Even if clusters cannot be observed using iso-surfaces, statistical
studies can be performed on the atomic distribution in the APT volume
lading to the detection of clusters (number, size, composition...)
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APT data analysis

a) Distribution Analysis

Cluster analysis: Examples
Sb atoms in Sb- and P-doped Ge grown by MBE

D) Nearest Neighboor Distribution

Sb cluster analysis

4
10 --- Data oS i Data X
---Rand 1 :
S e 80-80-40-20 O 20 40 6 0604020 O 20 40 60
- N, L 4 ) NI WS S -l 4
5 301 8 % - f
c = $
3 10 § & e 5T ;—
o O 201 S i ¥
<ol X -8
101 | il
=3 = ;
10° - 0 . - 3 L "
2.0 25 3.0 35 4.0 Y 2 d 4 ( 6 ) 8 10 $ -8
. -pair (nm 2 s
Concentration (%) P Dislocation
—— . Sl " - =
C) Cluster Size Distribution d) Radial Distribution Function r
-
400 < 6 . X
—=-Data 2 e ® Ge N *
— Random e 54 —_—Sb | o — o <
. 5 s bz % o
E i @ si ST
3
= § ’100.0 % & ;c;}; .:':.'Z.; L §
§ 2001 N 2 Cluster radius ¥ sb e 3 4 '”
- - s
o @ B (1000 % T
100+ o v P ” >
- g I (1000 % Sb accumulation
0 : e c ol : y ’ . .
: 4 6 8 10 0 2 4 6 8 10
Cluster Size Distance (nm)

Tip information Cluster analysis
Upper Bottom Height Number of | Average atom | Clusters per microtip
radius radius clusters per cluster
20 nm 60nm | 450 nm™ 83 10 3.4%10' clusters/cm’

*without taking into account the Sb accumulation at the bottom of the tip
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APT: some issues

» Sample fracture due to the stress applied to the tip during electrical
or laser pulsing (electrical force and/or temperature diffusion effects),
and due to interface weakness in multilayer films

> Detection limit ~ 1018 at cm=3: APT allows atomic scale analysis but
despite that 50-40% of all the atoms present in the sample are
collected, the detection limit is limited by the small size of the probed
volumes (101 at cm=3 ~ 1 at in 100 nm3)

» Mass resolution (overlapping peaks in the mass spectrum) can
depend on analysis conditions (too high laser energy for example)

» Evaporation of some materials can occur via molecule formation
= complex mass spectra (complex ion identification)

> Need references (film thickness, flat interfaces) in order to perform
the best 3D reconstruction = best reference = atomic planes

» Reconstruction procedure considers a single evaporation field F (= 1
homogeneous material), but samples can be made of several materials

> Best analysis conditions can be different for different materials
(oxides, metals, semiconductors...) = alloys, multilayer films...
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APT issues: multiple hits

| Y+ |
1lr[]|(- trRiGHT two signals
+
n n |
i\ 1
&
N 0
t v+ . . ’
LEFT thown single signal

Y+r
> Ions from close regions on the tip can arrive at the same time on the
line detector
> If the two hits are enough far apart on the detector, two signals are
detected but it is difficult to define which signal belongs to which ion
— dedicated algorithms can separate some of the ions
> If the ions are too close on the detector, a single signal instead of n
can be detected on some lines, preventing to differentiate the n ions
— a single hit is counted instead of n! = C = C/n!!
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APT issues: surface diffusion

. Evaporation close to
/ a surf. defect

Surf. diffusion

e

Grain
boundary

» Due to the low temperature of analysis (20-80 K), surface diffusion is
not a problem in general, but in some cases some of the atoms may
diffuse on the tip surface and evaporate preferentially on sites of
smaller curvature radius = wrong atom distribution
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APT issues: local magnification

atomic density

2
/4

--- Normal ion trajectory

|:eM > |:eC |:eM < |:eC — Effect of F difference

Density & Density N
Size N Size &

» V = const: evaporation at surface regions of smaller curvature radius
» Regions of higher evap. field (F.) need smaller radius for evaporation

» Case of an homogeneous matrix with F,M containing clusters with F_©
= the density of atoms in clusters will be different from in the matrix,
and the size of the clusters will not be the real one
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APT issues: local magnification

Interfaces between Interface between Si and SiO,
different Mn-Ge phases s v

@ Mn atom
® Ge atom ‘o
Cu,>50%
1Cu>50%
. Blue dot: O atom
60% Mn et Ge m p P Green dot: Si atom
B isosurface Mn = 50.5% Red volumes: Si clusters

slice =10 nm

> Significant evaporation field difference promotes curved interfaces
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APT issues: local magnification

Grain boundary Grain boundary effect in poly-Ni,Si(Pt)
effect in poly-Ge : o
, <«——— Grain boundary
-10-5 0 510 . =T,
) «— Direction of
10 analysis
<Direction O}I;Ihatysfi; ‘ 100 nm
20 Blue dot: Pt atom
_ 8 8
30 AL o T
: °I .. :-_ ' ” G ) . _,' e=7nm
40 L. o
? i B s * 5 4 N = k.
+20 el B ke M 24° - Pl 3
3 T £€=3nm e
. nm 1 ' 1 !
® Ge at. (50%) %0 1o 2 % 40 % 6 70 8 9 0 10 20 30 4 S0 60 70 80 %0
B Mn isosurface 1% Angie 8.0} Angle« (%)

» Difference of curvature radius promotes atomic density variations and
distance/thickness variations
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)
/ P
fan Qolipachnique L A= /4
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ve diffusion

2+ 1+
5 Cy C.
41
3-
24
14
b T
0 2 4 6 8 1012 14 16 18 20
Mass-to-charge-state ratio (Da)
00
Gel, Gel;
cel |
Se;3 .
Mrs Ge,,
104
1 +H————— ' .
27 28 29 30 31 32 33 34 35 36 37 38
Mass-to-charge-state ratio (Da)
00 [un: .
= ‘_Gei— Ge
Gy =
Ge Gel
10
M nC)]

5456586062646668707274767880
Mass-to-charge-state ratio (Da)

||
[ |
APT issues: molecules
Mn;Ge;(C) layer grown on Ge(111) by reacti
3
~ nm
® Mn atom
N 10 20 | ®Geatom
Cun>50% 1
20
- }Cun>50% 2
40 Mo S S
: 100 - .
E S QO-W{%T | I/H"\ [ Jag oses
60 “2’ 80 —=—Mn I I I \‘I\
_4% 70 _._Ge - 1
*g 10-_._C &\T/&T [ /{ 49,58%
) ‘_[ '
5 7 AN i 3
60% Mn et Ge © N ST = e S 2 e e AL o
Bl isosurface Mn = 50.5% O 1 2 3 4 5 6 7 8
slice =10 nm Lateral distance (nm)
» Inform on atom neighboring (molecules not formed after evaporation)
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APT issues: heat flow

?4(3 +2

Buried Ge islands on Si substrate

2+
Te2 ZG+2 Ge
Mass- TO Charge -State F\’atIO (Da)

i 1
0.5 nJ and 40 K on Si substrate

> Detect Ge2+ and Gel* with a ratio Ge2*/Gel* ~ 4.44
» No Ge molecules in the mass spectrum
» Background noise ~ 1-2

MGt Ge+

Count

Count

340 2.0

Mass-to .

TO00 720
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APT issues: heat flow

Ge layer grown by MBE on SOI

?4G Bt

Count

et
Tedy

. : Tel
380

400
Mass-to-Charge-Sta

I

70.0

720

740 TE.0

Mass-to-Charge- IState Ratio (Da) | & | e
0.2 nJ and 40 K on SOI substrate
> Detect Ge?* and Gel* with a ratio Ge2*/Gelt ~ 0.5
> Wider Ge peaks in the mass spectrum
» Higher background noise ~ 6-10
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APT issues: heat flow

Ge layer grown by MBE on SOI
Ge?" N . Ge,"
- Ge™ / Ge, 2

‘ ll

Mass-to-Charge btat Ratio (Da)

Count

L

1e4+ Get i

molecules

"SRl M

100 120

Mass to-Charge-State Ratio (Da)

0.2 nJ and 40 K on SOI substrate
» Detect Ge, molecules in the mass spectrum
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APT issues: heat flow

?4G |3+2
1ed

Ge layer grown by MBE on SOI

?DGE+
e -+
Gelt Ge
EG +1

1e3

GE+2

Count

740

Mass-to-Charge-State Rati

78.0
0
1e14

(Da)

EGE+2

1eld

34.0

T
380 420

' 460
Mass-to-Charge-State Ratio (Da)

0.03 nJ and 20 K on SOI substrate
> Detect mainly Ge2* with a ratio Ge2*/Gel* ~ 670
» No more Ge molecules in the mass spectrum

» Background noise stays high ~ 10, specially between peaks ~ 40-100
LmZnp
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