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Technology and Applications

wLow Temperaturelon Source

wlLasercooling + Photoionization
wHeavy ion nanomachining
wSmall spot sizes

wExcellent resolution at low energ
(~2 nm resolution at 1 pA, 16 kV)

wl pA-10nA

wLoTIS + FIB

wComparable to standard GE&IB,
with 2x higher resolution at low
beam currents

w Compatible with normal
peripherals, gas chemistries etc..

wFIB:ZERO with SIMS

wAnNalysis of secondary ions in a
mass spectrometer
wBest for elementatompositional
analysis
wCollab. with Luxembourg Institute
of Science and Technology (LIS




How does LoTIS work? ZERD

applied

electric
field, E

lons are created in a lasepoled

atomic beam as it flows through
the intersection of photoionizing
laser beams

The cold temperature (~10 pK) is
the key to achieving finely
focused beams




Implant Depth Comparisons ZERG
(SRIM simulation)

Al 2YLI NAazy 2F OKNBS a0SYyIlI NA2a o8 KSNb
A Cs has significantly reduced straggle and implant depth
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FIB:ZERO
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M|”|ng ACCUFacyilo nm Au on Si

Y LoTIS provides clean mill boxes with sharp corners

Milled with Gd LMIS Milled with CSLoTIS

Nano Structuring Cente

Gt

curr dwell det | mode WD tilt mag 1pm
2.00kv | 0.10nA | 300ns | TLD | SE |44 mm | 0° | 50000x | 4.14 pm TU Kaiserslautern NSC T. Loeber

% HY curr dwell det | mode WD tilt mag BB HPW 1pm %
2.00kv | 0.10nA | 300ns | TLD | SE |4.0mm |0° | 50000x | 4.14 pm TU Kaiserslautern NSC T. Loeber

- squares with 1, 0.6, 0.4, 0.2, 0.1 and 0.05 pum length
- milled through the Au layer
- milling time Ga and Cs almost the same




FIB:ZERMIilling Rates ZERO I




PHYSIK Milling in silver S?E s sy

y ; b : . \
O Ny A B 5
@ 16 kV, 130 pA
7 - \ ) ) % R .
mag [==) FA 4 pm éu“{‘ HV curr dwell det moce WD s mag H HFN 4 pum

Ve r no VYL
i Ade
P 2.00kV  0.1204 ' ) S 39mm |0° 12000 x . ~  Kaiserslautern NSC T. Loeber 200kv 0.10nA 10ps | ETD SE 40mm [0° 12000x | 17.3 ym TU Kaiserslautern NSC T. Loeber

Ic structu

- Ga: inhom®e milling in polycrystalline silver g
- Cs: signfi\ar® Better rings VY NSC

Nano Structuring Center







Existing Elemental Analysis Techniques 2gpgK
and a New Solution

W Site-Specific SIMS
wResolution limited to ~50 ith high yield

= EDX/EELS — (CAMECANanoSIMS), or
wCan get a high resolution FIB (Ga, He, Ne) with a

time-of-flight SIMS analyzer. But low secondary ion
yields from these beams usually results in poor lateral
resolution. Additionally, timef-flight analyzers
necessitatdong acquisition times.

wLong samplgrep times
w3D analysis infeasible
wLowZ elements challenging

These points are addressable by

SIMS:ZERO

A Fewnanometer resolution (slide 21)

A High secondary ion yield (slides 23,4
A Integrated sampleorep and analysis
capability (slides 231)

10



Primary lon Species Matter

ring yield

Differing Sputter Rates

Sputte

- Analysis Time

Differing interaction Volumes et
- Resolution

Differing Yields

- Sensitivity Floor, SNR

FWS50 of emitted particles (A)

ZEROK




SIMS:ZERO ZEROK
Instrument Overview L|ST@

Cs+ FIB:ZERO (zeroK) and SIMS spectrometer (LIST: Luxembourg Institute of Science and Technology)
on a 600Cseries FIB (FEI

LoTIS
Focal Magnetic LoTIS lon - L
~.Plane Sector Column = =
E__.jk:\'_“""""' s
N
Detectors__> __ . N
(4X) Primary lon
_‘ Beam Axis (Cs+) a Spectrpme}er T it
"," | E | "[‘_;—‘1 ,‘__:_;;;;“%;——i— )
Electrostatic % | ; _ ; et W \
Sector s/ —— L\IU ?)I I:::(;ractlon
| D \i p - %
1 = <
Secondary lon :
Beam Axis (+ or -) Sample B A
e FIB
‘.4‘ A
- FIB online 6/2020 p— . =3 b

- SIMS online 5/2021
12



FIB / SIMS Combination

SamplePrep, Nanofabrication / Analysis, Process Control L|ST@

FIB Mode

S| Extraction

SIMS Mode

ZEROK

LOTIS capabilities

A
A
A
A

2-16 keVCs+ beam

Upto 5nA beam current

Spotsize<2nm at lowcurrent
Goodspotsizesven at low beam energy

FIB Mode (SIMS Extraction Optics Retracted)

To T o T Do

Milling

Sample Preparatiore¢y Sectioning, Polishing)
Nanofabrication

Gasassisted processesdPlatinum Deposition)
Tilt stage

SIMS Mode (SIMExtraction Opticdnserted)

To To o o P>

Highest spatial resolution SIMS imaging

A ., ol | demonstrated
Mass resolutio j30 T T Tt
Mass range up to 30@mu
High secondary ion throughput (~40% simulated)
4-Channel Detector Standard (Continuous Focal
Plane Detector available)

13



Continuous Detector ZEROK

A Sample the entire masspectrumfor UST—@

every pixel (e.g.-850amu)

A Collect the entirespectrum(asin ToF
SIMS)put without painfully long
acquisitiontimes

A 480 mm micrechannel plate
A Delay lines, discriminators allow for
pulse counting along thiull length

T 480 mm

Spectrum (dM=0.10 amu

J Ml j Ww L mﬂﬂ i

100 150 200 250 360 350

10% 4

£ 10%
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A

A

SIMS:ZERO Resolution ZEROK
Tungsten Carbide

7 Q7 ¢®nQw

SIMS:ZERO can provide M B=4.45
higher resolution SIMS scand I 1 3.8

. - 84%
than any other instrument N ;
SIMS resolution is a functio E
of abundance, yield, and sp d ]
size - 16% 1 092
SIMS:ZERO has a focused 1 A=0725

beam with <3 nm spot size,
' YR & A y@eSachieve
high yields for many materia
In samples with high
abundances, resolution at
near the physical limits of
SIMS can be achieved (see
right)

CP
VPG

a 8 =

Q; Y Gz

p&ea

Negative lons

Working Distance = 51.6mm Date | OoMamRo=
. ey . Sample | WC (184mu)
Multi WC_2105121624015_CH1.TIF 272s acquisitioime.

FOMum) | 2.97um

| A 2.5

Ukv) |16
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SIMS Analysis Example ZEROK

CIGEu(n,GaSe

¢ Rbdoped

5 ‘\\Ff" - ):j 9‘5‘;‘_‘_ _%;

Sy B e g L 4
i s T - o *
e ” L :
% . = o
SR s
3 i ;

o R N & LI v
x: -2.0260 mm | mag H | dwell

WD
“%|12.4 ym|51.4 mm|y: 10.0782 mm |12 000 x | 30 ps SIMS:ZERO - LoTIS FIB

SE Image Cs+, 16keV, 10pA, 51.6mm WD

Summary

A CIGS is a solar cell absorber material

A Rubidium doping increases - Window /
conversion efficiency Buffer Stack
A SIMS spectra clearly show all CIGS
elements:
A Cu, In, GaRbin Positive Mode CIGS
A Se in Negative Mode
A Secondary ion imaging channels sho(
distribution of elements in sampleg
Rbdopants concentrated in grain
boundaries Mol
A Secondary electron images provide y
complementary information at high Glass
resolution Substrate
A Section view technique provides
superior SIMS data Werner, et alScientific

Reportsvolume 10, 7530(2020)
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https://www.nature.com/srep

CIGS Cl(,GaSe ¢ Rbdoped ZEROK
Serial Sectioning / Imaging / Polishing \AFldu

SE Images

Glass Substrate

Moly e

o

n | mag B | dwell

n
@& 124 um 55.0 mm y: 14.1355 mm | 12000x | 10 s SIMS:ZERO - LoTIS FIB

SIMS section, prepared with low After SIMS Imaging, section face Section face after cleanup mill. Ready
surface topography, reveals layer develops topography which obscures for SIMS on next layer

structure (glass, moly, CIGS, elemental contrast / distribution

Window/Buffer Stack) information

Cs+, 16keV, 10pA, 51.6mm WI

17



hin

Glass Substrate

FIBDeposited Platinum Cap

Secondary electron image
A Sample polished, ready for SIMS

A 9.5 um FOV

3 f'-ﬂh 2 E

o5 -_L#

Rb" SIMS Image

A Rbconfined to grain boundaries
A Grains are smaller near the interfaces

A Bilayer structure in the Moly layer




CIGS Cli(,GaSe ¢ Rbdoped ZEROK

SectionViewc Positivelons

Apparent width of Rubidium signal between grains

10

24nm FWHM

GrayValue

0 20 40 G0 a0 100 120
Distance (nm)

Cs+, 16keV, 3.5pA, 51.6mm V
CIGS_Pos_2107151409368.c
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Diatoms LIST&S

(Silicagshelled algae)
7.5 umFoV




Endpointingexample ZEROK

Test sample SiO2 on Cu NANO

_ A Objective is to mill via through SiO2 and stop
Via S102 when Cu is reached without ovarilling

S A Typically done by monitoring for a change in

SE vyield, but SE signal can be difficult to

interpret
Cu A SE yield can change due to topography (sidewall),
300 nm grounding (voltage), material contrastic

A SNR, Contrast is very low for high aspect ratio vias

A Monitoring the Secondary lon Signal on one
or more elemental channels provides
Si (BU”( A Multiple signal channels for analysis
A More definitive informationjed / dz A& /[ e > G { A
A High SNR, Contrast signals

May 2023¢ EIPBN 2023



SIMS Signal while Machining %AEN!}UK

100nm Square Mill Box, 0\ 16 kV, 54 mm WD, Negative Sls

O — % cesum A Initial signal levels rise as cesium
F— si concentration concentration builds to enhance the Sl
{ — cu-  puilds in milling yield by ~3 orders of magnitude
volume
107 ; A All 3 channels show abrupt changes when
| Machining crossing the SiG€u interface
starts at A Siand O exhibit clear features just prior

to Cu appearance
A/ 2dzZ R 0S dzaSR lFa | RglIyOS alL
endpoint,egindicate when to change milling
parameters like dose rate to optimize machining at
the endpoint, eliminate reaction time error

t=4s

SI Signal (CPS)
H
<
i

101 ;

] A Cusignal

_ | H | ‘ ’ ’ A Exhibits extremely high contrast between off and on
10° . . . . : : A Changes from 0 to 2500 CPS over 250ms ==
o0 - >0 2 100 12 10 17.3 20.0 minimum time step from integration

time (s)

May 2023¢ EIPBN 2023



Section View of 50nm RectangWaas ZEROR

50nm x 500nm Mill box, 2@A 16 kV, 54 mm WD

DR AT o o

L RS T S
S B NG AR R

| SIMS signals
SIG, : A Predictive of

¥ s5om Milling Results
.._.-—_—-1--—--»-. — R —— . -~ S —

Over Mil Cu " glight over Mmil I Slight Under Mil

Signal Level
Remains High
Despite Higher
Aspect Ratio

SI Signal (CPS)
SI Signal (CPS)
SI Signal (CPS)

1o’ “ il f',f

T T T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time (s) time (s) time (s)

May 2023¢ EIPBN 2023



Perovskite SIMS (Positive ions)

P

Complex MultElement Analysis with continuous detector  ,qy s,

ZERD

Spectrum POS (dM=0.10 amu)

Mass (amu)

Scandium$e)

24



Perovskite SIMS (Negative lons)

Complex MultElement Analysis with continuous detector

lodine (1)

Total (All) lons ' Cobalt (Cot+ CoQ

AS)



SUMMARY
SIMS:ZERO

CIGS Cu(In,Ga)Se,— Rb doped

Section View — Positive lons

SE Image = Pre-SIMS

X I R R-#esoKitlod Kighsensitivity, high speed

* Rbconfined to grain
boundaries

* Grains are smallernear
the interfaces

elemental analysis

X Oz el a RS N Amesllik Ve Section View of 50nm Rectangular Vias

ZEROK

ZEROK

Complex’ mUIt-IE|ement Samples 50nm x 500nm Mill box, 2.0 pA, 16 kV, 54 mm WD NANOTECH
X y S é 2 LJLJ2 N\I,I dZ)/ 7\ U 7\ S é. -'F 2 4] - S A SRR e SIMS signals
S| nal y | \ :( Predictive of
g 7 v - »\]L ' Milling Results
Slight Under Mill

5" R Signal Level

v 2 % 107 Remains High
210y | 10 & 100 Despite Higher

QTSR S L — " e g Aspect Ratio

Teh w % w w e

26




27



SUMMARY ZEROI
F I B Z E RO Invasiveness Comparisons ZERO K

(SRIM Calculations)

L "8 Confidential- DO NOT DISCLOSE |
VINWAY "/ UL NUA = 1 N 1 & 1INV I\ W VL

Milling Accuracy: 110nmauonsi

—s LoTIS provides clean mill boxes with sharp corners

Milled with Ga* LMIS Milled with Cs* LoTIS

- e —_—

AR

O os

7= - IR N A Bl e R T e .
R 1w 23008 | W0 10| B | Steen 00 |00 430 W it G T b

- squares with 1, 0.6, 0.4, 0.2, 0.1 and 0.05 um length
- milled through the Au layer
- milling time Ga and Cs almost the same

Confidential- DO NOT DISCLOSE
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Zoom on SIMS Signal at interface ZEROR

100nm Square Mill Box,p8\, 16 kV, 54 mm WD, Negative Sls NANO

7000

— o A Siand Q signals as endpoint
— s — 500ms +— predictors

60001 ___ .
/ / A O-signal abruptly peaks and drops to

5000 80% of peak value in 500ms prior to
Cu signal

00 A Sk signal levels off (second derivative
// / changes sign) over the same interval

3000

51 Signal {CPS)

A Cu signal

2000 A Exhibits extremely high contrast
between off and on

o0 /// j A Rises from ~0 to 2500 CPS over
| 250ms == minimum time step from

D 1 T T
10 11 12 13 14 15 integration

time (s)

May 2023¢ EIPBN 2023



Location oflfiOnanoparticle

within in huge, fixed cel

ofs | HFW WD x: 1.4463 mm | mag H | dwell 5um

..0‘.,

€% (20.7 um|52.6 mm|y: 12.2607 mm | 7 209 x | 60 s | SIMS:ZERO - LoTIS FIB

|12cl4

4T

48T}160




Depth of Focus Comparison ZERO !

(Results on slides that follow)
= KAISERSLAUTERN

FEI: SEM image

222R tAfSE Dbly
Heights: 40 um, 80 pum, 120 pm
In the following slides we acquire an
Image containing both the top and
bottom of such the 120 um (tallest)
structure
A We can compare the depth of focus of
various beams by comparing the
Wof dZNNAY SaaQ 27F i

o o Q-

A better depth of focus aids in the milling
YR AYF3IAy3a 2F WRSS

HY curr dwell | det | mode WD tilt | mag FH HFW — 200 pm —————

ﬁ 2.00kv |0.10nA | 10ps |ETD | SE | 38mm |52° | 200x | 1.04 mm TU Kaiserslautern NSC T. Loeber

31



Depth of Focus Comparison
Y LoTIS depth of focus substantially better than Ga

Ga LMIS (30 kV)
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Platinum Depositiog NarrowLines 143:{

Y FIB:ZERO can provide very narrow metal lines

Pt lines with 100nm width as deposited on Si. Pt lines after cleanup mill. Tilted view to show height of Pt lines above Si substrate.
Measured Nominal
76nm 70nm
57nm 60nm
51nm 50nm
42nm 40nm
36nm 30nm
)

Deposition, milling, and imaging performed with 1.0pA Cs+ ion beam.



