Benefits of a Cs FIB with alow /¥ s
temperature ion source compared to a standard Ga FIB

4

chamber Ga FIB

Thomas Lober, Nano Structuring Center,
Department of Physics, Technische Universitat of Kaiserslautern
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Nano Structuring Center

core facility of the TUK
- electron, ion, photo lithography
- sputtering, e-beam deposition, ...
- dry and wet etching, analytic, ...

Nano Structuring Center
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Nano Structuring Center
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Nano Structuring Center

PHYSIK

what we DO what we DO NOT DO
- micro and nano structuring - developing machines
- developing processes - modifying systems

- supporting students
- training on machines ¥ NSC

Nano Structuring Center



Commercially available FIB systems s

-

www.raith.com

- GaFIB - LMIS with Eutectic
- many applications possible - @Ga, Si, Ge, Au, Li, Bj, ... .
- often combined with SEM - dedicated ion writer v NSC

tructuring Center
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Commercially available FIB systems

www.FEl.com

WWWw.zeiss.com

- Xe plasma FIB - helium or neon ions
- higher currents -> high sputter rates - high image quality, small SPL o
- large volumes can be milled - low sputter rate v NSC

Nano Structuring Center



e -
B TECHNISCHE UNIVERSITAT

Low Temperature Cs FIB [ & CRSERSLAUTERN

PHYSIK

- unique ion source
- uses laser to cool ions
- chamber like FEI Ga FIB

- acceleration voltage 2 — 16 kV v NSC

Nano Structuring Center
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Low Temperature Cs FIB
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additional
laser rack

VN
VY NSC

Nano Structuring Center



LOw Temperature lon Source LOTIS

2D magneto-optical trap

(MQOT)
2D MOT with _
magnetic field gradient
optical
molasses

Cold atomic beam ion source for focused ion beam applications
Journal of Applied Physics 114, 044303 (2013)
https://doi.org/10.1063/1.4816248

B. Knuffman, A. V. Steele, and J. J. McClelland

- Ga '.7 - <— mirror
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- 2 step ionization

- only in focus of both lasers

- laser power can be changed

- laser beam diameter can be
changed

- ion beam can be changed
continuously

- no aperture needed

- minimal T = 30 pK

- energy spread AE =0.45 eV
- accl. voltage U=2-16 kV

- ion beam pA to nA

VN
VY NSC

Nano Structuring Center
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energy spread [eV] 0.45
accelleration voltage [kV] 30 30 30 2-16
[ 10?;'?:52(:.511\,_1] 1 1000 0.01 20
ion beam PA - nA PA nA PA - nA
sputter rate medium low high medium
single pixel line [nm] 40 4 250 ~ 10
penetration depth Si [nm] 28 283 23 6

y =
VY NSC

Nano Structuring Center
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V 00s

Penetration depth in silicon
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PHYSIK FIB systems @ NSC T3 Gmeesonmm:

FEI Helios 650 NanoLab DualBeam ZeroK Cs LOTIS VY NSC

Nano Structuring Center
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comparing Ga FIB and Cs FIB

- imaging

* resolution

e depth of focus

* material contrast

e crystal orientation contrast
- deposition of platinum
- milling

e silicon

e silver

y =
VY NSC

Nano Structuring Center
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SE images taken with Cs ion beam @ 16 kV

nm|1.41 mm

eye of a fly broken drill graphite pen
.
VNSC

Nano Structuring Center
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Ga ion image Csion image

o' HV curr | mode | dwell ‘mag
8.00kV |11 pA| SE |30 pus|[10000x[16.3 mm T. Loeber NSC

HV curr dwell det mode WD tllt mag H
30.00kV | 7.7 pA |30ps |ETD | SE | 13.0mm | 52° | 10 000 x |TU Kaiserslautern NSC T. Loeber
graphite pen: magnification 10k x vNSC

Nano Structuring Center
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PHYSIK

Ga ion image Cs ion image

o' HV curr | mode | dwell | mag WD —_—2um
8.00kV |11 pA| SE |30 pus|[20000x[16.3 mm T. Loeber NSC

,/
HV curr dwell | det | mode WD tilt mag H
30.00kvV | 7.7 pA |30ps |ETD | SE | 13.0mm | 52° | 20 000 x |TU Kaiserslautern NSC T. Loeber
graphite pen: magnification 20k x vNSC

Nano Structuring Center
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Resolution
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Ga ion image Cs ion image

T | Yea@30k,77pn
HV curr dwell | det | mode WD tilt mag H
30.00kV | 7.7 pA |30ps |ETD | SE | 13.0mm | 52° | 50 000 x |TU Kaiserslautern

graphite pen: magnification 50k x 'ﬁSC

Nano Structuring Center
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PHYSIK

Ga ion image Cs ion image

Cs/@ 8 kV, 11 pA

L .";-}D
L] PR A A
‘e 8.00kY | 11 pa < s |1 16.3 mm

Ga @ 30 kV, 7.7 pA
HV curr dwell | det | mode WD tilt mag H
30.00kV | 7Z.7pA |10ps |ETD | SE | 13.0 mm | 52 ° [ 100 000 x |TU Kaiserslautern NSC T. Loeber

graphite pen: magnification 100k x
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Depth of focus

SEM image: woodpile made of photo resist acrylate

PHYSIK

HV | cur | dwell | det | mode = WD | tit magFH| HFW | ~—— 200 pm
2.00kV | 0.10 nA | 10 pe S 38mm |52° | 200x | 1.04 mm TU Kaiserslautern NSC T. Loeber

-~
height 40, 80, and 120 pm VY NSC

Nano Structuring Center




PHYSIK Depth of focus | R

Ga ion image Cs ion |mage

A s A s 55
"

o' HV curr |mode | dwell | mag WD —5um—~
16.00 kV|3.4 pA| SE |30 ps|10000x|16.5 mm T. Loeber NSC

wood pile height 120 pm ':SC

Nano Structuring Center



Material contrast TR e

electron image Ga ion image

ﬁ HV curr dwell | det | mode WD tilt mag H 3 pm — HV curr dwell | det | mode WD
S |2.00kv | 0.10nA |10 ps | ETD SE 3.8mm | 52° | 12 000 x \ TU Kaiserslautern NSC T. Loeber 30.00kv | 1.1pA |30ps | ETD SE 13.0mm |0°
. _—
cross section of GaAs and AlGaAs layer 'NSC

Nano Structuring Center

12 000 x | TU Kaiserslautern NSC T. Loeber
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Ga ion image Cs ion image

ofs | HV ” “curr | mode | dwell mag — R V111

CERERER =
Pt layer: contrast of Ga negative of Cs: dark <-> light 'ﬁSC

Nano Structuring Center

&S 16.00 kV|0.60 pA| SE |30 ps|10000x|16.5 mm T. Loeber NSC
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Ga ion image Cs ion image

tilt mag H +— 500 nm ——
50 000 x | TU Kaiserslautern NSC T. Loeber

Pt layer contrast of Ga inverted to Cs: dark <-> light 'ESC

Nano Structuring Center
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Ga ion image Cs ion image

d\n!éH [ det | mode | "‘;"'JD H\l maqEE ) 1 ;lillTlé

5 N
®® 1 30.00kv | 7.7 pA [10ps | TLD SE [13.1mm | 7° | 35000x | 592 pm TU Kaiserslautern NSC T. Loeber

unpolished cross section of a piece of steal: 100Cr6 ZEROK ':SC
NANO

Nano Structuring Center



I—: TECHNISCHE UNIVERSITAT
= KAISERSLAUTERN

PHYSIK Deposition of platinum

HvV curr dwell det | mode WD tilt mag EH HFW —5pm / curr n \ HFV
2.00kvVv  0.10nA |[10ps | TLD | SE | 4.0mm |52° | 6500 | 31.9 pm TU Kaiserslautern NSC T. Loeber 00kV | 0.10nA |10ps ETD | S 3.8mm | 52° | 6500x | 31.9 pm TU Kaiserslautern NSC T. Loeber

- platinum deposition on Si @ different current densities
- rectangle 1.5 um x 10 um -
- cross section of the deposited layers v NSC

Nano Structuring Center



Deposition of platinum TR e

25
Cs @ 16 kV
20
E 15 - Cs has a higher
2 e Ga@30kV growth rate: |
< - best current density
% 0 * Ga: 6 pA/um?
5 e (Cs:16 pA/um?
5
0
0 10 20 30 40 50 60 70 80

Current density [pA/umA2]

-
VY NSC

Nano Structuring Center
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PHYSIK Milling in silicon

HV curr dweﬂa de? mod WD tilt magiéa HFW 2pm
2.00kvV | 0.10nA | 10ps |ETD | SE | 4.0mm |45° | 25000 x | 8.29 pm TU Kaiserslautern NSC T. Loeber

expectation S reality

y =
VY NSC

Nano Structuring Center



- .
® TECHNISCHE UNIVERSITAT

PHYSIK |V|||||ng in silicon [ & KAISERSLAUTERN

dwell det | mode W tilt mag HFW —5um s 2\% curr dwell det | mode WD tilt mag EH HFW —S5um—

o N o/ N
U~ 1 2,00kv | 0.10nA | 10ps |ETD | SE |40mm |[0° | 6500 x | 31.9 ym TU Kaiserslautern NSC T. Loeber V= 1 2.00kv | 0.10nA |10ps |ETD | SE [ 3.9mm | 0° | 6000 x | 34.5 ym TU Kaiserslautern NSC T. Loeber

dose test with Ga and Cs ions

increasing depth from left to right By
rectangle 4 um x 4 um VNSC

Nano Structuring Center
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. Ga @Q&Q kV, 430 pA Cs @ 16 kV, 550 pA

HV curr dwell det | mode WD tilt mag 5 HFW —5um .i’f ‘ HV curr dwell det | mode WD tit | mag (5 HFW — 5ym—
e

* | 2.00kvV | 0.10nA | 10ps | ETD | SE | 40mm |[30° | 6 500x | 31.9 pm TU Kaiserslautern NSC T. Loeber 2.00kvV | 0.10nA | 10ps |ETD | SE | 3.9mm |52° | 6000 x | 34.5 pm TU Kaiserslautern NSC T. Loeber

- milling time almost the same: over all 20 min

- Ga: increasing depth uneven bottom ~
- Cs: almost flat bottom in the holes for all depth VNSC

Nano Structuring Center
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Ga @ 30 kV, 430 pA Cs @ 16 kV, 550 pA

;A:f HV curr dweu\l-detA mode —WD tilt mag BB HFW 2 pm
% | 2.00kv | 0.10 nA | 10 ps | ETD | SE | 4.0mm |[45° | 25000 x | 8.29 pm TU Kaiserslautern NSC T. Loeber

HV curr dwell det | mode WD tilt mag B3 HFW 3pm —m8

.00kvV | 0.10nA [10ps |ETD | SE | 3.9mm |52° | 17500 x | 11.8 pym TU Kaiserslautern NSC T. Loeber

- angle of sidewalls almost the same: around 8°
- Cs: rounder edges at the surface -
- Cs: slightly larger as expected v NSC

Nano Structuring Center
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Milling in silver

HV curr dwell det | mode WD tilt mag EH HPRW — 30 pm —

200kV | 0.10nA |10ps | TLD | SE [40mm |0° | 1735x | 119 pm | TU Kaiserslautern NSC T. Loeber

p:4

- polycrystalline silver layer
- often used for plasmonic structures .
- “nightmare” using a Ga FIB v NSC

Nano Structuring Center
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PHYSIK Milling in silver

- PR S o b e D 3 S L S SRRSO R T PRE- N L ST 2 R e Y o D LT N > W FECLE AL,
8 HV curr dwell det mode WD tilt mag B HFW 4 pym ,,‘:j« HV curr dwell det mode WD tilt mag EH HFW 4 pm

° | 2.00kv | 0.10nA | 10 ps |ETD | SE [ 39mm [0° | 12000x | 17.3 pm TU Kaiserslautern NSC T. Loeber 2.00kv  0.10nA (10ps |ETD | SE |3.9mm [ 0°  12000x | 17.3 pm TU Kaiserslautern NSC T. Loeber

demonstration: plasmonic ring structures
no problem in silicon
inhomogeneous milling in polycrystalline silver

Nano Structuring Center
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- pdo( esar], -

VY 008

Ga
@30 kV

Penetration depth in silver

V 008

- pda(q yesae], -

Siiver
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V 008
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> é Silver

- [pda( 9B -

g

Cs
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V 0ST +
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V 008

Silver

Cs
@2 kV

SRIM simulations
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VY NSC
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!
; W :
¢ ¥ §
B vi :
, i
L 3

e
%

f

f

?

’i

HV | curr | dwell | det | mode WD til | mag EEV HFW | 30 pm 3*{ W | cur dwel\i det VmodeA WD | tilt | mag 3 HFW R —, uin
° | 2.00kv | 0.10nA | 10 ps |ETD | SE | 39mm [0° | 1750x | 118 ym TU Kaiserslautern NSC T. Loeber 4% | 2.00kv | 0.10nA | 10 ps | ETD | SE | 3.5mm |[0° | 2000 x | 104 ym TU Kaiserslautern NSC T. Loeber

dose test with Ga and Cs ions in 1100 nm silver layer on silicon
increasing dose from left to right y .
rectangle 20 pm x 20 pm YNSC

Nano Structuring Center
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Cs @ ~163

curr dwell det | mode WD tilt mag (3 3*{ HV curr dwell det | mode WD tilt mag (3 HFW —S5um—~

200kv | 0.10nA | 10ps (ETD | SE | 40mm |0°  6000x | 34.5um [ TU Kaiserslautern NSC T. Loeber 2.00kv | 0.10nA |10ps |ETD | SE | 4.0mm [ 0° | 6000 x | 34.5 ym TU Kaiserslautern NSC T. Loeber

second highest dose: some silver left
milling time almost the same: over all 20 min y
Ga current 5 times higher than Cs current v NSC

Nano Structuring Center
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Milling in silver

PHYSIK

Ag Ga @ 30 kV, 2500 pA Cs @ 16 kV, 470 pA Ag

HV curr dwell | det | mode WD tilt mag FH HPW 5 pm

HV curr dwell | det | mode WD tilt mag B HFW —5pm ,}? |
4 | 2.00kV | 0.10 nA | 10 ps | ETD | SE | 3.9mm | 52° | 10000 x | 20.7 pm TU Kaiserslautern NSC T. Loeber

b+
i 200kv | 0.10nA | 10ps | TLD | SE | 4.0mm | 52° | 8000 x | 25.9 ym TU Kaiserslautern NSC T. Loeber

- cross section of area wit highest dose

- Ga: bottom is very uneven -
- Cs: bottom almost flat v NSC



AL Milling in silver

.-_— Ga @ 30 kV, 2500 pA

curr | dwell det | mode WD tilt mag BB HFW 500 nm
| 2.00kv | 0.100A | 10 ps | TLD | SE | 4.0mm | 52° | 100000 x | 2.07 pm | TU Kaiserslautern NSC T. Loeber

cross section of area wit highest dose
Ga: bottom is very uneven
- Cs: bottom almost flat

- "
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Cs @ 16 kV, 470 pA Ag

?;i HV [ curr deel\ | det ‘moder WD [ tilt [ mag B [ HFW [ SOOrnmw
* | 2.00kv | 0.10nA | 10ps | TLD | SE | 4.0mm |52° | 100 000 x | 2.07 pm | TU Kaiserslautern NSC T. Loeber

VS
VY NSC

Nano Structuring Center
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Ga @ 30 kv, 230¢ = ¥ ' e —Cs @ 16 kV, 130 pA
o [ - 747”’77;7 — 3 uinA HV | curr dwell | det 1 mode | WD. il | mag-BE [ H.é\,;,r’h. S = 4;117‘1- - )

e
2.00kv  0.10nA (10ps |ETD | SE | 3.9mm [ 0° | 12000x | 17.3 pm TU Kaiserslautern NSC T. Loeber & 2.00kv | 0.10nA (10ps |ETD | SE | 40mm [ 0° | 12000x | 17.3 pm TU Kaiserslautern NSC T. Loeber

HV curr dwell det mode Wi tilt mag EH HFW

*®

plasmonic structures

Ga: inhomogeneous milling in polycrystalline silver y
Cs: significant better rings VNSC

Nano Structuring Center
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Summary and Outlook

Summary

- higher depth of focus

- better material contrast

- milling in Si and Ag is different compared to Ga

Outlook
- testing different materials
milling and measure “real”
optimizing the Cs FIB
e size scaling
* milling and deposition parameters
» getting rid of teething problems
implementing pattern generator
open for cooperation

plasmonic structures

H
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Nano Structuring Center
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PHYSIK Material contrast

K
=
£

ey

)

ggr;r)A mglge géjﬁ! 10%%%)( 16.5 mm}i'r.l_oityerFT
; .
cross section of InAs and AISbAs layer v NSC

Nano Structuring Center
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PHYSIK Material contrast

Ga ion image Cs ion image

tit | mag B | —— 500 nm —— %5, HV curr | mode | dwell mag WD | — 500 nm —
50 000 x | TU Kaiserslautern NSC T. Loeber €e®|16.00 kV|0.60 pA| SE |10 ps |50 000x|16.5 mm| T. Loeber NSC

cross section done with Ga: not “clean”, dots, layers damaged 'ﬁSC

Nano Structuring Center
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Ga ion image Cs ion image

tilt mag H — 500 nm ——
50 000 x | TU Kaiserslautern NSC T. Loeber

GaAs/AlGaAs layer: higher Ga beam better contrast, destroying cross section 'ﬁSC

Nano Structuring Center
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Ga @ 30 kV, 790 pA Cs @ 16 kV, 470 pA

.}? ‘ HV curr dwell det | mode WD tilt mag 5 HFW — 10 ym .%2 Y curr dwell det | mode WD tilt mag B3 HFW 10 pym ——™
454 o8

2.00kv | 0.10nA | 10ps |ETD | SE | 4.0mm |45° | 4301x | 48.2 pm TU Kaiserslautern NSC T. Loeber 2.00kvV | 0.10nA | 10ps |ETD | SE | 3.9mm |52° | 5000 x | 41.4 pm TU Kaiserslautern NSC T. Loeber

- milling time: Ga over all 12 min, Cs over all 24 min
- dwell time increasing from left to right ~
- number of loops decreasing -> total dose equal v NSC

Nano Structuring Center
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10 Us 00 T ) 100 Us 500Us 1000 Us 5000 US 10000 Us

10000 Us §
1000 Us : -

Ga @ 30 kV, 790 pA Cs @ 16 kV, 470 pA
o HV curr dwell det | mode WD tilt mag EH HFW | ——— 10 pm H?
2% | 200kv | 0.10nA | 10ps |ETD | SE |4.0mm [45° [ 4301x |48.2 ym TU Kaiserslautern NSC T. Loeber

scan direction left to right
Ga: 500 ps; Cs: 5000 ps uneven bottom y .
dwell time stronger influence on Ga than Cs v NSC

Nano Structuring Center

bl V dwvell det | mode WD tilt mag B2 HFW 10 pm
%* | 2.00kv | 0.10nA |10ps ETD | SE | 3.9mm |52° | 5000x 414 pm TU Kaiserslautern NSC T. Loeber
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! _p=h_M
‘ I

‘*Cﬁ =" - photon absorbed at resonance frequency
‘ - doppler effect: frequency is lower

- atom is slowed down in one direction
@

<@ > /\

@ A/\
—t—
£t

0

O
v

» é 4 Cold atomic beam ion source for focused ion beam applications
w_ Journal of Applied Physics 114, 044303 (2013)
e https://doi.org/10.1063/1.4816248 o
@ ® (]
rFa B. Knuffman, A. V. Steele, and J. J. McClelland v NSC

Nano Structuring Center



