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Introcuction

Di erences oetween Ga anc Xe
• Beam profile
• DeoosHon

- Xe nanowoole formation
- Limitec precursor options

2. Projects

• Pertcting the PFIB TEV sam3le

• Pushing the bouncaries of arge area louts
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Tyoical INLO Ga F8 TEV Preparation

Viling current range = 300

Ft or C c

Sam

Ghc

3A — 65nA

eooshon / orotectve cao

oe at l't out arounc 20um x 10um

thbning over-hlts arounc 1 to 1.5°

lectron transparent wincow around bum x bum

Vost samoles can be mace b a few hours

PFIB TEM Sam ple Preoaration

1. Differences between Ga and Xe
• Beam profile
• DeoosIton

- Xe nanobuoole formation
- Limftec precursor options

2. Projects

• Pertcting the PFB TEV samole

• Pushing the bouncahes of arge area touts
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3eaTi Profile Dif[erences 3etween Ga anc Xe

Ga Xe
Current Total Diameter Current Total Diameter

0 Gs
o x.

1.1 pA 7 nm 1.0 pA 69 nm

7.7 pA 9.8 nm 3.0 pA 69 nm

24 pA 12.9 nm 10 pA 92 nm

40 pA 16 nm 30 pA 120 nm E

80 pA 21 nm 100 pA 180 nm

0.23 nA 38 nm 0.30 nA 260 nm
o 

0

0.43 nA 53 nm 1.0 nA 340 nm o
0

0.79 nA 77 nm 4.0 nA 530 nm

2.5 nA 133 nm 15 nA 930 nm

9.3 nA 249 nm 60 nA 1.7 um

21 nA 400 nm 0.20 uA 3 um 102 101 0. 15
a (00

47 nA 820 nm 0.50 uA 4.5 um

65 nA 1.4 um 1.0 uA 6.5 um
Total dlameter = base on D50

2.5 uA 7.5 um
D50 = width of Gaussian where 50% of the beam is inside

Helios G3 Helios G4

Beam Profile Differences 3etween Ga anc

Ga Xe

Xe
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nnag HV curr dwell HFW det tllt WD

•• 6 505 x 30.00 kV 0.23 nA 300.00 ns 63.7 pm ETD 52.0 13.0 nun

Beam Profile

1 Li

Differences Between Ga anc Xe

curr det mode mag m HF

V 30 pA ETD SE 1 999 x 10
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Beam Profile Differences Between Ga anc

0.79nA, +/- 1,5°

Xe

af2 = 77 nm

Beam Profile Differences Between Ga anc

4/4/2018 HV cur! det mode mag s HFW
4:50 50 PM 2.00 kV 0.20 nA ETD SE 4 000 x 51.8 pm 4.0 mm 52 0

10 pn

4nA, +/- 2°

D50 = 530 nm

Xe
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Beam Profile Differences Between Ga anc

* 445/04,/,2001,8. clEret. smEode 4m a g .E8 sH iF p. 4W0D t512a.

4nA, +/- 2°

—

Xe

Beam Profile Differences Between Ga anc

after 9nA CCS +-2deg

z.

3

1! 1.40

4/4/2018 HV curr clet mode mag HFW WD nit
4 52:27 PM 2.00 kV 0.20 nA ETD SE 10 000 x 20.7 pm 4.0 mm 52.0 °

Um

4nA, +/- 5°

Xe

D50 530 nm
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Beam Profile Differences Between Ga anc

after 4nA CC5 +-2deg

2

3

2

1.403

!

4/4/2018 HV curr det !node mag HFW W0 tilt

4 52 2' Pr.1 2.00 kV 0.20 nA ETD SE 10 000 x 20.7 ,11 4.0 mm 52.0

Nm

4nA, +/- 5°

Xe

), , = 530 nm

Ga recice doesn't work for PFI3

2/2/2018 HV curr det mag o WD tilt dwell

2:52:35 PM 10.00 kV 0.40 nA ETD 6 500 x 4.0 rnrn 53.5 5.00 ps

10 w-1-1
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PFIB TEM Samole Preparation

1. Differences between Ga and Xe
• Beam profile
• Deposition

- Xe nanobubble formation
- Limitec precursor options

2, Projects

• Per'ecting the PFB

• Pushing the bounc

V samole

aries of arge area louts

Xe \ano

8kV bubbles = 5-7 nm
1 2kV bubbles = 8-10 nm

8kV W dep has bubbles
but not enough to cause
excessive curtaining in thin
samples

oulooles in W Deposition

Tungsten

'5'..:19"- -1
n . I.

IN
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Proolems with 1 2kV W

A thin film on Si substrate
8/20/2019 HV cur det mode mag re HFW WD tilt dwell
4 16 05 PM 5.00 kV 0.40 nA ETD SE 2 500 x 82.9 pm 3.9 mm 58.0 ° 5.00 ps

12kV dep bubbles are large enough to causo
slgrilflcant curtaining, resulting in a lower quality sample

5kV SEM

Deoosition

8kV bubbles = 5-7 nm
1 2kV bubbles = 8-10 nm

4kV SEM

8/16/2019 HV curr det mode meg HFW WD tilt dwell 1-5 pm --
25348 PM 4.00 kV 0.40 nA ETD SE 5 000 x 41.4 pm 3.9 mm 57.0 5.00 ps
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PFIB TEM Samole Preparation

1. Differences between Ga and Xe
• Beam profile
• Deposition

- Xe nanobuo3le formation
- Limited precursor options

2, Projects

• Per'ecti ng the PM

• Push ing the bounc

V sam3le

aries of arge area louts

rnag EB det mode WD HV HFW
2 500 x ICE SE 4.0 mrn 10.00 kV 82.9 pon
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Pt De

rnag En det rnode WD HV
2 500 x ICE SE 4.0 mm 10.00 kV

position Veets PFIB

Ron Kelley says..

Depositions that do
work with PFIB:
• VV
• Pt + C (MultiChem)
• capless

Ugly Sam pie, 3eautiful STEN/ l macinc / EDS

Sample doesn't have to be perfect, just good enough to answer the questlon.
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PFIB TEM Samole Preparation

Di erences be-ween Ga anc Xe
• Beam profle
• Deooshon

- Xe nanoouo3le formation
- Limitec precursor options

2. Projects

• Perfecting the PFIB TEM Sample

• Pushing the bouncaries of arge area louts

SI

kV SEM

8/27/2018 HV curr det mode meg HFW WD tilt dwell 1-10 pm--
12:20:02 PM S.00 kV 1.6 nA ETD SE 3 500 x 59.2 pm 4.0 mm 55.0 • 5.00 ps

Trench 200nA
Wedge 15nA +/- 1.5
+/- 2 4nA 10
+/- 1.8 lnA 10
+/- 1.5 300pA 10
5kV +/- 5 100pA

3kV SEM

9/20/2018 HV curr det mode meg o HFW WD 1-10 prn-I
10:268 AM 3.00 kV 0.40 nA ETD SE 4 000 x 51.8 pm 4.0 mm 52.0 •

THn area near middle of sample Is a result of Hgher overtilts
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SI Sam

FIB W

ole Thickness EELS

Thinnest area = 35 nm
Thickness ranged from 140 nm to 35 nm

rT,

2.5

0.5

Min tni. = 0.2

4
Distance (pm)

I 0

Thickness determlned by log rate method
T Malis, et al J. of Mcroscope Technique 8 (1988)
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Hich Quality Si Samole for TEV

[110] Si is high quality. A few tweaks of the stigmator and the dumbells would be betler
resolved. Clearly, however, features sub 1 nm can be resolved.
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Trench 60nA
Wedge 15nA +/- 1.5
+/-1 .5 1nA 10
+/-1 300pA 10
+/-1 100pA 10
5kV +/-5 100pA

Al on Si (2) Pre

RP*

5kV SEM

• 5/29/2018 HV curr det mode mag HFW WD tilt dwell 1-5 P,̂
. 3A35:37 PM 5.00 kV 1.6 nA ETD SE 6 000 x 34.5 pm 3.9 mm 7.0 5.00 ps

°oration

300 kV BF

Al on Si (2) EELS Thickness Veasurements

W = 110 nm

A = 70 nm
A/S interface = 60nm

= 50 nm

0.9

2 0.8

0.6

0.5

0.4

w

Al

0.2 0.4 0.6 0.8 I I 2
Distance (prn)

Thickness determined by log ratio method
A14 T Mat et a I., J. of Mcrasoepe Technique 8 (1988)
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A on SI (2) HR-STEV

—1.11101MMAIRIMMIRMIPPOW--
Al

"

Si

Lattice fringes appear in in the Al and Si,
but not in the interfacial layer, showing
the quality of the sample

Lessons Learnec from Rounc

1. It is oossiole to maKe a high quahty 30-40 nm thic,< sam

2. The samole thicKness is non-uniform.
• igh overtilts — wedge shape

ole using DF

15
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Lessons Learnec from Rounc

1. It is oossble to maKe a high quah-y 30-40 nm thic,< samole using

2, The samole thicKness is non-unform,
• igh oyerts — wedge shape

\ex- rounc..

• W / A / SI al unformly thin

• 50-80 nm final thicKness

8

Trench 200nA
Wedge 60nA +/- 1.5
Grid coarse 15nA +1.5 front
+/-2 4nA watching hne
+ b 5 300pA 12W front
-1.5 300pA 12 back
-1 100pA 8W back
+1 100pA 8 front
5kV +1 100pA 6 back
5kV +1.5 100pA 6 front

Al on Si (4) Sam

4kV SEf

8/19/2019 HV curr det mode meg HFW WD tilt dwell 1-4 pm-I
322:20 PM 0.00 kV 0.40 nA ETD SE 8000z 25.9 pm 4.0 mm 56.0 5.00 ps

ole Preoaration

300 kV BF

16
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Hich Quality Sam

F\morphou,, Oxide Li,er

Si

ole

A on SI (4) EELS Thickness Veasurements

11111111111'snessis....st(1

All lay'ers -",LOnm

1.4

0.6

0.4 0
2 3 4

Distance (pm)
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Trench 200nA
Wedge 15nA +i- i 5

+/ 2 4nA 20
+/ 2 1nA 30
+/ 1 5 300pA

+/-1 100pA
+1 100pA front only

5kV +/-2 100pA
5kV +4 100pA front

Al on Si (5) Sam

8/20/2019 HV curr det rnode m B3 HFW dwel
4:1041 PM 3.00 kV 0.40 IA ETD SE 6 500 x 31.9 pm 3.9 mm 58.0 5.00

Die Preoaration

AmorphousOxrJQ.
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Lessons Learnec

1 , It is poss3

from Rounc

e to maKe uniformly tin sam

2. These samoles are thic

running out of cep.

2

o

,<* (-100-1 20nm)

es,

oecause I stoooec oefore
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Lessons Learnec

1 It is 30SSI

from Rounc 2

ale to ma,<e uniformly thin samales.

2. These samples are thic,<* (-100-120nm)

running out of cep

Xe>c round of samales...

• Yore ce3 to get ROI to c

• Lower currents? (sma ler

aecause

ead center of sam

aeam arofile)

ale?

stopaec before

PFIB TEM Sam ple PreGaration

Di erences 3etween Ga anc Xe
• Beam profile
• DeaosHon

- Xe nanoaudale formation
- Limftec precursor options

2. Projects

• Dertcting the DFIB T V Sarnole

• Pushing the boundaries of large area liftouts
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Sincle Crystal Stee Tensile Specimen

Can we use PFIB to make a site specific sample with an electron
transparent region as large as a conventionally prepared sample?

Sincle C stal Steel Sample Preparation

cs 152.0 pm

8/11/2018 FIV curr det mode mag HFW WD tilt
429:55 PM 1.00 kV 0.40 nA ETD SE 1 000 x 207 pm 4.2 mm 54.0

8/11/2018 HV curt det mode mag o HFW WD tit dwell j- 500 pm -I
432:01 PM 1.00 kV 0.90 nA ETD 5E 75 x 2.76 mm 4.2 mm 54.0 MOO ps
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itio. 8/13/2018 HV curr det mode mag HFW WD tilt
.40 4:05:42 PM 12.00 kV 30 pA TLD Custom 350 x 592 pm 16.5 mm 0.0 °

8/16/2018 HV curr det mode mag 021 HFW WD tilt dwell F-500 um
4 54 21 PM 2.00 kV 0.40 nA ETD 5E 75 x 2.76 mm 4.1 mm 52.0 10.00 ps

Sincle Crystal Steel STEM

20kV SEM

10/1/2018 HV curr det mode mag a HFW WD tilt dwell 1— I- —
*2157 PM 20.00 kV 1.6 nA ETD SE 2 500 x 82.9 pm 4.0 mm 57.0 5.00 ps

Electron transparent window ls 53 um x 41 um

At lowest magnification, only 1/15th of the entre window is vlewable,

300 kV BF

2 MD

22
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Sincle Crystal Stee EELS Thickness Veasurements

elk

1111111111111111I 

14.355

- 0.05375

.18.124

2.611

4.5

4

-F.
2 25

2

1.5

4.5

33

3

2 4 6
Distance (om)

25 0
2 4 6

Thinnest area P.:: 120 nm (near top) at bottom thickness P.-- 500 nm

8 10

Single Crystal Steel STEM Deformation Microstructures

Despite the thickness, we are still able to perform dffracton contrast STEM and ft-nage dislocation structures resulting
from deformation
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Conclusions

• Despite larger beam profiles, high quality TEM samples can be made
with PFIB

• New geometries, precursors, and milling strategies should continue
to be explored to perfect the PFIB TEM process

• PFIB is pushing limits of "big samples" to include larger electron
transparent regions, rivaling conventional preparation methods

• These techniques work on a wide variety of other more challenging
materials - porous, heterogeneous, insulators - let's chat!
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