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English abstract

The focused ion beam (FIB) is an important and powerful tool in the semiconductor
and materials science communities. Integrated circuits often require observation and
repair of metal oxide semiconductor components, as well as the composition and
configuration of connecting lines. A focused ion beam with appropriate energy can cut
and mill integrated circuits, and at the same time, it can observe the ultrastructure with
the built-in scanning electron microscope (SEM).

Can FIB be used in the field of biology and medicine? This is an emerging research
development project, and there are still not many related studies. Biomaterial
configuration, pretreatment, and cutting parameters are still the research topics that must
be explored. Using traditional transmission electron microscopy (TEM), biological
tissues must first undergo a series of complex procedures such as fixation, dehydration,
staining, plastic embedding, and sectioning. It is often necessary to do rough sections first,
observe under an optical microscope, and then start to do ultra-fine sections, and then go
on the machine to find the key points to see. But if you can't see the key points after
getting on the machine, you must repeat the process of rough cutting and fine cutting, and
then go on the machine again to observe. The whole step is very cumbersome and time-

consuming.
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FIB/SEM can do in-situ site-specific sectioning and direct observation. That is to

say, FIB can directly find key features under SEM, perform cutting, and directly observe

the cut surface after cutting. Therefore, the time and manpower that the traditional TEM

must consume can be greatly reduced. FIB/SEM is also suitable for serial sectioning and

reconstruction of three-dimensional images. FIB/SEM can also prepare a lift-out

technique for TEM analysis.

This study focuses on developing simple and effective practical methods to cut and

visualize biomedical specimens using FIB/SEM. In the beginning of this study, only the

freezing method was used, and the specimens were directly processed. It is extremely

time-consuming and labor-intensive, and it is not a very practical method. The actual

frozen FIB section results in poor image resolution. We then began to think about whether

there are other more practical slicing methods.

So we started from three directions: The first direction is the processing of specimens.

The second direction is the selection and preparation of the specimen stage. The third

direction is the attempt of cutting methods and parameters. The actual research specimens

used in this study include yeast, chloroplasts of fresh plant leaves, human retinal pigment

epithelial cell line, human cataract lens anterior capsule, human erythrocytes and

leukocytes, and electron microscopy quantum dot immunostaining, etc. .

vii
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For specimen processing, we investigated various combinations and sequences of

liquid nitrogen or glutaraldehyde sample fixation, osmium tetroxide postfixation, and

thiocarbazide enhancement. The preparation direction of the specimen stage is selected,

and various substrates including metals and semiconductors are developed. We perform

photolithography to create patterns on semiconductor plates to increase image resolution.

We study different types of semiconductor substrates such as N, N+, P, P+, GaN, GaN+,

etc. Further transfer the graphene film on various corresponding semiconductor substrates.

In the direction of cutting method parameters, we try to use different cutting angles and

camera angles, as well as various voltages and currents to cut specimens.

As a result, we found that traditional TEM must first use epoxy resin to embed cells

and tissue samples before sectioning, which can be avoided on our system. Conventional

TEM must use a diamond knife, which can also be avoided for slicing epoxy-embedded

samples. Therefore, our system can greatly reduce the required manpower, material

resources and time. For the pretreatment of specimens, the new T-O-T-O-T method we

designed is more effective than the traditional O-T-O-T-O method. For the cut specimen

stage, we found that several semiconductor substrates work better, such as N+, GaN+. We

found that semiconductor substrates with transferred graphene films can reduce white

spot background noise and further improve resolution. We have also found that using a

viii

doi:10.6342/NTU202203997



low angle cut is more effective than a traditional vertical cut. We successfully dissected

yeast, chloroplasts, retinal pigment epithelium cell lines, the anterior capsule of the lens,

and red and white blood cells. We performed serial sections and also performed electron

microscopy quantum dot immunostaining.

Compared to conventional TEM, images acquired by our FIB/SEM system show

similar resolution and contrast. We started from scratch and built step by step a FIB/SEM

method system that can be applied in the biomedical field. Such a system can reduce the

heavy burden of TEM sample preparation and cutting, and realize the cutting

requirements under direct visualization, which has great potential for application in

clinical biology and medicine

Keywords: Biomedicine, focused ion beam, graphene, scanning electron microscope,

wafer
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(Figure 1)

What is ‘dual-beam’ of a FIB system?

- \/

Gat

Electron
beam

a

e

Schematic depicting the
principle of focused ion beam
milling and scanning electron
1 microscope imaging in a dual
beam electron microscope.

Figure 1. Dual beam of FIB based on FEI Nova 600i Dual beam system. ~Courtesy of
Hon-Ming Chen, phD.
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(Figure 2)
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Figure 2. Scheme of dual beam system of FIB/SEM with a 52-deg apart. ~adpated from
Handbook of FEI Nova 600i
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(conductive staining)pF= > #E B > 5 FEF T 25 [22] -

Drobne i&— % 4F % » * % FIB/SEM £ § ek 57 gt » 2R A » iz L4
% TEM £ 5 cn@ 5= 2 > 4 7 02 s SEM & (o % chff o 51 $30% -
FIB/SEM £ # v LRl i2 i i %% 38 i & B0 25 ¢ B iim p Bifim &
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(Figure 3)

* primitive species

» plant cell

L E « animal cell

Figure 3. Roadmap of FIB for biomedical study
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(Figure 4)

* Cryo

C | e QTOTO, trench, milling angle

L ARPE-19

* TOTOO, wafer, graphene

Electron-
Immuno-
Chemistry

quantum
dot

Figure 4. Methods of roadmap of FIB for biomedical study

10
doi:10.6342/NTU202203997



CEE SN
Bo @ FERES A

EGRBp ArEE T PRFE 0 F Gk o Yov 2000 & 0 Bk fhde B2 e

1. %4812 4% glutaraldehyde solution with sucrose-phosphate buffer prefix for
O/N. » # B % »* 4°C shaker * # % -

2. #2000 # 15 4450 kb i o

3.~ PBShbuffer 50 ml & i¥ » vortexmix » 2% {5 + T gk g g 45 & 50 =t 0 Fpes
2000 # 10 4 48 > % 1 i o
€ 4fstep3.w =t 2 b+  $]i2 F glutaraldehyde vk iE 5 o

#2000 #& 10 4 45 o “f bk e
2 PBS buffer 50 ml & /5 » vortex mix » %15 F T fui g ¥ 35 % 50 =% Hro
2000 #& 10 ~ 45 > “fi iR e

4
5. % 1% Osmium solution with PBS buffer & ;% > % > 4°C shaker } # % 2 hrs o
6
7

8. EAFstep7w =t ERFREF ARG

9. 1u4r e Thiocarbohydrazide -k 7% i & 5 > ¥ *tshaker * # % 1hrs o

10. #.w 1500 # 10 ~ 45 > “fi TR e

11. r+ PBS buffer 50 mlfg ¥ - vortex mix % 5 + = fudd . ¢ 35 % 50 =0 > &< 1500
w104 & 5k e

12. £ 4gstepllw &+ » B 3|} R # 7 Thiocarbohydrazide 5 1+ -

13. * 1% Osmium solution with PBS buffer & ;3 » ¥ ** 4°C shaker * # % OIN -

14. #2000 # 10 4 48 0 % 1 iFiR -

15. 14 PBS buffer 50 ml f& 5 » vortex mix » %5 F T fufd g ¢ 35 % 50 =& 0 Hro
2000 #& 10 » 45 - “fi ik e

16. £4gstepldw =t} » BRI gREG 0 P 2 A0 o

17. 1r14¢4fesh Thiocarbohydrazide -k j% % &5 » % *tshaker * 4% 1hr -

18. #2000 # 10 4 48 0 %+ iF i -

11
doi:10.6342/NTU202203997



19. 14 PBS buffer 50 ml f& 5 » vortex mix » X5 F T fui dp.c ¢ 35 & 50 = 0 Fro
2500 #& 15 ~ 45 > “fi R e

20. £ 4fstepl9w v b 5 E P} FikEF# 7 Thiocarbohydrazide = i+ -

21. * 1% Osmium solution with PBS buffer & ;% » % *> 4°C shaker * 4 % 1hr o

22. #r.~ 2500 # 10 4~ 45 - “fi TR e

23. 2 PBS buffer 50 mlg s~ > vortex mix 7% {5 + T fsig 3o ¢ 45 % 50 =x - . 2500
##% 10 ~ 43 - Kfi TR e

24. Eapstep23w it o B I F RG22 0G0 o hfs B Yo #-PBS
buffer 14 = =t kKB~ iX o

25. R4 RS L OBRFD SOR LA RFRS 0 R GEF BES R ESMBITER
ErRFEY WA RIS E BRI 2 H9F 8 ) o

26. FoE s ik A ﬁ:&—ii;{%i?ﬁ v 3l ACHkfa s o

% = & Fixation method

1. Glutaraldehyde: 2.5%, 4%
2. Paraformaldehyde: 1.5%

3.  Combination (P + G)
¥ = & Staining method

1. OTOTO (OsO4 and Thiocarbohydrazide)

2. Various: 000, TOOO, OTOO, OOTO, OOOQT, etc. With different osmium reaction
time and different T reaction time or T concentration.

3. Various: TOOOT ~ TOOOTO -~ TTTOOO ~ TOTOTO ~ TOOTO & wash condition

4. TOTOO

5. Uranyl acetate, lead citrate: OOOU, OOOL,000UL, TOOOU, OOTOU
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% = &  Substrate

1. Milling stage size: 1 cm, 1 inch, 2.5 inch
2. Copper tape, carbon glue, Ag glue

3.  Si02, Aluminum, Titanium

% 7 & Patterned substrate

P
N* (Figure 5)

P + Oxide 200nm

N* + Oxide 200nm

N Substrate + grounding metal (Ti)

o o~ w0 D oE

N* Substrate + SiO2 + grounding metal (Ti) (Figure 6)

13
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(Figure 5)

Processing procedure:

Deposit Si0, by PECVD
E-beam lithography

Cr evaporation for hard mask
Lift off Cr

RIE etching

Cr removed by CR7
Photolithography

Ti evaporation

Lift off Ti

810,

e AR o

PECVD 810, depth: 200nm

RIE recipe: CHF;30scem, 1.3Pa, RF power 90W, etching time 3hr
Etching depth: 0.8um

Figure 5. Fabrication of substrate

14
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(Figure 6)

Si0,

7
B N

Si0,

7

Ti Ti Si0,
7 Z A
. o “
N+

The depth of Ti & Si0O,: 200nm
Trench depth: 0.8um

Figure 6. Various kinds of substrate

% = & Gaion milling voltage and current

1. 30KV, 49pA
2. 16KV, 21pA/42pA

3. 8KV, 61pA

% = & Milling angle and photo angle

From 0-degree to 52-degree, about 15-degree increment. (Figure 7)

(Figure 7)

15
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lon Beam

lon Beam
=4
52°
Stage tilt 14-deg Stage tilt 52-deg

Figure 7. lon beam milling angle of FIB.

% N & Wafer, graphene, ARPE culture

A. Wafers as the target substrates

Various semiconductor wafers used in this experiment were purchased from
Summit-Tech. Co. and Kyma Tech. Co. They included P-type and P+-type silicon

wafers, N-type and N+-type silicon wafers [27], and GaN wafers. (# - 1) The

wafers were cleaned sequentially with an appropriate amount of acetone, methanol,
and secondary water. Each was agitated in an ultrasonic cleaner for 10 min, then

soaked in an appropriate amount of 75% alcohol for 10 min. The wafers soaked in
alcohol were dispersed in a biological safety cabinet and air-dried for 30 min, then

moved to a suitable container by aseptic operation for later use. (Figure 8)

16
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(%14 1)

# ¥ 1. Different wafers with respective doping and resistivity.

Wafer type Doped element

n type Si Phosphorus

n+ type Si Arsenic

p type Si Boron

p+ type Si Boron

undoped

Silicon

17

esistivity Q-cm
1-10

0.001-0.005

5-10

0.001-0.005

<5

<0.02
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(Figure 8)

Figure 8. A 2-inch wafer on a 3-inch stage, attached with adhesive copper tapes.

B. Graphene sheets growing on copper foils [28]

Graphene was grown by chemical vapor deposition (CVD) on catalytic copper (Cu)
substrates following previous reports. Briefly, Cu foil (99.8%, Alfa-Aesar, no. 13382)
was electropolished before growth ina linch clamshell furnace, annealed at 1000 °C
in a hydrogen flow of 200 sccm for 30 min. Graphene growth was initiated by
introducing 10 sccm CHg at a pressure of 8 Torr and growth duration was chosen to
be 6 hr. The grown samples were cooled down to room temperature in a 10 sccm

flow of hydrogen [28].

C. Graphene sheets transferred to wafer target substrates

18
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. The transfers began with the CVD graphene on the Cu foils. We spun 5%
polymethyl methacrylate (PMMA) on the graphene side of Cu foils to provide
support for graphene or h-BN film [29].

. After the spin-coating, 90 sec bake on a hot plate at 120 °C was applied to
solidify PMMA and enhance the adhesion between graphene or h-BN and
PMMA films.

. Waiting for 12 hr, floated the sample on a solution of ammonium persulfate (APS,
(NH4)2S20s, 0.282 g/mL) for approximately 4 hr to etch Cu. After Cu was etched,
the sample was transferred to the deionized water on a glass slide, floating on the
water surface for 10 sec, to wash out the remaining ammonium persulfate. Then
the sample was pulled out of the deionized water through the adherence of a
wafer.

. Another bake on a hot plate at 120 °C for 30 min (or 65 °C for 1hr) was applied
to achieve well-adhered graphene or h-BN on the target substrate.

. The final step was to rinse the target substrate in acetone at 50-65°C for 1-1.5 hr
to lift off PMMA, then in isopropanol (IPA) to wash out acetone. Then dry the

wafer with nitrogen gas [29]. (Figure 9)
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(Figure 9)

2. Etching copper with APS

L. Spin coating with PMMA(5 %) PMMA(S %)
VIV INERAM waiting for 12hr
) )
APS(Etching liquid)
3. Cleaning the sample with dd water 4. Transterring the sample on wafer
PMMA(S % PMMA
— )
Al s
5. Baking the samplc(65°C - 1 hr~) 6. Re“")"'i“g.PMMA \f’ilh acelone
m—) —
t

Acetone
7. Removing acetone with TPA 8. Drying the wafer with nitrogen
—
IPA

Figure 9. Graphene wet transfer printing with PMMA. ~Courtesy of Bor-Wei Liang,
phD.

D. Cell cultures on wafers

1. ARPE-19 (human retinal pigmented epithelium cell, BCRC 60383) cells were
purchased from the Bioresource Collection and Research Center, Hsinchu,
Taiwan (BCRC) and grown according to the manufacturer’s instructions.

2. They were cultured in DMEM/F12 growth medium (GIBCO, 12400-024) with 3
mM glutamine and supplemented with 10% fetal bovine serum (MERCK,

TMS-013-BKR). ARPE-19 cells were plated at different cell densities.

20
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3. Placed a sterile wafer target substrate as the cell holder in a sterile petri dish of
appropriate size, add a culture medium containing an appropriate number of
ARPE-19 cells to cover the entire wafer, and placed it in an incubator for culture.
The ARPE-19 cells were cultured on different kinds of target substrates. Growth
medium was changed every 2-3 days.

4. Different kinds of wafer target substrates were used to hold APRE-19 cell
cultures, both with graphene sheet and without graphene sheet. Each one included

P, P+, N, N+, GaN, GaN+. Totally 12 groups were used.

E. Fixation and staining

1. The ARPE-19 cell samples were washed with phosphate buffer saline (PBS)
(Calbiochem, 6505) twice, and pre-fixed with 4% glutaraldehyde (EMS, 16220)
for 2 hr at least.

2. After washed with running water for 10 min to remove glutaraldehyde, the cell
samples were post-fixed and stained step by step with saturated
thiocarbohydrazide (T) (Aldrich, 223220-5G) aqueous solution and 2% osmium
tetroxide (O) (EMS, 19190) solution. Repeat the steps following a sequence as
T1-01-T2-02-03. The staining durations were as follows: T1 overnight, O1
overnight, T2 5~10 min, O2 overnight, O3 overnight.

3. After washed out the remnant staining compounds with running water, the cell

samples were dried in a vacuum desiccator.

F.  Cutting, milling, and scanning cells
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1. We used focused-ion-beam (FIB) to cut, mill, and scan ARPE-19 cells. The FIB
apparatus used in this study was Nova NanoLab 600i system (FEI Company,
Netherland)

2. The FIB milling parameters were as follows: 30 KV/1.5 pA~0.45 nA (9.7 pA
mostly), depth 0.1 ~ 0.2 um, sample stage tilted to 15-deg. The milling option
was clean cross-section.

3. The FIB scanning parameters were as follows: 5.0KV / 98pA with TLD or ETD
mode, various dwell time (30 us mostly) and magnification (25000X mostly).

4. Wafer type: 12 types

P~ P+~ N~ N+~ GaN ~ GaN+ / with graphene

P~ P+~ N~ N+ - GaN ~ GaN+ / without graphene

% 1 & Quantum dots preparation steps

1.

2.

Antibody concentration and buffer exchange_1 hour
Modification of antibody carbohydrate domain_4 hours up

Azide attachment_5 minutes then overnight

Purification and concentration of modified antibody 1 hour up
Conjugation with DIBO-modified label_ 5 minutes then overnight

Purify and concentrate antibody 1 hour up

% L+ & Immunofluorescence with FIB/SEM

1.

2.

3.

4.

Paraformaldehyde fixation
Qdot reaction
Fluorescent microscopy

Glutaraldehyde fixation
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5. 0Os0O;4 staining

6. FIB
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DU L ERE, - R AP LHEALER BT F AR L ISR o
R AFETRAE AR P LA ERER > BN P ER F Y TG s 4
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fE* FN Wehimte % 0 2135 5 R e o (Figure 10)

Ry AP s T A mie > FIR G e B RITAREF S
AREVEE DTS ERM T kS 0 Ra Hp g by Aie

o et g 5 AR A BB 0 I RLRIE AN P et 2 F 5 o - (Figure 11)

Bder M ESHPF > e gobpbrc L o AT BB AR o L Al E
SR AP Gk RARApOER c KESWOR PR o AP KT
M F] AR R E SR OR s sk a8 ¢ (Figurel2) A nif 24 A ke g
Mo HEBRT g E Ak AR PFRAEN > F BEEARLL AT 4o T-O-N
B e N S % o (Figure 13, 14) @ & & e b > 1t 4o Sehdd-E 2
V& 5 fdF eni % o (Figure 15, 17) fe 02 M & & ar W > 7 cf 8 M & &
o AR Ga AT ART Y S FENE oA E Ry e 0 A g e
# o (Figure16) iy A FESMFEF 1 A7 > Bp - SPESM2 - 35>

FXARE - B2 3 - 55 o B ioF o o (Figure 18)

o

ESM2 & B Fdboiear ] 4 &8 £ A EREN S £+ 4w
il o FIE R e o 15 e B R AR FIEL o VPR * i B e pRIE (T
i 2F 5873 o (Figure 19, 20,21) itk e g2 b oo AP F I F M B L S Aone
SR E R +g;§,(zf§fs:;zlz, ¢ ]tk o @R 50-T-O-T-0 & » 02725
AP LIRTE 3 en T-O-T-0-0 /2 & 4 - (Figure 22)
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AP B RiEFIF IR SRR SEFRAHE DR Y FE
PP MBS AR AFEE RGO 2o m A TARAYE T o &
BRG R T A ﬁz e FIAAF 75 e ehfl & o ARPE-19 w0 10 & f6 §
FlAF 2w 822 & > ¢ 35P 3] Si~P+3] Si~ N4l Si~ N+3| Si ~ GaN = GaN+ o
ERAEREG PRSP FE IR ETR (AR D) EZR LT -
YT RARS o B R RAER AR 0 FI R R Z RA A o

11 |
o
'y
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=
4
o
et
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SRR G EH AR Y 0 otk fdF o (Figure8) £ < & ¥
Tk SLRAZ B R B Rl 0 ¥ O BURIE] 325000 Bk s o BT g Plim e A A
pFeng ¢ 5k - (Figure 19)

L,

AP R EBaERAET AT EMATI L > BE T B E T
B Y - hanc I ET R 0 KO H e R EISPRIT R LR 5 M o
ARPE-19 im% + ¥ 1 & 7 B h K che 4 6 £ 2 £ o 1288 Mo
EARBAE o

RIp$7 B4 T & [z o & PR 2asds o B % A%gr 0 Bl A& o
Fpt 0 B MT R e BT R A B AR o 128 A h
SEM B FEHAR LG =+ 28 o FFBAFLFT R - loie Biffele & g are
iﬁo@mnﬁaﬁisan@%?émﬁ+;ﬂomﬁ*w$%&H%~F@
frip & SEM Bl §? > PR GaN+ & &7 B & 0 SEM B 5 & o B F
EE LDV a0 A P+ 3] o A 3 0 GaN+ wafer »x % B > e £ < f oo fE A
N+Z g o 202 &G EW ) & > T35 S a3 F - F E K T &%
T Bl o fRiT RS >~ TR MY BF R R g5 FRFES
2w FE ¢ BB SE o (Figure 23, 24, 25, 26, 27)
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i - (Figure 28)
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<pr# ﬁ>

(Figure 10)

Figure 10. Cross-section of an yeast, showig nucleus and vacuoles. The milling was

done on a cryo-stage. ~Courtesy of Yu Chen, BEBI, NTU
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<¥ % Ag>

(Figure 11)

WD | mag @B |mode]| tilt
5.0 mm | 49 848 x

WD | mag B |mode | tilt 500 nm
A 5.0 mm 74981 x. SE

Figure 11. Chloroplast cross section with FIB milling, with cryo-preparation only. Many
bubbles are present.

29
doi:10.6342/NTU202203997



(Figure 12)

tilt HV curr
15 °|5.00 kV 198 pA

Figure 12. Chloroplast cross section on copper substrate, milled with FIB.
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(Figure 13)

H WD | mag @
500kV |88 pAl5.0mm |32 487 x

Figure 13. A dividing chloroplast on Titanium-Oxide-N (TON) substrate, milled with
FIB.
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(Figure 14)

(milling anglel 5% 16kV, 21pA)}

Figure 14. Chloroplast cross section on different substrate with FIB milling.
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(Figure 15)

N+

Substrate : N'+ Trench + Oxide
16kV, 21pA

Milling angle 14-deg

Figure 15. Image comparison between 52-deg and 15-deg milling angle of FIB ion
beam. The 15-deg cross section image is more clear and shows much more details than

the 52-deg one.

(Figure 16)
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o | - :
Ga:0.93% o
‘ pectrum 7

SRS Ga:1.91%
Ga: 37.07%:
Ga:12.11% e 3um Electron Image 1
Ga:0.17% Spectrum 18
+';\‘;:|ew:.tr|,;rr| 2
Ga:0.23% Spectrumn 3
+!;_w‘i':|EEtI um 5
Ga:0.04% E;: trum 1[‘:\5‘1'{;'!,“'.'\ 6
Ga:0.34%
w Snectrum :'I‘ZIEE:U um 7 +5[JE'E:U’I,IN; A

Tum Electron Image 1

Figure 16. Comparison of Ga ion content in the groove base of substrate between
15-deg and 52-degree milling angle of FIB. (A) 15-deg, Ga content 37.07%. (B)
52-deg.Ga content 20.21%.

(Figure 17)
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Substrate + N-+ Trench

Figure 17. Chloroplast cross section. Taking image picture from different photo angle.

(Figure 18)
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Figure 18. Chloroplast serial milling
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SR T W BT RS

(Figure 19)

Figure 19. ARPE-19 on a wafer N+, milled by FIB. (A) A single ARPE-19 cell grown on
a wafer surface, photographed with incorporated SEM. 4000x. (B) A cut surface of a
ARPE-19 was achieved with FIB, and photographed with SEM, showing nucleus and
cytoplasmic organelles. 10000x. (C) Mitochondria of a ARPE-19, showing outer and
inner membranes, matrix, and cristae. 50000x. (D) Chromatin-like materials were
observed in a dividing ARPE-19 cell. 325000x.
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(Figure 20)

5/11/2015 |
5.00 kV |98 pA |12 507 x|5:44:30 PM

~% - ;
- i*ﬁ!& mﬁ‘i

Figure 20. Cross section image of APRE, milled with FIB. (12500X)
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(Figure 21)

wD — 500 nm ———

.9 mm

Figure 21. Ultrahigh magnification of APRE mitochondria, milled with FIB. (75000X)

(Figure 22)
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000

OTOTO

TOTOO

Figure 22. ARPE cross section milled with FIB, after different staining sequences.

(Figure 23)
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Figure 23. ARPE on different wafers with graphene. A:P, B:N, C:GaN, D:P+, E:N+,
F:GaN+.
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(Figure 24)

Figure 24. ARPE on different wafers without graphene. A:P, B:N, C:GaN, D:P+, E:N+,
F:GaN+.

42
doi:10.6342/NTU202203997



(Figure 25)

g = ——— 1 um
2:00 PM|15 ° TLD Custom 30 us 32 493 x P/9.7pA/2K

3/2021 | tilt | det| mode |dwell }TWI']'

Figure 25. ARPE on P wafers milled with FIB. (A) with graphene. (B) without graphene.
(32500X)
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(Figure 26)

Figure 26. ARPE on N wafers milled with FIB. (A) with graphene. (B) without graphene.
(25000X)
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(Figure 27)

71712021 det| mode
4:12:09 PM TLD Custom

sV ¥
7/7/2021 | tilt  det
6:03:43 PM 15 ° TLD C

Figure 27. ARPE on GaN wafers milled with FIB. (A) with graphene. (B) without
graphene. (32500X)
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<v m F>

(Figure 28)

det | mag HB
LD |17 49

Figure 28. A basophil of a NARP (neuropathy, ataxia, retinitis pigemntosa) patient,
milled by FIB. (17500X)
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(Figure 29)

A

mode | mag S
y 0.46 nA/ 1.0 us/ 30 d/ Wafer

Figure 29. Human lens anterior capsule with lens epithelial cells, milled by FIB.
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< LBEZR >
(Figure 30)

Figure 30. Confocal image of quantum dot immunostaining to beta-actin of APRE cells.
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(Figure 31)

2 um
0.28 nA/1.0us/15d

Figure 31. ARPE cells with quantum dot-beta actin immunostaining, milled by FIB.
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o [12] 1995 F 3 £ 5 BRI > FIB B A ek ee™ 1 TEM #pit 5t 0 feid f ok
% [31] - (Figure 35)
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Aen- FREAFT R P o gd FIB/SEM o $md A fod 6 b Fenbm e o

# - 7 SARS-CoV-2 }?5-%- %i AT E ’ﬁ T iEEe m’}f”‘s_‘ép [31] -
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35]
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(%1 2)

# ¥ 2. Performance comparison among different high-resolution microscopy.

Technique Resolution Sample choice  Sample preparaion  Inner imaging Average imaging  Imageplane

time selection
TEM very good restricted complex and time-  possible (with minutes possible (with
consuming (hours)  restrictions) resirictions)
AFM very good easy absent impaossible minutes impossible
(at surface)
SXCM good restricted absent possible (with  hours impossible
image analysis)
FIB very good easy absent easy minutes easy

~M. Milani. The Enropean Physical Jonrnal Applied Physics, 26, 123131 (2004)

(Figure 32)

200 nm

Figure 32. Chloroplast FIB/SEM image vs TEM image (A) FIB/SEM image (B)TEM
image origin :

http://en.wikipedia.org/wiki/File:Chloroplast_in_leaf_of Anemone_sp_TEM_85000x.pn
g
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(Figure 33)

White dots background noise comparison

graphene no graphene

(32000X)

Figure 33. Comparison of white dots background noise between graphene and

no-graphene substrate. The graphene group shows significant less white dots noise.
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(Figure 34)
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Figure 34. Yeast images were shown by four different approaches. FIB performances
can be compared with different high-resolution microscopy techniques. (A) Transmission
Electron Microscopy (TEM), (B) Atomic Force Microscopy (AFM), (C) Soft X-ray
Contact Microscopy (SXCM) and (D) Focused lon Beam (FIB). ~M. Milani. The
European Physical Journal Applied Physics, 26, 123-131 (2004).
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(Figure 35)

Figure 35. Focused ion beam scanning electron microscopy (FIB-SEM) versus other
electron microscopy (EM) approaches in imaging viruses and cells. Representative
images of SARS-CoV-2 infected Vero EG6 cells taken by different EM imaging modalities.
Images were acquired at ~15,000%. TEM: transmission electron microscopy, STEM:
scanning transmission electron microscopy. Scale bars: 1 um. ~V. Baena, Viruses. 2021
Apr 2;13(4). pii: v13040611.
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