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The need for large-area cross-sectional analysis with nanometer precision is rapidly growing in various advanced
manufacturing sectors. Traditional focused ion beam (FIB) techniques are too slow for milling millimeter-scale volumes.
They often introduce ion implantation, redeposition, and curtaining effect, which ultimately prevent effective large-area
processing and analysis. To overcome these limitations, we developed a hybrid machining process integrating femtosecond
laser micromachining for rapid roughing with FIB milling for precision finishing. Angle of incidence (AOI) control during laser
machining was employed to minimize the taper angle of laser-ablated sidewalls, thereby significantly reducing subsequent
FIB milling volume. Using a 1030 nm, 350 fs laser, we achieved nearly vertical sidewalls (taper angle: ~2.5° vs. ~28°
without AOI control) in silicon. Raman spectroscopy revealed a laser-affected zone extending about 2 um perpendicular to
the sidewall, indicating the need for further FIB milling besides laser-tapered regions to remove laser-induced damage. On
multilayer ceramic capacitors and micropillar fabrication, the hybrid laser-FIB method achieved efficient large-area cross
sections with preserved microscale details. We present the development of an integrated triple-beam system combining
laser, plasma FIB, and SEM, capable of fast volume removal and nanoscale imaging in one equipment. This approach can
markedly improve throughput for large-area cross-sectional analysis.
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Fig. 1 Comparison of typical milling rate and processing precision
among Ga FIB, plasma FIB, and laser micromachining

2 227
ey A dE oA
FIB)S| 49 41014 ) um o]4}e] Y
o= A|A&0] 1-10 um’/s $-F 02 AA3] FS Wut ofg},
0]-& F<2](Ion Implantation), A}52}F(Redeposition), AE.
(Curtaining Effect) 52 £A4|7} WASHY, mmyg o
A Az 7|ed oz A7 ZA8itt 68 Sof BHEA|
7)Aol A 750 um Zo|o] LT TS Ga FIB W o= 7}
Fatelw 20041710] Weks A7 0] e ulgo] 2%
ok ofyel, o] 39, AEY AY} So2 sl aTEE
o 7k 2SS =SBl
o]8|3}t Ga FIB 3HA|S =E3517] 93 tjofst o] & A W
% 7)40] S| HE L Qlrk. Xe Zak=u} FIB (PFIBY=
F ol Ale(Xe) Be20}E oleflo Baslo] W WRE
A pA7) 20 2H) Ga ] 4] v w2 A A LS DA
I (Fig. 1), J84 A7 W= 9 3349

b

4> iy o

A B8 el 719
RCHA]. 22l oot e WAl 54 o257k BE
o] AA[6], Ar o] 28] 52| 28(7], Ga, Xe, He 5 HE[Y] &
271 ALE £33 A AL 0]83510] AR U=d FIB 232
T35t AlE So] A3P=a QITH8]. PFIBE Ga FIB tjH] &
L dg) £2(10-10* ,um3/s)94— 100 ym 2=5=2] thH 3 7hatol <
Qw3 9k #o|A 72l 7S PFIB thu] S=uluf o4} =o

1Y 52> 100 um/s)E 7 = Qo] mme 2 AJH S|
o 2EA F1F S 54| AL §I5te] FHw SIeH)
g0l 7Hg wEI R FIB-SEME A 4, ol 2}
E 2| &4 (Triple-beam) A|282 HA o] 7l RES FL
4] FIB-SEM ujo] Sghgho2n), dlold= 40 um 7] %
mm RO BuE 4 & oJfi2 A|A@&2hskal FIBR U]"F‘j/]
A Sshs WAOR10]. $EX HolA 718 HES Ga
FIB-SEM Ajo] Zgkelo] dee Alge] 3341 e gk o
u] &) (Serial Sectioning Tomography) 28 A7 gr|%o=g ot
[11], o] % t}=9] FUR FIB A|2AllA HEZ

S

Z35l9l0

Plasma FIB
(finishing)

Laser
(roughing)

T

Fig. 2 Schematic illustration of the developed triple-beam processing
and analysis system combining laser micromachining
roughing module and plasma focused ion beam (PFIB)
finishing module,
microscopy (SEM) and optical microscopy (OM) for large-
area cross-sectional analysis

integrated with scanning electron

dlo| A7} Mgl
ERR

o} At 2Asto] 0|2 A5} %z‘ﬁ &2 FIB 240l

"aw 57 Hri14]. oeta,

Hasiels Ao) AR B ALe Fo

o} goln 71E-L 7keAlet Waanale] ofalo] Divergence

'[f
)
)
Mo
4> fo
12
= o
B
:L
y 1o I
1“‘
g
E

Angleg 7H4 Satell glom[15], 7Fge] Aagel et of 2
ol Jele] g, At Fo| maph wAste[16], Lol 713
845 /1 ol mhAue ) %ok 4117 5 u}om A2

Sol BH O Hgstel /1 Holng WAA7IA et o]

£ A5 $48ke] Flat-top Beam Profile [18], Self-guiding
Effect [19], ¥ 9AF Alo][20] 5 TR WS TEY
F50] HETL e},

2 AFolAE oA 7 Al ’IIAFH(Angle of Incidence,
AOD) Alo2 Fa) 71 24| Hlo]wE Zo|i FIB 44t A7HS
7)Ao Tk dolA-FIB A 7k 378S skt
T e BHE FHoR PAL & g do|A-FIB-
SEM E22%) 712 AlA9e A4 9 s glosi, ofo]
Oe AR TR Tt Fig. 21 el 2elEy 2w

mATZ

o] 4 HAERA, oA 7k HE@4het PFIB La(d4)
o] SEM Zd¥ A= o] g AulofA of

| #akn] 4 (OM)}
=]

W G kgt B0 o]Rol At e Lehdict.

H A tofAs AOIE Alojgre sy, Hlo|x] 7k A st
=4 Ho|HE 2aslsto] 54 FIB 374 & E0l= 7|
S el 94 dlolAl =2 YAF 2ZA(AOL = 0°)9]
sEEE =

5 24 glo|y

A Flo)A EFAAL} 38| (Overlap Ratio) 5
Goto] Al ol (A 450 um)e] A&



July 2025 /531

2}w2 259tk o5 AOKE 0°0lA] Hth 15714 w4
dlolA 271 0R 1FH H, Bo3
S WAL A e £

FBL
==
[11[0 o

ARE3E glo| A= 3 1030 nm, BA Z 350 fs, F|Tf -14/\01]
U A] 60 ), 5 100 kHzS| HEZx o|Aolt}. }l M2 ¢
3t BeA| 2= 3% ZElen]E] 2709 (IntelliScan, SCANLAB)@}
ZAA7 100 mm2] Telecentric f-theta LensS o]-&3}ch. 0°
oA 15°¢] 7Fs ¢S zH= Goniometric StageE -g3}o]
AOE =433t} FIB % %Ml Ga ©o]2H](30 kV)S AH8-3}
g} B4 ezl oy 22 322 9)5te] SEMI 33 0]

ﬂJ

A MO0, Aol 9% WSl BAHE 1T ehat 2]
£ B9t

glolA 7hs SH O] Holw F4 AOL Alo] de o=
[oFshH v Ztk. Fig 3(@)ye 2] UAF FlolAR AEds
7R wf A== S Holw Ao} FlolA Aol o5l &
H YjHof BAAE o)A FokE(Laser-affected Region)s WA=
S} 412 s} olu]x] 2 WojZL). elo]s] ket dlo|A] apivt
242, Uo7 HAS U] 908 T4 FIBZ ARl 2
03‘?‘% | EolYA Ft}. Fig. 3(b)= Goniometric StageE ©|-&35}o]

7] oA AOIE W3tA7]= 7S Uehd Aot
2 A ez AR5 ol 29 go|HE 43 &
o, oo wpel FIB U o & A|AS HuE &9 4= St

O

3.180[H 712 71= A

A2 golH 7y 712 A¥S $3to], AOIL = 0° 2704
A 713 ZEAAE 1.56 Jem?, ZHE 60%=2 AAs+g o
[21], 270 Slspof wet Hlolw Zh= o] Wsls sl 270
157t S7hdol whet Holw Zke= sk o] WEb
Ch(Fig. 4). 270 314 3003] 2704 48 Ho|H Ztw= oF
27.9°, 7k Zol= 118 um= S = Uch(Fig. 5(a)). o]2gt H]
olH= T shtho] Attt FolA|= FEE, FIBE 424
HE W=7 flaiAe ol sjEdsts I um ZrE
F7h= desliof g2 ofnlgith

NI

rﬂ

3.2 AOIOf| [HE E|O|m| Zi= X2

Figs. 5(a)-5(c)= AOIE F2sto] Flo|A 2 753t T
8t oJuX|E YERdTE. dlolA W ARt AOLE F7HA171]
Aot 2o AT 7Rt A3 AA ZmolA HlolH 3
Aol AA3| st AOIE oF 8°2 AL w =
flols 27} oF 2.5°% Zofgo] Ao $aof e =4

ftlo & r_QL offf ofd

T,

]o

Laser-affected

Fig. 3

Fig. 4

region
> fe
i
1
1
1
1
[
, Taper
. i Angle
si |18
S ol
Laser-tapered FIB milling
region region
(a)
Laser beam Laser beam
R %
' Hrol
S
D |
\1 Yy -
(®)

(a) Schematic and optical image of taper angle formation and
possible laser-affected region in laser-machined sidewalls,
which increases the milling time requiring subsequent FIB
finishing for cross-sectional specimen preparation, and (b)
Schematic of angle of incidence (AOI) control using a tilting
stage to minimize taper angle and reduce the FIB milling
volume
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Fig. 5 (a)-(c) Optical images of cross section, (d) Taper angle of the
laser-machined sidewall depending on angle of incidence
(AOI) and under the parameters of F = 1.56 J/cm?, overlap
ratio = 60%, and scan number = 300
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Fig. 6 (a) Schematic diagram of the sampling points for Raman
spectroscopy to analyze laser-affected depth across the laser-
machined sidewall and (b) Raman shift and full width half
maximum (FWHM) at Si peak at around near 520 cm’!
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Fig. 7 Cross-sectional SEM images of an MLCC specimen prepared
using laser machining only (left/right) and laser—FIB hybrid
(center) machining. Deep cross-sectioning of at least 50 um
was required to observe the internal multilayer structure. The
inset shows the MLCC chip and the region of interest
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Fig. 8 SEM images of micropillar fabrication using the laser—FIB
hybrid process. (a) Laser roughing creates a preliminary
pillar structure and (b) Final micropillar after FIB finishing,
achieving a well-defined shape with lateral dimensions of
10 um x 10 um and a height of 50 um
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Fig. 9 3D design of the developed laser-FIB-SEM triple-beam system.
The integrated platform combines a laser micromachining

module and a plasma FIB column with a vertical SEM
column, enabling high-speed laser roughing, precision FIB

milling, and nanoscale imaging within a single system for
large-area cross-sectional analysis
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Fig. 10 Side-view schematic of the laser micromachining module
designed for integration into the triple-beam system. The
setup includes optical microscopy, a 3-axis motorized stage
for positioning and alignment, and a laser optics module to
enable precise control of the angle of incidence during laser
machining for optimized sidewall geometry
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