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1

1.1

( ) 1.1

1.2 ( ) (SiO2)

1014 1015 cm

(Au) 1

1.3 1.3 ( ) 1.5 1

(Al) 100%

1.6 MEMS(Micro-Electro-Mechanical-Systems),

(Si)

1



1.1 1.2 ( )

1.3
1.4 (

)

1.5 1

2



1.6

(Si) (transistor)

( ) (sensor) (actuator)

MEMS(micro electro mechanical systems)

:micromachining

(2D) (3D)

[1]

(mm)

100

1875 (France)

1959 (Japan)

1960 SI ( )

1992 (United States of America)

1994 (United Kingdom of Great Britain and Northern Ireland)

(yard) (pond) MEMS

0.9144m SI

(2000

) (yard) (pound)

SI

1000000000000: 1012 (tera)

3



1000000000: 109 (giga)

1000000: 106 (mega)

1000: 103 (kilo)

1

0.001: 10−3 (milli)

0.000001: 10−6 (micro)

0.000000001: 10−9 (nano)

0.00000000001: 10−12 (pico)

1960

1000000000000000: 1015 (pata)

0.00000000000001: 10−15 (femto)

(unit) ( )

SI SI

MEMS

(μm) (nm)

1.7

MEMS

(μm) (3D)

MEMS

(Si) (100) (Si) 1.8

(Si) 1.9 (Si)

2 (HF)

(HNO3) (CH3COOH) (HF) (HNO3)

4



(H3PO4) (H2SO4)

1.10 (HF) (HNO3) (CH3COOH)

(100)

(isotropic etching)

5



1.7

6



1.8

1.9 [2]

7



1.10

(KOH) (NaOH)

(TMAH) (N2H4) 1.11

(100)

(anisotropic etching)

1.11

(acid) (alkali)

pH( ) 1.12 pH pH

(H+) 7.0

pH1 pH14

pH pH

pH ( )Model F-54 pH

1.12 pH

8



1.13 (Si) 1.14

1.15 (100), (111), (110)

1.13 (Si)

1.14

9



1.15

1.15 (111) ( ) 1

3 (100) 2

(110)

(111) (100) ( )

(100),(111),(110) MEMS

(100)

MEMS

MEMS

10



( )

HNO2 +HNO3 +H2O 2HNO2 + 2OH− + 2h+( OH− ) (1.1)

Si + 2H2O+ 4h+ SiO2 + 4H+( ) (1.2)

SiO2 + 6HF H2SiF6 + 2H2O( ) (1.3)

KOH TMAH( )

Si + 2H2O+ 2OH− 2H2 + SiO2(OH)2−2 (1.4)

( H2 )

(SiO2)

(SiO2) (1.5)

SiO2 + 6HF H2SiF6 + 2H2O (1.5)

(SiO2) (1.6)

BHF(HF+NH4F )

SiO2 + 4HF + 2NH4F (NH4)2SiF6 +H2O (1.6)

MEMS

1.16 MEMS 2014 2020 1.16

MEMS

,

(Inkjet-heads) [3]

11



1.16 MEMS [3]

2

( ) (

) 2

[4]

( ) MEMS

MEMS

(Si)

(cyan) (yellow) (magenta) 3

1.17

12



1.17

(black)

(CMYK: Cyan, Magenta, Yellow, Key or black )

(cyan)

(yellow) (magenta) 3 (black)

MEMS

2

meeting

1 1 1

13



2

14



1.2

MEMS(micro electro

mechanical systems) .

(optical) (biotechnology)

(Au)

(Al)

(Al) 13 26 98

(Al)

(Al)

(Al) (Fe) (Cu)

(surface) (interface)

(Al)

(Al) 2.71 (Fe:7.87)

(Cu:8.93) 3 1

(Al)

(Al)

15



(Al) (Al) (Mg)

(Mo) (Cu) (Si) (Zn)

17 60kg/mm2

(Li)

(Al)

(Al)

(Cu) 60% 3 1 (Cu) 2

Al (2-5μm) .

(Al)

(Al)

(Al)

(Al) (Fe) 3 180kcal/m hr

47kcal/m hr

(Al) -196 -183

LNG -162

16



(Al) (Al)

( 8%)

(Al) (660 ) Al

(Al) (660 )

3%

(Al)

(Al)

MEMS

.

2

(Al)

[5] , (Al)

( )

(Al)

(Au) (Pt) (Au)

17



79

(Ag) (Cu)

MEMS

(Au)

. (Au) MEMS

(Au) (Fe)

( )

1.19

1.18

MEMS (Air)

(Au) (Pt) (Fe)

(heavy metals)

18



( )

(Diffusion)

(front end of

line) (back end of line)

4 (Fe)

1.19

1.19

MEMS

1.20 1.21

( ) 1.22

(Al, Al )

19



1.20

1.21 ( )

20



1.22 (Al Al )

(Al)

MEMS (Al)

(Al)

(Al)

21



1.3

MEMS

(Au) (Pt)

(Al) 0.5wt% (Cu)

(Al-alloy)

Al2O3

Al (Si)

Al

2

MEMS

(Au)

(AlCu)

(100) MEMS

(AlCu) Al2O3

X (XPS)

Al2O3 XPS

Al Al Al

22



2

2.1

MEMS (Si) (μm)

(etching)

(ion) (plasma)

( )

(etchant) (etching

solvent) (chemical) MEMS

(Al)

(Au) (Pt) (Au) 5000

/g

MEMS (Al)

(Al)

23



100-200 /g (Al)

(Al)

(Fe) Al

Al

24



2.2

( ) ( )

[6]- [17]

2.1 (Si)

(

)

2.1 Si

(metal)

(O2) (S)

(H2O)

[18] [19]

(99.99% )

(Fe)

(Fe) 2.2

25



2.2 Fe( )

(Fe)

Fe + H2O+
1

2
O2 Fe(OH)2 (2.1)

2 0 +2

( )

Fe Fe2+ + 2e− (2.2)

2 OH− 0 -2

1

2
O2 +H2O+ 2e− 2OH− (2.3)

(1.2) (1.3)

( )

(Al) (Cu) (Ag)

(2.2) (2.3)

Al Al3+ + 3e− (2.4)

Cu Cu2+ + 2e− (2.5)

26



Ag Ag+ + e− (2.6)

3 2.3

(1) ( ) (2) ( ) (3)

(2H++2e− = H2 E0 = 0V)

(HNO3) (FeCl3) (H2O2)

(H3PO4)

(DIP)

2.4 (DIP) 2.5 (DIP)

N2 2.6

(DIP)

2.3

27



2.4 (DIP)

2.5 (DIP) N2

28



2.6 (DIP)

2.7 ( )

(Al) (Cu)

(Si) (Mo) (Nb)

ITO(In2O3-SnO2)

29



2.8

(1) (2)

(3) [20] [21]

2.8

2.9

30



2.9

(1) (8) 8

(1) ( )

(2) ( )

(3) ( )

(4)

(5)

(6) ( )

(7)

(8) ( )

MEMS (1)

(5)

2.10

31



2.10

(2.7)

2D/W2 −W1 = D/R (2.7)

[22] [23] [24] 2.1

[25]

32



2.1

(Cr)

(Al), (Cu )

(Mo)

(Ag),

ITO( )

(Ti)

BHF

(Ta)

BHF

(Cu),

(Si)

TMAH

(Au)

(Pt)

33



2.3

[26]

(O2) (H2O)

(corrosion) MEMS

(O2)

(H2O)

(corrosion engineering)

(corrosion science) [27]

( )

(aqueous corrosion) (gaseous corrosion)

(wet corrosion) (dry corrosion)

S (FE-SEM)

2.11

(MK61) 2.12 (VK-X210/200) 2.13

FE-SEM (S5500)

34



2.11 MK61

2.12 VK-X210/200

35



2.13 (FE-SEM,S5500)

(FE-SEM) 10keV

2.14 FE-SEM

X

2.15 (SE) ( BSE)

X ( )

SEM XY

/

SEM

2

keV 10keV

SEM

36



X-Y

SEM

2.14 FE-SEM

37



2.15

(1) (3)

(1) (uniform corrosion)

(a) (general corrosion)

2.16

(b) (general dealloying)

.

2.16

38



(2) (localized corrosion)

(c) (pitting corrosion)

2.17

(d) (crevice corrosion)

(e) (intergranular corrosion)

2.18 2.19

(f) (local dealloying)

2.17

2.18

2.19

39



(3) (localized corrosion)

(g) (stress-corrosion cracking)

(h) (hydrogen embrittlement)

(i) (corrosion fatigue)

(j) (erosion corrosion)

(k) (cavitation corrosion)

(l) ( ) (fretting corrosion)

(mechanochemical reaction)

(mechanochemical corrosion) [28] [29]

2.2

40



2.4 Al

MEMS (Si)

TMAH( ) TMAH (Si)

(KOH) (NaOH)

(K) (Na)

Al Al

( ) (Al)

(Si)

(Al)

( ) (Al)

MEMS

(Au) (Pt)

(Au)

(Pt)

(Al)

(Si)

[30]

TMAH((CH3)4NOH) (Al)

TMAH

( ) Si(100) AlCu(0.5%Cu

) AlCu FE-SEM

2.20 RF

41



2.20 RF

DC RF DC

RF

(13.56MHz)

[31] [32] (Ar)

( )

( )

MEMS

(μm)

(Al) (Au)

(AlCu, AlSiCu ) RF (GaN, GaAs )

(SiO2, SiN ) Si(100) AlCu

Si(100) AlCu

2.21 TMAH(5[wt%])

(TMAH ) 75 60

2.22 2.23 TMAH AlCu

AlCu

42



2.21

2.22 TMAH(5[wt%])

43



2.23

2.2 Si (100) AlCu

TMAH Si (100) 10%

AlCu 1/9380 Si(100)/AlCu

8450 2.24 Si(100) AlCu

Si(100)

AlCu 95

TMAH AlCu

AlCu Al

Al Al

(Si)

3-5nm (Si)

44



2.2 Si(100) AlCu

TMAH Developed Etchant

Si(100)[nm/min] 507 456

AlCu [nm/min] 938 0.1

Selectivity [Si(100)/AlCu] 0.54 4560

2.24 Si(100) - AlCu

45



2.5 Al

(3-5nm) MEMS

(HF) (NH4F)

(BHF)

(Al)

(Al)

Via(through hole ) Pad

2.25 Via, Pad

(Al) (SiN)

Th-SiO2

[33]

2.25 Via, Pad

Si(100) AlCu 0.5%Cu 760nm

46



AlCu SEM

2.26 ( )

2.26 ( )

(O2) (H2, and O2) 1000 1200

Si

44% (O2) (H2O)

CVD(Chemical Vapor Deposition)

(Plasma)

(Gate)

( )

(quartz)

RCA

SC-1: Standard Clean1 (NH3)/

(H2O2) SC-2: Standard Clean 2

(HCl)/ (H2O2) [34] Si(100)

RCA Th-SiO2

620nm Th-SiO2 AlCu

2.27 2.28 BHF HF/NH4F/H2O=1.5/15/83.5 [wt%]) 2.29

HF/NH4F BHF 25 3.5 SEM

BHF AlCu Al

47



2.27 BHF ( )

2.28 BHF ( )

48



2.29

2.3 Th-SiO2 AlCu (HF)/

(NH4F) Th-SiO2

2 AlCu (1/130) (Th-

SiO2/AlCu) 250 , BHF

AlCu ,

Al Al .

2.3 Th-SiO2 AlCu

BHF

Th-SiO2 [nm/min] 33.3 63.4

AlCu [nm/min] 174.7 1.3

(Th-SiO2/AlCu) 0.2 48.8

49



2.6

MEMS(Micro Electro Mechanical Systems

Al

Al

Al Al

50



3

3.1

(Al)

(Al)

MEMS

(100) MEMS

(3D)

(Au) (Pt) AlCu(0.5wt%-Cu )

(Th-SiO2) MEMS

(Al-0.5wt%Cu)

51



3.2

(Al)

(Al)

2

MEMS 3.1

(SUMCO) 6inch (100) 620nm

AlCu 780nm

PYRO

(Ar)

AlCu

AlCu

Si (100)

52



3.1

3.2 TMAH 3.3

3.2 TMAH

53



3.3

TMAH (pH14) (H2O) (Alcohol)

(CO2)

2.38%

P( )- (1800nm) Al-0.5wt%Cu(780nm)

Th-SiO2(620nm) Si(100) (6inch) 3.4 ( )

3.4 ( )

MEMS

( Pure Etch AS1 (H3PO4)73.5%/

(HNO3)1.6%/ (CH3COOH)5%/ (H2O) 40 , 4min.

3.5

.

(5min)

Dry Air (2min)

( ZE250 25 , 8min.

54



(5min)

Dry Air (2min)

( B (C2H6SO),30w%/

(C2H7NO),70w%) 75 , 2min. )

(5min)

Dry Air (2min)

( PE160 75 , 60min.

(5min)

Dry Air (2min)

SEM( /S5500)

55



3.5

56



3.3

3.6 FE-SEM

3.6

AlCu , 3.7

3.7 AlCu

57



Si 3.8

3.8 Si )

AlCu Si (Tilt15 ) 3.9

3.9 (Tilt15 )

58



AlCu AlCu

3.8 3.9

AlCu

SEM

55 (111)

(111) (Si)

3.10

( ) SEM (Tilt15 )

3.10 SEM (Tilt 15 )

3.11 AlCu 3.12 SEM

3.11 AlCu SEM

59



3.12 AlCu SEM

AlCu

( 3.8) (100) 55

3.12 AlCu

SEM AlCu

AlCu

3.11 FE-SEM AlCu

(AlCu)

MEMS

60



3.4

(Al) MEMS

MEMS

AlCu ( )

AlCu

( 3.8)

(100) (111) 55

MEMS

(Al)

[35] (Ti) (Mo)

TiW (Ti) (W)

APC: (Ag), (Pd), (Cu)

3.13

3.14 3.15

61



3.13 [35]

3.14 (1)

3.15 (2)

62



4

Al2O3 X

4.1

(Al) 2 MEMS

Al2O3

Al O XPS

[36]- [38], [39] [40]

Ar+

63



Al2O3

(XPS)

(as-annealed) Ar+

(Ar+-etched) Ar+(500)-GCIB (Ar+(500)-GCIB(Gas

Cluster Ion Beam)-etched) XPS

Al2O3 Al O XPS

64



4.2 X

XPS nm

[41] XPS

(photoelectron)

(PES: Photoelectron Spectroscopy)

(XPS: X-ray Photoelectron

Spectroscopy) 4.1

4.1

4.1 (4.1)

Ek = hν − φ (4.1)

(work function)

X

4.2

Ek = hν − φ− Eb (4.2)

4.2 hν Ek Eb(

)

65



(charging effect)

XPS 1

0.1 atomic %

2

XPS XPS

3 ESCA

/ nm

Ar Ar (GCIB) ESCA

Ar

Ar-GCIB

4.2 [42] X Eb

hν X Ek sp

66



4.2 X

4.3

Ar X

X

Ar

4.3 [42]

67



4.3

Al2O3 Sinyo Co. Ltd. Kyropoulos

0.06 m Al2O3

10 10

1mm3 Al2O3 Al2O3 700

100% 30

(as-annealed) XPS AXIS-ULTRA DLD (Shimadzu-Kratos

Co. Ltd.) X Al K 1486.6eV

15 Å 80 160eV XPS

300μm 700μm XPS

(COMPRO11) (as-annealed)

20keV Ar+ 10 Ar+

(Ar+-etched) (as-annealed)

500 Ar+

(Ar+(500)-GCIB(Gas Cluster Ion Beam)-etched) 4.4

4.4

Ar+

Ar+ 1

68



4.4

4.5 Al2O3 XPS

4 XPS

XPS O-1s, C-1s, Al-2s Al-2p

Al2O3 Al

Al2O3 XPS

C O

4.5 Al2O3 XPS

4.6 Al2O3 Al-2p XPS

71eV 73eV 2 XPS

Al Al2O3 Al-2p XPS

71eV XPS Al2O3

Al ( )

69



Al2O3 Al2O3−x

Al XPS Al

Al2O3 Al-2p XPS

[43]

4.6 Al2O3 Al-2p XPS

4.7 Al2O3 Al-2p XPS

XPS

71eV 73.4eV 2 XPS Al

Al2O3 71eV 73.4eV XPS

1.3eV 2.7eV XPS

Al2O3 Al-2p XPS

Al-2p 3/2 Al-2p 1/2 3:1

70



4.7 Al2O3 Al-2p XPS

4.8 Al2O3 O-1s XPS

XPS

527.7eV, 529eV 530eV 3 XPS

Al2O3 (36%) carbonates (17%) hydroxides (47%)

Al2O3 O-1s

XPS 1.9eV

71



4.8 Al2O3 O-1s XPS

4.9 Al2O3 C-1s XPS

XPS

282eV 283.5eV 285eV 287eV 4

C-C(28%) C-OH(4%) C-O(64%) unknown (4%)

72



4.9 Al2O3 C-1s XPS

4.10 Al2O3 C-1s XPS

20keV 5keV 720

Ar+(500)-GCIB C-1s

285eV XPS Ar+-GCIB

Al2O3 20keV

5keV 720 Ar+(500)-GCIB

20keV 5keV

73



4.10 Al2O3 Al-2p XPS

20keV 5keV Ar+(500)-GCIB (

) 720

4.11 (a) Ar+(5keV) (b)Ar+(20keV)-GCIB

Al2O3 Al-2p XPS

Al2O3 Ar+(5keV)

Al XPS

Ar+(20keV)-GCIB

Ar+(5keV)-GCIB

Ar+(500)-GCIB

Ar+(5keV) Ar+(20keV)-GCIB

BaTiO3

71.0eV XPS Ar+

(a) 71.6eV XPS Ar+-GCIB

(b) 71.6eV XPS 71.0eV

74



XPS 71.0eV XPS

71.6eV XPS 0.6eV XPS

XPS

XPS

71.0eV XPS 71.6eV

Ar+ Ar+(20keV)-GCIB

71.6eV

XPS Al2O3

Al2O3

XPS XPS

Al2O3

75



4.11 Al2O3 Al-2p XPS

20KeV (a) (b) KeV

Ar+ 20KeV Ar+(500)-GCIB (

) .

4.12 (a) Ar+(5keV) (b)Ar+(20keV)-GCIB

Al2O3 O-1s XPS (a)

528eV XPS Ar+-GCIB

Ar+-GCIB 528eV

XPS Ar+-GCIB XPS

Ar+(5kV)

O-1s XPS

XPS (b) XPS

(a) XPS (b) XPS

(a) O-1s XPS

76



XPS XPS

(b) XPS Al2O3

4.12 Al2O3 O-1s XPS

(a) (b) 5KeV Ar+ 20KeV

Ar+(500)-GCIB ( )

77



4.5

Al2O3 X

(XPS) Al2O3

(as-annealed) , Ar+ (Ar+-etched) 500 Ar+-

GEIB( ) (Ar+(500)-GCIB-etched)

XPS Al2O3 Al-2p

O-1s XPS Al2O3

Al

1

Pt

XPS

Ar+(500)-GCIB

Ar+

Al O XPS

78



5

(Al)

MEMS

(Au) (Pt)

(Al) (Si:100)

(Al)

(Al) (

)

2 MEMS

(Au) (Pt)

(AlCu, 0.5%Cu )

2 (Al)

MEMS

4

79



(Al2O3)

X (XPS)

(1) Al2O3 (as-annealed) , Ar+

(Ar+-etched) 500 Ar+-GCIB( )

(Ar+(500)-GCIB-etched) XPS

Al2O3 Al-2p O-1s XPS

Ar+ (

)

(2) Al2O3

Al

(3)

Ar+(500)-GCIB Ar+

Al O XPS

(Al)

MEMS

80



24 10

MEMS

Al Al

TEDREC

TEDREC

81



TEDREC

2

(JDI) ( )

5

82
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