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第第11章章  
 

  
(Information technology: IT)

IT
 

1947 Ge 1953 Si
1,2)

IT /

IoT(Internet of things) 3) (Artificial intelligence: AI)

nm 4,5)  
1957 FORTRAN

1970 IT
C UNIX BASIC 1980

Web
(Deep learning: DL) (Deep 

neural network: DNN) AI  
5 6) (Society 

1.0) (Society 2.0) (Society 3.0) (Society 4.0)
(Society 5.0)

Society 5.0 ( ) ( )

 
IT

(Plasma)
 



(plasma) 3 7)  
1)  
2)  
3)  

3 (Ionized gas)
8)

“ 4 ” 99%
 

IT
 

 
 

  
 

1960
(Wet etching)

1970

(Dry etching)
(Reactive ion etching: 

RIE)
RIE

 
1850 (Vacuum 

evaporation: VE) (Chemical vapor deposition: CVD)
(Molecular beam epitaxy: MBE)

(Plasma enhanced CVD: 
PE-CVD) (Ar) (Sputtering)

1970 LSI  

9)



1980
(Electron cyclotron resonance: ECR) 10, 11)

ECR
 

 
1) “ ”  
2) “ ”  
3) “ ”  

 
“ ”

RIE 500-1000 W

(Si)
(GaAs)

(InP)
(GaN) (SiC) (LiNbO) (LiTaO)

(IGZO)
 

“ ”
1970 10 μm

2010 30 nm MOSFET
2000 (SiO2) 3 nm

SiO2 (high-εr, high-k)
 

“ ”

(Anti reflection coating: AR ) (High reflection coating: HR )

AR HR



DVD InGaAs
GaN (Light emitting diode: LED)
LED  

 
 

  
(ECR)

ECR ECR
 1-1

 
2 ECR

ECR
ECR

 
3 ECR ECR

ECR

ECR
 

4 ECR SF6-CF4-SiH4-O2

GaAs-MESFET WSiN
GaAs-MESFET ECR



 
5 ECR 8

ECR Si Al Ta Zr
ECR

2 8
 

6 ECR (high-k )
Al2O3 AlN/Al2O3 ZrO2 high-k

 
7 ECR

ECR SiO2 Ta2O5

 
8 ECR BiTiO

- -

ECR
BiTiO  
9 ECR 40

IoT ECR
 

10  
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05661-8. 
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第第22章章  
 

  

1960

1970

( )
 

ECR
ECR

 
 
 

  
  

“ ”
99%

1)

2) 2
1

( )

(Ion sheath)
 



 8 

IT
(Plasma engineering)

 
 

  
 f 3)  

(1)  (Direct current discharge), f = 0 kHz 
(2)  (Radio frequency discharge), 0 < f < 1 GHz 
(3)  (Microwave discharge), f > 1 GHz 

 
(a)  
(b)  
(c)  

 
 (a)  2-1 (1)

(2)
(Capacitively coupled plasma: CCP) (b)

 2-2 (2)
(Inductively coupled plasma: ICP)

(Radio frequency: RF) CCP ICP (RF
)  

(International Telecommunication Union: ITU) 4)

(Industry science medical band: ISM )
13.56 GHz (13553 13567 kHz)  

(c) (3)
(Microwave plasma)



 9 

(ECR) 300 
MHz 300 GHz 3 THz ITU

ISM 2.45 GHz (2400 2500 MHz)  
CCP ICP ECR

 
 

 (RF ) - (CCP) 

13.56 MHz

( 10 Pa)  

( 10-30 kg)
(10-24 10-23 kg) ( 106 m/s)

( 104 m/s)

( )



 10 

 
 

 (RF ) - (ICP) 

13.56 HMz
J Maxwell

B Lenz E

 
1 Pa

 

 
 

  – (ECR)  
 2-3 ECR 5) Ar

0.01 Pa
87.5 mT B

( )
2.45 GHz (2-1)

(ECR) ωecr  
 

 
𝜔𝜔"#$ 	= 	

𝑒𝑒𝑒𝑒
𝑚𝑚  

(2-1) 

 
e m

Ar Ar
Ar ωecr Ar

ECR ECR
ECR ECR

( )



 11 

 2-4
 

ECR 0.01 Pa

ECR
RF

10 30 eV
 



 12 

 
  

CCP

ICP

 
ECR

 
 

 ECR  
  

 2-5  

(VE) EB (Electron beam 
evaporation: EB ) (Sputtering deposition)

(RIE) (Wet etching)
(CVD)

CVD(PE-CVD) (Metal-organic CVD: 
MOCVD) (Atomic layer deposition: 
ALD) 7) ALD



 13 

 
 

 ECR  
1982 ECR 5, 8)

 2-5 ECR
8) ECR 9, 10) ECR-CVD5)

ECR 11, 12) ECR 13) ECR
 

ECR

 
 
 

  
(ECR)

ECR
ICP

ECR
ECR

 
 
 



 14 
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( )

1)

ECR  

(RIE) (CCP)

2-4)  

SiO2

5,6) 100 eV
100 eV

 
ECR 10 30 eV 7,8)

 
ECR

(Neutral stream: NS) 9-11)

 
 



 ECR  
  

 3-1 ECR (a)
(b)

(Charge exchange: CX)
(c)

(d) (Elastic collision)
10 

Pa 1 10 Pa
(Mean free path: MFP)

0.1 Pa

(Generation efficiency of neutral stream: 
GENS) P  
 

 (GENS)  
 3-2



σ σs

σce

 
σs (σ < σs)

σce

(σ > σce)
σ σs σce

(σs < σ < σce)  P

(3-1)  
 
 𝑃𝑃 = exp(−𝜎𝜎)𝑛𝑛𝑛𝑛) [1 − exp(−𝜎𝜎/0𝑛𝑛𝑛𝑛)] (3-1) 

 



n L

P  3-3 σce σs Cramer
12) 0.08 Pa 100 mm 30%

ECR
ECR  

 
  

ECR (1)
(2)

(1) (Quadra-pole 
mass spectroscopy: QMS)

(2) (
)

 

ECR 87.5 mT

 3-4 (a)
(b)  

 
 



  
  

 3-5 9) (a)
ECR 13) ECR ECR

(b)
(Permanent 

magnet)

 
0.01 0.12 Pa

87.5 mT 2.45 GHz
400 600 W ECR

(a)
40 mm

10 mm Sm-Co



0.1 T Sm-Co 0.2 T
2 170 mm

 
 

  
 3-6 3 mm (Au) (Langmuir probe)

Sm-Co

20 mm 30 V

 

 3-7
20 mm –  –40 

V 100 V 0.3 A/cm2

Sm-Co 20 V
0.01 A/cm2 Sm-Co 0.004 

A/cm2 1/60 1/100  
 



 Cl2+SF6  
Sm-Co (Si)  3-8

(0) 10, 20, 25, 30, 40 mm
Cl2 + 8%–SF6 600 W

150 nm/min
20 mm

22 nm/min
 

Sm-Co (Scanning 



electron microscopy: SEM)  3-9
+20 mm  –20 mm

 
20 mm

 3-7 20 mm

x

y z

e m v B(z) E

(3-2)  
 
 𝑚𝑚𝑚𝑚𝑣𝑣5

𝑚𝑚𝑑𝑑 	= 	−𝑣𝑣8𝐵𝐵(𝑧𝑧) 
 

 𝑚𝑚𝑚𝑚𝑣𝑣;
𝑚𝑚𝑑𝑑 = 0 

 

 𝑚𝑚𝑚𝑚𝑣𝑣8
𝑚𝑚𝑑𝑑 	= 	𝑒𝑒𝑒𝑒 + 𝑒𝑒𝑣𝑣5𝐵𝐵(𝑧𝑧) 

(3-2) 

 
Cl+ Cl2+ 12 eV

Runge-Kutta  3-10

Cl+ +6 V



Cl2+ +10 V

 
(Pt)

Cl2 + SF6 400 W ECR
 3-7(b)

ERleft

ERright  3-11
+5 V ERleft ERright 1.5



ERleft/ERright 0.5 +20 V
ERleft/ERright 0.9

+20 V ERleft/ERright

 
 

  

+50 V Cl2 + SF6 400 W
ECR 20 mm

 3-12 3

3
(SiO2) Cl2 SiO2

SF6 SiO2

SF6 SiO2

Cl2
 

 3-13 Cl2
SF6 400 W SF6



SF6

 
 3-14 Cl2 + SF6 +50 V

1/10

400 W
10.5 nm/min 1/10 600 

W 13 nm/min 170 nm/min



(Cl2+ Cl+ )  
 3-15 Cl2 + SF6 400 W +50 V

Cl2 (Intensity of neutral 
stream, In) Cl2

0.1 Pa

1/10  3-3
30%

8)

 
 

  
(Micro-loading)

2-4)



 3-16 Cl2 + SF6 +50 V

( )
1.0 μm

0.6 μm 25%

1.0 μm

 
(Notching)

(Overetching)  3-17 (a)
(Line 

and space: L&S)

Cl2 + SF6 +50 V 100%
Cl2 ECR

 3-17 SEM

1/10
 



 
 

  
  

10)  
 3-18(a)

ECR 13) 180 mm

0.015 T 60 mm 15 mm 20 
mm

0.03 T 0.075 T 2
 

 3-18(b) 20 mm



5 nm
(SiO2) 300 nm (Poly-Si) 150 nm

SiO2 75%–Cl2 + 25%–
SF6 0.036 Pa ECR

400 W  
 

  
ECR ( ) 10-30 eV

7,8)

 
 3-18(b) t

B s

v

L L (3-3)  
 
 𝑛𝑛	 = 	𝑟𝑟	(1 − cos 𝜃𝜃) + 𝑠𝑠	 tan 𝜃𝜃 (3-3) 
 

𝑟𝑟 =
𝑚𝑚𝑣𝑣
𝑒𝑒𝐵𝐵 	 

 

 𝜃𝜃 = arcsin	(𝑑𝑑 𝑟𝑟K )  
 

r Lamor θ e  



L t

 3-19 Cl2+ 10 eV
s 20 mm 0.03 T, 0.075 T, 0.1 T



t L 0.075 T
t 20 mm 10 mm

L  
+25 mm, + 5 mm, -15 mm

SEM  3-20
0.075 T t 15 mm s

20 mm (c)-15 mm
2 nm/min

Cl2 SF6

(a)+25 mm (b)+5 mm
-15 mm

(a)+25 mm
L

(b)+5mm
L

L

 
L  3-21 L SEM

Cl+ Cl2+ 10 eV
L 0.03 

T 0.075 T L Cl+ 10 eV
Cl+ ECR



ECR
14) Cl2+

Cl+

0.075 T
 

 3-20 (b)
(Deposition Etching Reaction Simulator: DEER)

15)

 3-22
 (a) 30% (b)

100% (a)  3-20 (b) ( )
 3-20 (c)

 
 
 

  
ECR

(Time-of-flight: TOF)



- 11)  
 3-23  3-18
ECR

(Chopper) 200 mm 1.5 mm
(Flight tube) (QMS)

QMS 95 cm
(Photomultiplier) QMS

 
ECR Ar 0.023 Pa (1.8 × 10-4 Torr)

350 W ECR ECR
Sm-Co

100 mm 1 mm 5000 rpm
QMS QMS

0V
(Turbo molecular pump: TMP) 4 × 10-4 Pa(3 × 10-6 Torr)

 



 3-25 TOF  3-25 (a) QMS
 3-25 (b) QMS

A C ECR
QMS (Full 

width at half-maximum) 42 μs
B 92 μs QMS

QMS
ECR D 100μs

QMS



ECR TOF
B 23 eV D 18 eV  

 3-24 TOF
0.019 Pa(1.4 × 10-4 Torr) 0.039 Pa(2.9 × 10-4 Torr)

TOF
 3-26 TOF

0.019 Pa 0.039 Pa
20 eV 10 eV ECR

7,8)

0.019 Pa 0.039 Pa 28 
cm 13.5 cm 16)

 
 
 

  
ECR

ECR  



 

 

TOF 10 20 eV
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1)

1960

(Undercut) 1 μm
1970

( )
 

( : Ashing)

(CCP) (RIE) 2-4)

 
10 100 Pa

109 cm-3

RIE 1 10 Pa

5, 6)

 
ECR

ECR 10 30 eV 7-9)

(poly-Si) ,10, 11)

 
ECR GaAs-MESFET WSiN

12-15)  
 



 GaAs-MESFET  
 GaAs-MESFET WSiN  

(GaAs) (Mobility)
GaAs

(Metal semiconductor field effect transistor: MESFET)

(Monolithic microwave integrated circuit: MMIC) (RF)
16, 17) 40 Gbps

60 GHz GaAs-MESFET
(WSiN)

100 nm 18)  
WSiN GaAs-MESFET

(Ga) (As)
19-21) WSiN 800 ℃ 20 

GaAs WSiN
(RF ) W5Si3 (Ar) (N2)

 
 

 2 WSiN GaAs-MESFET  
WSiN GaAs-MESFET  4-1 WSiN

W0.77Si0.13N0.10 W0.50Si0.13N0.37 2 22-26)  4-1
GaAs RF W5Si3

W0.77Si0.13N0.10 Ar : N2 = 34 sccm : 5 sccm 300 W 25 nm
W0.50Si0.13N0.37  Ar : N2 = 38 sccm : 1 sccm 300 W 375 nm

300 W SiO2



SiO2 200 nm
RIE CF4 + H2 60 W SiO2

 4-1 (a)  
 4-1 (a) (b) WSiN 100 nm

(c) MESFET  4-1 (b)
W0.77Si0.13N0.10 W0.50Si0.13N0.37 2 100 nm

(Anisotropic etching)  
 

 WSiN  
 4-2(a) SiO2 WSiN

GaAs WSiN
(W) (Metal silicide) (Nitride)

(SF6) RIE
(F)
(Isotropic etching)  4-2 (c) (Undercut)



RIE
GaAs

RIE 1 Pa
 

 4-2(c) (1) (2)
(tale) (3) (under-etching) (4)

(damage) 5 SiO2

 
(Etching rate: ER)  4-2(b) (Etching 

depth: ED) (Etching time: ET)  
 
 𝐸𝐸𝐸𝐸	[𝑛𝑛𝑛𝑛/𝑛𝑛𝑚𝑚𝑛𝑛] = 𝐸𝐸𝐸𝐸	[𝑛𝑛𝑛𝑛]	/	𝐸𝐸𝐸𝐸	[𝑛𝑛𝑚𝑚𝑛𝑛] (4-1) 

 
 

 ECR WSiN  
 WSiN ECR  

RIE 1 Pa ECR
0.01 Pa



10 30 eV GaAs
 

 4-3 ECR 14) (Plasma 
chamber) ECR (Ion stream) (Divergent magnetic field)

10, 11) (1)3
(Upper main coil)

(Lower main coil) (Sample holder)
(Supplementary coil) (2)

(3) (QMS)
(Optical emission spectrometer: OES) (4)

(He)  
(Etching chamber)

0.035 Pa
87.5 mT

(Rectangular waveguide) (Microwave mode transducer)
(Quartz window) 2.45 GHz ECR

ECR

20 
He

 
 

  
WSiN (F)

WF6 SiF4 N2

ECR
SF6 WSiN

12, 13) WSiN
(CF4) WSiN CF4 WSiN



CF4

 

 4-4
SF6 CF4

ECR SF6 SFx (F) CF4 CFx

F (SiO2) SiO2 F
(SiFx) (O) SiO2 (CFx)

O SiFx (CO) SiFx CO
CFx F CO W

WSiN
SiFx SiO2

 

(Stainless steel: SUS)



F CFx

F CFx CO
 

 4-2 GaAs (1)HCl (2)SF6+CF4+SiF4+O2

10 (3) HCl
X (Total reflection X-ray fluorescence: TRXF)

Ga, As, Si, Cr, Fe, Ni (1) HCl
(2) Cr Fe Ni

15) 10 
HCl

Cr Fe Ni HCl

 
 

 SF6 CF4  

SF6 CF4 450 nm 200 mm2 W0.50Si0.13N0.37 (WSiN)
WSiN SF6  4-5(a)
300 W SF6

SF6

 
SF6 8 sccm 300 W CF4



WSiN CF4  4-5 
(b) CF4

CF4 CF4 WSiN
 

SF6 SF6 + CF4 SEM  4-6
 4-6 (a) SF6 8 sccm (b) SF6 : CF4 = 8 : 4 sccm

300 W SF6

WSiN SF6 + CF4



SF6 + CF4

SiO2 WSiN SiO2

 
SF6 SF6 + CF4 250 W 300 W

 4-7  4-7 (a) SF6 8 sccm  4-7 (b) SF6 : CF4 = 
8 : 4 sccm 300 W  4-7 (c) SF6

6 sccm (d) SF6 : CF4 = 6 : 4 sccm 250 W
SF6 CF4

250 W 300 W
SF6 + CF4 SiO2

( ) SiO2

WSiN SiO2

 
 

 SiF4 O2 SiO2  
SiO2 (SiF4)

O2 SF6 + CF4 + O2 SiF4

WSiN SiO2 (WSiN SiO2 : 
ERWSiN / ERSiO2)  4-8 SF6 : CF4 : O2 = 6 : 4 : 0.5 sccm



250 W SiF4 WSiN SiO2

SiO2 WSiN SiO2

SiF4 4 sccm 2  
WSiN GaAs  4-9

SF6 : CF4 : SiF4 : O2 = 5 : 4 : 2 : 0.3 sccm
200 300 W WSiN

GaAs
250 W 2 nm/min GaAs

 
 



  
  

SF6 + CF4 + SiF4 + O2

100 nm WSiN
3

 
3  4-10

ECR

CF4 (CO)

(Semi insulator) GaAs

27)

 
 4-11

SiO2

50 nm

 
WSiN SiO2 GaAs 3



 4-12 SF6 : CF4 : SiF4 : O2 = 5 : 4 : 2 : 0.3 sccm
250 W 3

WSiN 50 nm/min
±4% GaAs 2 nm/min

WSiN GaAs 60  
 

 



 25) 
  

WSiN 4.2.2 W5Si3 Ar + N2

RF 3 ±5
26)

WSiN

WSiN

(1) (OES) (2)
(QMS) 25)  

 4-3 ECR OES QMS OES

QMS ANELVA QIG-360 1 mm (Orifice)
60 ℓ/s (TMP) QMS
QMS 3 × 10-4 Pa  

 
 WSiN  

 4-13 SF6 + CF4 + SiF4 + O2 (a)GaAs (b)W0.50Si0.13N0.37 (WSiN)
OES



0.033 Pa 250 W  4-13 (a)GaAs
(S) (F) (CO) (C)

 4-13 (b)WSiN
(W) 401, 407, 429, 430 nm (Ar) 808, 811 nm

S/N 429 nm (
W-OES)  

 
 WSiN  

 4-14 SF6 + CF4 (a)GaAs (b)W0.50Si0.13N0.37 (WSiN)
QMS (M/e) SF6 + CF4

0.02 Pa 250 W (a)GaAs
(S) (F) (C)

(O) (Si) (N) (H2O)
(b)WSiN M/e = 40

M/e = 40 Ar+, SiC+, CN2+, C2O+

X (TRXF) RF WSiN 0.3%
M/e =40 WSiN Ar+

 
SiC+ GaAs

M/e = 12 (C+) 14 (N+) M/e = 40



CN2+ QMS O2

QMS
29, 30) WSiN SiO2 O2

C2O+

 
 4-15 SF6 

+ O2 M/e = 12, 28, 40, 44
 M/e = 12 (C+) 28 (CO+) 40 (C2O+) 44 (CO2 +)

 4-15 O2 C+ CO+ CO2 +

C2O+ M/e = 40
Ar+ C2O +

SF6 + CF4 + SiF4 + O2 O2 4%  4-15
4% C2O + C2O+

 
WSiN M/e = 14(N+), 28(N2+)

M/e = 40(Ar+) QMS (Ar-QMS)
 

 



 WSiN  
W0.50Si0.13N0.37 (WSiN) SF6 + CF4 + SiF4 + O2 Ar-

QMS W-OES  4-16 (a) Ar-QMS (b) W-
OES ta,QMS ta,OES

 
 4-16 (a) Ar-QMS tb,QMS

Ar-QMS tb,QMS tc,QMS

WSiN
(Just etching) tc,QMS 20% 80%

td,QMS td,QMS te,QMS

(Overetching) Ar-QMS
1 WSiN 3 ±5% 26)

ta,QMS td,QMS WSiN
0.88 nm/s (52.8 nm/min) tc,QMS

td,QMS WSiN tc,QMS

td,QMS δTQMS = td,QMS - tc,QMS



 
 4-16 (b) W-OES td,OES

te,OES W-OES tc,OES 50%
tc,OES 60% 40%

tc,OES td,OES δTOES = td,OES - tc,OES  
W0.50Si0.13N0.37 (WSiN) SF6 + CF4 + SiF4 + O2 Ar-QMS

W-OES (SEM)
 4-17 (a) (td,QMS, td,OES) (b) 100 

(te,QMS, te,OES) (a)
(b) 100 

 
SF6 + CF4 + SiF4 + O2 GaAs

 4-3 SF6 + CF4 + SiF4 + O2

200, 250, 300 W ECR 60 
GaAs GaAs
 + HCl



 4-3 250 W 60 GaAs 2.3 nm
100 5 nm GaAs
GaAs-MESFET

 
8 (Batch, Lot)

Ar-QMS W-OES
SF6 + CF4 + SiF4 + O2 W0.50Si0.13N0.37 6

Ar-QMS(δTQMS = td,QMS - tc,QMS) W-OES (δTOES = td,OES 
- tc,OES)  4-18 (Wafer number)

Ar-QMS δTQMS 30 
W-OES δTOES 4 6 55 

WSiN 400 nm 3 ±5
WSiN 40 nm WSiN

0.08 nm/sec δTQMS, δTOES 45 
W-OES 45 10
WFx WFx

Ar Ar-QMS  



 
 WSiN  

 4-1 WSiN
W0.77Si0.13N0.10 W0.50Si0.13N0.37 2 WSiN 2

 4-19 GaAs
W0.77Si0.13N0.10(100 nm) W0.50Si0.13N0.37(100 nm)

Ar-QMS W-OES  4-19 W
Ar-QMS W-OES Ar-

QMS W WSiN

W-OES W
Ar-QMS

WSiN Ar-QMS W-OES

W0.77Si0.13N0.10 0.98 nm/s W0.50Si0.13N0.37 0.88 nm/s  
SF6 + CF4 + SiF4 + O2 GaAs W0.77Si0.13N0.10(25 nm)

W0.50Si0.13N0.37(375 nm) 2 WSiN SiO2

Ar-QMS  4-20  4-20 (a)
 4-20 (b)

ta,QMS tb,QMS tc,QMS

td,QMS t’d,QMS



t”d,QMS td,QMS

Ar-QMS W0.50Si0.13N0.37 W0.77Si0.13N0.10

tc,QMS t’d,QMS W0.50Si0.13N0.37 t’d,QMS

t”d,QMS W0.77Si0.13N0.10 Ar-QMS
WSiN  

 4-21 WSiN SEM td,QMS

te,QMS 100 
CVD (SiN) WSiN

 



 

 
 ECR GaAs-MESFET  

31-33) WSiN
(Gate space)  

4-22 SF6

160 nm 1 
μm 130 nm 30 nm 100 μm

180 nm 20 nm FET

SF6 + CF4 + SiF4 + O2 160 nm
SEM

 
 4-24 SF6 SF6 + CF4 + SiF4 + O2

WSiN FET -
FET FET (b) SF6

FET FET

FET FET  



 4-23 GaAs-MESFET FT Lg 100 
nm 131.4 GHz 3σ

5 GHz FET  
 

 



  
100 nm GaAs-MESFET WSiN

SF6 + CF4

SF6 + CF4

SiF4 + O2 WSiN SiO2

 
QMS

WSiN
WSiN  

GaAs
GaAs-MESFET 131 GHz 3σ 5 

GHz FET  
ECR GaAs-MESFET
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3 “ ”

2
1, 2) (Amorphous: ) (Poly-

crystal) (crystal)
(Nano-particle, Nano-crystal)

(1) (2) (3) (4)
IT

2)  
(Substrate)

 5-1 1)  
 



ECR

1982 ECR (CVD)
3) CVD

(CCP) RF

RF
4)

ECR ECR
ECR

(ECR ) 5)

6-8)  
8 ECR

9, 10)  
 
 

 ECR (ECR )  
 ECR  

 5-2 ECR a) 5) (b) 8
9)

 5-2(a) ECR  



ECR

13.56 GHz

 
10-5 Pa

0.01 0.1 Pa 87.5 mT
2.45 GHz ECR ECR

ECR (
)

13.56 MHz

 

ECR 10 30 eV
mA/cm2

10 nm 10 ps

RF
RF 500 1000 V

500 1000 eV
 

 5-3 (1
: atoms/ion) 11) 10 eV



ECR
(Ar)

 
 5-2(a)

(Quartz window)

 5-2(b) (1)
(Divided waveguide)

(2)
(3)

8  



 
  

RF

RF
ECR ECR

ECR  
ECR  5-4  5-7 Si, 

Al, Zr, Ta
SiO2, Al2O3, ZrO2, Ta2O5 (DR) (Refractive index: 

RI) 100 nm 632.8 nm

 
 5-4 SiO2

SiO2 ECR
500 W 500 W

7 sccm 12 nm/min
1.48 SiO2



Si SiO2-x

7 9 sccm 12 nm/min
SiO2 1.46

4 nm/min 1/3
(Metal mode) (Oxide 

mode)
f0 ECR f0 ECR

 
 5-5 Al Al2O3  5-6 Zr ZrO2

 5-7 Ta Ta2O5 f0



Ta2O5

 5-1 12)

Al
1.05 Al2O3 0.034 1/30

 
 5-8

 5-8 (b)

Ar
 5-8(a)



ECR 10 30 eV

 
 

 



  
  

 5-9 Al Al2O3 8
80 nm 70 nm

±1.3% ±0.03% ±2.5%
 

 5-10 ECR 100 nm (Atomic 
force spectroscope: AFM) (b)Al2O3, (c)ZrO2, (d)SiO2, (e)Ta2O5

(a) ( )RF Al2O3



 5-2 Rq(RMS) RF Al2O3

ECR
 

 
 ECR Al2O3  

 5-11 Al2O3



(Transmission electron microscope: TEM) (a)
Al2O3 Si (b)

Al2O3 Si 4 nm  
 5-12 X (X-ray photoelectron spectroscopy: XPS)

(a) Si-O
(b) Si-O

TEM 4 nm
 

 5-3 Al2O3 XPS
Al2O3 XPS

XPS

 
 
 

  
ECR 8

ECR SiO2, Al2O3, ZrO2, Ta2O5

 
ECR

2
 

ECR SiO2, Al2O3, ZrO2, Ta2O5

±1.3% ±0.03%



±2.5%  
TEM XPS

4 nm  
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1970 (Large scale integrated circuit: LSI)

1.4 Moore
0.9

(Semiconductor Industry Association: SIA) 1998 ‘National Technology 
Roadmap for Semiconductors: (NTRS)’
1998 ‘International 
Technology Roadmap for Semiconductors: ITRS’

1) ITRS ( )
2001 150 nm 2005 100 nm 2014 35 nm

(Dynamic random access memory: DRAM)
(Micro-processing unit: MPU)

ITRS
2001 1.5 2 nm 2005 1 nm 2014

0.5 nm
(SiO2) 3 nm

2)  
SiO2 (εr)

SiO2 Equivalent oxide thickness : EOT
3) high-k

high-k

Si3N4, Al2O3, Ta2O5, ZrO2, HfO2

4-6)  
high-k

(ALD)7-9) (MOCVD)10) 11)

high-k

ECR 12-16) high-k 17-24)  
 
 



 ECR Al2O3 high-k  
 ECR  

 6-1 high-k ECR 18) 8
 

10-5 Pa
0.01 0.1 Pa 87.5 mT

2.45 GHz ECR ECR
ECR

13.56 MHz

5N (Al)  
p (ρ = 3 4.4 Ωcm) p (ρ = 1 2 

Ωcm) p (ρ = 0.08 0.11 Ωcm) H2SO4 H2O2

1% HF 10-5 Pa
ECR Al2O3 Al(2% Ga ) TiN

HF Al(2% Ga
) - -Si

 



Al2O3 632.8 nm
1 MHz

(C - V) (TEM)
(AFM) X

(XPS)  
 

 Al2O3  
ECR Al2O3

2 (  6-2) 4 6.5 sccm



7 nm/min 7.5 sccm 0.5 
nm/min Al2O3

1.6 XPS  
2 Al2O3 high-k

 6-3 (a) (b) C-V
Al2O3 3 nm, 5 nm, 10 nm, 20 nm Al

Al2O3

C-V (C-V hysteresis)
C-V  

- -
p

(Flat-band voltage: VFB)

(ΔVFB) m s ms = m - s

Cox Qs Al

m = 3.2 eV  
 

 
𝑉𝑉"# = 𝜙𝜙&' 	−	

𝑄𝑄'

𝐶𝐶,-
 

(6-1) 

 
p  

 

 
𝜙𝜙' = 4.6 +	

𝑘𝑘𝑘𝑘
𝑞𝑞 𝑙𝑙𝑙𝑙𝑙𝑙

𝑛𝑛9
𝑛𝑛:

 
(6-2) 

 
k T q na

ni (Intrinsic carrier density)  
C-V Cox C-V

φms

 
 6-4 Al2O3 10 nm C-V



Al Al2O3 0.45 
μF/cm2 C-V Al p-Si

(-0.9 V) 0.6 V
Al2O3 0.6 μF/cm2 C-V

1.5 V
Al2O3 Al2O3 (Negative fixed 
charge: NFC)  

 6-5 Al2O3

C-V Al
C-V

Al2O3 5 nm, 10 nm, 20 



nm C-V
3 nm, 5 nm, 10 nm 10 20 nm 0.2 V  

high-k SiO2 EOT EOT  
 

 
𝐸𝐸𝐸𝐸𝑘𝑘	 = 	

𝜀𝜀>:?@
𝜀𝜀AB@?C

	× 	𝑑𝑑 
(6-3) 

 
εSiO2 εAl2O3 Al2O3 Al2O3

εSiO2 3.9 εAl2O3 C-V  
 6-6 Al2O3 EOT

EOT
0 nm 2 nm EOT

EOT 10 nm EOT
0 nm 0.5 nm Al2O3

EOT Al2O3

εAl2O3 7.38  
EOT TEM

 6-7 (a) Al2O3 Si
(b) Al2O3 Si

4 nm  
 6-8 X (XPS) (a)

Si-O (b)



Si-O
TEM 4 nm  

C-V

EOT 2 nm
C-V

high-k  
 

  
Al2O3 ECR

10-2 Pa ( ) 10-4Pa
( )  



 6-10 3 nm Al2O3

C-V 2 C-V
300 500 500 150 mV

300 650 
500 

(Positive fixed charge: PFC)
10-2 Pa

ECR SiO2

25)  
 6-11 3 nm Al2O3

C-V C-V 400 700 



500 600 -0.8 V  
3 nm Al2O3 500 600 

C-V  6-9 500 
C-V

6 sccm C-V
200 mV 600 4 6 

sccm C-V
100 mV Al2O3

5 sccm 600  
 6-12 Al2O3 600 (a)

(J-V ) (b) Poole-Frenkel (P-F)
(c) Fowler-Nordheim (F-N) P-F 26)  

 

 

𝐽𝐽	 ∝ 	𝐸𝐸	exp	

⎣
⎢
⎢
⎡−𝑞𝑞(𝜙𝜙# − O𝑞𝑞𝐸𝐸 𝜋𝜋𝜀𝜀AB@?CQ )

𝑘𝑘𝑘𝑘 	

⎦
⎥
⎥
⎤
 

(6-4) 

 
F-N 26)  

 

 
𝐽𝐽	 ∝ 	𝐸𝐸@	exp	 V

−4√2𝑚𝑚∗(𝑞𝑞𝜙𝜙#)C/@

𝑘𝑘3𝑞𝑞 ] ℎ2𝜋𝜋_ 𝐸𝐸
` 

(6-5) 



 
J E φB εAl2O3 Al2O3

k T m* h  
 6-12 (a) J-V

1.5 nm 1.5nm
(Direct tunneling: DT)  6-12 (b) P-F 5 

nm 10 nm 1500 2000 (V/cm2)1/2

P-F Al2O3

P-F  6-12 (c) F-N 5 nm
10 nm 2 4 × 10-6 cm/V

F-N  
Al2O3 P-F F-N P-F

F-N Al2O3

high-k
2 F-N T P-F T



300 453 K P-F Al2O3

3 nm 550  6-13 TiN/Al
P-F

 
Qt  

 

 
𝑄𝑄𝑄𝑄	 = 	b 𝑥𝑥	𝜌𝜌e(𝑥𝑥)	𝑑𝑑𝑥𝑥

f

g
 

(6-6) 

 
d Al2O3 ρt(x) Al2O3

Al2O3 Al2O3

Qt d 2 Al2O3

Qt d C-V
Al2O3  6-14 C-V

Al2O3 Al2O3

Qt 7 × 1010 cm2  
 

 
Δ𝑉𝑉"# 	= 	

𝑄𝑄e

𝐶𝐶,-
= 	

𝑄𝑄e

𝜀𝜀AB@?C
	𝑑𝑑 

(6-7) 

 
ΔVFB Cox Al2O3 εAl2O3 Al2O3



Al2O3  
Al-Al Al-Si Al-O

27) XPS Al 2p 4 eV
Al-Al Al-Si Al-O

Al-O 1010 cm-2

10-2 Pa 28)

 
 6-15 Al2O3 SiO2 EOT Al2O3 600 

TiN/Al SiO2 800 
TiN -1 V Al2O3

SiO2 EOT SiO2



1.5 nm SiO2 0.1 A/cm2

Al2O3 1.0 nm EOT 10-3 
A/cm 2  

 6-16 Al2O3 600 10-2 Pa
600 10-4 Pa EOT

Ti/Al Al2O3

EOT
0 nm 1 nm EOT

Al2O3 1.6 nm 1.0 nm EOT
1.1 nm EOT 1.5 nm Al2O3

0 nm
0.3 nm Al2O3

EOT Al2O3

εAl2O3 8.1 εAl2O3 9.8  
 

  
ECR Al2O3

EOT=1.0 nm Al2O3 Al-O
( )

SiO2

( )  



 6-17 ECR 3 nm Al2O3 550 
C-V

TiN C-V 1 MHz

1 MHz
C-V high-k

 
ECR 550 400 

10 1 kHz C-V
TiN (without)

C-V



 
 6-19 400 1 MHz, 100 kHz, 10 kHz, 

1 kHz C-V 3 nm Al2O3 550 
TiN

C-V  
 6-20 Al2O3 1 kHz C-V 550 

TiN (a)
C-V C-V

(b)400 
10 nm 20 nm



5 nm 5 nm 0 V
3 nm  
 6-21 (a)

(b) 550 
TiN  (a)

(b)
Al2O3

 
 6-22 P-F F-N

Al2O3 550 400 10 



TiN  6-22 (a) P-F 5 20 nm 2000
3000 (V/cm)1/2  6-22 (b) F-N 3

20 nm 5 23 × 10-7 cm/V  
 6-23 Al2O3 (a) 1 

KHz (b) 1 MHz (c)
1 MHz 550 

TiN/Al (a) 1 kHz
1012 cm-2 (b) 1 MHz 1011 cm-2

(c) 1010 cm-2

 

 
  
ECR Al2O3

1.0 nm EOT
Al2O3 1010 cm-2

 
ECR ECR

ECR
Al2O3 Ar/O2

 



 6-25 ECR 1.5 nm Al2O3 1 MHz C-V
(a) 550 (b) Ar

30 550 (c) Ar/O2 20 
550 Al

(C) -2 V
(Cox) C/Cox Ar/O2 29%

ECR  6-25 (a) C-V
109 mV Al2O3

 6-25 (b) Ar 30 C-V
56 mV  6-25 (c) Ar/O2 20 C-V



3 mV C-V Ar
Ar/O2  

 6-24 1.5 nm-Al2O3 C-V (a)
(b) Ar (c) Ar/O2

 6-24 (a) +70 +100 mV
C-V  6-24 (b) Ar

30 +56 mV 120 
+100 mV C-V

ECR 30 
120 Ar

29-31)  6-24 (c) Ar/O2

10 20 C-V 20 C-
V 30 

(PFC)
Al-Si-O

 
 6-26 VFB Al VFB

(6-1) (6-8)  
 

 
𝜙𝜙&' 	≡ 	𝜙𝜙& −	j𝜒𝜒>: 	+ 	

𝐸𝐸l
2𝑞𝑞 	+	𝜓𝜓#n 

(6-8) 

 
𝑉𝑉"# = 𝜙𝜙&' 	−	

𝑄𝑄'

𝐶𝐶,-
= 	𝜙𝜙& −	j𝜒𝜒>: 	+ 	

𝐸𝐸l
2𝑞𝑞 	+	𝜓𝜓#n 

 



 

m Al 4.1 eV χSi 4.05 eV Eg

1.23 eV ψB p
5 × 1015 cm-3

300 K ψB 0.33 eV VFB -0.84 V
26, 27)  6-26 Ar 30 

120 -1.7 V Ar/O2

120  
 6-27 EOT 1.2 

nm EOT Ar 1.5 2.7 nm
Al2O3

Ar/O2 EOT
20 1.0 nm EOT  



Ar/O2 Al2O3 TEM  6-28
3.5 nm-Al2O3 Ar/O2 30 0.5 nm

ECR Al2O3 20)

Ar/O2  
 6-29 Al2O3 (a)

(J-V ) (b) Poole-Frenkel (P-F) (c)
Fowler-Nordheim (F-N) Al2O3 3 nm
Ar 30 Ar/O2 30 

550  6-29 (a) J-V Ar
Ar/O2

-1 V 2.6 × 10-4 
A/cm2 Ar 1.3 × 10-4 A/cm2 Ar/O2

2.0 × 10-5 A/cm2 1  6-29 (b) P-F
Ar

Ar/O2 1000 2800 (V/cm)1/2

P-F
 6-29 (c) F-N Ar/O2 0.1 0.12 × 10-6 cm/V



F-N  
3 nm Al2O3 Ar/O2 30 

30 80 (J-V) P-F
J-V

P-F Ar/O2 Al2O3 F-N
 

 6-30 -1 V 1.5 nm Al2O3

10-3 A/cm2

Ar 30 5 × 10-4 A/cm2 120 1 A/cm2

Ar/O2 30 8 × 10-5 A/cm2

120 1 × 10-1 A/cm2

1.5 nm Al2O3 30 Ar/O2

 



 6-31 -1 V EOT TiN/Al
SiO2 Al2O3 Ar/O2

30 SiO2 800 32) SiO2

1.5 nm 0.1 A/cm2 Ar/O2

Al2O3 EOT 1.0 nm 1.5 × 10-4 A/cm2

 6-31(a) SiO2 1.5 3.0 nm Ar/O2

Al2O3 EOT 1.0 1.3 nm  6-31(b)
EOT Al2O3 1.5 2.0 nm

(DT) Al2O3 EOT 1.3 2.3 nm
 6-31(c) EOT Al2O3 3 5 

nm F-N  
 6-32 Al2O3 X (XPS) Si 2p Al 2p

Al2O3 1.5 nm (a) (b)Ar/O2

30 XPS
(a)

Si 2p 99.2 99.5 eV Si 2p
33) Si-O 103 eV

Al2O3 Si (b)Ar/O2

30 Si 2p 103 eV
102.4 eV Si-O-Al 34-36) Ar/O2

Si-Al Si-O-Al Si 2p 102.4 eV
Al 2p (a) Al2O3

AlOx 75.2 eV (b)Ar/O2 74.8 eV
Al-O-Si Al  



 
 

 AlN/Al2O3 MIS  
 ECR  

ECR Al2O3 Ar/O2

high-k
AlN Al2O3

36) 2 Al2O3

Ar/O2 (a)ECR AlN
(b) ECR Al2O3 2

550 2  
 6-33 Si (a)AlN/Al2O3 1.5 nm (b)Al2O3 3.0 

nm (c)AlN 3.0 nm (J-V)



550 Al
(B)Al2O3 (c)AlN
(b)AlN/Al2O3 Al2O3  

 6-34 (a)AlN/Al2O3 1.5 nm (b)Al2O3 3.0 nm
(c)AlN 3.0 nm 1 kH C-V Al

-0.8 V (a)AlN/Al2O3

(b)Al2O3 C-V (c)AlN
C-V
AlN  

 6-35 AlN/Al2O3 Al2O3

(J-V) 3 nm Al2O3

AlN/Al2O3 Al2O3



AlN  
 6-36 AlN/Al2O3 Al2O3

P-F F-N Al2O3

AlN/Al2O3

F-N Al2O3 AlN/Al2O3

 
 6-37 AlN/Al2O3 (J-V)

1.5 nm Al2O3 0.5 8.5 nm AlN 2.0 10.0 nm
AlN/Al2O3 550 , 2 Al

AlN(0.5 nm)/Al2O3(1.5 nm)
Al2O3(1.5 nm) AlN 1.5 nm

AlN 8.5 nm
Al2O3 AlN

 
 6-38 AlN/Al2O3 1.5 

nm Al2O3 0.5 8.5 nm AlN 2.0 10.0 nm AlN/Al2O3

550 , 2 Al
26)  

 

 

𝐽𝐽	 ∝ 	𝐴𝐴∗𝑘𝑘@	exp	

⎣
⎢
⎢
⎡
	
−𝑞𝑞(𝜙𝜙# − O𝑞𝑞𝐸𝐸 4𝜋𝜋𝜀𝜀AB@?CQ )

𝑘𝑘𝑘𝑘 	

⎦
⎥
⎥
⎤
 

(6-9) 

 
J A* T φB



E εAl2O3 Al2O3 k
J E 1/2

Al2O3(1.5 nm) AlN 0.5 nm, 1.5 nm, 2.5 nm
AlN(8.5 nm)/Al2O3(1.5 nm)

AlN  
AlN Al2O3

AlN/Al2O3 Al2O3

100%
500 10  6-39 AlN(1.5 nm)/Al2O3(3.0 nm)

Al2O3(3.0 nm) EOT



3 nm Al2O3 0.01 Pa 3 nm EOT
100 Pa Al2O3 EOT

AlN/Al2O3 100 Pa, 10000 Pa AlN
EOT AlN

 
 
 

 ECR ZrO2 high-k  
 ZrO2  

ECR ZrO2 Zr
 6-40

(metal mode) (oxide mode) 2
3 4 sccm 5 nm/min

5 sccm 1 nm/min
2.15 Al2O3

ZrO2 high-k  
p (ρ = 3 4.4 Ωcm ρ = 0.08 0.11 

Ωcm) H2SO4 H2O2 1% HF
10-5 Pa ECR ZrO2

TiN HF
Al(2% Ga ) - -Si



Al2O3

Ar/O2  
ECR ZrO2 632.8 nm

 (I - V) 
1 MHz (C - V)

(TEM)  
 6-41 3 nm ZrO2 1 MHz C-V

C-V 18 mV C-V -3 V
(Cox) Al2O3 3.5 TiN

0 V



 
 6-42 3 nm ZrO2 EOT C-V

1, 2, 3 sccm 2 sccm EOT 1.0 nm C-V
20 mV  

 6-43 ZrO2 EOT
Al2O3 Al2O3

εr = 9.8 1.0 nm EOT ZrO2 εr = 24
Al2O3 2 2.8 nm 0.8 nm EOT
Al2O3 0 nm 0.25 nm ZrO2

0.5 nm  



TEM  6-44 ZrO2 0.5 
nm high-k ZrO2

 
-1 V EOT Al2O3

SiO2 ZrO2 TiN Al2O3

550 TiN SiO2 800 
TiN Al SiO2 1.5 nm

0.01 A/cm2 Al2O3 1.0 nm EOT 1 × 
10-4 A/cm2 ZrO2 1.0 nm EOT 1 × 10-4 A/cm2

 
 

 
 

  
ECR (high-k) Al2O3 AlN/ 

Al2O3 ZrO2 high-k  
Al2O3 ECR

high-k
C-V Al2O3

Al2O3 550 
1 kHz



C-V
Ar/O2 30 C-V

P-F F-N Al2O3

F-N 1.0 nm EOT 10-4 A/cm2

Al2O3  
high-k

AlN/ Al2O3 AlN
AlN/Al2O3 Al2O3

500 Al2O3

100 Pa
 

ZrO2 ZrO2

C-V Al2O3 2 εr Al2O3

0.8 nm EOT 10-4 A/cm2

ZrO2 ZrO2

0.5 nm EOT
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(Wavelength division multiplexing: WDM)

1, 2) WDM (Optical add-drop multiplexer: OADM)
(Optical cross-connect switch: OXC) (Tunable 

laser source: TLS) (Optical modulation devices: OMD) WDM
(WDM filter) WDM

(Multiplexer/Demultiplexer: DEMUX)
(International telecommunication union: ITU)

WDM

 
WDM WDM

(1) (Multilayer) 3) (2) (Planner lightwave 
circuit: PLC) 4) 2 WDM

(Fabry-Perot etalon: FP)
WDM 2 PF

100 5, 6) WDM
PF (Cavity length) WDM

WDM
2 ( ) 1/4

(λ/4)
SiO2 Ta2O5 TiO2

 
(Reactive evaporation)7, 8)

(Ion-beam assisted sputter deposition: IAD)9, 10)

(Ion-beam sputter deposition: IBS)11) RF (RF sputter)12)

(CVD)13) (Helicon plasma sputter deposition: 
HPS)14) WDM



 
ECR 15-17) 18, 19)

ECR 20)

21-26)

ECR SiO2 Ta2O5

27)  
 
 

 ECR  
 ECR  

 7-1 ECR 27) 8
ECR

2 SiO2 Ta2O5

5N Si 4N Ta
(TMP) (Rotary pump: RP)

10-5 Pa (Ar) (O2)
0.01 0.1 Pa 87.5 mT

2.45 GHz ECR ECR
2

19) 500 800 W
ECR

8 (200 mm) 19) Si Ta



500 1000 W (13.56 MHz) ECR

SiO2

Ta2O5

200 mm
40 30 rpm  
 

  
8 (200 mm ) p

(100) 100 mm ( , WMS-
13) (HCl + H2O) 60 

ECR 100  
SiO2 Ta2O5 632.8 nm
(Optical loss coefficient: OLC) (Spectral ellipsometry)
1000 1700 nm (AFM)

(High-resolution transmission 
electron microscope: HRTEM) (SEM)

(Optical spectrum analyzer: OSA) SiO2

X (XPS) Ta2O5

(Rutherford back-scattering: RBS) (Nuclear reaction 
analysis: NRA)  
 
 

 ECR SiO2 Ta2O5  
  

ECR
2

19-21) Si SiO2

RF 500 W 6 8.5 sccm
12 nm/min 10 sccm



4 nm/min  7-3 Ta Ta2O5

RF 500 W
SiO2 6 6.5 

sccm 6 nm/min 9 sccm
3 nm/min  

ECR RF
RF 500 W

100 
RF



 
Al RF 300 

W, 500 W, 800 W  
(a) RF 300 
W 4 nm/min 500 W 7 nm/min 800 W 10 nm/min

(f0)
RF 300 W 5 sccm 500 W 7 sccm 800 W 10 sccm

(b)



RF
RF

 
 7-5 8 (200 mm ) SiO2

800 W RF 1000 W 9.85 nm/min 0.94 
monolayers/ 1.484 Ta2O5

800 W RF 1000 W 7.78 
nm/min 0.65 monolayers/ 2.114

40 SiO2 Ta2O5

8 (200 mm ) SiO2

±0.646% ±0.13% Ta2O5 ±0.273%
±0.16% RF 8

 
 

 ECR SiO2 Ta2O5  
 7-1 SiO2 Ta2O5

500 nm SiO2 XPS Ta2O5 RBS/NRA
SiO2 Ta2O5

 
 7-6 SiO2 (OLC)

SiO2 Ar/O2 RF SiO2

RF SiO2 1 nm/min (0.1 monolayers/
) 1000 1700 nm ECR RF



SiO2 1550 
nm ECR 1.460 RF 1.465
RF SiO2 ECR

SiO2 RF 1.5 3 × 
10-4 ECR

Ta2O5 SiO2

Ta2O5 1550 nm 2.10  
21) ECR

SiO2 Ta2O5 100 nm 2 × 10-2 Pa



5 632.8 nm
 7-7 200, 400, 600 5 SiO2

Ta2O5 SiO2 Ta2O5

600 SiO2 ±0.48% Ta2O5

±0.40%  
 7-8 SiO2 Ta2O5 100 nm AFM

Ta2O5 Rq(Root mean square: 
RMS) 0.13 nm 0.11 nm SiO2

RMS 0.19 nm  
 
 

 SiO2 Ta2O5  
  

ECR SiO2 Ta2O5

ECR SiO2 Ta2O5 107 
SiO2 40 Ta2O5

55 8 × 10-5 Pa
 

XRTEM  7-9  (a)
(b) (c)

SiO2 Ta2O5

0.5 nm
HRTEM SiO2 6.5 nm Ta2O5



8.3 nm  7-5 107
SiO2 Ta2O5

SiO2 1.5 nm
1.5 nm

 

 
  

 7-10 SiO2 Ta2O5 83 200, 400, 600 
SEM

SiO2 20 Ta2O5 20 
2 × 10-2 Pa 200, 400, 600 

5 SEM



SiO2 Ta2O5

ECR
SiO2 Ta2O5  
 
 

  
  

SiO2 λ/2 SiO2

Ta2O5 λ/4 ( )
λ = 1550 nm d  

 

 𝜆𝜆 = 4	𝑛𝑛	𝑑𝑑 (7-1) 



 
𝑑𝑑 = 	

λ
4	𝑛𝑛 

 

 
n SiO2 Ta2O5 1550 nm nSiO2 = 

1.46 nTa2O5 = 2.10 λ/4 dSiO2 = 265.4 nm dTa2O5 
= 184.5 nm ‘L’ = dSiO2 ‘H’ =dTa2O5 FP

 
 

 (𝑎𝑎𝑎𝑎𝑎𝑎)/(𝐻𝐻𝐻𝐻)01𝐻𝐻(2𝐻𝐻)𝐻𝐻(𝐻𝐻𝐻𝐻)01/(𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔	𝑔𝑔𝑠𝑠𝑠𝑠𝑔𝑔𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) (7-2) 
 

2L HL 10 +H  
(air)/(HL)10H(2L)H(LH)10/(sub)

4 (100 nm )  7-11
( ) 1550 nm dSiO2 = 265.4 nm dTa2O5 = 184.5 nm

 7-11(a) 4
(b) (c)

-1 dB  



7-11(a) -0.6%
10 nm

 
 

  
(Quartz crystal 

microbalance: QCM) QCM
1 nm 1 μm

ECR  

 7-12
 

1
 7-12 1550 nm



 
 7-12 2 SiO2

1550 nm
(Wavenumber) 1342 nm 1834 nm 2

2 λ/4
(181 nm) 2

1550 nm λ/4 SiO2



 
 7-14

(MPU)
 7-1 ECR

ECR
 

 7-15
(Wavelength)

(Transmittance) ( 1550 nm) 0.65 μm-1



P1-, P1+, P2-, P2+, P3-, P3+

 7-16
P1-, P1+ λ/4

λ/4 ΔP1 = P1- - P1+= 
0 P1-, P1+ λ/4

ΔP1 = P1- - P1+= 0 ΔP1 = 0
λ/4

(Sub-peak difference method: SPD) (7-1) λ/4 = n d

 
 7-17

P2

(P2-, P2+) 41 P2

0 42
42

0 43 0
λ/4

0
 



 
  

(air)/(HL)10H(2L)H(LH)10/(sub)
( ) 1550 nm  7-18

HRTEM  7-18 (a)HRTEM
 7-18(b)

(Ripple)
-3 dB (FWHM) 0.224 nm

1550 nm (
) 1554.7 nm 4.7 nm

+0.3% 1554.7 nm
-1 dB

 
 7-19 (air)/(HL)10H(2L)H(LH)10/(sub)

FWHM 4 (100 mm ) 4
1554.9 nm ±1.7 nm

±0.1% FWHM ±0.031 nm
 

 
 



  
ECR

ECR SiO2 Ta2O5

 
ECR 8 SiO2 ±0.43% Ta2O5 ±0.27%

AFM
SiO2 RMS = 0.19 nm Ta2O5 RMS = 0.13 nm

0.5 nm 100 
 

SiO2 Ta2O5 43 
PF 0.224 nm FWHM 100 mm

±0.031 nm
±0.1%  

ECR WDM
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第第88章章 ECR  
 

  
IoT AI

DRAM NAND (Not-AND type 
EEPROM)

 
IoT (Central 

processing unit: CPU) (MPU) RAM(Static 
random access memory: SRAM) (Cache memory) DRAM

3

DRAM

(Storage class memory: SCM) 1, 2) SCM
(1)DRAM (2)

(3)
(Non-volatile memory: NVM) SCM

 8-1 3)

(Magneto-resistance RAM: MRAM, Spin transfer torque RAM: STT-RAM)4)

 



 

(Phase change RAM: PRAM)5, 6) (Ferroelectric RAM: FeRAM)7-9)

(Resistance RAM: RRAM) 10)  
RRAM 図 8-1(a) - -

(Metal-oxide-metal: MOM)
(Top electrode) (Bottom electrode) DC

図 8-1(b) (Low 
resistance state: LRS) (High resistance state: HRS)

( )

SCM
 

RRAM Cu Ag/GeS
CB-

RAM(Conductive bridging RAM)11-14)

RRAM ReRAM 15-22)

20-22) 16-19)

(Bipolar 
sweep switching: ) (Unipolar sweep 
switching: ) TiO2 TiO2-x

Memristor23) HP 2008
 

MOM 1962
22) 1970 80 Al2O3 Ta2O5 NbO2 SiO2

25-27) 40 K

 



 

Pr0.7Cu0.3MnO3 28-30)

15) MnO31-33), NiO34-37), TiO238-42), CuO11, 12, 43), BiFeO316, 44), SrZrO345, 46), Co
, Fe 17, 47), Ta 48, 49),

(RRAM)10)

CER(Colossal electro-resistance)
16-19)

20-22)

 

(RE)5) (DC sputtering)35, 37) RF
(RF sputter)11-14, 17, 20, 36, 49) (Pulse laser deposition: 
PLD)16, 19, 31, 33, 38, 40, 45, 46) (ALD)18, 41, 42)

 
ECR BiTiO MOM

DC

ECR
BiTiO

50-53)  
 
 

 ECR BiTiO  
 ECR  

図 8-3 ECR 52-64)

ECR (Plasma chamber)
(Sample chamber)

(TMP) 10-5 Pa ECR
ECR

(Sample holder) 30
 



 

(Target) Bi-Ti-O  
(99.99%) Bi-Ti  (99.999%) 2

Bi-Ti-O Bi2O3 TiO2 Bi : Ti = 4 : 3
Bi-Ti Bi Ti Bi : Ti = 4 : 3

(SEM)
 8-2 (a)Bi-Ti-O Ti Bi

(b)Bi-Ti Bi Ti
(Inductively coupled plasma 

- Atomic emission spectrometry: ICP-AES) Bi-Ti Bi : Ti = 
57.3% : 52.7% 4 : 2.98 X (X-ray 
fluorescence: XRF) Bi-Ti B, F, Al, Si, S, Fe

(1 at% )  

 

 

 



 

 
  

10-5 Pa ECR
0.01 Pa

87.5 mT 2.45 GHz
(ECR) ECR

(ECR region) ECR ECR ECR

Bi-Ti-O Bi-Ti
13.56 MHz

Bi, Ti Bi-O, Ti-O

ECR
ECR

62-64) BiTiO
650  

100 nm (SiO2) p (100)
Pt/Ti Ru ECR

(VE) Au ECR Ru
2 × 10-3 3 × 10-5  8-4

(a)BiTiO MOM (b)

 

 



 

4 (4 probe method)
(2 probe method)

 8-4 (b) R1 = R3, R2 = R4 R1 + RBIT + 
R2 VMeas

R3 R4 RBIT (Sample 
voltage)  
BiTiO 632.8 nm

(Agilent 4155C/4156C)
(DC-voltage-controlled mode)

(Agilent 41501A/B) (TEM)
X (Energy-dispersive X-ray 

spectroscopy: EDS) Joule-Thompson He
 

 
 BiTiO  

 8-5 Bi-Ti-O Bi-Ti BiTiO
RF 500W

Bi-Ti-O 4 5 nm/min
RF BiTiO 65)

12 sccm 4 nm/min
2.4

8 sccm 2.0 Bi-Ti

 



 

Bi Ti
4 sccm 8 nm/min 6 sccm

4 sccm 2.4 6 sccm
8 sccm 2.0  

 8-6 Bi-Ti-O Bi-Ti BiTiO
RF

500W 5 sccm (a) Bi-Ti-O
4 nm/min Bi-Ti 5 nm/min

200 Bi-Ti-O Bi-Ti

 

 



 

500 Bi-Ti 3 nm/min Bi-Ti-O
2 nm/min (b)

Bi-Ti-O 2.0 Bi-Ti 2.5
200 400 

Bi-Ti Bi-Ti-O 2.5 600 
Bi-Ti-O 2.9  

 8-7 Bi-Ti-O BiTiO
RF 500 W

450 , 500 (a)
5 nm/min 1 sccm

2 nm/min 3.5 nm/min
450 , 500 (b)

2.5 1 sccm 2.4 2.5
Bi-Ti-O

1 sccm  
 8-8 Bi-Ti-O BiTiO

450 2 sccm RF
500, 600, 

800 W 2.4
500 W 3 nm/min, 600 W 3.5 nm/min, 800 W 5.5 nm/min

 

 



 

 8-9 Bi-Ti-O BiTiO
6 (150 mm )

450 
4.28 nm/min 2.197 450 

3.56 nm/min 2.516
30 6
150 mm ±0.91%( )

±0.77%(450 ) ±0.182%( ) ±0.22%(450 )
 

 
 

 ECR BiTiO  
 BiTiO  

 8-10 BiTiO Ru
Ru/SiO2/Si 450 100 nm
Ru BiTiO As-depo

 8-10(A) As-deposition
‘initial’ 2.5 V

10-10 A 2.5 V

 



 

‘electroforming’
‘forming’ (Quasi-breakdown)

electroforming (a) -0.1 V
10-3 A (LRS) (a)

(b) -1.5 V
(c) -0.1 V 10-8 A

(HRS) HRS
(d) HRS +2.0 V (e)

HRS LRS
LRS HRS  8-10(A) LRS

HRS 5 0 V
( 0.1 V)

HRS LRS

(Compliance current: Ic)  8-10(A) Ic = 10-3 A  
 8-10(A) HRS LRS LRS HRS

(Bipolar)  8-10(B)
(Unipolar)  8-10(B) (b’)

LRS HRS -2.0 V  8-10(A) (d)(e)

 



 

-3.5 V (e’) HRS LRS
Ic = 10-2 A  

MOM
Au/BiTiO/Ru/SiO2/Si Ru/BiTiO/Ru/SiO2/Si Au/BiTiO/Pt/Ti/SiO2/Si 3 MOM

BiTiO 450 
100 nm  8-11

-0.1 V LRS 2.0 A/cm2

HRS -0.1 V
Au/BiTiO/Ru/SiO2/Si 10-1 A/cm2 Ru/BiTiO/Ru/SiO2/Si 10-2 A/cm2

Au/BiTiO/Pt/Ti/SiO2/Si 10-5 A/cm2  
 8-12 Au/BiTiO/Ru/SiO2/Si BiTiO 50, 100, 200 nm

LRS HRS BiTiO 450 
LRS HRS HRS

LRS
-0.3 V 1 × 10-3 A

HRS BiTiO LRS BiTiO
LRS HRS 50 nm

-1 V 100 nm -3.5 V 200 nm -7 V BiTiO
 

 



 

 
 BiTiO  

 8-13 450 
50 nm BiTiO Au/BiTiO/Pt/Ti/SiO2/Si

electroforming -3.0 V, 1 μs, 10
LRS HRS -3.0 V, 1 μs, 1 LRS

HRS
-3.0 V, 1 μs, 10

HRS LRS -5.0 V, 500 μs, 1

 

 



 

500 μs
500 μs

500 μs
-0.1 V, 5 

HRS LRS 4 On/Off
 

 8-14 Bi-Ti 450 300 BiTiO
Ru/BiTiO/Ru/SiO2/Si BiTiO
100 nm Ru 100 μm2 LRS

HRS -2.5 V, 1 μs, 10 
HRS LRS -3.0 V, 500 μs, 1

-0.1 V (a)450 BiTiO LRS
0.3 mA HRS μA μA

(b)300 BiTiO 1200 LRS 30 μA
HRS nA  
 8-15 Au/BiTiO/Ru/SiO2/Si Ru/BiTiO/Pt/Ti/SiO2/Si LRS

HRS (Data retention)
2 LRS HRS

-0.1 V

1
Ru/BiTiO/Pt/Ti/SiO2/Si 3 On/Off

 



 

Au/BiTiO/Ru/SiO2/Si 11
 

 8-16 Bi-Ti 450 300 BiTiO
Ru/BiTiO/Ru/SiO2/Si BiTiO 100 nm

Ru 400 μm2

2
LRS HRS -0.1 V

(a)450 BiTiO LRS 0.5 kΩ
HRS 20 kΩ

(b)300 BiTiO LRS 20 kΩ HRS 100 MΩ
 

 

 

 



 

 
 ECR BiTiO  

  
ECR BiTiO

(Sol-gel method)
BiTiO 66) BiTiO

ECR BiTiO
HRS LRS 5 500 K  

 8-17 Bi-Ti-O 450 BiTiO
Ru/BiTiO/Ru/SiO2/Si 5 K, 250 K, 350 K

BiTiO 30 nm

As-depo
0.1 V 10-9 A/cm2 10 GΩ

‘As-deposition’
2.0 V (i)

‘electroforming’ Quasi-breakdown
electroforming 5 

K (a) -0.1 V 10-3 A

 



 

LRS (a) (b) -0.7 V
(c)  HRS

HRS (d) HRS +2.0 V
(e)

HRS LRS LRS HRS
250 K (a’), (b’), (c’), (d’), (e’) 350 

K (a’’), (b’’), (c’’), (d’’), (e’’) LRS -0.1 V
0.1 A/cm2

HRS -0.1 V 5 K 10-8 A/cm2 250 K 10-4 A/cm2 5 
K 10-2 A/cm2  

 8-18 5 530 K HRS LRS -0.1 V
BiTiO Bi-Ti-O 450 30 nm

Ru/BiTiO/Ru/SiO2/Si HRS LRS
(a) As-deposition BiTiO

300 K 10-9 A/cm2 100 K 10-11 A/cm2

HRS (b) (c), (d)
(d) 450 K 10-1 A/cm2 5 K 10-5 A/cm2

67) (d)
(d) 480 K

0.1 A/cm2 (d’)

 



 

HRS (e), (f), (g) LRS
470 K 1.7 A/cm2 5 K 2.2 

A/cm2 HRS LRS
 

 
 (HRS)  

 8-19 HRS

n J Vn

 
 

 
𝑛𝑛	 = 	

log(𝐽𝐽)
log(𝑉𝑉) 

(8-1) 

 𝐽𝐽	 ∝ 𝑉𝑉,  
 

64 284 K 10-4 10-2 V J ∝ V (
n = 1) 38 K

n 1 J ∝ Vn (n > 1) J ∝ Vn (n > 1) TiO2

42, 47) PrCaMnO 68)  

 



 

 (Variable range 
hopping: VRH) (Electrical conductance) σ T

VRH  
 

 
𝜎𝜎	 = 	𝑒𝑒𝑒𝑒𝑒𝑒 1− 3

1
𝑇𝑇6

7

8 
(8-2) 

 
𝑎𝑎	 = 	

1
1 + 𝑑𝑑 

 

 
d VRH a d

d = 0 a = 1 R T
 

 

 
log 𝑅𝑅 	∝ 	

1
𝑇𝑇 

(8-3) 

 
1 VRH d = 1 a = 1/2  

 

 
log 𝑅𝑅 	∝ 	

1
𝑇𝑇=/? 

(8-4) 

 

 



 

3 VRH d = 3 a = 1/4  
 

 
log 𝑅𝑅 	∝ 	

1
𝑇𝑇=/@ 

(8-5) 

 
 

HRS BiTiO R T-1, T-1/2, T-1/4  8-20(a), (b), (c)
-0.01 V -0.1 V VRH T-1, T-1/2, T-1/4

R (c) 0.24 0.3 K-1/4 (
100 300 K ) BiTiO

100 K 3 VRH  
 
 

 (LRS)  
 8-21 LRS

HRS
LRS 5 K 44.13 Ω 254 K 56.47 Ω

 

 



 

 8-22 LRS
 8-18 (e), (f), (g) R

T R T  
 

 𝑅𝑅	 = 	𝑅𝑅A 	+	∆𝑇𝑇 (8-6) 
 

R0 0 K Δ Δ R0

(Temperature coefficient of resistance: TCR) α  
 

 
𝛼𝛼	 = 	∆ 𝑅𝑅AD 	 

(8-7) 

 
TCR R = 44.0 + 0.0306T α = 6.95 × 10-4 K-1, R = 212.1 + 

0.4947T α = 2.34 × 10-3 K-1, R = 484.0 + 0.8018T α = 1.66 × 
10-4 K-1 Ti72) 2.0 3.0 × 10-3 K-1  Bi73) 3.1 × 
10-3 K-1  Bi20TiO2074) 3.0 × 10-2 K-1 α 0.7
2.3 × 10-2 K-1 Bi Ti α Bi Ti

 
 

 



 

  
 8-23 LRS HRS R HRS

0.1 100 MΩcm ρ
LRS R 2 Ω

HRS LRS LRS
 

 
 TEM  

 8-24 BiTiO/Ru/SiO2/Si HRTEM BiTiO 50 nm
Ru 15 nm  8-17  8-23

 8-24 (b)  8-24 (a)  8-24 
(b) BiTiO EDS

Bi4Ti3O12 Bi4Ti3O12

Bi :Ti = 44 : 56 12% Ti Bi Ti Bi4Ti3O12

Ti BiTiO Bi4Ti3O12 ECR
 

HRTEM EDS Bi4Ti3O12 BiTiO

BiTiO HRS LRS

 



 

HRTEM HRS Bi4Ti3O12

 
 

  
BiTiO  8-25

 
(1) ECR BiTiO Ti BiTiO Bi4Ti3O12

Bi4Ti3O12 BiTiO
Bi4Ti3O12

Ti BiTiO 12%
Ti Bi Ti Bi4Ti3O12

 
(2) electroforming Bi4Ti3O12 Ti BiTiO

BiTiO LRS  
(3) BiTiO Bi4Ti3O12

HRS HRS 3
 

 



 

 8-11 Au/BiTiO/Ru Ru/BiTiO/Ru Au/BiTiO/Pt/Ti
LRS 0.1 A/cm2(-0.1 V

) BiTiO
Pt/Fe2O3 NiO CoO/Pt

17)  
 8-18 BiTiO LRS HRS

LRS
ρ  

 

 
𝜌𝜌	 = 	

𝑅𝑅Aπ𝑟𝑟?

𝑡𝑡  
(8-8) 

 
R0 0 K r t BiTiO

5 nm ρ 8.63 × 10-7 
Ωcm 10-6 Ωcm  
 
 

 



 

 BiTiO  
 BiTiO  

ECR
BiTiO
 

(Poly-
ethel-sulfone: PES) PES 220 

220 
ECR

0.4 mm PES
PES ECR

10nm Ru 100 nm BiTiO
Ru 10 nm Ru/BiTiO/Ru/PES

 
 
 8-26 (a) (b) MOM

PES BiTiO
632.8 n 2.5 Ru

10 nm  

 



 

 8-26 (a) PES
PES  

 
 BiTiO  

 8-27 Ru/BiTiO/Ru/PES PES BiTiO
100 nm electroforming

(a) (f) LRS -1.5 V (b) HRS
(c) (d) HRS +1.5 V (e) LRS

PES  
 8-28 Ru/BiTiO/Ru/PES BiTiO

100 nm +3.0 V, 10 μs, 10 
LRS HRS HRS LRS 1.0 

V, 500 μs, 1
0.1 V

 
 8-29 Ru/BiTiO/Ru/PES BiTiO 100 nm

2
LRS HRS

0.1 V

 



 

4
HRS

LRS  
 8-30 Ru/BiTiO/Ru/PES HRTEM (b) (c)

Ru PES Ru
RMS 2 3 nm BiTiO Ru

(b) BiTiO

 

 



 

3 5 nm EDS Ti BiTiO
Bi4Ti3O12

PES  8-25
 

 8-6 ECR BiTiO
450  8-24  8-30

BiTiO Bi4Ti3O12 3 5 nm
450 450 (723 K)

kB 1.38 × 10-23 / 1.5 × 10-19 × 723 = 0.07 eV ECR
10 30 eV

ECR

 



 

ECR 10 30 eV
Bi4Ti3O12

BiTiO Bi4Ti3O12

 

100 nm SiO2

PES
BiTiO Bi4Ti3O12

 
Bi4Ti3O12 BiTiO

 8-25  
 
 

  
ECR BiTiO

 
ECR Bi-Ti-O Bi-Ti BiTiO

 
ECR BiTiO

10000 HRS LRS
10  

HRS LRS HRS
3 LRS

TEM BiTiO Bi4Ti3O12

Bi4Ti3O12

Bi4Ti3O12  
BiTiO

TEM
BiTiO  

ECR
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(3)ECR IC  
100 nm GaAs-MESFET WSiN
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付付録録 - 略略語語集集 
略略語語 英英語語表表記記 日日本本語語 

a   

AFM Atomic Force Spectroscope 原子間力顕微鏡 

AI Artificial Intelligence 人工知能 

ALD Atomic Layer Deposition 原子層堆積法 

AR 膜膜 Anti-Reflection Coating 反射防止膜 

b   

Bipolar Bipolar Sweep Switching 双極スイッチ 

c   

CB-RAM Conductive Bridging RAM 
 

CCP Capacitively Coupled Plasma 容量結合型プラズマ 

CER Colossal Electro-Resistance 巨大抵抗変化 

CPU Central Processing Unit 中央演算装置 

CVD Chemical Vapor Deposition 化学気相堆積法 

CX Charge Exchange 電荷交換 

d   

DEER Deposition Etching Reaction Simulator 堆積・エッチング反応形状シミュレ

ータ 

DEMUX Multiplexer/Demultiplexer 波長合分波器 

DL Deep Learning 深層学習 

DNN Deep Neural Network ディープニューラルネットワーク 

DRAM Dynamic Random Access Memory ダイナミックランダムアクセスメモリ 

DT Direct Tunneling 直接トンネル 

e   

EB 蒸蒸着着 Electron Beam Evaporation 電子ビーム蒸着法 

ECR Electron Cyclotron Resonance 電子サイクロトロン共鳴 

ED Etching Depth エッチング深さ 

EDS Energy-Dispersive X-ray Spectroscopy エネルギー分散型 X 線分光 

EOT Equivalent Oxide Thickness SiO2 膜換算膜厚 

ER Etching Rate エッチング速度 

ET Etching Time エッチング時間 

f   

F-N Fowler-Nordheim 
 

FeRAM Ferroelectric RAM 強誘電体メモリ 

Flash Not-AND type EEPROM NAND 型フラッシュメモリ 

FP 干干渉渉 Fabry-Perot etalon ファブリ・ペロー干渉 



 

 
 B 

FWHM Full Width at Half-Maximum 半値幅 

g   

GENS Generation Efficiency of Neutral Stream 中性粒子流生成効率 

h   

HPS Helicon plasma Sputter deposition ヘリコンプラズマスパッタ 

HRS High Resistance State 高抵抗状態 

HRTEM High-Resolution Transmission Electron 

Microscope 

高精度透過型電子顕微鏡 

HR 膜膜 High Reflection Coating 増反射膜 

i   

IBD Ion-Beam Assisted Sputter Deposition イオンビームアシストスパッタ 

IBS Ion-Beam Sputter Deposition イオンビームスパッタ 

Ic Compliance current コンプライアンス電流 

ICP Inductively Coupled Plasma 誘導結合型プラズマ 

ICP-AES Inductively Coupled Plasma - Atomic 

Emission Spectrometry 

高周波誘導結合プラズマ発光分

光分析 

In Intensity of Neutral Stream 中性粒子流生成量 

IoT Internet of Things 
 

ISM Industry Science Medical band 産業科学医療バンド 

IT Information Technology 情報技術 

ITRS International Technology Roadmap for 

Semiconductors 

 

ITU International Telecommunication Union 国際電気通信連合 

l   

L&S Line and Space ラインアンドスペース 

LED Light Emitting Diode 発光ダイオード 

LRS Low Resistance State 低抵抗状態 

LSI Large scale integrated circuit 大規模集積回路 

m   

MBE Molecular Beam Epitaxy 分子ビーム成長法 

MESFET Metal Semiconductor Field Effect Transistor 金属半導体電界効果トランジスタ 

MFP Mean Free Path 平均自由行程 

MMIC Monolithic Microwave Integrated Circuit モノリシックマイクロ波集積回路 

MOCVD Metal-Organic Chemical Vapor Deposition 有機金属熱堆積法 

MOM Metal-Oxide-Metal structure 金属-酸化物-金属構造 

MPU Micro-Processing Unit マイクロプロセッサ 



 

 
 C 

MRAM Magneto-Resistance RAM 磁気抵抗メモリ 

MT metal mode メタルモード 

n   

NFC Negative Fixed Charge 負の固定電荷 

NRA Nuclear Reaction Analysis 核反応解析 

NS Neutral Stream 中性粒子流 

NTRS National Technology Roadmap for 

Semiconductors 

 

NVM Non-Volatile Memory 不揮発性メモリ 

o   

OADM Optical Add-Drop Multiplexer 光分岐挿入装置 

OES Optical Emission Spectrometer 分光器 

OLC Optical Loss Coefficient 光学損失係数 

OM oxide mode 酸化物モード 

OMD Optical Modulation Devices 光変調デバイス 

OSA Optical Spectrum Analyzer 光スペクトルアナライザ 

OXC Optical Cross-Connect Switch 光クロスコネクトスイッチ 

p   

P-F Poole-Frenkel 
 

PE-CVD Plasma Enhanced CVD プラズマ CVD 

PES Poly-ethel-sulfone ポリエーテルサルフォン 

PFC Positive Fixed Charge 正の固定電荷 

PLC Planner Lightwave Circuit プレーナ光波回路 

PLD Pulse Laser Deposition パルスレーザアブレーション 

PRAM Phase Change RAM 相変化メモリ 

q   

QCM Quartz crystal microbalance 水晶振動子マイクロバランス 

QMS Quadra-pole mass spectroscopy 四重極質量分析器 

RBS Rutherford Back-Scattering ラザフォード後方散乱分析 

r   

RE Reactive Evaporation 反応性蒸着法 

RI Refractive Index 屈折率 

RIE Reactive Ion Etching 反応性イオンエッチング 

RMS Root mean square 二乗平均平方根 

RP Rotary Pump ロータリーポンプ 

RRAM Resistance RAM 抵抗変化メモリ 

s   



 

 
 D 

SAW Surface Acoustic Wave 表面弾性波 

SCM Storage Class Memory ストレージ・クラス・メモリ 

SEM Scanning Electron Microscopy 走査型電子顕微鏡 

SGM Sol-Gel Method ソルゲル法 

SIA Semiconductor Industry Association 米国半導体工業会 

Society 1.0 
 

狩猟社会 

Society 2.0 
 

農耕社会 

Society 3.0 
 

工業社会 

Society 4.0 
 

情報社会 

Society 5.0 
 

超スマート社会 

SPD Sub-Peak Difference Method サブピーク差分法 

SRAM Static Random Access Memory スタティック RAM 

STT-RAM Spin Transfer Torque RAM スピン注入メモリ 

SUS Stainless Steel ステンレス鋼 

t   

TCR Temperature Coefficient of Resistance 抵抗温度係数 

TEM Transmission Electron Microscope 透過型電子顕微鏡 

TLS Tunable Laser Source 波長可変レーザ光源 

TMP Turbo Molecular Pump ターボ分子ポンプ 

TOF Time-of-Flight 飛程時間 

TRXF Total Reflection X-ray Fluorescence 全反射蛍光 X 線分析 

u   

Unipolar Unipolar Sweep Switching 単極スイッチ 

v   

VE Vacuum Evaporation 真空蒸着法 

VFB Flat-band voltage フラットバンド電位 

VRH Variable Range Hopping バリアブルホッピング 

w   

WDM Wavelength Division Multiplexing 波長分割多重方式 

WSiN 
 

窒化シリコンタングステン 

x   

XPS X-ray Photoelectron Spectroscopy X 線光電子分光法 

XRF X-ray Fluorescence 蛍光 X 線分析 
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	20190220【6】第６章ECRスパッタhighk_v3r3
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