
Tokyo Institute of Technology School of Engineering 

1 

CChhaarraacctteerriizzaattiioonn  ooff  AAttmmoosspphheerriicc  PPrreessssuurree  NNoonn--eeqquuiilliibbrriiuumm  PPllaassmmaass    
aanndd  AApppplliiccaattiioonnss  ttoo  tthhee  FFiieelldd  ooff  EEnneerrggyy  aanndd  EEnnvviirroonnmmeenntt  

KKeenn  OOKKAAZZAAKKII    aanndd    TToommoohhiirroo  NNOOZZAAKKII    

 

1.! Introduction 
2.! Overview of DBD and APG 
3.! Applications of DBD and APG 
 

    TTookkyyoo  IInnssttiittuuttee  ooff  TTeecchhnnoollooggyy,,  JJaappaann  
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AAttmmoosspphheerriicc  PPrreessssuurree  NNoonn--eeqquuiilliibbrriiuumm  PPllaassmmaass  ((11))  
 

            (Plasma temperature vs Pressure) 

DC glow 

Arc  

RF 

Te 

Te 

760 Torr 

MW plasma 

Tg 

Corona, 
DBD, 
APG, etc 

•! non-equilibrium 
     Te >> Tg 
•! low energy consumption 
•! high reactivity 
•! simple reactor system 

Spreading  
to new applications 
•! marerial conversion 
•! energy system 
•! enviromental protection 

No detail characterization : DBD         APG 
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Atmospheric pressure nnoonn--eeqquuiilliibbrriiuumm plasmas (2) 

Alternative to vacuum processing by a simple system 
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AApppplliiccaattiioonnss  ooff  DDBBDD  ((11))  
  
  (Various types of DBD) 

!! Surface 

!! Coplanar !! Packed-bed 

!! Coaxial 

R ~ 100 µµm 
!!"" 1 - 10 ns 
Ne 1012~1015 

cm-3 

Te 1-10 eV 
P ~10-2 Jcc-1 

!! Basic configuration 
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AApppplliiccaattiioonnss  ooff  PPuullsseedd  DDBBDD  ((22))  
 
(Efficient Ozone Generation by Pulsed DBD) 

t [s] Pulse AC 
42.8 ! " 

21.4 # $ 

8.6   

4.3 %  High ozone yield from oxygen 
by ultra-short pulsed DBD 

PW = 400 ns 
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AApppplliiccaattiioonnss  ooff  DDBBDD  ((33))  
 
(Chemical Vapor Deposition of SiO2 Thin Film) 

!! Pulsed DBD assisted CVD in TEOS/O2 system 
Tetra-ethlortho-silicate: Si(OC2H5) 

!! Void-free and excellent step coverage  
        over high aspect ratio 

trenches 
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AApppplliiccaattiioonn  ooff  DDBBDD  ((44))  
  

(Simultaneous Removal of NOX, SOX and Fly Ash 
  in Pulverized Coal Combustion) 

High voltage power source 

##56 Stainless tube 

Copper sheet 50
0 

Water in 

Water out 

Gas out 

##46 Glass tube 

Vinyl resin tube  

Coal Feeder 

Flow Meter 

Desiccators 

Flow Meter Cooling 
Water 

Air R-type T.C. 

(Sampling port) 

K-type T.C. 

(Sampling Port) 

Discharge reactor 

Gas analysis 

26
00

 
18

00
 

One-dimensional 
Combustion furnace 

Pulsed DBD 
     + 
Corona 
     + 
Semi-wet reactor 
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AApppplliiccaattiioonn  ooff  DDBBDD  ((44))    cont’d 
 

(De-NOX, De-SOX Characteristics and 
 Fly Ash Removal Efficiency) 
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T-coal  combustion  gas 
Discharge condition : 

Wet , + , Squ . Pulse 

Res.time=2.0s 

I.power=15W 

Above 11µm 

Aerodynamic diameter dp (µm

Total 

Removal 

Efficiency 

     =96.4% 
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Actual coal combustion 
gas 

Simulated gas (NOx)         
(for longer residence time) 

Removal Efficiency for NOx and SOx 
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Drastic NOx removal mechanism (simulated gas) 

NO 

NO2 

Absorbed 
into water film 

Effective oxidation 
by pulsed discharge 
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AApppplliiccaattiioonn  ooff  DDBBDD  ((55))  
 

(Direct Synthesis of Methanol from Methane 
 and Water-vapor Mixture) 

1% yield of methanol 
        ten order higher than equilibrium value 
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  7 2 7   k J / m o l              2 8 6   x   3   =     8 5 8   k J / m o l 

  C H 3   O H       +       H 2 O       =       C O 2       +         3 H 2 

H e a t   v a l u e : 

L o w   q u a l i t y   t h e r m a l   e n e r g y 

=     6   %   
(   c o r r e s p o n d i n g   t o 1 0 0   ! ) 

  
 G 
 H 

  E x e r g y   e n h a n c e m e n t 
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CH3OH + H2O & CO2 + 3H2 

Enthalpy [kJ] 
Exergy [kJ] 

(Environment) 
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!! G/ H(6%) 100ºC

250

Fig.

250 180 PJ/y 
100 1000 PJ/y 
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Temperature
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by G.C.
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66 kJ/mol(MeOH)
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"
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(Cu-Zn) 
1 atm, GHSV:3600, CH3OH:H2O=1:1 
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AApppplliiccaattiioonn  ooff  DDBBDD  ((66))  
 

(Steam Reforming of Methane: 
      CH4 Conversion and H2 Selectivity) 

CH4 + 2H2O = CO2 + 4H2  Products selectivity 

With catalyst 
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80%

#! #! 

#! DBD #!             3wt% Ni/SiO2 

#! DBD + 3wt% Ni/SiO2 

#! DBD + SiO2  
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50
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DBD + Ni/SiO2 (600°°C) 

CH4_vib + Ni/SiO2  $$ CHi + Hj 

$! Regenerate vibration energy  

$!     %%   Low temperature enthalpy  

$! Increase reaction rate  

$! H2O/CH4 ~ 2  : H2O_vib 

4.26 eV 

CH4 + e $$  CH4_vib + e 

CH4 $$ CH3 + H 

0.16 eV 

4.10 eV 
400 - 600°°C Thermal 
energy 
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•! 
•!
•! ...,  

: 20%-40% CH4 in CO2 or N2 

 
(10-30vol%) 

400°C -500°C 

10 20

•! 
•!
•!

Ack.: Photo by!
 Prof. A Mizuno  

at Toyohashi University 
of Technology 

300-400 kW 
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CH4, H2O, O2 , H2S 

BTX
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OH
C2

0

!! 
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N
HS

OH

CHX

CHO O

C2HX
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Temperature  600 ºC 
Pressure  760 Torr 
He:H2:CH4  90:10:1 ccmin-1 
Input power  5 Wcm-2 

Growth time  5 ~ 30 min 

Growth parameters 

AApppplliiccaattiioonn  ooff  AAPPGG  ((11))  
 

(Carbon Nanotube Synthesis using APG) 
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D 
G 

AApppplliiccaattiioonn  ooff  AAPPGG  ((11))    cont’d 
 

(Raman Spectra for Nano-structured Carbon) 

H2/CH4 > 10,  Tsub > 600 C"

Aligned 
MWCNT 

APG 
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130kHz 
APG DBD 

CH4100% He:CH4 =98:2 He:CH4 =50:50 

Streamer-to-glow transition 
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Z. F. Ren, Z. P. Huang, J. W. Xu, J. H. Wang, P. Bush, M. P. Siegal, P. N. Provencio, State U. of NY 
“Synthesis of Large Arrays of Well-Aligned Carbon Nanotubes on Glass ”, Science, 282, 1105 (1998) 

Vertically oriented nanotubes 
deposited by low pressure PECVD 

666ºC, C2H2 : NH3 = 1 : 2 ~ 1 : 10, 1-20 Torr 

Hot-filament CVD on Ni-coated glass 

Aligned 
Self-standing 
Dia. : thick (~ 300 nm) 
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Nanotowers 
 S. Fan, M. Chapline, N. Franklin, T. Tombler, A. Cassell and H. Dai,  Stanford Univ. 

“Self-Oriented Regular Arrays of Carbon Nanotubes and Their Field Emission 
Properties”,  Science, 283, 512 (1999)   

C2H4 
 
Patterned Fe 
on porous silicon 
 
Thermal process 
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Ni-Carbon 
alloy 

5 min 30 min 

Density : 109 - 1010 cm-2   

Diameter :  40 - 50 nm 
 

C 
C C 

30 min 

CH4 CHi 

0 min 

Ni Ni Ni 

Substrate 
preparation 

H2: 600°°C - 30 min 

CH4 CHi 

Ni-C alloy 

5 min 

Liquid 

CNT growth mechanism: Tip growth 
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Aligned growth by pulsed-APG 
 

Positive pulse (dep. on cathode) Negative pulse (dep. on anode) 

125 kHz, 700ºC, 760 Torr, CH4+H2, Ni/SiO2 
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APRFD Reactor (U. of Minnesota) 

Matching 
Network 

He/H2/CH4 

Pump 

T.C. 

H
ea
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r 

Substrate 

RF Power 
(13.56 MHz) 

Pressure 
Gauge 

Inductor 

I 
V Oscilloscope 

Transverse gas feeding 
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H2:CH4=60:30,  
352 V-1.51 A 

4 mm, 15 min (3) 

CNT deposition with hydrogen 

H2/CH4=2 
 
reratively 
aligned 
growth  
of  
thin CNT 



Tokyo Institute of Technology School of Engineering 

34 

Experimental setup 
Gas inlet 

ICCD camera 
Spectrometer 

Moving stage 

Window 

Pump 

ICCD controller 

(Tokyo Tech.) 
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Experimental result 

Experiment  - Synthesis of vertically aligned SWNTs - 

Feed Gas  :He:CH4:H2 
     =1000:16:30 (cm3/min) 

Power   :60 W��
Temperature  :700°C 

Experimental condition 
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Raman shift (cm-1)
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D 

G����RBM 

G' 

Raman Shift (cm-1) 

532 nm 1 

2 
3 

SWNTs diameter  
0.8 ~ 2 nm 

50 µµm 

SEM image 

1 
2 
3 

About  
60 µµm 

Root growth 

Cross sectional  
Raman analysis 

Isolated SWNT 100 nm 10 nm 
&& 2.5 nm 

100 nm 10 nm 
&& 2.5 nm 

TEM image 

Isolated SWNT 

SWNTs bundle 
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110 kPa (Gap: 5 mm) 

20 µµm 

Experiment  - The effect of pressure - 

20 µµm 

20 kPa (Gap: 10 mm) 

Experimental result at power supply 60 W, temperature 700°°C 
50 kPa (Gap: 10 mm) 

20 µµm 

20 kPa 

50 kPa 

110 kPa 

G 

D 

RBM 

Raman Shift (cm-1) Raman Shift (cm-1) 

Atmospheric 
pressure 
avoids 

excessive 
radical flux!! 

20 µµm 

20 kPa-20 W (Gap: 10 mm) 

20 kPa-20 W 

60 W 
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Silicon quantum dots: one of the key materials in optoelectronic, bio-
imaging, and photovoltaic applications. 

Optoelectronic devices, laser, 
transistor, etc.  

$! Band gap tunability with size 
(doping free). 

$! Compatible with existing 
silicon technology. 

Lithium battery 
650nm 

500nm 

450nm 

'' d-2 

bulk-Si 

Si-QDs 

Bio-imaging 
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Ar/H2/SiCl4 

144 MHz 

30
 m

m
 

~ 

2 
m

m
 

M. B. 

Shutter 

Experimental 

•! Ar : 200 cm3min-1 

•! H2 : 0-5% 
•! SiCl4 : 100'300 ppm 
•! Volume: 0.6 µµ-liter 
•! Reaction time: 40 µµs 

 (101 kPa ' 1500 K) 

$15mm Corning 

Cr (100 nm) 

Room Temp. 

VHF 

GND 

2mm: CCP 

4mm: 
After glow 
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Silicon monomer     Deposition rate  
“SiCl4 + H ! Si + HCl” major initiation reaction pathway. 

VHF 

GND 

2mm 

4mm 

A 

Electron density 

Emission intensity 
of Si 288 nm 

Deposition rate 

10 µµm 5 µµm 

(1015 

3 µµm/min 0.4 µµm/min 

H2 concentration  (%) H2 concentration  (%) 
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Electron microscope analysis 

H2 = 0% 
Amorphous particles 

H2 = 3% 
Crystalline particles 
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Formation of silicon hydrides contributes to make finer 
nc-Si 

Silicon hydrides (SiHn) 

as-grown 

24-hour in air H2 = 3% 

as-grown 

Si-Cln is absent.  

Atomic concentration of Cl is less 
than 0.5atm% (EPMA) 

24 hour 
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H2-dependent changes in PL spectrum of as-synthesized Si-QDs 

Ar: 200 cm3min-1 

SiCl4: 100 ppm 
Power: 35 W 

H2 = 0% 0.3% 0.7% 0.8% 0.9% 1.0% 1.5% 3.0% 

Size ) Band gap ) PL 
spectrum 
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Natural oxidation of hydrogenated Si-QDs 

Red-luminescent material: 

Larger than 3 nm 

Oxide shell stabilizes 
luminescent capability. 

Green-luminescent material: 

Smaller than 1.5 nm. 

Luminescent capability is 
lost in a couple of hours.  

3 nm 

< 1.5 nm 
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Effect of surface status of Si-QDs: 
More than 50% of Si exposes to the surface. 

H 

Si 

H 

Si 

oxidation 

O 

Si 

O 

Si 

•! Ar: 200 cm3min-1, H2: 0.7%, 
SiCl4: 100 ppm, 35 W. 

•! Red-luminescent silicon 
nanoparticles after 24-hour 
natural oxidation 

•! Average particle size ~ 3 nm 
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Colloidal solution of Si-QDs 

Particle deposition 

Organic solvent 

Stabilization in 
liquid phase 

Dispersion in 
organic liquid 
+ sonication 

•! Photoluminescence 
•! VIS-UV absorption 
•! FTIR spectroscopy 
•! TEM microscopy 

Quartz Vial 

Gas 

144 MHz 

~ M B 

I. Synthesis III. Application & 
Characterization 

II. colloidal solution 
(not passivation) 

Particle coating, Thin film 
coating, Bio imaging, etc. 

Improve quantitative 
characterization 
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 Pure water    Ethanol    Butanol 
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Photoluminescence of colloidal solution: 3 nm Si-QDs covered by 
oxide shell (red-luminescent) 
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Blue-luminescent Si-C QDs 
Butanol 

0 h 

1 h 

2 h 

24 h 

To avoid surface oxidation of 
hydrogenated Si-QDs, SiCl4 
was reduced by CH4, creating 
blue-luminescent Si-C 
nanocrystals with sizes 2 nm. 

Bright field TEM image 
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Concluding remarks 

•! Hydrogen terminates Si-surface during crystal nucleation, 
reducing critical grain size  

•! Short residence time contributes to minimize crystal core size. 

•!  Red-luminescent Si-QDs: 
        Crystal core (3 nm) with native 
        oxide shell structure. 

•!  Green-luminescent Si-QDs: 
        < 1.5 nm, readily oxidized. 

•! Addition of CH4 instead of H2 
synthesizes 2 nm Si-C compound 
QDs, enabling blue-luminescent 
colloidal solution. 


