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Background & ObjectivesBackground & Objectives
UltrarapidUltrarapid Thermal Annealing (URTA) is one of the key process technologiesThermal Annealing (URTA) is one of the key process technologies
ULSI Process : Shallow Junction

Giant Microelectronics (TFTs, Solar Cells) : Crystallization, Dopant Activation
Excimer Laser Anneal (ELA)Excimer Laser Anneal (ELA)~10ns

spike annealspike anneal

FLA (Flash Lamp Anneal)FLA (Flash Lamp Anneal)

Laser AnnealLaser Anneal

1s

1ms

1µs

2007 / 65 nm

2010 / 45 nm

2013 / 32 nm

2016 / 22 nm

year / tech. node Annealing Technology

Temperature Measurement in Temperature Measurement in MilliMilli--
and Microsecond Time Domainand Microsecond Time Domain

An Alternative High Power Heat An Alternative High Power Heat 
Source with Simple StructureSource with Simple Structure

>Limit in Output Power (~300W)
>Running Cost

Objectives of This Work are Objectives of This Work are ……

To Develop a New URTA Technique and a Temperature Measurement To Develop a New URTA Technique and a Temperature Measurement 
Technique with Millisecond Time ResolutionTechnique with Millisecond Time Resolution
To Demonstrate the Application of URTA to Electronic Device FabrTo Demonstrate the Application of URTA to Electronic Device Fabricationication

Thermal Plasma
– High density

Thermal Plasma Jet (TPJ) As 
a Heat Source …
– High power density (Thermal 

pinch effect) 
~100 kW/cm2

– Simple structure
– Atmospheric pressure 

discharge

About Thermal Plasma Jet (TPJ)About Thermal Plasma Jet (TPJ)
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A comparison of various plasmas in terms of density and 
temperature.

A photograph of plasma jet generated under atmospheric 
pressure DC arc discharge.

Thermal Plasma and Its Advantages as a Heat SourceThermal Plasma and Its Advantages as a Heat Source

Concentration of Electric 
Power

Low Cost URTA Processing

TPJ is a Very Attractive Heat TPJ is a Very Attractive Heat 
Source for URTASource for URTA

ExperimentalExperimental
Application of TPJ to RTAApplication of TPJ to RTA Oscillation in Transient ReflectivityOscillation in Transient Reflectivity
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Experimental set up for thermal plasma jet (TPJ) annealing. Beam
paths (A) and (B) are used to measure the temperature and phase 
transformation of a-Si film during anneal.
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Transient reflectivity waveform observed in beam path 
(A) during TPJ irradiation.

Origin of the OscillationOrigin of the Oscillation

H. Kaku , et.al. Appl. Surf. Sci. 244, (2005) 8. 

Noncontact Temperature Measurement TechniqueNoncontact Temperature Measurement Technique

Procedure of AnalysisProcedure of Analysis

Optical Simulation
>

> Multiple reflection and interference

( )CTnQ °×+= −5102.15.1

2-d Heat Diffusion Simulation
> Effective power transfer efficiency : η (%)
> Width of plasma jet : w (mm)

J. H. Wray, et.al. J. Opt. Soc. Am 59 (1969) 774.

Comparison with Experimental Result

Temperature Profile

0

10

0

10

0

10

R
ef

le
ct

iv
it

y 
(%

)

Time (ms)
0 2010 30 40

measured
simulated

v = 900 mm/s

700 mm/s

550 mm/s

R

Position (mm)

D
ep

th
 F

ro
m

 S
u

rf
ac

e 
(µ

m
)

0 5 10

0

100

200

0

100

200

0

100

200

T (K)
1600
1200
800
400

Plasma Jet

v=900 mm/s

700 mm/s

550 mm/s

(a) (b)

T. Okada, et.al. Jpn. J. Appl. Phys. 45 (2006) 4355.

Temporal Variation of TemperatureTemporal Variation of Temperature
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A Noncontact Temperature A Noncontact Temperature 
Measurement Technique Measurement Technique 
with Millisecond Time with Millisecond Time 
Resolution has been Resolution has been 
Successfully DevelopedSuccessfully Developed

Accuracy < 30 K  @~1670KAccuracy < 30 K  @~1670K



Annealing Condition & Surface TemperatureAnnealing Condition & Surface Temperature
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Plasma-Substrate Gap d (mm)

p = 2.20 kW
v = 500 mm/s

: f = 9.8 L/min
: f = 4.2 L/min

Scanning Speed (Scanning Speed (vv) Dependence) Dependence

d (mm)
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1.47
1.00
0.69

PlasPlasmama--Substrate Gap (Substrate Gap (dd)  and Ar Flow Rate ()  and Ar Flow Rate (ff) ) 
Dependence under constant Dependence under constant vv of 500 mm/sof 500 mm/s

Characteristic Values of TPJ Annealing at Different Gap (Characteristic Values of TPJ Annealing at Different Gap (dd))

Application to Si WaferApplication to Si Wafer

Comparison between Quartz & SiComparison between Quartz & Si

Probe CW Laser
IR Laser λ: ~ 1.5 µm

Thermal Properties of Quartz & Si

Oscillation of TransmissibilityOscillation of Transmissibility

0

20

40

60

80

100

300 320 340 360 380

T
ra

ns
m

is
si

vi
ty

 (
%

)

Temperature (K)

Si (100)
d = 1.0 mm

λ = 1510 nm

Transmissivity of d = 1 mm Si wafer measured at a wavelength of 1510 nm 
under varying temperature. n (T) ~ 2 X 10-4 K-1 was obtained.

Simulated Transient ReflectivitySimulated Transient Reflectivity

G. Cocorullo et. al. Appl. Phys. Lett. 74 (1999) 3338.

κ (Wcm-1K-1)
dn/dT (K-1)

QuartzQuartz Si

2.2X102.2X10--22

1.3X101.3X10--55

3.3X103.3X10--11

1.4X101.4X10--44

Higher Sensitivity in SiHigher Sensitivity in Si
Noncontact Temperature Measurement Noncontact Temperature Measurement 
is Applicable to Si Wafer with Higher is Applicable to Si Wafer with Higher 
Time Resolution of Time Resolution of µµs.s.

Simulated transient reflectivity of Si wafer under URTA.
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Crystallization of aCrystallization of a--Si Films by TPJ IrradiationSi Films by TPJ Irradiation

Crystallinity & Process WindowCrystallinity & Process Window
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Crystallization by Step & Repeat MethodCrystallization by Step & Repeat Method

740 760 780 800 820 840

751.5

763.5

772.4 794.8
801.5

811.5

826.5

840.8
842.5

0

40000

80000

120000

160000

200 300 400 500 600 700 800 900

Em
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

0

10000

20000

30000

300 350 400 450 500 550

Em
is

si
on

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

324.8 nm (g)

510.6 nm

Emission Lines Cu I

521.8 nm

Optical emission spectrum of thermal 
plasma jet.
Most of the significant lines are identified to be 
emission from Ar atoms as indicated in the inset. 
From the Boltzmann’s plot of the Ar lines, the 
temperature of the plasma was roughly estimated to 
be 8300 K.

Identification of emission lines from Cu in 
thermal plasma jet.
No emission lines from Cu was observed in 
the optical emission spectrum of thermal plasma jet.

OES of Ar Thermal Plasma Jet OES of Ar Thermal Plasma Jet 
Strong Emission Lines From Atomic Ar are Observed in NIRStrong Emission Lines From Atomic Ar are Observed in NIR

No Emission Lines From Cu was DetectedNo Emission Lines From Cu was Detected

• Total Reflection X-Ray Fluorescence (TXRF)

Impurity Concentrations in TPJ Crystallized Si FilmsImpurity Concentrations in TPJ Crystallized Si Films

• Secondary Ion Mass Spectroscopy (SIMS)
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Mn, Zn, Mo, Pd, Sn, Ba, As, Rb
were Below Detection Limit.

SiO2 SiO2 Glass Sub. 

No Metal No Metal 
Contamination was Contamination was 
Detected from TPJ Detected from TPJ 
Crystallized Si FilmsCrystallized Si Films

ExperimentalExperimental
Application of TPJ to RTAApplication of TPJ to RTA Oscillation in Transient ReflectivityOscillation in Transient Reflectivity
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Experimental set up for thermal plasma jet (TPJ) annealing. Beam
paths (A) and (B) are used to measure the temperature and phase 
transformation of a-Si film during anneal.
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Transient reflectivity waveform observed in beam path 
(A) during TPJ irradiation.
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Crystallization of aCrystallization of a--Si FilmsSi Films
InIn--situsitu Observation of Solid Phase Observation of Solid Phase 
Crystallization (SPC)Crystallization (SPC)
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Annealing conditions : 

f = 7.0 L/min, d = 3.3 mm, v = 770 mm/s

InIn--situsitu Observation of Melting & Observation of Melting & 
ResolidificationResolidification

Annealing conditions : 

f = 7.0 L/min, d = 0.8 mm, v = 770 mm/s

> Solid Phase Crystallization (SPC)> Solid Phase Crystallization (SPC)

> 1220 K, 0.6 ms> 1220 K, 0.6 ms

> SPC at 1278 K within 0.2 ms > SPC at 1278 K within 0.2 ms 
followed by melting and followed by melting and 
resolidification at 1660 K within 1.3 resolidification at 1660 K within 1.3 
ms.ms.

Electrical Properties of TPJ Crystallized Si FilmsElectrical Properties of TPJ Crystallized Si Films
Electrical Conductivity of TPJ Crystallized lightlyElectrical Conductivity of TPJ Crystallized lightly--doped Si Filmsdoped Si Films

Electrical conductivity as functions of annealing 
temperature 

Defects localized at grain boundary work as carrier 
trap sites.
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Electrical Properties of TPJ Crystallized Si FilmsElectrical Properties of TPJ Crystallized Si Films
Electrical Conductivity of TPJ Crystallized lightlyElectrical Conductivity of TPJ Crystallized lightly--doped Si Filmsdoped Si Films

Electrical conductivity as functions of annealing 
temperature 
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Electrical Properties of TPJ Crystallized Si FilmsElectrical Properties of TPJ Crystallized Si Films

Electrical conductivity of TPJ & ELA crystallized 
Si films before and after hydrogenation
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> TPJ Crystallized Films Have Lower Defect Density Compared to E> TPJ Crystallized Films Have Lower Defect Density Compared to ELA FilmsLA Films

> Defect Reduction Process Works Efficiently to TPJ Si Films> Defect Reduction Process Works Efficiently to TPJ Si Films

Defect Reduction by Hydrogen Plasma Treatment @ 250C, 60sDefect Reduction by Hydrogen Plasma Treatment @ 250C, 60s

AFM images of (a) TPJ & (b) ELA crystallized 
Si films

Average P Concentration : 4.3 x 10Average P Concentration : 4.3 x 101717 cmcm--33

Spin density NS in (a) TPJ & (b) ELA crystallized Si 
films
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TFT Fabrication Process FlowTFT Fabrication Process Flow
a-Si Deposition
> S/D n+ a-Si (PECVD)

> Channel a-Si deposition(PECVD)

Crystallization
> Thermal Plasma Jet 

2.3kW 700mm/s (SPC condition)

> Excimer Laser Annealing (ELA) :Reference

Channel Isolation
> Dry Etching (SF6)

Source/Drain Electrode Formation
> Thermal Evaporation Al

Gate SiO2 Formation
> SiO Evaporation in Oxygen Radical

Gate Electrode Formation
> Al Evaporation 

Defect Reduction

> High-Pressure H2O Vapor Anneal

quartz substrate

n+ a-Si a-Si  20nm

Ar 

poly-Si

Gate SiO2 100 nm

Al

TFT PerformancesTFT Performances
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Output CharacteristicsOutput Characteristics Transfer CharacteristicsTransfer Characteristics

62

3.4

µFE (cm2V-1s-1)

Vth (V)

ION   / IOFF >106

Process 
Temperature (C) 260

S. Higashi , et.al. Jpn. J. Appl. Phys. 44, (2005) L108. 



Formation of Formation of NanocrystalsNanocrystals in in SiOxSiOx
Raman Scattering Spectra of TPJ Raman Scattering Spectra of TPJ 
Annealed Annealed SiOSiOxx FilmsFilms

PL Spectra of TPJ Annealed PL Spectra of TPJ Annealed SiOxSiOx
Films (excitation : 325 nm )Films (excitation : 325 nm )

Ramanshift (cm-1)
550700 600 500 400650 450

as deposited

1200 mm/s, 1444K

1000 mm/s, 1566K

800 mm/s, 1673K

700 mm/s, 1673K

Wavelength (nm)
600 800 1000 1200

1200 mm/s,
1212K

1000 mm/s, 1369K

800 mm/s, 1527K

700 mm/s, 1664K
As deposited

1 cm

NanocrystallineNanocrystalline MirocrystallineMirocrystalline

Formation of Formation of NanocrystalsNanocrystals in in SiOxSiOx
Cross sectional TEM of a TPJ Cross sectional TEM of a TPJ 
annealed annealed SiOxSiOx filmfilm

Large lateral grain growth from Large lateral grain growth from 
SiOxSiOx film with trench structurefilm with trench structure

Si Si nanocrystalsnanocrystals are formed in TPJ are formed in TPJ 
annealed annealed SiOxSiOx

Lateral crystalline growth as long as 3 Lateral crystalline growth as long as 3 µµm m 
is achieved.is achieved.

5 nm
Cross sectional TEM

NanocrystallineNanocrystalline MirocrystallineMirocrystalline

ConclusionsConclusions
1. A New RTA Technique Utilizing Thermal Plasma Jet 

(TPJ) and Noncontact Temperature Measurement 
Technique with Millisecond Time Resolution have been 
Developed.

2. Substrate Surface Temperature is Controlled From 960 
to 1781 K with Typical Annealing Duration of 3 ms.

3. Amorphous Si (a-Si) Films are Crystallized Through 
Solid Phase or Melting & Resolidification Depending on 
the Annealing Condition.

4. TFTs Fabricated Using TPJ Crystallization Technique 
Show Good Electrical Performance with µfe of 62 cm2/Vs
and Vth of 3.4 V.

5. Nano- and Micrometer Sized Si Crystalline Growth is 
Achieved by TPJ Annealing of SiOx Films.
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