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ntroduction to Si and SIC

Principles of Isotopic Tracing

Principles of Nuclear Reaction Analyses:
NRA and NRP

> Results on thermal oxidations of SiI and SIC




» Oxide film thermally grown (SIO,)
Excelent electrical and thermodinamic

characteristics

» SIO,/SI Interface
Low density of electrically active states







Silicon: the most widely used
semicondutor In the
microelectronic industry
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Dielectric/semicondutor interface
(inversion layer)







0,037% 1O

Natural hydrogen: 99,985% H







~ 1000 °C)
e Si




Oxidation In

Who is the mobile
species ?

O, Si, or both ?




Mobile species during oxidation

15t possibility:




Mobile species during oxidation

2"d possibility:
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@ 1000°C

e Experimental
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160, -0, @ 1000°C
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Trimaille et al. The Physics and Chemistry of SiO, and the Si-SiO, Interface - 3,
ed. H.Z. Massoud et al. (The Electrochemical Society, Pennington, 1996),
vol.96-1, p. 59




NRA: D amounts

* Nuclear reaction D(®*He,p)*He: plateau ~ 700 keV
* Total amounts of D (insensitive to H)
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D quantification

D(3He,p)*He at 700 keV
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D profiling

Areal density of 160
In oxide films versus
time of chemical
dissolution in dilute
HF-solution

thermal

Areal densities of deuterium in oxide films versus time
of chemical etching. The corresponding D profiles
determined by differentiation are shown in the insets:

(a) as-loaded with D,; (b) loaded with D, and annealed in

vacuum at 650°C for 30 min

[.J.R. Baumvol, F.C. Stedile, C. Radtke, F.L. Freire, Jr., E.P. Gusey,
M.L. Green, D. Brasen, Nucl. Instrum. Meth. B 204

[.J.R. Baumvol, E.P. Gusev, F.C. Stedile, F.L. Freire, Jr., M.L.
Green, D. Brasen, Appl. Phys. Lett. 72 (1998) 450.



Motivation

Silicon

-|Silicon
carbide

High temperature
Electronics and sensors

*for 1200 V blocking voltage

Saturation  Mobility
drift velocity

High frequency
power devices

Thermal Breakdown
conductivity el. field”

Low and medium voltage
high switching frequency
power electronic devices with
low losses










» Part of SIO,/Si technology can be
transfered or adapted to the
technology




507

C |Intensity (arbitrary unit)

K.C. Chang et al. Appl.

http://www.lbm.com Phys. Lett. 77 (2000) 2186




vo*eotetete?

Single step int0,
Si0, /SiC/Si
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C. Radtke, I.J.R. Baumvol, B.C.Ferrera, F.C. Stedile
Appl. Phys.Lett. 85 (2004) 3402



oxidation in 1°0, oxidation in 1°QO,+

O-deficient C clusters consumed
/ C clusters by reoxidation

L)




Challenges in SiC technology

High density of interface states (D)

T

water vapor: D,80

l

Instabilities during operation

_siom

SiC




Water related problems in SiO,/Si

0 humidity in a clean room fabrication facility Is
between 30 and 50%

0 negative oxide charge buildup near the
SI0,/SI Interface

Q Increases In the interface state density
already reported for SO, /S

0 hegative-bias-temperature instabilities
attributed to water related species at the
SI0,/SI Iinterface



Water vapor incorporation
iIn SIO,/SIC and SIO,/Si

v ¢ & o

thermal thermal
SiO SiO

G.V. Soares, I.J.R. Baumvol, S.A. Corréa, C. Radtke, F.C. Stedile
Appl. Phys.Lett. 95 (2009) 191912

G.V. Soares, |.J.R. Baumvol, S.A. Corréa, C. Radtke, F.C. Stedile
Electrochemical and Solid-State Letters 13 (2010) G95



SiO, thermal growth: 1100°C, 100 mbar dry natural "1°O,”

+ vacuum annealing: 10" mbar, 700°C, 30 min



Samples preparation

Water partial pressure in air
of 30% humidity at 25°C

180 — natural abundance of 0.2%

D — natural abundance of 0.015%

Water vapor (D,'¢0O) treatments: 1h, 200 — 800°C, 10 mbar
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D profiles
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120 excitation curves

Si0,/SiC Si0,/Si}
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20 profiles
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Experimental

Deposition on Si and on 4H-SIC substrates

RF Sputtering conditions:

- Target: SI0,, 90 W _ Deposition rate ~ 0.1 A/s
- 2 mtorr of Ar, flux of 20 sccm t =2,000s

dep. SIO, ]- 20 nm dep. SIO, ]» 20 nm




Temperature and substrate influence In
D,130 vapor incorporation
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profiles
SIO,/SIC + 10 mbar D,180, 1h
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E. Pitthan et al. Appl. Phys. Lett. 104 (2014) 111904



and of thermal growth of SiO, on SIiC
Annealings in D, of SiO,/ 4H-SIC and SIO,/ 6H-SIC
structures

Annealings in of Pt/ SiO,/ SIC structures

Reoxidations and sequencial annealings em
Oxidations Iin of 6H and 4H-SIC (Si and C-faces) varying

SiO,
Nitridation in of SIC and of SIO, /SIC folllowed by SIO,
deposition

annealings of SiO, / SIC and SIO, / Si structures

> Incorporation and in SIO, / SIC







Espectrometro de

Valvula Agulha
Massas vu gu

(5)
» Admissao de amostras

» Medidor de Pressao Tubo de Quartzo
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4 Manipulation and Recovering of 80,
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RECOVERY
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» Expensive gas: about U$ 1,000/L
(97% enriched in the 180 isotope)
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4 Manipulation and Recovering of D,!80

‘ > VERY expensive : about U$ 2,000/mL !l
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O, natural:

0,037% 1O




Utilizando NRP para compreender o transporte
atomico durante a oxidacao do Si

Espécies moveis durante a oxidacao?
Resultados:

>_

SI




Isotopic tracing of Siin thermal growth of silicon oxide films on Si in dry O,

Step 1: 295i deposition on Si (111)

29g] 92.2% 285
—_—— 4.7% 25
E=30eV [ 3.1% 30

Step 2: epitaxial recrystallization: 600 °C , 30 min , UHV
Step 3 25| depth profiing

Step 4. thernat oxidation in O2: 1000 °C , 60 min , 50 mbar
Step 5. 2851 depth profiling

Step 6: comparison of 295i profile with predictions:

Si immobile and O mobile

Si
substrate

Si mobile and O immobile

Si
[0 substrate

Si

substrate 1.J.R. Baumvol, C. Krug, F.C. Stedile, F. Gorris, W.H. Schulte

Phys. Rev. B 60 (1999) 1492







“Si(p,y)*P |E, = 417 keV; '=100 eV
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Isolafed Resonance Concenlration Curve Excitation Curve

G IN(E~-Eg)
EC"'EF.’ =& x,

Interpretation: SPACES code
|. Vickridge and G. Amsel, Nucl. Instr. and Meth. B 45 (1990) 6




beam particle energy, mass and atomic number; energy
loss per unit length and energy straggling corresponding
to the material and energy of interest

.

convolution with resonance Iline shape (assumed
Lorentzian) and width, Ion beam energy spread
(assumed Gaussian) and its widening due to the Doppler
effect at room temperature (assumed Gaussian), and
concentration of the probed nuclide and thickness of
each layer of a first temptative profile

.




Convolution

I. Vickridge, Thesis, University of Paris VIl (1990)




Modeling

N(Eo)=c.ao(E)*h(Eo)*§Knf*”(E—-Eo)

O




1965: modelo de Deal e Grove p/ oxidacao térmica do silicio
Deal and Grove, JAP 36, 3770 (1965)

¢ Principais suposicoes:
- existéncia de uma camada de oxido inicial (~ 20 nm);

- regime estacionario;

- difusao de O, através do filme de oxido de silicio e
reacao na interface SiO,/Sl.




Osbourne Executive produzido nos anos 80 x iPhone em 2009:
28.75 pounds / 135g = 100 x + pesado
4MHz / 412 MHz = 100 x + lento

$2500 / $200-300 = 10 x + caro
(52cm x 23cm x 33cm)/(115mm x 61mm x 11.6mm) = 485 x maior




Tracagem Isotopica — 160 /

180(p,a) N E, = 151 keV

6H-SIC tipo n polidas
nas faces (0001) e (0001)
e Si (001)

65 70
Thickness (nm)

175 180
Thickness (nm)

.
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I Si'°0,
Sit80,
B SiC ou Si

> Limpeza das amostras
I B N

1100 °C 100mbar 160, 8 h=yS)
45h SIC

Interfaces >
I[dénticas




—) HF: taxa de ataque ~ 1 nm/s

70s 40s 30s 1 s=Si

30s 20s 10s 1 s=SiC
0 0 -y .
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Limpeza das laminas

I I B B SiC ou S
1100°C 100 mbar 260, B Si'°0,
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16h 26h 35h % h
o o O
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