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Themes of Solid-State Science

Nanostructures-matter at 1 to 100 nm scale

Dynamics-excited state physics and chemistry

New materials -Hi Tc, magnetic, 
heterostructures, interfaces

Quantum control- spintronics,

Biological materials- organic/inorganic interface

Interfaces-new functionality, surface control



Silicon MOSFET

Limits:
Temp  
~ 300K

Voltage

~500V.



Silicon

GaN

GaAs

Ge
C nanotubes

SiC
Diamond

The class of the field, the grand dame, if you can
do it with Si do it, ageing slightly
Emits light, young and mysterious, not quite
predictable
Emits light, always trying, quantum effects, never
quite lives up to promise
Nano and pretty – that’s all it takes
Role in life is to make Si look good
Always good for a few jokes
It’s a ceramic, used for coating, full of defects
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N+ Source

Implanted P-Well

N- Drift Region

Oxide

SiO2
Surface 
Roughness
Due to P-Type
Implant Anneal

SiC

MOSFET
Channel
Resistance

Transition Layer

SiC

SiO2

Dangling Bonds

Si - Si Bonds

C - C Bonds

SiC Power MOSFET

N+ SubstrateN+ Substrate

Gate
Source 
(VSD)

N+

P base

Drain

N- drift 
region

SiO2

SiC

ISD

R=Rchan + Rintrinsic

Rchan ~ (mobility)-1
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Why SiC vs. all other wide band-gaps ?

Simply-it is the most “processable” at this 
time!

Implant—p,n

Contacts/metallization—

Wafer availability-

Oxidation- this talk!



Polytypes of Silicon Carbide

3C         4H        6H           15R

Eg 2.2         3.3       2.9           3.0

with the valence bands ~ aligned.



SURFACE STATES



Cit = Dit/q

Sensitivity of electrical measurements

1010 1011 1012 1013 1014 1015

101

102

103

104

105

106

107

Capacitor dia.= 1mm

C
it (

pF
)

Defect sites (cm-2)

Physical 
XPS
RBS

Electrical  
EPR,
SIMS

Sensitivity of Capacitance 



Si/SiO2 Interface State Density



COCO

O2O2

X0

SiO2
SiC

ho2
Do2

hco Dco

C*
o2

C*
co

Cs
o2

Cs
co

Co2

Cco

CO

O2

I. Transport of molecular oxygen gas to the oxide surface.
II. In-diffusion of oxygen through the oxide film.
III. Reaction with SiC at the oxide/SiC interface.
IV. Out-diffusion of product gases (e.g. CO) through the oxide film. 
V. Removal of product gases away from the oxide surface. 

SiC  + 1.5 O2 ←→ SiO2 +CO

SiC Oxidation – Modified Deal Grove model



Oxidation anisotropy in 4H-SiC
Large variation in oxidation rate among different crystal faces 

0 1 2 3 4 5 6
0

500

1000

1500

2000

2500

3000

3500

4000

Si-4H SiC

a -4H SiC

C-4H SiC

Si (100)

Th
ic

kn
es

s 
(A

)

Time (hrs)

0 1 2 3 4 5 6

0

500

1000

1500

2000

2500

3000

3500

4000

Dry oxidation at 1100ºC, compared to the growth kinetics of Si (100)

Oxide growth rate :               
RSi < Ra < RC 

Direct application of 
Deal Grove model cannot 
explain oxidation 
anisotropy.

Different crystal faces 
could have very different 
interface properties .



SiO1.99 ± 0.02

SiO2.01 ± 0.02

SiO1.99 ± 0.02

SiO2.01 ± 0.02

RBS/CH

SiO2

“No” carbon

SiO2/SiC



Interface State Density-----6H-4H Polytypes



Schorner etal IEEE Elec. Dev. Let. 20 341, (1999).



E ffe c t  o f N O  o n  th e  (0 0 0 1 )  C  fa c e

C  fa c e , w e t o x id a tion  
1 1 5 0 °C  , A r a n n ea l  a t  
1 1 7 5 °C  , 2 h rs  tox ~ 7 0 0  A

C  fa c e , d r y  o x id a tio n  
1 1 5 0 °C  , N O  a n n e a l a t 
1 1 7 5 °C  , 2 h rs tox ~ 8 5 0  A
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First demonstration of reduction if DIT on carbon face
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Effect of NO post-oxidation anneal

• NO anneal results in significant reduction of Dit on all three faces.

•Dit of nitridated C-face is higher than the other faces.
S.Dhar et. al., accepted for publication in J. Appl. Physics (January 2005)

• 1175°C, 2h NO (0.5 l/min 
flowing gas)
(tox:  Si~57 nm, a~28 nm, 
C~40 nm)

• hi-lo C-V at room 
temperature





MOSFET Mobility: Si-face and a-face

• Highest field effect   
mobility inspite of having 
similar Dit as Si-face

- Traps EC- E < 0.1 eV?

- Interface roughness?

- Other reasons?

S.Dhar, L. C. Feldman, S. 
Wang and J. R. Williams, to 
be published in MRS bulletin 
(April 2005).

• Record high mobility for (NO+H2) a-face MOSFETs   
µmax ≈ 100 cm2 V-1 s-1
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a-face: NO

Si-face: NO

Si-face: NO+H2

a-face: NO+H2

Si-face : Unpassivated
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The Analysis Problem

What is the role of the nitrogen?

How much is present?

What is the depth profile?

Comparison of techniques.



Nitridation anisotropy among  crystal faces 
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 (000-1) C -face 
 (11-20) a -face 
 (0001) Si -face 

15NO anneal , 1175 °C , 100 Torr

Initial oxide thickness ~30 nm on all faces,

15N  (p,4He) 12C

Nitrogen uptake on 
the (0001) C-face  
and (1120) a-face 
greater than the 
(0001) Si-face by a 
factor of ~3



Nitridation anisotropy among crystal faces
15NO anneal , 1175 °C , 120 Torr, 2 h

Initial oxide thickness ~30 nm on all faces, 15N  (p,4He) 12C
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Nitrogen uptake 
on the (0001) C-
face  and (1120) 
a-face greater 
than the (0001) 
Si-face by a 
factor of ~3

Set 1 Set 2



E ffe c t o f N O  o n  th e  (0 0 0 1 ) C  fa c e

C  fa c e , w et o x id a tio n  
1 1 5 0 °C  , A r a n n ea l a t 
1 1 7 5 °C  , 2 h rs  to x~ 7 0 0  A

C  fa c e , d ry  o x id a tio n  
1 1 5 0 °C  , N O  a n n ea l a t 
1 1 7 5 °C  , 2 h rs  t o x~ 8 5 0  A
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Defect density at a specific energy level in the band-
gap.



Fits to the Dit vs N Data
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Fits to the Dit vs N Data
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C/SiO States in SiC Bandgap

Without NWithout N With NWith N



Passivation Dynamics



NITROGEN DEPTH PROFILES
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SIMS ~3.6 nm (Mc Donald et. al.) NRA ~ 7.34 nm (Mc Donald et. al.)

EELS ~1.5 nm (Chang et. al.)



50 nm

ORNL4\4H_C_8\1100\017 Nitrogen Counts
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Electron beam at the interface
EELS results – scanning TEM (STEM)

Nitrogen Profile At the SiC/SiO2 Interface

SiO2SiC



SiC

100 KeV Electron beam

Spectrometer

40 nm
NRA

EELS PROFILE and NUCLEAR REACTION ANALYSIS

SiO2 SiC ~40nm



EELS SPECTRA W/WO NITROGEN



“BURIED” NITROGEN PROFILE



WINDOWS FOR C and N SUMS
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Calculated Partial Ionization Cross Sections

Atomic Number
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200 keV electrons, β=100 mrad



Table II.  Comparison of N areal densities 
by EELS and NRA

SiC 
substrates EELS NRA

C-face (1.0 ± 0.2) x 1015 cm-2 (1.05 ± 0.03) x 1015 cm-2

Si-face (0.35 ± 0.13) x 1015 cm-2 (0.35 ± 0.02) x 1015 cm-2



50 nm

ORNL4\4H_C_8\1100\017 Nitrogen Counts
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EELS results – scanning TEM (STEM)

Nitrogen Profile At the SiC/SiO2 Interface

~1.5nm



SPATIAL RESOLUTION

1. Fundamental interaction-
adiabatic distance ~hv/Eb = 0.05nm

K shell radius~ao/Z ~.01nm

2. Beam spot size ~1.2 nm

3. Beam convergence~0.5nm

4. Multiple scattering~<1.0nm

5. Interface alignment~<0.6nm



Surface enhanced Raman 
spectroscopy (SERS)

Goal & sample 
preparation
To investigate carbon 
clusters at the SiO2 /SiC 
interface

Oxidation (1150°C, O2, 1hr)

NO post anneal (1175oC, NO, 2hr)
oxide etch

SiC

Ag film

Ag

hν1

SiC

SiO2/SiC interface: Physical analysis



Effect of HF etching on NO annealed SiO2/SiC

4H-SiC

SiO2~ 65 nm
15N ~ 5.4 x 1014 cm-2

15N ~ 3.2 x 1014 cm-2

HF etch

15N (p, α) 12C 
NRA analysis

• Nitrogen compound has higher HF etch resistance than SiO2 or Si3N4



SERS spectra of oxidized C-face SiC Carbon related peaks after subtracting
(O2 + NO) spectrum from (O2) spectrum
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Surface enhanced Raman spectroscopy (SERS)  analysis 

D(1390 cm-1) and G(1580 cm-1) band intensity decreases after NO anneal.
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Materials science of hydrogenation process

• Effect of metal layer on H uptake

• Hydrogen incorporation at the SiO2/4H-SiC

• Kinetics of H uptake and desorption



Dry oxidation 1150 °C, 1-4 h

Gate metal Pt

Post- metallization anneal in H2, 500 °C, 1 h

Post-oxidation anneal in NO, 1175 °C, 2 h

Sequential anneals in NO and H2



Effect of metal over-layer

Pt Mo No metal

1013

1014

1015

1013

1014

1015

H
2  u

pt
ak

e 
(a

to
m

s/
cm

2 )

Overlayer

Presence of Pt leads to at least two orders of higher H incorporation in 
the oxide and at the interface
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Substitute 2H for 1H NRA : 2H (3He,p) 4He         Sensitivity ~ 1013 atoms cm-2
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4He, p

Foil

Detector



Hydrogen (deuterium) depth profile: SIMS

SiC

SiO2

Pt etched

500°C, 1h 2H anneal 

• Near interfacial D concentration (using Pt over-layer) ~ 2.5 x 1014 cm-2

FWHM ~ 3.5 nm ( within the depth resolution of SIMS)
• ~80% of D in the oxide is at the interface.
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H uptake and desorption kinetics
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Apparent activation energy of H 
uptake into oxide : 0.47 eV
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D < 1013 atoms cm-2
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Apparent activation energy of H 
desorption from oxide in the temp. 
range 550°C-600 °C: 2.1  eV

Desorption

Hydrogenation at 500°C in the presence of Pt is a kinetically favorable 
process for H uptake.



Deuterium detection using NRA

Sample
- 99.9% D2O 10ml+50% HF 10ml
- Dipping → drying in air

1) Virgin : Si-face, c-face, a-face SiC & Si (111)
2) Oxidized : Si-face, c-face, a-face SiC & Si (111)

Motivation
Hydrogen passivation after HF wet etching in SiC faces

NRA condition
- D(3He, p)4He

SiC

D D D D D

0.7MeV  3He p 
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HYDROGEN COVERAGE ON SiC FOLLOWING HF OXIDE ETCHING

S. Choi et al., Vanderbilt University
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Dry oxidation 1150 °C, 1-4 h

Gate metal Pt

Post- metallization anneal in H2, 500 °C, 1 h

Post-oxidation anneal in NO, 1175 °C, 2 h

Sequential anneals in NO and H2



Sequential anneals in NO and H2- all faces

• 1175°C, 2h NO (0.5 l min-1

flowing gas)

(tox: Si-~53 nm, a~28 nm, 
C~40 nm)

• Pt used as gate metal

• 500 °C, 1h H2 (1 l min-1)

• Lowest Dit on all faces obtained by (NO + H2) process

• Dit < 1012 cm-2 eV-1 at Ec- E ≈ 0.1 eV on all faces
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MAXIMUM INVERSION LAYER 
MOBILITYAND INTERFACE STATE 

DENSITY
i) Scattering

µ=eτ/m*=eλ/m*v

Bulk Mobility              800cm2/V-s 0.050u
Elec. field                     400cm2/V-s 0.025u
Oxide Penetration       300cm2/V-s 0.018u

(0.025u)

Nit 1012/cm2 0.01u
Nit 1010/cm2 0.10u

“λ”µ

ii) Trapping: nfree is of order 1013/cm2 so significant trapping 
is expected.





CONCLUSIONS

The nitrogen/hydrogen 
process has enabled the 

possibility of a SiC 
MOSFET technology!



Themes of Solid-State Science

Nanostructures-matter at 1 to 100 nm scale

Dynamics-excited state physics and chemistry

New materials -Hi Tc, magnetic, 
heterostructures,..

Quantum control- spintronics,

Biological materials- organic/inorganic interface



Atomic Level Characterization of 
CdSe Nanocrystals-TEM and RBS

Collaborators

James McBride, S. J. Rosenthal, 
L.C. Feldman

Vanderbilt University

S.J. Pennycook

Oak Ridge National Labs





CdSe Nanocrystals



Tunable Absorption and Emission: Quantum 
Confinement



Origin of size-dependent optical 
properties: Quantum Confinement

Bulk semiconductor

~56Å for CdSe

nanocrystal

Electron and 
hole are 
“confined” to 
the nanocrystal!

The smaller the 
crystal, the 
higher the 
energy of 
confinement

Conduction Band

Valence Band

Band Gap Size Dependent Gap

electron

hole



The Function of Nanocrystals is Highly 
Dependant on the Surface



Quantum dots are useful in 
biology because:

• Small size (=> image cellular components)
• Incredibly bright (= enhanced sensitivity, early 

detection)
• Multiplexed detection (=> multiple simultaneous 

signals)
• Photostability (= dynamic imaging, sample archive)
• Multivalent Surface (=> enhanced recognition 

and targetting)
All of these properties originate from the 

nanometer size of the dots.



Dye vs. Nanocrystal Spectral Characteristics
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Why Asymmetric Growth



Z-STEM of ‘655 Qdot’ Quantum Dot Core/Shell Rods

QY>0.95



RBS of ‘Cd-Doped’ CdSe/ZnS Core/Shells



CONCLUSION

Surface control is critical for all 
electronic and optical devices.

Nanostructures provide a great 
challenge-large surface 
component, extremely difficult to 
probe.



 

First Measurement of Ionoluminescence from CdSe/ZnS
nanocrystals

Inset



He Rutherford Scattering and Proton Luminescence

2.2 nm
4.2nm

CdSe
PO



CONCLUSIONS

Ion beams analysis---

not only useful but great fun!




