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1. Introduction: Schottky Contact Theory

Schottky Barrier Hight:       qΦΒn = q(Φm- χ)

Two Parameter: Metal Workfunction Φm
Electron Affinity of Semiconductor χ
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Metal Work-Functions (Sze ) Φm
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Work-Functions of Metals?

Example Au, which is used as a calibration standard in Photo-Yield 
experiments: 

Au Textbook data: 5.2 eV

Experimentally detected: 4.3

What to take in reality? 
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2. Geometry of Diamond Surface: (111) Diamond

Clean (111)-(2x1) reconstructed
Formation of π-bonded dimers

H-term. (111)-(1x1):H 

Trihydrid structure

Defect free !!!
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(001) Diamond Surface

Clean (001)-(2x1) reconstructed
Formation of π-bonded dimers

H-term. (001)-(2x1):H
Monohydrid dimers

Two dangling bonds
per carbon are H-terminated

Defect free !!!
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Natural single crystal (100) diamond after annealing at 1.100 oC

(2x1) reconstruction with 
π-bondet dimers

K. Bobrov, G. Dujardin, et al., Nature 413, 616 (2001)

H-free surface,
clean diamond

STM Result
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STM topography of hydrogenated C(100)-(2x1):H

CH-dimer rows without (a) and with one defect (b) 

Hydrogen desorption by pulsed voltage to the STM Tip (b)

K. Bobrov , G. Dujardin, et al. Surface Science 528, p. 138 (2003)
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STM topography oh hydrogenated natural C(100)-(2x1):H

a): Atomically flat surface with mono-atomic steps

K. Bobrov, G. Dujardin, et al. Surface Science 528, p. 138 (2003)

b) After desorption
of individual H by STM tip.
Circles are defects

H-termination has been done ex-situ at 800 oC, for 1h
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3. Electron Affinities of Diamond

Data from:
Maier et al., Phys. Rev. B, 64, 165411 (2001)
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Electron Affinities of Diamond: Mixed Surface Properties

Vacuum level variations from -1.1 to +1.7 eV    (∆E = 2.8 eV)

For partially H-terminated diamond, where is the vacuum level?

F. Maier et al. Phys. Rev. B 64, 165411 (2001)

C(100)-(2x1):H C(100)-(1x1):O
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Electron Affinities of Diamond Surface

F. Maier et al., Phys. Rev. B 64, 165411 (2001)
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4. Surface Geometrical Properties
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Diamond Surface: Poly CVD Diamond

Crystallite roughness about: (20 – 50) µm
Roughness on planes: (10 – 20) nm
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Diamond after polishing

Polishing Roughness: 8 - 15 nm 

Electronic Properties are bad, 
due to defects, generated by polishing !

No electronic grade interface ! 
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Homo-epitaxial Growth of CVD Diamond  (AIST)

H. Watanabe et al., New Diamond and Frontier Carbon Technology, 12, 369 (2002)
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Homo-epitaxial Growth of CVD Diamond  (AIST)

Atomically flat surface with step-etch growth.
Terraces run parallel to the (110) direction

H.Okushi, Diam. Rel. Mat. 10, 281 (2001)
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Bulk Properties of Homo-epitaxial CVD Diamond

Near band-edge cathodo-luminescence 
at 300 K.

Free exciton emission lines at: 
235 nm (5.27 eV) 
and 
242 nm (5.12 eV)  

High bulk electronic property indication!
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5. Surface Defects of clean, O and H terminated diamond
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Surface Fermi Level on (111)-(2x1) reconstructed Diamond

Photoelectron yield and core level photoemission spectroscopy

J.B. Cui et al. Phys. Rev. Lett. 81, 429 (1998)

Surface defects
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Oxidation
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Wet-Chemical Oxidation

Boiling in:
HNO3:H2SO4 = 1:3  
at 230 oC
for 1 h

Oxygen Coverage (111) by XPS:
ca 50 %
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Properties:

• insulating surface
• hydrophilic
• removement of graphitic layers (at grain boundaries)
• Fermi-level pinning at the surface due to defects?
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Surface defect density of O-terminated diamond surface

Before SiO2-deposition

1) plasma-ashed in 2% O2 in He
2) cleaned at 200 oC in solution 
of (NH4)2S2O8 and H2SO4

SiO2 Deposition:

atmospheric pressure CVD using 
SiH4, Ar, N2 and O2
T= 625 oC on (100) diamond

M.W. Geis et al. IEEE Trans. Electron Dev. 38, 619 (1991)

Surprisingly good interface !
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SiO2 – Silicon Interface Quality

Sze, in “Physics of Semiconductor Devices”
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Hydrogen Termination
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H-termination

d01
8.6.04

stage tem perature [°C] 800
m icrowave power [W ] 750
total gas pressure [Torr] 25
total H2 flow [sccm ] 400
total CH4 flow [sccm ] 0
exposure tim e [m in] 5
plasm a off at [°C] 700

sam ple
date

H-termination parameter
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IR-Properties (characterized in air)

Annealing in air:

CH peak at 2896 cm-1 (stretching mode)
of (100)-(2x1):H surface

Symmetric (2851 cm-1) and 
antisymmetric (2920 cm-1) 
stretching modes of 
CH2 groups of physisorbed n-alkanes.

F. Maier et al. Phys. Rev. Let. 85, 3472 (2000)
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SEM image of Bar-Contact structures

partially wiped
in ethanol
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Cleaning by contact mode AFM

Surface is covered with a thin 

(1 -10) nm thick adhesive layer.

Removal Force: 1mN/100 nm2

Non-conductive layer ! 

B. Rezek, C.E. Nebel, M. Stutzmann
Diam. and Rel. Mat. 13, 740-745 (2004)
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Wetting Angle Experiments on H-terminated diamond

H-terminated diamond is hydrophobic

Oxidized diamond is hydrophilic
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H-term. CVD diamond

80º

After hydrogen plasma treatment: 

80°

wetting angle (1ul droplet)

After mechanical cleaning in Ethanol:

95º 95°

SEM
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AFM – carbon deposit in air and liquids (e788)

in isopropanolin waterin air in water

c-AFM region ~110nNAu contact

C-O C-H
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pH sensitivity of Intrinsic Diamond: Oxygen Evolution

CB

A

pH 13

pH 6 pH1
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pH Sensitivity of Intrinsic Diamond: Virtual Gate-Insulator
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Electrostatic Attraction of Ionized Nano-Particles 

Accumulation of charged particles 
on the surface, in the 
water adsorbate?

Due to electrostatic 
force, 
only small particles 
will be attached

•CH Dipole

•CO Dipole
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6. Fermi-level determination by Kelvin Force Experiments



40
National Institute of 
Advanced Industrial Science and Technology

Kelvin-Force Microscopy:
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Kelvin Force Microscopy on Hydrogen Terminated Diamond

Cantilever: PtIr5/Cr 
and Si (n-type)

Topography

Surface Potential

Rezek, Sauerer, Nebel, Stutzmann, Ristein, Ley, Snidero, Bergonzo, APL 82, p. 2266 (2003)
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Surface Energy Diagram of H-Terminated Diamond

Work-function of Au:

a) Photoyield Experiments

(new from D. Takeuchi): 

4.3  (+/-0.1 eV)

b) Textbook data:

4.9 - 5.14 eV

Fermi Level:

0.13 eV0.13 eV

in the Valence Band    !!!!!!
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KFM on Al / Au / H-Terminated Diamond

Work-function difference:   Al / Au   or   Al / H-Term-Diamond:   590  meV
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Al on H-Terminated Diamond

For Al the Fermi-Level is:

0.47 eV 

above the Valence Band 
Maximum

No Hole Accumulation 
Layer
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2D Aluminum-Schottky Junction to H-terminated diamond 
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IU on Al-Schottky Junctions on H-term Diamond

⎥⎦
⎤

⎢⎣
⎡ −≈ 1)

kT
eUexp(jj rev S.G. Petrosyan, A.Y. Shik, Sov. Phys. Semi. 23, 696 (1989)

2D-contact properties:
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7. Surface electronic properties
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Secondary Photoelectron Emission Spectra on intrinsic (100), 
n- (111) and p- (111) type diamond

Negative electron affinity: χ = Eg – Eth = 5.47 eV – 4.4 eV = -1.07 eV
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Spectrally Resolved Photoconductivity (SPC)

Contact Arrangement



50
National Institute of 
Advanced Industrial Science and Technology

Contact Size for SPC:
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Typical SPC on H-terminated Diamond
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Other sample, H-terminated
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Lock-In Phase Detection
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Comparision: H-term to Oxidized
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Comparison with TPYS
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Hole Generation
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8) The electronic Density of State Distribution 
at the surface 
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Electronic properties of H-term. diamond surface
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One dimensional numerical solution of Schrödinger and Poisson Equations:

Effective confinement potential:

Hetero-junction Discontinuity
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Valence Band Structure of Diamond

Sheet hole densities: 

1010 – 1014 cm-2

ε = 5.7
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Result for 5x1012 cm-2 sheet hole density:

C.E. Nebel, B. Rezek, A. Zrenner
phys. Stat. sol. (a) 11, 2432-2438 (2004)

C.E. Nebel, B. Rezek, A. Zrenner
Diam. and Rel. Mat. Vol 13/11-12, 2031-2036 (2004).
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Disorder Induced Localization of States:

x
DiamondSurface

1) Hydrogen Termination not
Perfect

2) Ionic Effects of Adsorbate Layer

3) Surface Roughness
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H-term. Diamond Surface

Disorder-Effects
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Activation Energy in the Miniband

Energy Gap:
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9. Contact Properties to Diamond
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Ideal Schottky Contact
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Capacitance-Voltage Measurements on Metal-SiO2-Diamond (100) 

M.W. Geis et al, IEEE Transactions on Electron Devices 38, 619 (1991
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Real Schottky Contact

Surface Fermi-level 
pinning by 
surface defects 

Schottky barrier is 
not dependent 
on metal.
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Schottky Barrier Hight

(W. Moench, in Semiconductor Surface and Interfaces, Springer1995, p. 368

CNL = Charge Neutrality Level
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Thermal annealing of Ti on Boron-Doped Diamond

Boron doped CVD diamond: (3-6)x1017 cm-3 B-concentration

Ti/Pt/Au contacts

annealed in Ar

for 30 minutes

Minimized contact resistance: ρC = 10-5 Ωcm2
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Specific Contact Resistance of: Ti, Mo, Cr, Pd, Co 

Annealing 
Ti (400 oC 5 min)
Mo (600 oC, 60 min)
Cr (600 oC, 10 min)
Pd (600 oC, 10 min)
Co (600 oC, 10 min)

in vacuum

optimized annealing conditions.

M. Yokoba et al., JAP 81, 6815 (1997)
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Formation of thermally stable graphite layer during 
annealing

M. Yokoba et al., JAP 81, 6815 (1997)

Formation of
1) Cr3C2
2) Graphite

At the interface
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Summary

God invented “BULK PROPERTIES”

The Devil: THE SURFACE ! 


