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• Semiconductors with bandgaps exceeding those of GaN and SiC

• Candidate materials include β-Ga2O3 and Diamond

• Combination of materials parameters points to diamond for 

highest power AND highest frequency demands

Diamond and the Ultra-Wide Bandgap 
Semiconductors

T.P. Chow, Microelect. Eng. 83, 112 (2006).

M. Higashiwaki, et al., Appl. Phys. Lett. 100, 013504 (2012). 

Z. Guo, et al., Appl. Phys. Lett. 106, 111909 (2015).

M. Kasu, et al., Diam. Relat. Mater. 16, 1010 (2007).
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• Diamond is (theoretically) 

best candidate for next-gen 

High Power Microwave 

Applications, as well as 

High Temperature 

Electronics

• Reliability Limitations have 

not been determined.

• CVD Diamond compatibility 

allows production of 

heterojunction devices 

(HEMTs)

• Current efforts have not 

reached theoretical limits

Diamond Comparison to Si, SiC, GaN

T.P. Chow, et al., IEEE Trans. Elect. Dev. 41 1481 (1994).
S. Chowdhury, et al., Phys. Stat. Sol. C 13 [5-6] 354 (2016).

B.J. Baliga, IEEE Elect. Dev. Lett. 10 [10] 455 (1989).
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● atomic density 1.76х1023 сm-3 (record 

high)

● cubic lattice parameter а=3.56 А

● interatomic distance 1.54 А

Remarkable properties of diamond are result 

of

- light atom (Z=6)

- short and strong covalent bonding

(3D vs 2D for graphite).

Debye temperature ТD = 1860 K

→ Т=300 K is low temperature for diamond.

Displacement energy of atom from lattice 

≈43 eV

→ radiation hardness.

Atomic structure of 

diamond
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Properties and Related Applications
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Classification of Diamond Crystals Based on type and Amount of 

Impurities

Type II: Low nitrogen concentration, usually<1017 cm-3.

 Type IIa: Very low boron and nitrogen concentration. Purest 

 available, used as gemstones. Used as substrates for n-type 

devices.

 Type IIb: Boron concentration is higher than nitrogen. Used as 

substrates for p-type devices.

Type I: High nitrogen concentration as measured by IR spectroscopy 

(0.3%-0.5%)

• Type Ia: N atoms are in C substitutional sites and congregate as C-N.

• Type Ib: N replace C atoms, but do not cluster (HPHT diamond 

substrates are mainly Ib.

Diamond Substrates
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• High Pressure High Temperature (HPHT) (100) Type IIb 

substrates

Bulk Diamond Substrates Are Available

From New Diamond Technologies

Can be Polished to Less than 0.3 

nm surface roughness
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Methods of gas activation

● Hot filament

● DC arc jet

● DC plasma

● Laser plasma

● Oxygen-acetylene flame

● Microwave plasma*

 *realized at Euclid, Jim 

Butler
Any physical process creating atomic hydrogen and CHx radicals 

potentially is able to produce diamond.

Parallel processes:

● Etching (sp2, sp3:orbital 

hybridization)

● Co-deposition (sp2, sp3)

►Dominating product - diamond
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UMD Deposition of Diamond Epitaxy Microwave plasma 

CVD systems
2.45 GHz and 915 MHz
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Deposition of Diamond Epitaxy 

Microwave plasma CVD systems
2.45 GHz and 915 MHz

The most successful method for CVD diamond owing to:

● the availability of standard 2.45 GHz components to build the CVD reactor;

● wide experience in microwave plasma surface processing, especially in

   microelectronics;

●  Large deposition area with MW plasma at 915 MHz (plasma size scales with

     MW wavelength: λ=12 cm for 2.45 GHz and λ=32 cm for 915 MHz)

● Killer Defect: The hillock which can generate polycrystalline regions.

SEM images after 70-min 

growth on a single-crystal 

HPHT substrate: (c) 

stepped growth and 

formation of a hillock on 

the {100} face; (d) 

generation of a 

polycrystalline aggregate 

on the top of a hillock on 

the {100} face; 
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Diamond deposition after 5 min growth on HPHT diamond on the 

[100] face and view at perpendicular to the face [100]

Raman spectra after 5 min growth on different faces.  The bands at 1290 and 

1650 cm-1 on the [100] are due to photoluminescence of the H3 defect 

center.
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Summary of Impact of Defects on Diamond Properties

• Mechanical Properties: Increase hardness, lower 
toughness, and lower fracture resistance.

• Optical Properties: defects can lead to color 
centers and luminescence.

• Electrical Properties: defects can affect 
conductivity and doping.

• Thermal Properties: defects can lower thermal 
conductivity.
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4/22/2025 CALCE               Christou  

Defects in (001) CVD Diamond on HPHT 

Substrate
a. Surface Hillocks

b. Termination of dislocations.

c. Stacking faults (A, B)

d. C-N clusters 

Reprinted from A. Tallaire, Elsevier Science, 2008

and S. Musuya, 2016, Japan Soc of Applied Physics

UV  Light excited 

photoluminescence image of 

(110) diamond

Dislocation

Dislocation

Surface 

Hillock

C-N Clusters
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Types of Defects in CVD Diamonds

• Intrinsic Defects:

o Vacancies: Missing carbon 
atoms in the lattice.

o Interstitials: Extra carbon atoms 
in the lattice.

o Dislocations: Line defects in the 
crystal structure.

• Impurities:

o Nitrogen: Common impurity in 
natural diamonds, can also be 
present in CVD diamonds.

o Other impurities
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• All dopants are deep in bandgap

• Boron – p-type – 0.37 eV

• Phosphorous – n-type -  0.6 eV

• Nitrogen – n-type – 1.7 eV

• Issue:

• Since substitutional doping is 

problematic, must go to high 

temperatures, greater than 300 K

• High carrier concentrations only at 

T > 300 °C

• But mobility is limited by defect 

scattering

Partial ionization occurs, 

limiting number of carriers.

Active Diamond Electronics: Substitutional Doping 
    is a Problem

Donor and acceptor levels in 

diamond
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Hole Concentration and Donor Compensation

Boron activation is further limited by donor compensation

Partial ionization occurs, limiting number of carriers.

Butler J, Geis M, Krohn K, Lawless J Jr, Deneault S, Lyszczarz T, Flechtner D and Wright R 

2003 Exceptionally high voltage Schottky diamond diodes and low boron doping Semicond. 

Sci. Technol. 18 S6
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Diamond Power Electronics:
Benchmarking with SiC

Explanation of dopant problem
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Incomplete Ionization of p 
dopants and n dopants. Leads to 
both NTC () and PTC.  The on -
state resistance is minimized at 
high temperatures.

https://doi.org/10.1016/j.diamond.2020.108154

On state resistance as a function

of junction temperature 

Diamond Power Electronics:

Benchmarking with SiC

NTC

PTC

Gaëtan Perez, Aurélien Maréchal, Gauthier Chicot, Pierre Lefranc, Pierre-Olivier Jeannin, et 

al.. Diamond semiconductor performances in power electronics applications. Diamond and 

Related Materials, 2020, 110, pp.108154. ff10.1016/j.diamond.2020.108154ff. ffhal-

02988340
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Estimated 
Total Losses 
of Diamond vs 
SiC devices

• SiC devices requires 

tradeoff between decrease 

of converter volume (heat 

sink volume) and increase 

in operating temperature.

• For diamond 

electronics, you may 

decrease converter 

volume  and resistive 

semiconductor losses by 

increasing temperature.

https://doi.org/10.1016/j.diamond.2020.108154

Total losses of SiC and Diamond Schottky 

Diodes as a function of junction 

temperature. Losses decrease at elevated 

temperatures.

Gaëtan Perez, Aurélien Maréchal, Gauthier Chicot, Pierre Lefranc, Pierre-

Olivier Jeannin, et al.. Diamond semiconductor performances in power 

electronics applications. Diamond and Related Materials, 2020, 110, 

pp.108154. ff10.1016/j.diamond.2020.108154ff. ffhal-02988340
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Ron vs BV at RT and HT

T= Room Temp T= HT (450 C)

Vertical Ron-spec versus BV and comparison with experimental results at RT 

and HT (450C). Calculated lines are at punch through limit.  Note p-diamond 

(boron doped) shows lower Ron at higher BV for HT.
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Two Dimensional Diamond Channels

• Hydrogen-termination (usually accomplished via exposure to 

hydrogen plasma) has been found to create a C-H surface dipole 

layer that reduces the carrier ionization energy by nearly 1.5 eV, 

followed by NO2 and O3 doping.

• Alternative is 2D doping via the delta doping approach developed 

for Compound Semiconductors. Accomplished by ion implantation or 

stepped CVD growth.

GateSource Drain

Shallow channel  < 10 nm in depth

Advantage of diamond

Highest thermal 

conductivity 

22 W/cm·K

High breakdown

field 10 MV/cm

Advantage of diamond

Low dielectric

constant 5.7

Solving the Dopant problem
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   Passivation is Necessary
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• Elevated temperatures and Hall mobility data of doped diamond via  

H/Air, H/Al2O3 and H/other dielectrics and delta –B-doping

Hall Mobility vs Temperature for Bulk Diamond
Gray Circles in (b) is Hall Mobility for H-terminated 
FETS
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• Available Doping Windows for Doping of Diamond 

Devices, n-type refers to phosphorous
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In the 1990s, H. Kawarada et al. [168] at Waseda University first reported a 

MESFET based on a H-terminated diamond, as shown
First hydrogen-terminated normally-off MESFET devices [168]. (b) Process Flow of hydrogen 
terminal MOSFETs [171]. (c) Hydrogen terminal MOSFETs with an Al2O3 gate dielectric layer 
[173].

2025 Joint HiTEC/CICMT/APPE Conferences | Albuquerque, New Mexico | April 14-17, 2025

000053

https://pmc.ncbi.nlm.nih.gov/articles/PMC11278176/#B168-materials-17-03437
https://pmc.ncbi.nlm.nih.gov/articles/PMC11278176/figure/materials-17-03437-f017/#B168-materials-17-03437
https://pmc.ncbi.nlm.nih.gov/articles/PMC11278176/figure/materials-17-03437-f017/#B171-materials-17-03437
https://pmc.ncbi.nlm.nih.gov/articles/PMC11278176/figure/materials-17-03437-f017/#B173-materials-17-03437


UMD Diamond Field Effect Transistor Fabrication Process
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• 25 nm Al2O3 dielectric/p-dopant (H surface)

UMD/Al2O3 /H-Diamond FET Stability in Air

Parameter Value

Vt -0.80 V

gm,max 3.64 mS/mm

Ioff (Vds = +10 V) 8.23x10-4 mA/mm

Ids,max -36.8 mA/mm

Ron 230 Ω·mm
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• UMD Devices are relatively stable in air with small shifts in transfer 

charateristics

Al2O3 /H-Diamond FET Stability in Air

Over 7600 hours:
Ron    ↑ 54 Ω·mm (27%)
Idsmax ↓ 4 mA/mm (11%)

No significant transfer characteristic changes
Vt:      -0.8 → -0.76 V
gm,max: 3.6 → 3.5 mS/mm
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Diamond MOSFETs with Hi-k Dielectrics

Materials 2024, 17, 3437. https://doi.org/10.3390/ma1714343
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B
B

UMD  FET Processing for Delta-Doped Diamond
and H Terminated FETs

δ1 δ2

Energy 

(keV)

B Dose 

(cm-2)

5 2x1015

8 3x1015

Self-aligned B+ implantation and Ti/Pt/Au deposition for contact to delta layers

• IMAPS HITEk Conference

KEYNOTE PRESENTATION April 18 2025

2025 Joint HiTEC/CICMT/APPE Conferences | Albuquerque, New Mexico | April 14-17, 2025

000058



TEM measurements

Interfaces are barely seen, full epitaxy

TEM X-Section of CVD and Delta Layers

substrate

CVD deposition
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Delta Doped Diamond MESFET 
FABRICATION

TLM Measurement for sheet resistance and contact resistance

DC Characteristics of transistor with delta doped layers.

Maximum current density of 0.5 mA/mm

Maximum transconductance of 0.3 mS/mm

Gate modulation was possible in both enhancement (negative 

gate bias) and depletion mode

Ti/Pt/Au Ohmics

H. El-Hajj and E. Kohn, Ulm Univ, 2011
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Other Structures: VMOSFETs, BJTs, JFETs, 
and So On

In addition to the conventional FET structure, vertical MOS 
field-effect transistors (VMOSFETs), bipolar junction transistors 
(BJTs) and junction field-effect transistors (JFETs), which are 
common in power devices, are also applied in diamond devices.

The vertical structure is typical in power devices which can 
increase the length of the drift region in the vertical 
direction to achieve higher current density. This is beneficial 
to reduce the chip area, and at the same time has enhanced 
channel control and smaller parasitic capacitance.
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36     (e )(e) €Device schematic of vertical V-trench diamond 

MOSFETs with a highly concentrated N-diffusion barrier 

layer [221]. 

Device schematic of U-
trench diamond MOSFETs 
with a (a) lateral 
structure; (b) vertical 
structure [219]; (c) 
barrier layer formed by 
ion implantation; and (d) 
epitaxy [220]. 
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Heteroepitaxy of GaN on Diamond

• Accomplished via GaN transfer and wafer bonding, at the 

expense of thermal resistance degradation.

37   |
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GaN Epi Layers on Diamond Substrate

GaN on diamond, 4  inch diameter

2x150 micron HEMT with focus on back of 

diamond wafer (diamond is transparent)
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Breakdown Voltage   > 2kV at T=300K   > 3 kV at T=300K

Current Density        > 1.3 A/mm at 300K  > 2 A/mm  at 
          T=600K (UMD)
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State of the Art Parameters  and Schematic of Lateral and Vertical HFET

Lateral HFET        Vertical HFET
--------------------------------------------------------------------------------------------
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Observations

J. Phys. D. Appl. Phys. 53 (2020) 093001
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     RECENT ADVANCES BASED ON     

 GRAPHENE 2D LAYERS

    Nano-diamond replaces epi    

    diamond.

    Is there anything to be gained by 

    adding a graphene layer?
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The Graphene/Hydrogen terminated diamond heterostructure

 (a) schematic view, (b) AFM images, (c) FTIR spectra of diamond 
surfaces, (d) Raman spectra of diamond surfaces

HTHP Diamond
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Output 
characteristics of 
500 nm and 200 nm 
gate length 
Graphene/diamond 
FET at Vds=-1 V.

Must now scale to 
higher currents

Graphene-Diamond Field Effect 

Transistor
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Processing of state of the art high temperature diamond FETs has 

successfully shown that diamond can be used for active devices.

• Diamond substrates with p-channel formed by H-termination and 

delta-doping gives excellent high temperature discrete devices.

• DIAMOND TRANSISTORS ON DIAMOND HEAT SINKS READY FOR 

SPECIAL HIGH TEMPERATURE HIGH RADIATION ENVIRONMENTS. 

Advantage is the reduction of on state resistance at temperatures 

up to 450C.

Summary
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Current 
Status and 
Future 
Directions

4
5
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