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» Semiconductors with bandgaps exceeding those of GaN and SiC
« Candidate materials include B-Ga,0, and Diamond
« Combination of materials parameters points to diamond for

highest power AND highest frequency demands
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M. Kasu, in “CVD Diamond for Electronic Devices and Sensors”, Ed. R. Sussmann, Wiley and Sons

T.P. Chow, Microelect. Eng. 83, 112 (2006). .
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Diamond Comparison to Si, SiC, GaN

« Diamond is (theoretically)
best candidate for next-gen ~ 10%
High Power Microwave 5
Applications, as well as
High Temperature
Electronics
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 Reliability Limitations have
not been determined.

» CVD Diamond compatibility
allows production of
heterojunction devices
(HEMTSs)

e Current efforts have not
reached theoretical limits
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smse, AtoficTstructareof

diamond @ atomic density 1.76x1022 cm-3 (record
high)

@ cubic lattice parameter a=3.56 A

@ interatomic distance 1.54 A

Remarkable properties of diamond are result
of
- light atom (Z=6)
- short and strong covalent bonding
(3D vs 2D for graphite).
Christou
Debye temperature T, = 1860 K
— T=300 K is low temperature for diamond.

Displacement energy of atom from lattice
=43 eV
— radiation hardness.
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Wide band gap > :
(5.45 eV) High temperature operation

High thermal stability
(2300 °C) High power operation

High breakdown field

(>10 MV/cm) High frequency (High speed) operation

High thermal conductivity

(20 W/cmK) : L :
High radiation-resistance
. . . (Radiation detector)
High carrier mobility
(e:4500, h:3800 cm?/Vs)
High carrier velocity
(e:1.5x107, h: 1.1x107 em/s)
High fracture strength »  MEMS, RF switch

(10.3 GPa)
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Diamond Substrates

Classification of Diamond Crystals Based on type and Amount of
Impurities

Type ll: Low nitrogen concentration, usually<10'” cm-3.

Type lla: Very low boron and nitrogen concentration. Purest
available, used as gemstones. Used as substrates for n-type
devices.

Type lIb: 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 la: 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.
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Bulk Diamond Substrates-Are-Available

* High Pressure High Temperature (HPHT) (100) Type llb

substrates |
Cubic cell \ 4
Carbide ] \\U -—,
piston
Carbide v ’
die

n;ﬁo

Die

High-purity
carbon source

Pressure Solvent metal
medium
Heater ,Graphite heater

Temperature
: difference
(20-50°C)

Can be Polished to Less than 0.3
nm surface roughness

Grown crystal

Insulator

From New Diamond Technologies
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UMD Depositigr ot Digmond-Epitaxy Mitrowave plasma
CVD systems
2.45 GHz and 915 MHz

Parallel processes:

REACTANTS @ Etching (sp,, sps:orbital
] hybridization)
H, + CH, @ Co-deposition (sp,, Sps)

| I

\/ »Dominating product - diamond

ACTIVATION ] ]
o heat 1 Methods of gas activation
Plasma '™ ’ - 2 Microwave :
CH, +H — CH, + H, @ Hot filament
. @ DC arc jet

FLOW AND REACTION ‘ DC pla;ma
N < N\
"/ ‘ S/ @ Laser plasma

______________________________ @ Oxygen-acetylene flame

@® Microwave plasma*
SUBSTRATE *realized at Euclid, Jim
Butler

Any physical process creating atomic hydrogen and CHx radicals
potentially is able to produce diamond.

- IMAPS HITEk Conference q: A James CLARK
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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: A=12 cm for 2.45 GHz and A=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]

(a) 1332 (b)

1355 1490 1560
1140 l L

Intensity, arb.un.

FWHM of diamond peak, cm™
[

1100 1200 1300 1400 1500 1600 €100} {1103 {111} {211} {311}

Raman shift, em™ Face

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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Defects in (001)"CVDDiamond ori HPHT
Substrate

Surface Hillocks
Termination of dislocations.
Stacking faults (A, B)

C-N clusters

oo o

(78 sector 2> . UV Light excited
—— ‘\_ : | photoluminescence image of
N | (110) diamond

(111) sector /

(100) sector - 4 ‘(210) sector,
e

A. JAMES CLARK

Reprinted from A. Tallaire, Elsevier Science, 2008 |
and S. Musuya, 2016, Japan Soc of Applied Physics q
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Types of Defects in CVD Diamonds
. Intrinsic Defects:

- Vacancies: Missing carbon
atoms in the lattice.

- Interstitials: Extra carbon atoms
in the lattice.

- Dislocations: Line defects in the
crystal structure.

. Impurities:

- Nitrogen: Common impurity in
natural diamonds, can also be
presentin CVD diamonds.

- Other impurities
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Active Diamend-Etectronies:Substitutional Doping
is a Problem

» 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.

IMAPS HITEk Conference
KEYNOTE PRESENTATION April 18 2025

Conduction band

Donorstate | b o — — — — o
(n type)

Acceptor state { ——————

(p type) _VaTen_ce_bade-

P:0.6eV
As:1.0eV

N:1.7 eV

B:0.37 eV

—H:6 meV
(NO, hole doping)

Donor and acceptor levelsin

diamond
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Hole ConcentrationandDonor Compensation

Partial ionization occurs, limiting number of carriers.

1020
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Total boron concentration (N,,) (cm™3)

Boron activation is further limited by donor compensation
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Diamond Power Electronics:
Benchmarking with SiC

Explanation of dopant problem

« IMAPS HITEk Conference ulss A JAMES CLARK
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Diamond Power Electronics:
Benchmarking with SIC

Pcond(T) = RON(T) X Ilzoad X (1 - a)

Incomplete lonization of p

dopants and n dopants. Leads to T o s
both NTC (o) and PTC. The on - S
state resistance is minimized at E .l o m
high temperatures. v %
g ° o
Schottky contacts 0 26¢ © 165 8
) =
Ohmic contact E Sal leo §
(9}
& 0
22r 155
o
20 50

250 300 350 400 450 500 550 600 650 700
Temperature (K)

On state resistance as a function
of junction temperature

Gaétan Perez, Aurélien Marechal, Gauthier Chicot, Pierre Lefranc, Pierre-Olivier Jeannin, et '
al.. Diamond semiconductor performances in power electronics applications. Diamond and C ‘ f\. JAMES CLARK

SCHOOL OF ENGINEERING
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@ Estimated Peona(T) = Ron(T) X I30q X (1 — )
" Total Losses

of Diamond vs

SiC devices 7 |

 SiC devices requires
tradeoff between decrease
of converter volume (heat
sink volume) and increase
in operating temperature.

0 SiC

Diamond Case 1
0 Diamond Case 2
Diamond Case 3

(@)]
T
[2)
I

o
T
o
|

Total losses (W)
x

N
T
c:
|

* For diamond
electronics, you may iy
decrease converter R
volume and resistive e
semiconductor losses by 2l | | ‘ R py
increasing temperature.

300 350 400 450 500 550 600 650
Temperature (K)

Total losses of SIC and Diamond Schottky
Diodes as a function of junction
temperature. Losses decrease at elevated
temperatures. _
Gqétan Pere;, Aurélien Maréchal, Gguthier Chicot, Pierre Lefranc, Pierre- {
A e T P L @ } A James CLARK
pp.108154. ff10.1016/j.diamond.2020.108154ff. ffhal-02988340 Lo
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R,, vs BV at RT and HT

T= Room Temp T=HT (450 C)
102 t Di d RT
= p-type Diamon
A g;ﬁézzngleode (expt) (a) 101 | : (b)
__10"{| % SiiconiGBT (e300
« 4H-SIiC RT &
& 4HSC JFET (oxp) 5 100l
0 | 4H-SiC IGBT (ex
g 10 4H-SiC diode((exitt)) g
%) Vertical GaN %)
Q = Vertical GaN RT (expt) Q
%Iw" e~ %|10-1
c c
S e | o
& 102 B, ks
- p
10-3" - - T 10-3 T T
102 103 104 10° 10° 104 10°
Breakdown Voltage (V) Breakdown Voltage (V)
Vertical R, 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 R, at higher BV for HT.
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Solving the Dopant problem
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 NO, and O, doping.

 Alternative is 2D doping via the delta doping approach developed
for Compound Semiconductors. Accomplished by ion implantation or
stepped CVD growth.

[ Shallow channel <10 nm in depth ]
Advantage of diamond

High breakdown Source Gate Drain
field 10 Mvicm | I —
T Advantage of diamond
Low dielectric Highest thermal
constant 5.7 conductivity

22 W/cm-K

IMAPS HITEK | ﬁss A JaMES CLARK
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Passivation is Necessary

Van der Pauw measurement

I“‘I‘ 7 kQ/[] I NS :2/3N1/2
u, >2~3 times

sheet

120 p-kQ/C resistance
\\ .

Al,O;passivated

Hall Effect mobility W, [cm?2/Vs]

80

60 “~.‘_

40 H lr Un passivated 1

20|||||||||_-- S AENNENEENEE
0.5 1.0 1.5 2.0

H-terminated diamond

Sheet carrier density Ng [10%3cm?]

Mobility increases after dielectric passivation
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Hall Mobility vs Temperature for Bulk Diamond
Gray Circles in (b) is Hall Mobility for H-terminated
FETS

» Elevated temperatures and Hall mobility data of doped diamond via
H/Air, H/Al203 and H/other dielectrics and delta -B-doping

103 O (001) Diamond:H/Air
: o g oo oo [ A R Ras (110) Diamond:H/Air
(001) Diamond:H/AILO,

O

@ (001) Diamond:H/AILO,

® (001) Diamond:H/NO,/AL,O,
(001) Diamond:H/MoO,
(001) Diamond:H/MoO,
(001) Diamond:H/MoO,
(001) Diamond:H/Nb,O,
(001) Diamond:H/ReO,

O (001) Diamond:H/V,0,

® (001) Diamond:H/V,0,
(001) Diamond:H/WO ,
(001) Diamond:H/WO ,

® (001) Diamond:H/ZrO
[eovee (111) Diamond:H/h-BN
B (111) Diamond:O/AlLO, - inv

A (001) Diamond §-B-doped

N
o
N
aal

-
o
e
saal

Hole mobility (cm?2/ V.s)

T=292 K
0
101011 ' ""'1"(')12 ' ""'1"(‘)13 ' ""'1014 ' ""'1"015\
Sheet Hole concentration (cm2)

N Donato et al 2020 J. Phys. D: Appl. Phys. 53 093001
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* Available Doping Windows for Doping of Diamond
Devices, n-type refers to phosphorous

Available
Min Max
n-type doping concentration ~3 x 10° cm™ ~8 x 107 cm™
n-type layer thickness <100nm ~5 pum
p-type doping concentration ~1 x 10° em™ >1 x 10" cm™
p-type layer thickness <10 nm ~100 pym

KEYNOTE PRESENTATION April 16 2025
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(a)

Hydrogen-terminated diamond (001) Au

Forward

Bias A)

Source [Ohmic Gate |Schottky DralS
Ayl Al

(a)Au deposition

(b) Ar irradiation

Undoped p‘tvm p-type surface conductive
Homoepitaxial Semiconductive Joys peofacted by Au ; resist
Diamond . Layer 7
Depletion Region _—
" exhing in K1
()
Gate (AL,O,/ Al)
Source (Au) 7, \ ﬁ* __Drain (Au) Adsorbed ions
V. . / Q0000 W
" \ / @ Qj, Q’l/ H \u) fabrication
! 1 .- L
00000000 ' PEOOOO
‘ @ @ @ @ @@ @ (e) lift-off
Hydrogen-terminated CVD diamond (undoped) \, Hole accumulation layer

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 MOSFETSs [171]. (c) Hydrogen terminal MOSFETs with an Al,0; gate dielectric layer

[173]. Boosd


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

Lg: 0.1 ~5 pm NO,
Au EB resist
N 2 i
H-terminated diamond (001) H-terminated diamond (001) H-terminated diamond (001)
(lla-type) (lla-type) (lla-type)
(a) Au deposition (b) EB lithography (c) Au etching
+ NO, adsorption
Al
Al,O, bl Al,0,

x

ﬁ — i te =

NO, adsorption la: er

H-terminated diamond (001) H-terminated diamond (001) H-terminated diamond (001)
(lla-type) (lla-type) (lla-type)
(d) AL,O, by ALD (e) Al deposition (f) Lift-off
l~ nm <1RNO)
Al, O, layer
Gate .
Sourc Drain =
; : Al,O, layer (8nm)
4
NO, doping _
layer Diamond
Diamond
NO, adsorbed layer
Cross section TEM image
100 m

SEM Plain view

v" NO, exposure to H—terminated surface — High current

v’ Passivation of Al,O, layer — Therma),gtability
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UMD/AL,0, /H-Diamond FET Stability in Air

* 25 nm AL, 0, dielectric/p-dopant (H surface) vw— Vil
V, -0.80 V
Orm.max 3.64 mS/mm
it (Vg = +10V) | 8.23x10-* mA/mm
| 4s max -36.8 mA/mm
Ron 230 Q-mm

& W
S o

R
o

Drain Current {mA/mm)
>

(wwy/gw) aguejonpuoIsued |
Drain Current (mA/mm)
¥)
o

10 5 0 -5 -10 0
Gate Voltage (V)
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Al,O, /H-Diamond FET Stability in Air

* UMD Devices are relatively stable in air with small shifts in transfer
charateristics

-40 [ I I [

Over 7600 hours:
Ron T 54 Q-mm (27%)
lgsmax v 4 MA/mm (11%)

No significant transfer characteristic changes
V,: -0.8->-0.76V
Bmmax 3:6 2 3.5 mS/mm

Drain Current (mA/mm)

0 -2 -4 -6 -8 -10
Drain Voltage (V)
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Diamond MOSFETs with Hi-k Dielectrics

(a) (b)

0.5 um 0.6 wm 1.5 pm

Lsp =20 pm

»

Oxygen Lc. =2/4/6/8 pm

termination i -
epitaxy

100 nm HfO, | Ti/Au
440 nm ALO, Au
‘Y ol FES Py .
o L% S Wy ot e Al

Diamond substrate

(c)f_/’f .

<" Au Al
Mol // Mo0): A
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UMD FE-Precessing-for-belta-beped Diamond
and H Terminated FETs

Self-aligned B+ implantation and Ti/Pt/Au deposition for contact to delta layers
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TEM X-Section of CVD and Delta Layers

Interfaces are barely seen ' o _substrate

CVD deposition
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Delta Dopéd Dimond MESFET” &
FABRICATION
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TLM Measurement for sheet resistance and contact resistance

Vos V]

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
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ger Structures VMOSEETs, BJTs, JFETSs,

In addition to the conventional FET structure, vertical MOS
field-effect transistors (VMOSFETSs), 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.

@3 A.JamES CLARK
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Heteroepitaxy of GaN on Diamond

« Accomplished via GaN transfer and wafer bonding, at the
expense of thermal resistance degradation.

6 - A James Crark
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GaN Epi Layers on Diamond Substrate
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GaN-on-diamond Field-Effect Transistors: from Wafers to Amplifier Modules

D. I. Babi¢!, Q. Diduck’, P. Yenigalla', A. Schreiber’, D. Francis', F. Faili', F. Ejeckam’,
J. G. Felbinger?, L. F. Eastman®
'Group4 Labs, Inc., 13500 Stevenson Place, Suite 207, Fremont, CA 94539, USA
*Cornell University School of Electrical and Computer Engineering, Ithaca, NY 14853, USA
Phone: (408) 398-2484 Fax: (408) 689-9674 E-mail: dubravko.babic@group4labs.com
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State of the Art Parameters and Schematic of Lateral and Vertical HFET

Gate vawe ZD Hole Gas

Source Source

Gate

Drain
Source

2D HoleGas  |ntrinsic/p- layer

Ib <100> o
- I
Lateral HFET Verticgf HFET
Breakdown Voltage > 2kV at T=300K > 3 kV at T=300K
Current Density > 1.3 A/mm at 300K >2A/mm at

T=600K (UMD)
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Vertical Fin-FET Lateral Deep depletion MOSFET Lateral inversion mode MOSFET

Drain

FIN Channel

Source i
Source Gate Drain Gate

Al,0,
P+ P+

Source Drain

Ib Semi-insulating substrate

Ib Semi-insulating substrate

Fin channel allows for Normally-ON. Normally-OFF

normally-OFF operation. HT operation increases the current and re- Low interface mobility
duces the threshold voltage

BVmeasurements are not Scaling of the R, ¢pec and BV is an issue High density of traps

reported. However, gate and drain
overlap limits the max BV

Max observed drain Field plates are needed to improve the BV Low BV

current 1s limited to 838 nA Current density is limited by the incom- First proof of concept
for VGS = VDS = —-16V at plete ionization at RT

T = 300K and 29 pA at

450K 1301

J. Phys. D. Appl. Phys. 53 (2020) 093001
vS: - APl Pys. 53 (202 fs A James CLARK
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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?

« IMAPS HITEk Conference ulss A JAMES CLARK
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(a) schematic view, (b) AFM images, (c) FTIR spectra of diamond
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Graphene-Diamond Field Effect
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Summary

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.

« IMAPS HITEk Conference ‘ A,JAMES CLARK
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Current
Status and
Future
Directions
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Challenge Current status Breakthroughs and future prospective
Material Wafer size <1 inch =2 inches
Cost >400$ per <1 inch wafer Dependent on the BV (see discussion below (i)
Defects High dislocation density Lower dislocation density for increasing wafer size
Interface quality Medium-high interface states and de- Optimized annealing techniques for improving the quality
fect density compared to Si devices
Doping p-type with boron (deep acceptor Lower activation energy dopant species, new conduction
level), lack of reliable n-type mechanisms
Devices High BV and current ~2kV for lateral technologies >10KkV, >10 A for vertical technologies, high
FETs transconductance, low threshold voltage, low Rop_spec transistors
High-power p-type ~ >1kV, >5A Improve the BV (field terminations, thick and high-quality drift
SBDs region, etc) without affecting the ON state current
(target >10kV, >10 A)
N-type FET Not available Development of techniques for low-resistive n-type layers
Leakage current —~Dominated by defects Improve material quality
—Limiting factor for high BV
Lifetime <10ns >100 ns
Termination Not optimized and may lead to New solution for high-voltage passivation
TDDB
Fast switching Limited to diodes 100V ns!
Novel device N/A Super junctions, floating islands, new techniques
structures
Packaging  HT packaging N/A Unique packaging technique for HT operation (i.e. 175 °C for
10kV, >200 °C for 3kV)
Ultra-high voltage ~ N/A New passivation methods, secondary passivation techniques,
packaging elc
Reliability — Ageing No ageing tests have been conducted Lifetime of diamond devices is still an open issue

Yield

so far
N/A

000071

Improve the repeatability and reproducibility of devices
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