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Wide Bandgap Materials for High Power RF Devices
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Comhbined Figure of Merit

Combined Figure of Merit - high frequency/high power
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Material Combined Factor of Merit
(CFOM)
51 1
Gads 7.36
6H-51C (disregarding 393
anisotropy of mobility)
4H-51C 404
GaN 404
Diamond 30080

Various Figure-of-Merits for Power Devices (Ref.: A. Q. Huang, IEEE T-ED, 2004)
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USA’s GaN Electronic Device Program ( |)

Table 1. DARPA’s three-track attack

Track/moduls type Pimecontactor ~ Fundng(Phasel) Requiedmodule  Companiss alsoan team

1: ¥-band Raytheon 226.9milion B0Wecontinuouswave Crea

transmit/receive (up 1o £50.4 milkon)

modue

2: Q-pand nigh-power  Northrop Grumman S16.5million 20Wceontinuouswave  Monalithics, Emcone, Bosing,
ampifier module Space Technologles (up 10 553.4 milkor) Sirenza Micro Devicas
(mora than 40 GHz)

‘3: Widaband high-power  TriQuint Samiconductor  $15.8milion 100 W continuous wave BAF Systems, Lockhead-Martin,
ampifier module {up 10531.7 millon) V1, Nitronex, Emcora
(2-20GHz)

Tt v DAAPA Broad agency announcoear

- launched from 2005
- supported by DARPA

(from Compound Semiconductor(CS) magazine, May 2005)
http://compoundsemiconductor.net/articles/magazine



http://compoundsemiconductor.net/articles/magazine

USA’s GaN Electronic Device Program (1)

.T.hig;.t - Track 1 Track 2 RE:E.E
18months  B-12 GHz transistorwitha 1.25mm  Q-band transistorwitha 0.5mm  As for Track 1
gate pariphery operating at 40V gate periphery operating at 25V
with 38 dBm continuous-wave with 382 dBm continuous-wavea
output power, 12 dB gain, a PAE output power, 8dB galn, a PAE
of 80%, awaler yleld of 50% and of 35%, a wafer yield of 50%
10F hours' projected performance 10° hours' projectad parformanca
30 months  B-12 GHz power-amplifier MMIC Q-band MMIC operating at 28V 2-20GHz powar-ampliiar MMIC

operating at 48V with 15W with 4 W continuous-wave operating across a decade of
continuous-wave output power, output power, 7.5dBgain, a PAE  banawidthat 48V with 15W
16d8 gan, a PAE of 55% and of 37% and awaleryield of 50%  confinuous-wave output power,
awaler yield of 50% 168 gain, a PAE of 30%,
and awater ylald of 50% (at least
12 threa-Inchwafers)

Tahmm y_— — "_a.ﬂ_;l" e me e

(from Compound Semiconductor(CS) magazine, May 2005)
http://compoundsemiconductor.net/articles/magazine
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http://compoundsemiconductor.net/articles/magazine

Lattice Structure of Basic Semiconductors ()

2 FCC (Face Centered Cubic) cells — separation (a/4, a/4, a/4)
e Diamond Structure: Si - 1Si1 FCC cell + 1Si FCC cell
e Zinchlende Structure; GaAs - 1 Ga FCC cell + 1As FCC cell

Diamond Structure Zincblende Structure
ex) Si, Ge, C ... ex) GaAs, GaP...3-5
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Lattice Structure of Basic Semiconductors (Il)

Wurtzite Structure Rock-salt Structure
ex) CdS, ZnS ...2-6 ex) PbS, PbTe ...4-6




Energy gap Eg (eV)

Various llI-V Semiconductors
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Double Heterostructure LED & Laser Diode

Electrons Potential Well (Quantum Well)=

© 0000 0, / = sk g
010 5.0 60\ 000087 &0l F X2 hole] T2 &
Donors o

| 9] confinement

-2 = MH

bandgap J\/\/—P Light
engineering 2000 Nobel Prize in Physics

- H. Kroemer
Acceptors - Z.. Alferov

/,;_of:><!‘:o;<:>"\¥<=nD o000

OO0 O0O0O0 (with J. Kilby for IC Invention)

Holes

Nobel Lectures (Reviews of Modern Physics, Volume 73, July 2001)

e H. Kroemer, “Quasielectric fields and band offsets: teaching electrons
new tricks”

e Z. |. Alferov, “The double heterostructure concept and its applications
in physics, electronics, and technology”
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11I-V Compound &/ crystal 2=

* Crystal structure

w(r) = e™ u, (r)

a: lattice constant

Real Space

<Zinc-Blende * X>

(-1/4,1/4,1/4)

k Space

<Reciprocal
Lattice>

(Ref.) Sze, 1.2.2

—

* Energy Band-gap diagram

Energy (e-2} (electron voits)

* Energy gap oc (Lattice constant) -!
* conduction band - I', L, X valley
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GaAs 2/ Energy Band 72=

eIntra-valley Scattering
eInter-valley Scattering
eInter-band Scattering
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Atomic Physics of Semiconductors

Four band model

(direct bandgap)
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Electron effective mass
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* Indirect gap at 0.66 eV
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Constant Energy Surfaces

Electrons in Conduction Band
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Carrier Drift Velocity (cm/s)

Compound Semiconductor &/ &7/& S4
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Inter-valley Transfer in GaAs Conduction Band

High Field
A
Low Field
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AlGaAs Lattice-Matched to GaAs Substrate

GaAs AlAs

35‘ T T T I T T T T T
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E d _Ba=il—xjk (Adyv+xb (B —x(l—x)C

bhowing parameter
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InP-based Material System
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v-E Characteristics of InGaAs & Nitride Semiconductors

ELECTRON VELOCITY (cm=s™")

y=1 In,Go1_yAs

& (kV-cm-1)

- Monte Carlo Calculation (Hess)
: Unstrained InGaAs
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Electric Field [kV/cm]
material U (107 cm/s)

InN 4.2
GaN 2.9
AIN 1.7
GaAs 1.6
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SiC Crystal Structures

Closely-Packed
Crystal Structures

® REHF
Stacking Order of 3C-SiC Stacking Order of 6H-SiC
<111> <0001>
ﬁ@f:ﬁo;» 1Te <1120>
C
B
A A
C B
B C
A A
C C
B B
A A
stet2 kT 20



Properties of typical SIC polytypes and Si, GaAs, GaN

et=tkeEA|
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SiC Si GaAs | GaN

Crystal Form 3C(ZB)  6H | 4H | dia. 7B \%Y%

Band Structure indirect direct

Bandgap [eV] 2.3 3.0 3.3 1.11 1.43 3.5
Electron Mobility [cm?/V s] 1000 450 | 900 | 1500 8500 900
Hole Mobility [cm?/V s] 50 50 | 100 | 600 400 30?

Breakdown Field [MV/cm] 2 3 3 0.3 0.4 3
Thermal Conductivity [W/em K] 4.9 49 | 49 1.5 0.5 1.3
Electron Saturation Velocity [107cm/s] 2.7 2 2.7 1 2* 2.5
Dielectric Constant ¢ 9.7 9.7 9.7 11.8 12.8 9.5

21



Various Substrate for GaN Power Amplifiers

Sapphire | n-type | s.i. GaN bulk | Si
SiC SiC
Lattice mismatch (%) 13 3.1 3.1 0 17
Availability / Price (2, $) | 100 500 3000 | not 100
available
Thermal Conductivity 0.3 4 4 1.3 1.48
(W/emK)
_ 100 : . ]
e - | @ GaN -Silicon
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2 10 o A E
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c sic s s
o e &
P @
e || ye o Ly
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Wurtzite GaN, InN, and AIN

- 2 . AIN ]
C-Plane {0001} 60 | i i MIDV nitrides <0
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; [ ) uv
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Lattice constant a; (A)
* substrate for GaN/InN/AIN - Al,O; (lattice mismatched)
SiC (lattice mismatched)
GaN (lattice matched) : difficult to grow
shetE vt A 2

Wavelength A (nm)



Transistor Nanotechnology
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Strained St MOSFET - 45nm node

Liner tensile

High Stress
|

e
B Lol

i

T. Ghani et al., IEDM 2003

. J/

(Ref.) T. Ernst, 2006
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Valence Band of SiGe in Compressive Strain

* Pseudomorphic * Valence Band of SiGe
in Compressive Strain
Si e
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Conduction/Valence Band of Si in Tensile Strain
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Drift velocity (cm/s)

Right Material for n-Channel (1)
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(From Jerry Woodall)
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(Source) T. P. Ma, Sematech Workshop, 2005
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Right Material for n-Channel (11)

10° |

M. Fischetti, 2001.

Fl
'”o.saGao.wﬁ‘—‘
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DRIFT VELOCITY (cms)

10° '

300K <100 electrons P

- - f’l' . ..
tnAs/’ . ,
r

' GaP

.

|

10' 102

10°

10t

ELECTRIC FIELD (V/cm)

8. Laux, P. Solomon, M. Fischetti, 2003.

(Source) D. K. Sadana, Sematech Workshop, 2005

Higher mobility leads to
higher speed at a given bias.

Si Si InGaAs InGaAs vs InGaAs vs
o 10nm 20nm 20nm Si 10nm Si 20nm
V) (ps) {ps) {ps) oA (%)
0.25 4.9 5.9 28 V76 110 N
0.6 2.8 3.8 1.9 N 45 a8
—_—

Performance benefits
continue down to Lg= 20 nm.

Mobility continues to be
important in scaled devices
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High-mobility dual-channel CMOS for (sub)-22 nm

(Target of DUALLOGIC) - 36month project of EU

Monolithic co-integration of Ge pMOS with III-V nMOS
on the same engineered substrate using a 65 nm/200 mm platform

Gate stack

nMOS

pMOS

=

=, P+/n
‘ Si handle wafer \

Main project components

s-Si

S/D contact

lll-V compounds

Sub-22 nm node

- Local GeOl substrates and evaluation

- ITI-V Selective epitaxy process and tool development
- Front end modules development and co-integration S
- Device modeling and generic circuit design

(LETI, ST-Crolles, AIXTRON, IMEC,
IBM-Zurich, NCSR, UoG, KUL, NXP, UoG)

Gate

| Gate |

Gate dielectric

Insulator

Material He Hi
(cm2/Vs) (cm?2/Vs)
Diamond 2200 1800
Si 1350 480
Ge 3900 1900
InP 5400 200
GalAs 8500 400
InGals (53%) 12000 300
InAs 40000 500
Gasb 3000
InSh 77000 850
——

P

ot

= HHT A|

ol

dual channel as
the main
new introduction ?

---""--_

—_—
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High Mobility Channel Materials
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