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Wide Bandgap Semiconductors

Ge si o sic | A?;:N) Diamond hBN

Eg (eV) 0.67 1.1 3.26 | 3.39 5.45 6.4

electron mobility (cm2/Vs) 3900 1350 700 §| 1900 1900 200
hole mobility (cm2/Vs) 1900 450 20 20 2000 ?
electron charge density (e20 cm'z) >10 >10 0.5 5 ~1 ?
Vpeak (1077 cm/s) 1 0.7 2 2.5 2.7 ?

Ecritical (MV/cm) 0.15 0.3 3 3.3 5.6 15

Thermal conductivity (W/cmK) 0.6 1.5 3.3-4. 2 20 21
RF Johnson’s FOM = Ecyitica™Vpeak 0.7 1.0 29 39 72 ?

Power Baliga’s FOM = p,* Eqiea™3 0.5 1.0 443 | 1441 | 4460 5698

GaN is next step up from Si, lll-V, SiC

«3X larger bandgap, 2.5X higher speed than Si

*High mobility 2D electron gas

*[ ow contact resistances

*10X higher critical breakdown field than Si

*Very efficient in handling high voltages and high-speed signals (RF)

intel.



GaN Emerging Opportunities

5-48V GaN 600V GaN, SiC 1200V GaN, SiC

1V 12V 48V 500V _J 1200V o B ..higher
Si(1.1eV) - i -
R&D

GaN: SiC (3.3eV) more Wide Bandgaps
Ga203, Diamond, hBN etc

Excel in performance & density o~
GaN delivers highest eff, smallest size SIC:
' More mature, Not competitive at lower voltages

Still maturing, reliability, R&D opportunities - Low mobility, low charge
High contact resistance, high gate drive voltage

Components/circuits: DC-DC converters, PAs, LNAs, Power Switches

d Automotive

Datacenter Fast chargers

RF Basestatlon Def < LN e Aerospace
5G/6G small cells €rence, space L S ﬁw i
Mobile Handsets ' -

* GaN opportunities emerging LV (<50V) applications in datacenter and RF

 Emerging LV GaN applications drive need for higher performance GaN and integration
* Intel GaN R&D addresses emerging LV <50V applications

intel. =



Schottky & pGaN HEMT vs GaN E-mode MOSHEMT

State-of-the-Art

P-GaN JFET E-mode (Power)
chottky or Ohmic

Schottky HEMT D-mode (RF)

Schottky barrier
Gate

Buffer
6” Si (111) or 4" SiC

MOS GaN (scalable)

E-mode MOSHEMT (Power & RF)
Gate Ox Submicron Field Plate

300mm Si (111) VLSI 2015

IEDM 2019

« Gate oxide (hi-K), low-leakage

- transistor scaling to lg30nm

* Regrown S/D

- low R, small contact areas, high density

* Submicron field plate

- high voltage, low parasitics

* Research for gate oxide reliability

intel.
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GaN Transistor Process Research at Intel

300mm GaN-on-Si(111) Process

High-K Gate
Tgate pjelectric

Channel Length, Lg=29nm
L4

L §sm
Pol Laye NE
GaN L Lg
Buffer

Si (111)

E-mode high-K GaN Transistor

Circuit Research

* 300mm Si(111) HR substrate

* High-k E-mode MOSHEMT
* Schottky GaN HEMT

* Min channel Lg 30nm

« Regrown N+ Source/drain

 Power electronics
* Sub-7Ghz Doherty PA
« 28-40 GHz PA, LNA

VLSI ‘21, ‘22

Backend Metal Interconnect

GaN Front-End

* 4 Cu metal layers
* Passives: inductor, MIM and TFR

GaN and CMOS Integration

Top Si PMOS Si channel
(Layer
transfer)

Top Contact

Intravias

-r
Bottom GaN NMOS (finfet

Buffer

Bot Contact

}.'
Bot Gate "
300mm Si (111)

GaN NMOS Finfet

intel.
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300mm GaN-on-Si Process Uniformity

300mm Wafer
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L,=30nm GaN on 300mm silicon is unique in industry

VG . VG 300nm VG 23nE5an VS
Teate ::i::cl(t:ii:te i GFP 300nm i T SFP 300nm
% Vo Vs ey P Vs it Vo
Buffer = :
Si (111) Si (111) Si (111)
E-mode high-K GaN Transistor E-mode high-K GaN Transistor (Gate Field-Plate) E-mode high-K GaN Transistor (Source Field-Plate)
I,-V¢ Transfer Characteristics IEDM 22
1.0E'03 n VD=1 .8v 1-0E'03 N VD=1.8V 1.0E'03 N
1.0E-05 - 1.0E-05 - Vp=50mV 1.0E-05 -
E 1.0E-07 - £ 1.0E-07 - £ 1.0E-07 -
< < <
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« Excellent ON/OFF ratios >10'9, low gate and drain leakages <3 pA/um
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High Voltages in Short-Channel Lg30nm GaN Transistors
achieved with extended L., and Field-Plates

100

SiN
N+ B — |
GaN 0
. Buffer
Si(111)

(a) Non-FP GaN MOSHEMT
”

&
e 1.3MV/cm

E-mode high-K GaN Transistor

] g%

L;=30, 50nm

400
LGD (nm)

o) 200

600

100
80
60
40
20
0

BVDS (V)

(b) Gate FP
== /ﬁ

GaN Transistor (Gate Field-P

V4
8 L.=30, 50nm
200 400 600
LGD (nm)

d
@l E-mode high-K GaN Transistor (Source Field
79 1.7MV/cm

Source FP

IEDM 22

* GaN-on-Si process demonstrated with short-channel Lg30nm capable
of handling 240V

intel.
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1/(RonQg) (Mohm-nC)-

GaN MOSHEMT Power FoM, <50V

1.2 = 1000
1.0 - @, Lo-30nm (b) Lg,=600nm < FOM = Roy X Qg A
) “‘\ Q Lg=30nm q>) s ‘\-.’ Y - .- =
0.8 1 @ be=sonm N, - = 100 - SiFinfet _®a _-- B PGaN HEMT
0.6 - ‘Q Ls=70nm ) \5 L::Onm E, (Thick’Qx)' N 17X l l
N L;=90nm . - ’ s 1 OX
0.4 - Y L=130nm O Le=90nm = 10 - ol et
OrLe=180nm I.E ad I 7X =
0.2 - @ L.=250nm -1 * E-mode GaN NMOS
O G } 9 » e
(a) Lg,=400nm (T Si Finfet (this work)
0.0 . . . 2 q 4 (hinox) [
40 60 80 100 120 © 1 10 50
BVps (V) Vin (V) IEDM 22

* Intel GaN has demonstrated excellent FoM <50V

intel.



RF Characteristics of E-mode GaN MOSHEMT

 GaN MOSHEMT enables Scaling for short channel lengths, high RF performance
« Convergence of high-performing RF and Power in GaN MOSHEMT

High-K Gate
Dielectric

Si (111)

E-mode GaN-on-300mm-Si
Gate Oxide Scaling

4X 3X

1X
High-K Gate Dielectric

Channel Length, L;=29nm

60

50 -

)

=30 -

-
N 20 -

I
10

0
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S0 ] . "y ~ Lgp=160nm
1 N\ f,,,,=400GHz
{ve=0.5v ~::~::;::\
V,=3.0V f;=300GHz "y,
1

10 100
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intel.
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Excellent RF performance f./f,,x of 130GHz/680GHz

Benchmarks well vs GaN-on-Si as well as GaN-on-SiC technologies

f.=130GHz

1 =680GHz

V, =16V
V.=0.6V

1,=0.43mA/um

1

10

~
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IEDM '22
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Ref: Advances in GaN Devices and Circuits at higher mm-
Wave Frequencies by Fraunhofer, June 2023 11
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Power Electronics Research

Vin (3.6V ~ 5.4V)
GaN Power Module CIJ__'
Caoor "
 GaN E-mode MOSHEMT -
Active Bootstray
* Co-packaged GaN and CMOS companion die le| =]
CF'UH_-
* 949% efficiency fast switching buck converter T s
L1 | s
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RF Circuits Research

GaN Doherty PA
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Goal Next is to Integrate GaN with Si CMOS
PMOS/CMOS is required for full integration of functionalities

From Multi-Chip Solutions to Single-Chip Fully-Integrated Solutions

Companion CMQOS

Chip Needed

Gate Driver
Controller

(CMOS)

\,

9 j'(*_

)]—-I |

-

GaN NFET Chip(s) Needed
only [ CMOS
Analog
Circuits
G) Freq Divider L ill
LO buffer, PLL, VGA CMOS Digital
\

Single Chip Fully Integrated Power Delivery

Si PMOS
Gate Driver \% -
Controller gq
(CMOS)
/ -
GaN NMOS |

Single Chip

GaN NMOS
+ Si PMOS

©

IEDM '19

Control Logic

Single Chip Fully Integrated 5G RFFE

CMOS Biasing, ET
CMOS

3J Switch

i LNA
Analog < ¢

r >

Circuits »I PA | /

CMOS Digital Control Logic

Single Chip

GaN NMOS
+ Si PMOS
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CMOS solutions provide higher performance and
10°x lower leakage

Integrating CMOS is the only path to >100 logic gates

Simulated 65-stage RO

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

Frequency (MHz)

__1.E+05 .

g GaN NMOS only o GaN NMOS+Si PMOS

o 1.E+03 | EDLogic © Si CMOS

5 o 10°x :

%0 ED Logic 1

£ 1.E+01 -

3 ED Logic 2

0 1.E-01 - . .

5 . . cMas ED Logic 3
——qo— (i) g

= S1 CMOS (i) GaN|NMOS, Si PMOS

9 1.E-03 ] [ [

Depletion mode Logic

IEDM '20

CMOS

o
(18]

NMOS
only

ED Logic =NMOS only Enhancement-

1.E+00 1.E+02 1.E+04 1.E+06

Number of Gates given
Leakage budget=10pA
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GaN and Integration of Si CMOS: Process Options

Monolithic Integration by 3D Layer Transfer is the optimal path forward

Low Performance High Performance CMOS
Wifr-Wfr Bonding
300mm SOI
Low
Density Heterogeneous Epitaxy
‘é‘: 300mm Si (111)
%::E*" " ' ]400n
YN e a2 as Wt® 12 18 OXIde maSk ” ] 1 J 3D MonOlithic
Hioh Poly-Silicon 300mm Si (111) LaEyer Transfer
Density Sate A - 3
Interconnections - W L [ e tor] ¥
between Recrystallized |l BTN %E% ] o —— | B Loyer Transieed
GaN and CMOS Poly Si ‘ Sy r:gg: | pawst ' Si Channel

15-1-050 05 1 15
Ve (V)

IEDM '20
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Monolithic Integration by 3D Layer Transfer

Si (100) Top Device
Donor Wafer BEe{elo]ii1) (Si PMOS)
Si (100)
300mm

Cleave plane

Donor Wafer Removal

Bottom Device

] (GaN NMOS)
300mm GaN Bottom Device Wafer
Top Si Device
Bottom GaN Fabrication
Device
Fabrication

A layer of single crystalline Si is transferred from a 300mm Si (100) donor
wafer onto the 300mm GaN NMOS device Si (111) wafer.

VLSI 2020 intel.



Single-crystalline Si transf

Layer transferred Si
(single crystalline)

Bonding oxide—___

IEDM 2019

erred onto a 300mm GaN wafer

Single crystalline Si

Poly-crystalline Si
(example for comparison)

intel.
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Integrated Si PMOS transistor on 300mm GaN

LG 130nm

Layer Transferred
Si Channel

““E:Epi

Oxide

(cut perpendicular to gate) (cut perpendiculazr to diffusion)

IEDM 2019 intel.



Layer transferred silicon channel, matching the
expected mobilities of bulk crystal Si(100)
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< 150
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|

300
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200

100
50

(b) Electrons

Layer Transfer
Si (100) NMOS
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Qinv (cm-2)

% Expected Bulk crystal Si Mobility

VLSI 2020
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First 3D Monolithic GaN-Si CMOS Inverter

Top Si PMOS Si channel

Top Contact

BOX Intravias

' ' Bot Contact
(b’

Bottom GaN NMOS (finfet

Buffer

Intravia Botte

Gate

Bot Contact

Bot Gate |
300mm Si (111)

GaN NMOS Finfet

IEDM 2021 intel. =



Our Research: Moore’'s Law meets GaN
GaN Transistor Scaling  GaN FinFet

W;.=25nm  Bottom

Source Field-Plate Gate

NE——

GaN Source

Advanced 300mm modules:

* Channel length 30nm GaN fin with W, =25nm
 Regrown n+ Source/Drain (This work)

« Atomic Layer Etch
« MOCVD GaN buffer engrg
e Submicron Field-plates

3D Integration

Top Contact

Intravia

Bot Contact

IEDM 2021 GaN NMOS Finfet

3D Monolithic
CMOS Integration
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Summary:

* First 300mm GaN on Si substrate (111), high resistivity> 1000 Q2-cm

* First 300mm GaN process compatible with leading 300mm CMOQOS fab

= Convergence of high-performance RF and Power in GaN MOSHEMT

* Integrated Si CMQOS by 300mm 3D layer transfer, enabling CMOS circuitries

= Exciting opportunities for integrated RF, Power delivery and SoC solutions

Thank you!

intel. =
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