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J E-mode 300mm GaN-on-Si(111)

(] Process and Device
J mm-wave PA with e-mode GaN MOSHEMT
 Improving fT/fMax and BV in GaN MOSHEMT

 Integration of GaN and Si CMOS
(J Compact Model Development
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P-GaN JFET E-mode (Power) Gate Ox Su?micron Field Plate
chottky or Ohmic

300mm Si (111)

Schottky HEMT D-mode (RF) E-mode MOSHEMT (Power & RF)

Schottky barrier _ _
Gate « Gate oxide (hi-K), low-leakage

- transistor scaling to |g30nm
* Regrown S/D

GaN - low R, small contact areas, high

Buffer density
6" Si (111) or 4” SiC * Smelcron fleld plate

- high voltage, low parasitics
* Gate rel needs research
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‘IB"EYLS E-mode 300mm GaN-on-Si(111)
Process and Device

(a) E-mode high-K GaN Transistor (b) Process Flow

5 O 300mm GaN Epitaxy by MOCVD
] Tgate 2 QO Trench Isolation and Dielectric Fill
H!gh-K G-ate 0 S O Passivation
Dielectric T : 0 Epitaxial regrowth of IlI-N Source/Drain
o Y Trench (J Formation of Dumn:y Gate
____________ Isolation (] Gate Recess by ALE

GaN L. Lg Lgp O High-K Gate Dielectric by ALD?
Buffer O Metal Gate-Last and T-Gate Formation
 Source/Drain Contact Formation
300mm Si (111) J Cu Damascene BE Metal Layers and Vias
#step is skipped for D-mode Schottky GaN HEMT

Process steps unique to this technology:

« 300mm GaN MOCVD epitaxy, epitaxial regrowth of ll1I-N source/drain
 Deep UV (DUV) 193nm lithography

« Atomic layer processing: ALE, ALD high-k

* Metal gate-last process, and Cu damascene BE metal
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‘IB"EYLS E-mode 300mm GaN-on-Si(111) =

SANEGO
Process and Device

(b)

Lo/Les/Lgp=90/80/80nm
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Excellent Uniformity across 300mm wafer
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L IMS 300mm GaN-on-Si(111) V;, Uniformity

(a) Lgz=90nm, L;s=80nm, L;p=80nm (b) Vi16=35mV
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Excellent Uniformity across 300mm wafer
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e High-K Gate Dielectric For GaN MOSHEMT

1.E+2 )

High-K Metal Gate Stack

&E *y , Schottky (no oxide dielectric)
O | Dielectricl
S LB 107 less leakage
— Dielectric3 - Diele‘ctricz
U 1E2 ® o
o4} Dielectricé Dielectric4
E ¥ Dielllctrics . .
= e R +‘[1|eler,trlc

1.E-4 g
3 i, " Dielectric8
@ DDita-let:tri(:!‘l! " -
§= 1.E-6 - ' _ /'A = " More ¢
X Dielectric for GaN DDiE|ECtriC10 A Dielectrics
@ 1.-8 JMOSHEMT (this wetk) | |

20 30 40 60 70 380

50
EOT (A)
Low leakage with MOS gate vs Schottky gate
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I-V Characteristics

VB2 15y Vom1.8V 1% 1) Vo2V
S 1E4 =12 -
=.
2 1.E-6 - 3
< £0.8
0 1.E-8 - =
o
1.E-10 0.4 1

1.E-12

-0.2 0:4 1 1:6 0 2 4 6 8
Vs (V) Vo (V)

Lo/Les/Lep=90/80/80nm High drive current
Low Rgy
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RF Characteristics
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00 IMS 15t mm-wave PA in High-K GaN MOSHEMT _ ==
on 300mm GaN-on-Si(111)

(a) InpUt Vgsl° Vddi1g Vgsz Va2 OUtpUt
: %‘I e > :iSJé‘Il‘ L
Kin=0.2 K. =0.34 K,,:=0.65
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Peak S,,=25.6dB at 35.3GHz with a 3-dB bandwidth from 33.1 to 42.8GHz (fractional BW 25.6%)
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C%Mi!sMinﬁ- 1st mm-wave PA in ngh-K GaN MOSHEMT i

on 300mm GaN-on-Si(111)
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Pin (dBm) Pin (dBm)

f=42GHz: P_,=25.6dBm, peak PAE=35.7%, linear gain=20.5dB, OP,;=22.9dBm
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400 600

2400 4(a) E-modeGaN (b) E-mode GaN (c) E-mode GaN
. MOSHEMT 300 - MOSHEMT 500 - IVIOSHEIVIT
£ 2000 - Oﬁh@o m %& T400 -
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800 —2 0 +——rr—
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L;p=160nm

» GaN MOSHEMT uses thin EOT of 14.8A
* Scaling of L; to improve f/fyax
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KDIMS Thin Gate Dielectric and High-Voltage s

100
50 (a) o)
— Gate FP ,/g
> 60 - &7
@ 1.7MV/cm /§ Source FP
> 40 - P
(an) A
20 - ,8
L;=30, 50nm
0 1 1 1
0 200 400 600
Lap (nm) E-mode high-K GaN Transistor (Gate Field-Plate)

* Extended drain, L,
Source/Gate Field-Plate
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KDIMS GaN and Integration of Si CMOS

Low Performance High Performance CMOS
Wfr-Wfr Bonding

300mm SOI

=0
SAN DIEGO

Low
Density

Heterogeneous Epitaxy

1.E-03

1.E-05

8

== Oxide mask

18 1.2 06 0 06 1.2 18
Ve (V)

300mm Si (111)

1 E-09

1.E-11

3D Monolithic

- 300mmSi (111)

Layer Transfer
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GaN MOSHEMT and Integration of Si CMOS

Donor Wafer Si (100)

: 300mm Top Device
Si (100)
300mm ?

(Si N/PMOS)

Si (100) —
o [ [ e

I GaN

Si (111) 300mm

—

Si (111) 300mm

GaN GaN
an elective t1C .
. GaN Transistors
300mm GaN Bottom Device Wafer Bond Thinning ( )
Bottom GaN Top Si
Device Device
Fabrication Fabrication
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GaN MOSHEMT and Integration of Si CMOS

_ Gate S/D
Hi-K  Metal Metal

S/D Epi Layer Transferred
Si Channel

3D Monolithic Layer Transfer

(a) (b)
S/D
Metal

Si transistor

RS T YT '-' V.

160nm

i ‘I 2 A E— e - '
‘ransistor
H -. t
] i
B 3 . ! y

s W4

Submicron proximity placement of CMOS near GaN
Single-crystalline quality of the silicon channel (high performance)
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Y% Expected Bulk crystal Si Mobility

AMTT-S
|EEE MICROWAVE THEORY &
7 TECHNOLOGY SOCIETY



mIMS RF Performance of GaN MOSHEMT

post Integration with Si CMOS

%5 .
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500
E-mode GaN MOSHEMT (EOT=18A)
____400 -
£ fyax 080, Q
3300 - O’ >
> Legend:
§200 - fT o% @ (O () 300mm GaN-on-Si wafer
'E'--p % Q> ? without Integrated CMOS
* 100 - @ & <) 300mm GaN-on-si wafer
L;s=120nm, L;p=160nm @ with Integrated CMOS
0 - — T -
10 30 L (nm) 100 200

* Integrating Si CMOS using 3D layer transfer does not alter
the RF performance of GaN
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Record fy,,x=700GHz for GaN-on-Si

Ul
o
@)
)
2]

L-=50nm 25nm 100nm
_ %0 o ‘O VD=16V LG -100nm - 175nm4—h
040 - Ve=0.6V i g — Source FP
ge) -~ ~ L;p=600nm © SFP
— B, 1,=0.49mA/pm 8o 300nm
w "*::W LGS=1ZUnm = + >
<L 30 ~ e ) "E
= H21 ™%, ]
5 20 = e \\\\
-
£ 10 1 f=115GHz ..
fMAx=700GHz \\\ \\\
0 1T T I1r1r1In] | p— |||||:PF|_|_|-|:P"
1 10 100 700 E-mode high-K GaN Transistor (Source Field-Plate)
Freq (GHz)

300mm GaN-on-Si wafer with Integrated CMOS
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Source FP E-mode GaN MOSHEMT

T \ 12 (b) S21 50—

(a) 11 \

)

[ 45 ]

Sdut(1,1)

dB(Smodel(2,1))
db(Sdut(2,1))

Smodel(1,1)
H21, U, MSG (dB)

0 10 20 30 40 50

30 Freq (1 to 50 GHz) Freq, GHz
. 35— T :
= f) Small-Signal Model
= 45 N \ Re Cep Rp 2 -
35 -50 N | o—M——I M—o  Rs=3.20hm
o0 o S’ ! p—
g2 ol g% | + R=4.8 ohm
25 60— £33 l/f = Cos Tves (DOVesSRps T Cos & Cos=60 fF
© 65 v 5 - S Cgp=0.61 fF
70 / = S R,=2045 ohm
I %R Coe=5.5 fF
0 10 20 30 40 50 S~ . : s
] Freq, GHz Freq (1 to 50 GHz) T Rp,=9.70hm
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1 Transistor and interconnect design/layout rules
d GaN and Si CMOS transistor compact models

1 Parameterized cell (Pcells)

] Tape-in collaterals

 Layout-vs-schematics (LVS)

1 Extraction

1 Electromagnetic (EM) simulation

J Custom logic cell library, etc
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s o D@VElOPMeENt of Compact Model
80 ( ) 100
d Schottky GaN HEMT ®
60 - Y : g0 {(b) /
— 300mm GaN-on-Si(111) | __ /. %
= L. -
E 40 | e Weoum | = o Model
_::20 ®  L.=180nm S 40 - o-®" Data
] LG”fllzﬁg"m 20 4 Schottky GaN HEMT
0 Lgs=120nm 0 300mm GaN-on-Si{111)
0 2 4 6 8 10 12 0 100 200 300
Vp (V) L (hm)
300 ( ) 45
C d
‘;250 fMA)&_‘ Model __ 40 - (d) °
® 200 - - E \MO(’E'
%150 - f; -, - r:[)\-‘ =35 - /7 .
“. 100 + o~ o 30 Data \o
ot 50 o Schottky GaN HEMT -"""'--.. Schottky GaN HEMT
300mm GaN-on-Si{111) 300mm GaN-on-Si{111)
0 +—————r———r—r—r——r—r—— 25 +—/——————————
0 100 200 300 0 100 200 300
Lg (nm) Lg (nm)

* Derived from charge equations with self-consistent DC and AC models
* Includes short channel effects, quantum effects, leakage currents, extrinsic
capacitances, and self-heating effect, but does not include trapping
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o (e) e S, |"S216M 40 (g o © 0 O *Pout(sim)
20 &% %200 =S11 (sum) T 35 $ = s i} z < *PAE (sim)
- 10 ‘%\‘522 (sim) 5 30 ¢ o ot*? * {=Gain (sim)
'3 ) S *512 (sim) = P 1 ©Pout (meas)
v 2P A -‘<","=sg.‘_.’ % ©S21 (meas) Ly RS N N T egep® 8 © 8 ‘OPAE (meas)
108" B °S11 (meas) & SLEALMLLITTTT L e ©Gain (meas
Q .Q Q- . ~ < : ( )
€ .20 ER”  “mas 4522 (meas) w 20 o8 Y 8t s
© a < ° 8 o B
s 0512 (meas) & 15 o8 8 B
a -30 Schottky GaN HEMT e g 8 i B,
40 300mm GaN-on-Si(111) @ 10,8° o o
v— = %o’. Schottky GaN HEMT
. oo 3 ;’ " 8o 300mm GaN-on-Si(111)
15 10 -5 0 5 10
Frequency (GHz) Pin (dBm)
Input Vo Vaaiy Vesag Vaag Output .
I . ¢ R
! %u >tgie 1 8
L Kin Kint kout:7 ——— iz
Vg4 (V) 3.5
Kin 0.2
W1/ Ly (um) | 60/0.09
Kine 0.34
W,,,/L,,,, (um) | 200/0.09
K 0.65

* Good fit for Schottky HEMT circuit designs
 Work in-progress to extend this Schottky GaN model to E-mode GaN MOSHEMT
 More results will be shown in Q.Yu et al, IMS, Session Th1G-1, 2023
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* High-k E-mode GaN MOSHEMT transistors on 300mm GaN-on-Si(111)
* Outstanding electrical, RF characteristics, excellent 300mm wafer uniformity
* 1st 37-43GHz PA in GaN MOSHEMT: gain 22.5dB, P,,;=25.6dBm and PAE=35.7%
* High f/f.x by scaling high-k & L
* High-voltage by longer L, and field-plates
* Integration with Si CMOS using 3D layer transfer
* Does not alter the RF performance of the GaN MOSHEMT.
* Record fy,,=700GHz (f;=115GHz) with a L;.=50nm GaN MOSHEMT

* Progress made on the PDK development for this technology
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