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Considerations / Outline

= AllInN/GaN Material
— Lattice-Matching to GaN

S

— Reduced Surface Depletion vs. AlIGaN/GaN

= Requirements for m

m-Wave HEMTs

— Gate-Channel Spacing / Source-Drain Separation

— Short-Channel Effects (SCEs)

— Series Resistances / Ohmic Contacts (Annealed vs. Regrown)

— Large-Signal on Silicon (W-Band)
— PDK and W-Band Prototype on Silicon
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Materials
Lattice Matching: A Reliability Enhancer (?)

passivation

Electron

High electric

€YION field driven
mechanism
GaN . P
G. Meneghesso et al. Park et al. (TRIQUINT)

Cumulative Strain (Mismatch + Piezo) Correlated to Device Degradation
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Materials
AllInN/GaN High Temperature Stability (1000°C)

F. Medjdoub et al., IEDM 2006

AllnN/GaN HEMTs Survive 1000°C
Temperatures

(Potential for High-T Electronics)

"September 15, 2014 y 7 PA Symposium 2014 / San Diego CA




Materials

Substrate Choices
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4

Silicon:
1,030 cm?/Vs @ 2x1013 /cm?
300 Q/C] (-17% mismatch)

SiC:
1,300 cm?2/Vs @ 2.4x1013 /cm?
205 /11 (-3.5% mismatch)

Excellent Mobility in 2DEG:

Dislocations are screened by the high
carrier density

Appl. Phys. Lett. 89, 062106 (2006)
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Materials

Surface Depletion: InP vs. GaAs HEMT Analogy
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THRESHOLD VOLTAGE, Vip (VOLTS)

Ultra-High-Speed Modulation-Doped

Field-Effect Transistors: A Tutorial Review

LOI D. NGUYEN, MEMBER, IEEE, LAWRENCE E. LARSON, SENIOR MEMBER, IEEE,
AND UMESH K. MISHRA, SENIOR MEMBER, IEEE

Proc. |EEE, p.494 (1992)
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Reduced Gate-to-Channel Distance
Theoretical Advantages:

= Higher G,
= Higher Current Drive, Iyax

= Improved Aspect Ratio L./d
= Weaker Short-Channel Effects
= Textbook Approach to High-Speed

All Recent Record GaN HEMTs:

= Thin Barriers (AlinN or AIN)
= Higher Channel Sheet Density
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The Orlgmal Studies of Rs and RD- Effects on
GaN HEMT Bqndwrdth _ﬂh;

Transistor Delay Analysis and Effective
- | Channel Velocity Extraction in AIGaN/GaN HFETs

_“g} 30 - "C.R. Bolognesi, "A.C. Kwan, “D.W. DiSanto
;g 25 |- =
\,é 20 F TEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 12. DECEMBER 2006
g s “ColdFET ) ) " . )
= ol L Model At-Bias Extraction of Access Parasitic Resistances in
Fosh-T AlGaN/GaN HEMTs: Impact on Device Linearity
FEETEEEETE FEETE FEFTE FETES S e P T P | 1
00 bbb bbbl and Channel Electron Velocity
Total Access Resistance, R5+RD(£!) David W. DiSanto, Member, IEEE, and C. R. Bolognesi, Senior Member, IEEE
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— Series Resistances / Ohmic Contacts (Annealed vs. Regrown)
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Metallization: Requirements:
Ti/Al/ Mo/ Au - Good Morphology
Yields - Low Contact Resistance

R.=0.3to1Q:mm
(strong variability)

Cross-sectional SEM image f

(

Rapid Thermal Annealing
T~ 8502C

Molybdenum
X

Aluminum

Top-VIe'\_}\};S“Ehk/I image

" ED
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Regrown Contacts (2

Regrown: ,  Channel
-

Source

ICMP-EPFL S 100ky  X33,000 WD59mm 100nm

GaN buffer

regrowth

2DEG
RC RC

Beneficial for Short L¢, Spacings (R, < R()

Better Reproducibility with Respect to Annealed Ohmics
(Best Example: Shinohara et al., HRL)

September 15, 2014 : PA Symposium 2014 / San Diego CA




NG (1TET7)

regrowth

annealed spikes

JyAnnealed |

yRegrown |

50L W=50pmL  =1pm S
H _ 4L _ i

40k _H,, oy = 230 GHz fy = 250 GHz
) I I f =170 GHz i
5 30 _ T i
£ 20l ' '
o [ i . ]
10 VDS: Vv A
V =-11V s
2 » 3 gl s 3 s aaaanal

100 1 10 100
Frequency (GHz)

September 15, 2014 : PA Symposium 2014 / San Diego CA




— Large-Signal on Silicon (94 GHz / W-Band)

September 15, 2014 : PA Symposium 2014 / San Diego CA




ROUR

HOCHEGH B ZaTicH

echnology Zarich | N e 7 (NG RMATION o ECH N OIOGY AND LEIECT RICAL ENGINEERING (1117

variable impedance
(load)

ATT1 AMP1

O D

dBm

' 1 ' 1 ' 1 g T [
- ===Class A -

D.MAX

-N/‘C\; 9
. LorgesSignalnt collapse 8
~ 7
_O_ : \\ g ]
&N 6
- : F‘\DC -
: . A L 5
I : Small-signal” ™« .
: SN 4

V _channel eff,
Vinee shots “w\1 +Output Impedance Matched for max P ;

VDS + Current Collapse and SCEs Limit P, ;;

September 15, 2014 ' PA Symposium 2014 / San Diego CA




BB ECh U B ZOrich
 Tacpiuel g Ll

Large-Signal Operation (On Silicon)

d=7.5nm, L;=50nm, L =2 pum on HR-Silicon.

Improved Buffer / Channel Design. Regrown Contacts.

T T 1T T© 1
20 | V,=2t0-4Vin-2V steps -

g,, (mS/mm)
5
L] I L] I L] I L] I L] I L] I L] I L]

300
200
100
0 2 4 6 8 10 %,
V. (V)
DC Characteristics
+ G,, > 650 mS/mm + Good Transport: u=1200 cm?/Vs (300 Q/sq)
+ Adequate Pinch-Off + Back-Barrier not Implemented
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o . Power gain (Gp), output power

- I (Pout), power added efficiency
Large-Signal Operation (PAE) VG5 = 1.2V and VDS, =3
V at 94 GHz for a 50 nm gatelength

d=7.5 nm, LG =50 nm, LSD =2 pm on HR-Silicon. device, with source-drain spacing of
. 2 um, -gat ing 0.5
Improved Back-Buffer / Channel Design. Regrown Contacts anin; :;tijcgeatg:;éifz??oo Jrlnm
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94 GHz Initial Results
1 W/mm / PAE = 12% / G, = 4 dB @ P, ) = 16 dBm
(Better than 1 W/mm Result on SiC)
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Large-Signal Operation @ 94 GHz on SiC

d=6nm,L;=100 nm, L, =1 um on SiC.

No Back-Barrier. Regrown Contacts.
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Best results at 94 GHz for AlinN-based HEMTs on SiC
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Large-Signal Model (Angelov)
Harmonic Balance Simulation
in ADS) vs. Load Pull
Measurement at 94 GHz for a
2x50um AlInN/GaN on Si
device.

Process Design Kit PDK

Scalable Large-Signal Model
(Gate Width & Fingers)
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PDK and PA Prototype Development (?)

MMIC Process based on Grounded Coplanar Waveguides
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PDK and PA Prototype Development (3

3 Stage PA Simulation S S0um
(2x50 um Devices for all Stages) AlInN HEMT

Inter-Stage
% 5 ST Network

AllnN HEMT 2 x 50um
AllnN HEMT

2 x50um Inter-Stage Output
AllnN HEMT Network Network
2 x 50um
2 x50um AllnN HEMT
AllnN HEMT |nter_Stage

Network

2 X 50um
AllnN HEMT

Input, Inter-Stage and Output Networks Simulated with
Lumped Elements (Full Characterization and Modeling of
Passives Elements are Underway)
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PDK and PA Prototype Development (4

S-Parameters (dB)
8 3 o 3

&
S
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e 3 Stage PA Simulation Results

A,

75 80 8 90 95 100 105 110

Frequency (GHz)
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e Additional Losses of 1 to 3 dB Expected with Lossy
Interconnects in Implementation.

f=94 GHz

P_(dBm)



Conclusions

= Excellent Progress with mm-Wave AliInN/GaN HEMTs
— Process Integration Developments (Back-Barrier / Regrown Ohmics)

= GaN-on-Silicon is mm-Wave Ready
= Impressive P, ; at 94 GHz on Silicon (1.3 W/mm)
* |mproved Large-Signal Stability

= PDK and PA Prototype Development on Silicon

— W-Band Gain Block Feasible: 15 dB at W-Band
— Refinements Required
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