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mm-Wave Applications

«—— mm-Wave (30 — 300 GHz) —»:
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Atmospheric absorption windows and attenuation peaks useful
for a variety communication and sensing of applications
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Solid-State Power Amplifiers

Qorvo TGA2594: 27-31GHz 5W GaN Power Amplifier

Typical mm-Wave PA's cascade multiple
transistors to provide useful level of gain
and power

This Work: Fabricate only transistor unit
cells to characterize the device
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GaN: Proven Material for Solid-State RF Power Generation  [SSSIE

1000 fpy
100}
= ;
3% o Gan
(e] E a
- 1L |4 GaAs
= | InP
0.1
1 10 100
Frequency (GHz)

GaN provides highest output
power from 1 to 100 GHz

Plotted data from commercial product datasheets and select publications

Data compiled with M. Guidry
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Key Properties of GaN
(Ga- & N-Polar)

Polarization:
Large 2DEG Charge without
Doping (High Mobility & Current)

Wide Bandgap:
Large Breakdown Voltage
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Key Device Metrics for Power Amplifiers

Gain
\

High Mobility & Velocity

Electrostatic Control
Physical Scaling
Reduced Parasitics

UCSB
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N-Polar GaN: Record 8.85 W/mm P_  at 94 GHz

W-Band GaN Power Density
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N-Polar breaks through P,
saturation observed for traditional
Ga-polar devices with 8 W/mm

Romanczyk et al., IEEE Trans. Electron Devices. Jan. 2018
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GaN HEMTs: Ga-Polar & N-Polar

Planar N-Polar HEMT

Ga-Polar HEMT Deep Recess N-Polar HEMT
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The N-Polar GaN Deep Recess HEMT Structure UCSB

N-Polar Deep Recess Structure

v' AlGaN backbarrier provides charge and 2deg confinement
Gate .
v' Low resistance regrown n* contacts by MBE
v' AlGaN cap & MOCVD SiN Gate Dielectric for low gate leakage
N 1 v' GaN Cap for dispersion control and low access resistance
I\AP;‘;I I\;’;il v Self-aligned gate for process control and low dispersion
Source y MOCVD SIN mprarm
Ohmic Ohmic Channel
R Earo GaN Cap D earG / \
AlGaN Cap Ec
1 ......GaN.Channel...opec——— fe¢c [N i it Er
c c
0 °
@ AlGaN Backbarrier T
2 @
GaN Buffer / Ev
Gate Buffer

UC Santa Barbara = ECE Dept. = Mishra Group



GaN Cap Advantage #1: Access Region Conductivity

Access Region TLM
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_ Eo Reference
S - Planar N-polar
- | ' — 500 Device
> | Reduced field and enhanced ] a
E _,| charge from GaN Cap ' = /
oo 2250
—4| _ With GaN Cap
- Backbarrier
Surface Buffer 0
Depth
°P 0 0.5 1
Polarization also reduces |E| in the lp (A/mm)

GaN channel = improves mobility

= Channel conductivity improved over wide current range
= Necessary for low V..
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mm-Wave Challenge: Controlling DC-RF Dispersion
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Surface states exist in GaN devices

Charge state responds to DC bias
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mm-Wave Challenge: Controlling DC-RF Dispersion
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mm-Wave Challenge: Controlling DC-RF Dispersion
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Traditional Solutions to Dispersion

SIN Passivation

SiN Passivation
O
AlGaN Cap

GaN Channel
AlGaN Backbarrier

O

SIN passivates surface states &
moves external surface far from
channel

VT,access C

UC Santa Barbara
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Reduced electric field prevent trap
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Capacitance penalty disallows
use at mm-wave frequencies
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GaN Cap Advantage #2: Dispersion Control

Planar N-Polar HEMT
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, MOCVD SiN Drain

Source
hmi

hmi
GaN Cap

AlGaN Cap
GaN Channel

2REG

AlGaN Backbarrier

Isolation

Isolation

GaN Buffer

= 47.5 nm GaN cap: Vq ocess = 17 V

Mishra Group

SiC Substrate
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Dispersion Control with N-Polar Deep Recess Structure

200 ns Pulsed I-V
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Self-Alighed Deep Recess Fabrication Process
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Self-Aligned Deep Recess Fabrication Process
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Self-Alighed Deep Recess Fabrication Process
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Self-Alighed Deep Recess Fabrication Process
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Self-Aligned Deep Recess Fabrication Process
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Self-Alighed Deep Recess Fabrication Process
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Self-Aligned Deep Recess Fabrication Process
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Self-Aligned Deep Recess Fabrication Process
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Self-Alighed Deep Recess Fabrication Process

T Demacoce )
Process
MBE
@ Regrown n+ Gate Gate
contacts
Implant
2
. Pad
<> Isolation / o ad |
N | N -
<3> GaN Cap Sourc.:e /MOCVD SiN Draip Sour(.:e / MOCVD SiN Draip
Recess Etch Sl @y | Regrow otule Gan Cap || TR
M O CV D G’::ﬁ a(IZ\jhgnanD(-}l 2DEG Gﬂﬁa(!)\lh E(i:nanpel 2DEG
<4 SIN Gate § AlGaN Backbarrier % :‘g AlGaN Backbarrier %
Dielectric 2 3 |2 2
AlGaN Cap
GaN Buffer GaN Buffer GaN Channel zoec P
5) Cate 5 g
Metal _ % AlGaN Backbarrier %
ohmi Ohmic Metal Pad Metal % k2
(6) 2 IC = Ti/Au (20/100 nm) «  Ti/Au/Ni (30/650/30 nm) GaN Buffer
Metal SiC Substrate
0 Pad Metal
_ Y,

UC Santa Barbara = ECE Dept. = Mishra Group



Outline

l. Introduction

. mm-Wave Application Space
. Status of Competing Device Technologies
. Demonstrated Advantage of N-Polar GaN

.  The N-Polar GaN Deep Recess HEMT
. Enabling Features of the Device Structure
. Fabrication Process for Self-Aligned Gate

lll.  Experimental Results: Large Signal Performance
. W-Band Device Performance (94 GHz)
. Ka-Band Device Performance (30 GHz)

V. Conclusion

UC Santa Barbara = ECE Dept.

Mishra Group




N-Polar GaN Deep Recess Device Overview

Physical Parameters
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Small Signal Gain
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Vps (V)

= 113 GHz peak f; = 238 GHz peak f,,,

UC Santa Barbara = ECE Dept. = Mishra Group



Large Signal Device Evaluation: 94GHz Load Pull
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Romanczyk et al. IEEE Trans. Electron Devices. Jan. 2018
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Comparison with Literature
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N-Polar GaN: Record W-Band Performance

Closed Symbols N-Polar (This Work) Open Symbols: Ga- Polar GaN
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Constant 8 W/mm: 10 — 94 GHz
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Ka-Band Performance (30GHz)
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Ka-Band Load Pull of GaN Devices
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Two-Tone Linearity at 30 GHz
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Two-Tone Linearity at 30 GHz A U C S B

10V Vp, 300 mA/mm

~ | , & QIP3 (Lo) ] * P slope near 3:1
! 6°¢  OIP3 (Hi
g 25 ‘ (Hi) « 35dBm OIP3 —
- i
s o * 11dB OIP3/Pp¢ 1000 LDARPADREAMProgramGoal __
g s Figure of Merit . This Work
@ 100
~ U &
[s2} o ¢ W . ’
o gl £ o [ 10d8 rike fon Bansbtort Sl acvos
’é: r g A A " DSiGe BICMOS
% < i Q ¢ W Q | ¢ GaAs HEMT
= -75} i 1 - © GaAs HBT
rf ; o Nt S 1 : - " ‘w0 Q + InP HEMT
I <— Ref. 3:1 Slope ] ~ e o ©InP HBT
_128 71 e A ,1 —+— p —t—+— E 0'1 a Q A GaN HEMT
) L @ InP HBT (FLARE)
&D = | A IP3 (Hi)/Psc % 0.01 DARPADREAM Program BAA =~~~ ———— ]
2z 100 e, ] ~ 0 10 20 30 40
= - ' o681 > F H
S (Lo)Poc | "] ° i)
a0k Cone oo
= 40] PAE A
St ]
&< 20r Gp §
i rees]
07‘ L bepamona -M L a

=20 -10 0 10
I:>in,delivered (d Bm)

UC Santa Barbara = ECE Dept. = Mishra Group



Summary

— N-polar Deep Recess HEMT Advantage

» Inverted polarization fields enable the Deep Recess HEMT design
v' Enhanced Access Region Conductivity
v Control of DC-RF Dispersion

— Large-Signal Performance

« Frequency-Independent P,

* 94GHz:
v' Record 8 W/mm P_,: 4x improvement over traditional Ga-Polar GaN HEMTs

v 28.8% Peak PAE

« 30GHz:
v" Record High GaN PAE: 59.8%

v Record high combinations of PAE and P,
v' 11 dB OIP4/Ppc
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