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GaN has fantastic properties B acausee
HOW DO WE MAKE MOST OF IT?

Fif!iha»uuﬂ "-!n
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Trial and error?
Rough simulation?

GaN device

2DEG Channel
GaN Buffer Layer
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Outline

 Advance SPICE Model (ASM) for GaN RF
and power devices

* Model story and status
* Model description

* RF device results

* Power device Results
« Summary
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MODEL DEVELOPMENT STORY AND STATUS

ASM GaN = Advance SPICE Model for GaN RF and
Power Devices: Industry standard compact model
« ~7 years of research and development effort
« Started as my PhD thesis in 2010 and continuing

« NTNU/UNIK, Norway with Prof Tor Fjeldly
« Rigorously tested by several CMC member companies
 Already adopted by several major companies
 Being implemented in popular commercial simulator

« Available in ICCAP 2018
« Co-developer: DrY. S. Chauhan (IIT Kanpur)
« Acknowledgements: EU COMON (Dr B. Iniguez)
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INPUTS AND TYPES OF PARAMETERS

Bias and Temperature Parameters

N\

Device Geometry

ASM GaN L, W, NF, Access region
Model Lengths, barrier thickness

Physical Effect Based

Mobility, Saturation velocity,
DIBL, Pinch-off voltage, ..

Outputs

Terminal Currents, capacitances,

. . . Smoothening/Fitting
non-linearity, noise ..

DELTA (transition from linear to
saturation), ...

Dr Sourabh Khandelwal, Macquarie University 6
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OVERVIEW
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r———————————

Analytical Solution of

Schrodiger’s & Poisson’s

+

SP-Based I,; I, & ChargeModel
Real Device effects included

+

Noise Model, Trapping Effect
Model, Self-Heating

-

2-DEG Charge
Fermi-level (Ef),
Surface-potential (SP) )

~
Accurate I-V and C-V
Physical parameters
DIBL, Rs, VS, ... )

a )
DC, AC, Transient
Harmonic Simulations,

L Noise etc. )




ASM GaN Model " MACQUARIE

University

CORE AND REAL DEVICE EFFECTS

ASM GaN Model = Core model + Real device effect model

Charge CLM Mobility Temperature
models Degradahon Dependence

Non-linear ReS|stanc? -\ — - — —-——— \ Gate current

Terminal currents,
SelfHeating | Core Model » charges, noise

DIBL "I\Conflgurable
— e i ——— " Field plates
Trapplng Velocity SUb threshold Noise models
effects Saturation  Slope (Thermal and 1/F)

degradation

Dr Sourabh Khandelwal, Macquarie University 8
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2-DEG MODEL (CORE MODEL)

« 2-DEG charge model includes accurate description of
charge formation in quantum well

* Analytical solution developed for convergence and speed
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*S. Khandelwal et al. IEEE Trans. Elect. Dev. 2012

Accurate 2-DEG and Fermi level description used to derive current and charge
model
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CORE CURRENT MODEL

m
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CORE CHARGE/CAPACITANCE MODEL
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» Consistent model for terminal charges as function of

surface-potential

L
Q, = j Wan, (Vg V. ) .dx
0

5 X

Qq = |~ Wan, V.V, ).dx

0

Q, =- !)' (1 —%)ans V.V, ).dx
Q+Q,+Qy =0

Charge conservation for
good convergence

Dr Sourabh Khandelwal, Macquarie University
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MODELING NON-LINEAR ACCESS REGIONS

KP Linear (Ohmic)
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GaN Buffer Layer V sp
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CONFIGURABLE FIELD PLATE MODEL
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R1

2DEG Channel

GaN Buffer Layer

 ASM model allows configurable field-plate option through
model switch FPMOD

» Users can set different regions of device to be GFP/SFP/DFP
» Four configurable field plates supported in the model

Dr Sourabh Khandelwal, Macquarie University 13
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GAN POWER DEVICE MODELING

CISS Versus VGS (measured for VDS=0) for device with GFP

o Measurement

CISS [ —Model
-V, =0V

2DEG Channel

GaN Buffer Layer

Main
GFP transistor

lllllllllllllll

v

Bias independent
fringe

Dr Sourabh Khandelwal, Macquarie University 14
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FIELD PLATE MODEL: COUPLING EFFECT

Voff,main >Voff,R1 > Voff,RZ

2DEG Channel
GalV Buffer Layer

Voff, R1 ~ -40 Voff, R2 ~ -80

10™

o TCAD
Model with CC
—— Model without CC

Coupling from SFP region to Gate 10"

Important to model for accurate CGD

0 50 100 150 200
- Drain Voltage (V_.)
Dr Sourabh Khandelwal, Macquarie University S. Ah TED 2017 >
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RF DEVICE RESULTS: DC I-V MODEL
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RF DEVICE RESULTS: S PARAMETERS

Multi-bias S11 and S22 from 0.5 GHz to 50 GHz

1.0] 1.0

0.5 2.0]

5.0|

0.2 s

-5.0j

1.0

Dr Sourabh Khandelwal, Macquarie University 17



ASM GaN Model

RF DEVICE RESULTS: S PARAMETERS

MACQUARIE
University

Mag(512) dB vs Freq.

=)
+
w
E
B
o
m
= 10 20 30 40 50 £
Frea. (Hz) [E+9]
Mag(512) dB vs Freq.
-10 T ]

? ASE i
g |25E
AR E
g -35[] A

-
— 40 10 20 30 40 50 £

Freq. (Hz) [E+9]

Mag(512) dB vs Freq.

Freq. (Hz) [E+9]

Mag(S12) dB vs Freq.

[E+0]

Meas. Sim.

Freq. (Hz) [E+9]

_ |
;

: VD = 15 E
tﬂl A

(7]

E ii“‘15{3 10 20 30 40 50 E

Mag(S21) dB vs Freq.

-
w

S 10
+
w,
E
&
o
m
@
=
Freq. (Hz) [E+9]
Mag(S21) dB vs Freq.
20 : r
2
W,
£
@
o
o &-20
=
Frea. (Hz) [E+9]
Mag(S21) dB vs Freq.
2
W,
£
@
o
Ll
o
=
=)
-+
W,
£ |-10:
w =
. =20=
wn =
B s30= - - - -
= 0 10 20 30 40 50

Freq. (Hz) [E+9]



ASM GaN Model

RF DEVICE RESULTS: S PARAMETERS
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Phase(S12) dB vs Freq.
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LARGE SIGNAL RF RESULTS

" MACQUARIE
-3 University

=
=

Output Power (dBm)
=

="
=

3

Btk

L] L]
®  Measured Power
G SR -HERIT Mol
% Measured Gan

V,=5V,1,=32 mA

e

L 25

- 20

=19

(ap) ueo

L410

0 18

5
Accurate multi-bias large-s

30

20+

10

Output Power (d8m)

20

® Measurad Powar
— A S M-HEMT Maded
¥* Measured Gain

S0

Qutput Power (dBm)

=10

pg—

30

20 4

10

& Measurad Powar
ASM-HEMT Madel | ag

#* Meaguned Gain

(gp) uwien

=k
=

Vd = 13V, Id = 3F m#

ignal results

25

(ap) wes

f: S. Khandelwal
CSICS 2015
Vd =15V, Id = 32 mA By

B e

Dr Sourabh Khandelwal, Macquarie University

510

15

Input Power (dBm)

Z0

20



ASM GaN Model " MACQUARIE

-3 University

LOAD-PULL CONTOURS
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LARGE SIGNAL RF RESULTS

Constellation plots for Pout and PAE as load is varied
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RADIO FREQUENCY RESULTS SUMMARY
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ASM GaN Model

POWER DEVICE (SWITCHING APPLICATION) SAMPLE
RESULTS

e =mec==-czczio ™ S = =R kR s E s nnanssnan s n ]

vd (V) [E+0] Vvd (V) [E+O0]

Accurate IV results

Dr Sourabh Khandelwal, Macquarie University 24
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POWER DEVICE SAMPLE RESULTS

Temperature

Accurate reverse IV (3" quadrant) and temperature results

Dr Sourabh Khandelwal, Macquarie University 25
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POWER DEVICE SAMPLE RESULTS
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MODEL QUALITY TESTING
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CGS, CGS' VS VGS
CGD, CGD' Vs VGS
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PERFORMANCE
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One specific example how model can provide circuit level
feed-back to technology developers
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Dr Sourabh Khandelwal, Macquarie University

Barrier thickness changes:
* Pinch-off voltage

* Mobility

* Mobility bias dependence
« Capacitances

The above changes affect
device performance

29
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CIRCUIT LEVEL PERFORMANCE PREDICTION
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CONNECTING TECHNOLOGY TO CIRCUIT LEVEL
PERFORMANCE

How does change in physical parameters affect circuit level performance?
Which biases get larger impact?
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S. Khandelwal TMTT 2013
Physics-based model can address such key questions
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CONNECTING TECHNOLOGY TO CIRCUIT LEVEL
PERFORMANCE

ASM with physically-grounded parameters
connects device to circuit performance
Device-Circuit co-optimization/Performance prediction

— L, W, NF

— Field-plate lengths, number and configurations
(consistent |-V/C-V)

— Barrier thickness (transport and charge non-linearity)
— Access region lengths (consistent I-V/C-V)
Reliability estimation

— Degradation in physical parameters can be readily
iIncorporated into the model
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KEY MODEL FEATURES

Industry standard model for RF and power GaN
devices

Physical basis of formulations and model
parameters

Model captures various aspects of GaN devices
« DC currents (ID and 1G)
« CV (intrinsic and extrinsic capacitance)
* Noise (Flicker and thermal) (LNA's)
« Trapping effects
« Ambient temperature effects
« Self-heating effects
« Configurable field-plate model

Demonstrated accuracy and model quality on
commercial grade devices
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Thank You!

Dr Sourabh Khandelwal, Macquarie University

34



