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 GaN HEMTs provide high P, & PAE RF GaN Market Forecast

at mm-wave frequencies =7 2022
Properties of RF Semiconductors | W
Material Properties Si InP GaAs GaN ,"
Bandgap, E, (eV) 112 | 134 | 142 | 349 @ Telecom Infra
Critical Breakdown Field, E,(MV/cm) | 0.3 | 05 | 04 | 33 : aa 2028
Mobility,  (cm2/ V-s) 1500 | 5400 | 8500 | 2000* @ Others * ($2.7B)
Peak Saturation Velocity, v, (x107 cm/s) 1 3.3 2.0 2.5 ’ J ' \
2DEG Density, n (x10" cm?) NA| 03 0.2 >1.5 I" ‘||
Thermal Conductivity, k (W/cm-K) 13 ] 07 | 05 2 '\\ !
Dielectric Constant, € M7 | 125 | 129 9.5 \ ’

Johnson FoM Relative to Si (Eyve,/2m) | 1 58 | 27 28 .
*2DEG Mobility  Yole Intelligence, 2023

S -
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oCICTs

Measurement vs. Physics-Based Models (i

2024

« Two prevalent modeling schemes at opposite ends of the spectrum
« Various trade-offs: None satisfy a modeling engineer’s ideal wish list @

Key Features Measurement-Based Physics-Based

CMC approved X v

Good physical behavior outside extraction range X v
Geometry Scalable = v

Fast extraction / training time = =

Early availability during process development v X
Does not require process information v X
One-size-fit-all modeling solution v X
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4 )
Physical « Captures basic device physics / Hybrid Model: \
» Show good physical responses when simulated _ _
Model beyond the measurement range « Combine physical
model with neural
- / networks
d A * Maintains physics
« Early availability during process development with increased
ANN « Can fit complex nonlinear measured data accurac
Model « Short model development time for new \ y /
technologies
g J
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The Advanced SPICE Model for HEMTs

« ASM-HEMT: Surface-potential-based physical compact model
* Model effectively captures a range of device non-idealities:
— Self-heating, mobility degradation, DIBL, velocity saturation, trapping, etc.

GaN Device Cross-Section
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ASM-HEMT Equivalent Circuit Model
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Model Limitations for C-V Characteristics (x+f

2024

 Problem: ASM-HEMT fails to capture CV non-linearities of the device
— Unable to fit measured CV curves using various approaches

* Most results in the literature only show fitting at one Vy bias point
— Nonlinear behavior in HEMTs isn’t modeled properly (in most models)

ASM-HEMT Model Ccep Measured Data Foundry Model Simulation
125 | i \iG = :2 Vv 150 I I i _ 60 Note: Not the same dev'ice,
100 1 _ 125 _ different foundry
£ 75 1 £ 100f S
o Not possible to fit! s /5] °
o 50 . (o) o
O | O 50} @)
25 o5
0 2 M " 2 2 0 ' ' ' 2 " 2
0O 5 10 15 20 25 30 20 - - 20 -15  -10 -5 0

Vps (V) Vs (V) Ves (V)

10/28/24 BCICTS 2024 | OCTOBER 27-30, 2024 | FORT LAUDERDALE, FLORIDA, USA Slide 7



*CICrg

Modifying the Gate Charge Framework ("

2024

 Overlap capacitances are treated as constant capacitances
* C,/Cyqformulation insufficient to model Vps-dependent non-linearities

* Hybrid: We compensate for unmodeled nonlinear physical behavior by
Incorporating additional model parameters into ASM-HEMT framework

Hybrid ASM-HEMT Gate Charge Formulation

Intrinsic Overlap Fringe

QG’ — Qgi + f C1gso dVGS + f ngo dVGD + er + f Cyfgd dVGS
+ ngS,NN dVas + fcgd,NN dVap

“Compensating” (Uses a Neural Network)
Implemented through Verilog-A
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oCICTs

Modifying the Drain Charge Framework (i

2024

 Overlap capacitances are treated as constant capacitances
+ C4formulation insufficient to model Vys-dependent non-linearities

* Hybrid: We compensate for unmodeled nonlinear physical behavior by
Incorporating additional model parameters into ASM-HEMT framework

Hybrid ASM-HEMT Drain Charge Formulation

Intrinsic Overlap Fringe “Compensating”
[QD = |Qai| +|/ Caso AVbs|+|Qaep|+|[ Cra dVbs|+H [ CasNN dVDs]

(Uses a Neural Network)

Implemented through Verilog-A
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Hybrid ASM-HEMT Model Equivalent Circuit

Cgann Varies Cgq

R varies R
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Hybrid ASM-HEMT Model Equivalent Circuit

Cgann Varies Cgq
Rgaqnn Varies Rgq

C
" gdman
il

Cednn Redan Intrinsic Device!
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Hybrid ASM-HEMT Model Equivalent Circuit

Cgann Varies Cgq

R varies R
gd, NN . gd "ngman
| 1]
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o D
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Modeling a 150-nm GaN HEMT

* High-performance GaN HEMT process on a SiC substrate
— Primarily targets 5G and mm-wave applications (Ku, Ka, Q-band)
* Device Geometry: 4x50 um GaN HEMT (L; = 150 nm)

DC Characteristics & NVNA Data Small-Signal Metrics
1400 . , , . : 150 - - -
= 1200 oo ' ~ %0 b N 125} -
c 1000l Lo oo : O 100} max .
0 | i “':ré 75 1) We = 4x50 pm
i | i} JE 50 Vp=20V
| | ~
[ | o o5 fT .
0O 125 250 375 500
lo (MA/mm)
Vp (V) R. P. Martinez et al., IEEE TMTT, 2024,
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Extracting the ASM-HEMT DC Model

1) Follow the manual flow of ASM-HEMT
RF extraction package in IC-CAP (this work)
— Divide the parameter set into smaller subsets

2) Extract the DC model via derivative-free
optimization (no manual efforts)

A11OO Vo=-29t0-0.1V ,_\500 Vp=0.1-20.1V
g 880fAVg=0.2V C 400 fAVp = 4V o O BN
E eo0} st £ so0;
g 440 HETTmmseeneee @ ool & - Veasured |
= oo ol — Y Ao HEMT
(] r:":: .................... 5100 E. o l
- S eessesssssoonvess T £ Naa,
() SSRGS R ORI IOIICICICICICICIOR () SmomomOIIE=o= 22020
0 5 10 15 20 3 25 -2 -15 -1

S.A. Ahsan et al., IEEE JEDS, 2017.

Manual Extraction Flow

Extract V4 and subthreshold
slope parameters for the [+
low current region

Extract mobility and vertical
field dependence parameters [—
for the high current region

auny-aulq

Extract DIBL, subthreshold
degradation parameters for
the high Vv, region

auny-aulq

Extract v, output
conductance parameters for [—
the high I, and V, regions

Fine-tune parameters to
improve 15-V, fitting

Slide 16
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Extracting the ASM-HEMT DC Model

1) Follow the manual flow of ASM-HEMT Automatic Extraction Flow
RF extraction package in IC-CAP S el prmoen 22
2) Extract the DC model via derivative-free : _
S _ |  Perform train-test split |
optimization (no manual efforts) T
— Reduce extraction time from weeks to hours! @ ﬁ
S Eval
1100 Vg=-29t0-0.1V . S00 Vp=0.1-20.1V S . Objectve
’é 880'AVG=0. E400'AVD=4V g:!°'§'§§§§ bRuEim. :ﬁ
£ ooo| g £ s0of B N
...................... b & eck model extraction
£ 440 [ fesomoooosoooooacacesey £ 200 | 4 “::;SﬁrEeﬂT- against test data
a £100+ ¥ Lo .
— e suseevsTeeeees. o ,L
.-,...-o------!:!!::!:=!:: 0 e e ° TUaNCe S_e"e
0 5 10 15 20 3 25 -2 -5 -1
Vp (V) Vi (V)
R. P. Martinez et al., IEEE Access, 2024. Re-train using all data
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oCICTs

Measurements Needed for Hybrid Model (i

2024

S-parameters were measured for a wide range of bias conditions

— Vp;=0-30V (AV,=200mV), Vg =-5t0 -1V (AVg = 100 mV) at f = 10 GHz

Dataset used to extract model parameters in the hybrid model
Nonlinear Junction Capacitances of 4x50 yum GaN HEMT

[ 50 e | T 70
MEEEYY 000 ST

[ 30

AT i 1300
AT Pl | 275
4 7 gS 250
» - oS
200

T175
4150

7T 60
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Obtaining Training Data for Hybrid Model [+

2024

« Goal: Identify best model parameter value that aligns simulated
results with measured device characteristics at each bias condition

* Logical sequence was established: C;p > Cgs 2 Cps

360

O 5 10

« Minimize relative error at each bias
using Levenberg-Marquardt:

|
minimize

CASM, param

Cs,'m( Vg?g, Vg)s, CASM,param) - Cmeas( Vg?ga Vg?g)
Crmeas( Vs, VI5)

=1

C

gs,meas

15 20 25 30
Vs (V)

10/28/24
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Neural Network Training for Hybrid Model

* Neural network predicts hybrid model parameter at each bias
— Incorporated in Verilog-A model (replaces constant model parameter)
— 6 hidden layers, 12 neurons each; Root Mean Square Error as loss function

« Keysight’s ANN Toolkit in IC-CAP is used to train neural network

) () ()

0z N

77

CNN(VGSIVDS)
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Neural Network Output for Hybrid Model

Extracted capacitance model parameters that minimize error
between simulated and measured C-V characteristics

Neural network output shows good agreement as a function of bias

= V=10V == Vp=15V == V=20V == V=25V

200 - 50 . . 75

175} o Extracted _
™ == Calculated ™ 40 '505_“
“ 150rv,=10-25V £ 3 45 £
z 125} ¥ =z z
= Y = | Z
2100} g 20 30 B
O 75} O 10 15 O

50— : : ol : : 0

-4 -3 -2 -1 -4 -3 -2 -1
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e Baseline Model: Unmodified model tailored to fit CV characteristics
starting at Vpg =0V

* Unable to fit Vps-dependence for all three CV curves (limited range)

— V=10V == Vp=15V == V; =20V == V=25V
50

° Me-as —_ Sim

Y= o

S
_030 000000 ®%0000

0000 o
U2O * OO 0000
0000045 o oo
0900000
Ooo0o000

4 3 2 1 4 -3 2 -
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Improved Fitting Using Hybrid Approach ("

2024

« Hybrid Model: Incorporates “compensating” circuit elements to fit
capacitances through a neural network (6 hidden layers, 12 neurons)

» Fitting of capacitances improved greatly as a function of Vg and V,
325 - - 50 - - -

° Me-as — Sim

275}
225}

Cgs (fF)

175}

Slide 23
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Improved Fitting Using Hybrid Approach (i

« Hybrid Model: Incorporates “compensating” circuit elements to fit
resistances through a neural network (6 hidden layers, 12 neurons)

 Fitting of resistances improved greatly as a function of Vg and V

Measured
~ 6 == Simulated o
Vp=10-25V fF
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S-parameter Model Validation i

2024
« Mismatch between measured and simulated S-parameters
— Vp=5-25V (AV,=5V),V;=-2.2t0-1V (AV;=0.2 V), I, =15 — 500 mA/mm

Baseline ASM-HEMT «=== Measured
== Baseline

5'512
E12 = 558%

(100 MHz — 50 GHz)
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S-parameter Model Validation i

2024
« Good agreement between measured and simulated S-parameters
— Vp=5-25V (AV,=5V),V;=-2.2t0-1V (AV;=0.2 V), I, =15 — 500 mA/mm

Hybrid ASM-HEMT ==== Measured

1

= Hybrid

2

0.5

5'512 521/8
f Eis=327% 2%51 = 7.4%
4 .
0 ¥ T

-0.2

(100 MHz — 50 GHz)
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Set-up for Non-linear Validation

) 50 GHz Network

5 —] Analyzer

R. P. Martinez et al., IEEE TMTT, 2024.

Fundamental load-tuner and NVNA
set measurement frequency range

Driver amplifier + isolator limit how
much power we can present to the DUT

] Rear Panel: 10 MHz Ref

T
=
>
>

C 1 Power Amplifier

(o]
o ;; | 50 GHz Comb Gen.
S oo ooEg
SRk .
== mima Splitter
EEE === 50 GHz Comb G
588 000 z Comb Gen. 3’;}.
(o] PO O O O 0o o
> oj© 0 ow0 0
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— -
2-26.5 GHz Load Tuner
30 dBm 8 - 50 GHz

—

40V/05A
Bias Tee

Isolator Coupler
8-18 GHz

100V/2A
Bias Tee

Synchronized
Bias Supplies
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Large-Signal Non-linear Validation

Hybrid model accurately predicted gain compression and PAE
Baseline model resulted in a poor fit for gain compression
— Baseline model confined to a narrow Vg range due to existing limitations

10/28/24

16

Wg = 4x50 um
Vp =20V, Vg =-2V
-5 ) 15 25
Pout (dBm)

35
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2024

50
2
2 30}
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< 20

10}

f=10 GHz

40}z, =87.2+j71.3Q &

ZS = 50 Q
o Measured
= Hybrid

- Baseline
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Dynamic Load-Line Validation

 Dynamic load-lines accurately predicted by hybrid ASM-HEMT model

 Baseline model yields poor results due to poor fitting of capacitances

1250 | ] | ] | ] | | | | | |
— 1000 o Measured
-

= Hybrid 7
€ 750}

- Baseline
<
& 500F

o 250¢

lllllllll
Teq,
... )
- S U
= . o
.
.
*
.-.
..

Pin = 0 - 18 dBm a9’ 4
-250 A Y i X1 il
0 5 10 15 20 25 30 35 40
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Summary e

2024

 Introduced GaN technology and modeling schemes

« Evaluated strengths and limitations of measurement and
physics-based models

* Proposed hybrid physical approach using ASM-HEMT model
to improve fitting of capacitances and resistances

 Model validated against S-parameters, X-parameters, and
dynamic load lines

Code and detailed documentation to be available in IC-CAP 2025
to benefit the device modeling community
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