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A Wireless World

Laptops

Microwave Ovens Digital Cameras

\ /

High-Speed

J_,..f-"") Wireless Link

/ \ Eam corders

Printers Cell Phones

* High-speed wireless links (WiFi, Bluetooth) allow seamless connectlons |
among device and appliance. f

* Although RF design always talks about wireless transmission, all concepts
_are valid for W|red transmission,
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Evolution of Mobile Wireless Communication

Early wireless devices

"An old car phone (1940) e " First Hand held cell phomesk973)
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Evolution of Mobile Wireless Communication

14.4 Kbps AMPS, NMT, Voice only services
[lﬁ?ﬂ -1980s) TACS
2G 9.6/ 14.4 TDOMA, COMA Vioice and Data services
(1990 to 2000) Kbps
25Gte2.75G6  171.2 Kbps GPRS Voice, Data and web mobileinternet, low speed streaming
{2001-2004 | 20-40 Kbps services and email services.
3G 3.1 Mbps CDMAZ000 Vioice, Data, Multimedia, support for smart phone
{2004-2005) 500- 700 {1xRTT, EVDO) applications, faster web browsing, video callingand TV

Kbps UMTSand streaming.

EDGE

3.5G 14.4Mbps 1- HSPA All the services from 3G network with enhanced speed and
{2006-2010) 3 Mbps more mobility.
4G 100-300 WiMax, LTEand Highspeed, high quality voice over IP, HD multimedia
{2010 Mbps. 3-5 Wi-Fi streaming, 3D gamming, HD video conferencing and
onwards) Mbps 100 worldwide roaming.

Mbps (Wi-Fi)
5G 11010 Gbps LTE advanced Super fast mobileinternet, low latency network for mission
(Expecting at schemes, OMA  critical applications, Internet of Things, security and
the end of and NOMA sunveillance, HD multimedia streaming, autonomous driving,
2019) smart healthcare applications. p—

www.rfpage.com




What's so special in 5G

Peak Data Rate

(Gbps] * Frequency bands — sub-6GHz and
28GHz

Cell Edge

Latency Data Rate

(e T  5G small cell

* Qorvo and Peregrine Semi are
offering solutions using SOI
technology.

S TR, g e * Average power of 5-6 W
simultaneous _y A ' Cell Spectral

Connection 2\ ~ = Nl AP fficiency * Lower power will limit the coverage
M/km?l VT bps/Hz] area of small cells, restricting its use
In cities.

 Solution — GaN technology

* Enables high power modules for
data transmission.

: Ref. — A. Niknejad, CICC 2015 Nanolab, Indian Institute of Technology Kanpur 5




6G?

* Research on 6G g N
e Applications ol Nl
 Artificial Intelligence (Al) h/;:; \l - ¢
* Extended Reality (XR) N —
* Automation
* Robotics T O o
* 6G requires massive performance
improvements as compared to 5G. !
* 5G speed - 20 Ghps and frequencies up N ;!
to 100 GHZ UE BS Core Metwork Application Serner

* 6G - 1000 Gbps and may utilize
~ frequencies up to 3 THz

Comprehensive Al

Lo 5 ey
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GaN Properties

Si GaAs 4H-SiC__ | GaN GaN temperature
__Eg{c\'?} L1 1142 1326 J339 High Vbreakdown
n; (e 1.5x10 1.5%10 8.2x10° | 1.9x10° Hiah vs
& 11.8 13.1 10 9.0 . ‘-\“-L
Hn 1350 8500 700 1200(Bulk) High power level
(cm’/Vs) 2000(2DEG)
| v (107emvs) | 1.0 1.0 2.0 23
Ep (MV/em) | 0.3 0.4 3.0 3.3 . i High Imax High frequency
Johnson's |8 (WemK) |15 0.43 3.3-4.5 1.3 High ns £
figure of — sas = Eortear | 1 2.7 20 27.5 AlGaN/GaN
merit T s HEMT . Low Ron - .
(rel. to Si) High t——( (Low Viknee) )—| High effeciency
* Comparison of Material Propertis & rspective FoMs (PAE)
L 2]
»
{a
¥
g
i 0
c
i 1
I8 | 3 “*E.-.:k_—h_

1w
Beeakdown Yoltage (W)
#5 ESiS) OIGBT @§iC & CaN HFET W IR GaN

Nanolab, Indian Institute of Te [2] M. A. Briere, Tech. Rep., International Rectifier, Dec. [2008]

[11U. K. Mishra et al., Proc. IEEE, 96 (2), [2008]



GaN Attractions & Avenues

Furukawa S IG5 RF power LED Epl wadfers Sensors/actuators

Powerdee  Gal Thisshasin
a5 ON T systerms  RFMD infingan RF

Larken

START FINISH

Intersil Freescale  Toshibg ©0 M MicraGaM  Fujltss  EpC -
HEL

Nanolab, Indian Institute of Technolog
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Nanolab:
Characterization and Modeling
Capabilities

- About Nanolab




About Nanolab: Some Stats

- Government Agencies
- Industry Partners
- Compact Model Coalition (CMC)

Publications

2020 2019 2018 2017 2016 2015

@&  Current Members

Books 1

- Postdoc - 5
- PhD. -27

Conference 9 15 19 - Ten PhDs graduated

Journal 16 14 20

Nanolab, Indian Institute of Technology Kanpur o= 12



About Nanolab: Collaborations

‘ _‘.ﬂ : TZTAGE)H[ TecHNOLOGY /;—f_’rls

i - * i
('"te_!) MﬂLk{*’f_{;“ (PN AERNER
e SILVACO XIT

" AMCAD Engineering t

w Advanced Modeling for Computer-Aided Design
ANALOG i3 TEXAS UNIVERSITY OF ILLINOIS
DEVICES INSTRUMENTS U I c AT CHICAGO

KEYSIGHT — SYOPSYS cadence

Nanolab, Indian Institute of Technology Kanpur



About Nanolab: Areas of Research

[ 7o
1‘-'1‘&’:_:. , F::_.FI,.
e
Atomistic Simulation DC and RF Device Characterization
Strong compute and storage infrastructure for atomistic State-of-the-art equipment for DC and RF characterization

of packaged and on-wafer devices. High power
measurement capabilities coupled with pulsed IV/RF and
lpad pull systems allow for charactarizations of higher level

clrcuits ke power amplifiers,

simulations - paving ihe way for first principle stedies of
materials. Research (opics include materials like VO2,
Y205, black phosphoros, TMDs like MoS2, phosphorene,
baropheng among many athers.

SPICE/Compact Modeling RF Circuit Design

Sfrong colkaboration with the industry in tenms of model
development, Working closely with UC Berkeley to malntaln
and develop the BSIM standard models. Oul ASM-HEMT

miodel for GaM-HEMTs was recenlly recognized as an
industry standard by the Compact Model Coaliion {CMGC) HECIVROCME.

Hardware and software capabilities to design and
implement prololypes for BF circults, Power Amplifier and
Low Moise Amplifier design using advanced device

Nanolab, Indian Institute of Technology Kanpur



Hardware Capabilities |

Keysight Semiconductor Device Analyzer Maury Microwaves/AMCAD AM3221

(B1500A) Measurement capabilities:
Bipolar £25V /1A (gate) and high-voltage 250V /30A (drain)

models

Pulse widths down to 200ns

Synchronized pulsed S-parameter measurements
Connect systems in series for synchronizing 3+ pulsed
channels

Long pulses into the tens and hundreds of seconds for
trapping and thermal characterization

IV, CV, pulse/dynamic IV range of 01fA-1A /05 uV -200V
Evaluation of devices, materials, semiconductors,
active/passive components

AC capacitance measurement in multi frequency from 1 kHz to
5 MHz

Pulsed IV measurement min 10 ns gate pulse width with 2 ns
rise and fall times with 1 ys current measurement resolution

Nanolab, Indian Institute of Technology Kanpur - 15



Hardware Capabilities |l

Keysight ENA (E5071C) 100KHz to 8.5 GHz Keysight PNA-X (N5244A) 10 MHz to 43.5 GHz

o kHzto 45/6.5/85/14/20 GHz

2- Or 4-port, 50-ohm, S-parameter test set

Improve accuracy, yield and margins with wide dynamic range
130 dB, fast measurement speed 8ms and excellent
temperature stability 0.005 dB/°C

High Frequency Device Characterization (Microwave
Network Analyzer)

100Khz to 8.5 GHz and 10 MHz to 43.5 GHz

2-port and 4-ports with two built-in sources

High output power (+16 dBm)

Best dynamic accuracy: 0.1 dB compression with +15 dBm
input power at the receiver

Low noise floor of -111 dBm at 10 Hz IF bandwidth

Nanolab, Indian Institute of Technology Kanpur il 16



Hardware Capabilities |l

Keysight Power Device Characterization System: B1505

Power device characterization up to 1500 A & 10 kV

Medium current measurement with high voltage bias (e.g. 500 mA at 1200 V)

MQ on-resistance measurement capability

Accurate, sub-picoamp level, current measurement at high voltage bias

Fully automated Capacitance measurement at up to 3000 V of DC bias

High power pulsed measurements down to 10 ps

High voltage/high current fast switch option to characterize GaN current collapse effect
Fully automated thermal testing from -50 °C to +250 °C

Keysight N8975B Noise Figure Analyzer

Frequency range 10 MHz to 26.5 GHz in a one-box solution
Includes Spectrum Analyzer and 1Q Analyzer (Basic) modes

SNS series noise source N4002A

U7227C 100 MHz to 26.5 GHz External USB Preamplifier included

Nanolab, Indian Institute of Technology Kanpur - 17


https://www.keysight.com/main/redirector.jspx?action=ref&lc=eng&cc=IN&nfr=-536902736.1163265&ckey=1000003572:epsg:pro&cname=PRODUCT

| oad Pull Characterization

Maury Load Pull
Characterization system

A fundamental passive load
pull system capable of
performing load pull
characterization up to 15W.
XT982GL01 - 0.6 to 18 GHz
Load tuner

Plan to expand to a 3
harmonic hybrid load pull
system soon.

Nanolab, Indian Institute of Technology Kanpur -~ 18



Thermal Noise Characterization

Nanolab, Indian Institute of Technology Kanpur



EDA Capabilities

& n Microwave
& = SYNOPSYS _ SN
53 cadence Y\
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Atomistic Simulations
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High-Frequency Characterization

* We seek to model the linear (small-signal) behavior of a device subject to a
high-frequency test signal

* Such behavior is typically summarized by the N-port network parameters of
the device
* Impedance parameters (Z-Parameters)
* Admittance parameters (Y-Parameters)
* Hybrid parameters (H-Parameters)
e Scattering parameters (S-Parameters)

* Focus on 2-port networks, which we can measure with our lab equipment

Nanolab, Indian Institute of Technology Kanpur



Network Analysis basics

ik JE B
+ +
Vi Linear network Va
Z-Parameters Y-Parameters H-Parameters
Vi=Z,1,+Z,1, I =YV +1,V, Vi=hyd, +h,V,
V,=2,1,+Z,I, L, =Y,V +1,V, I, =h,I +hy,V,
I
z,=0 Y, = ho =1
, 4 I
J11,=0 for k= Ty, =0 fork=j _I_Kz:o
.. .. .. .. (h21 =2
Z; found by driving port j with Y found by driving port j with s hil,.
current /, open-circuiting all voltage V, short-circuitingall . =~~~ i
other ports, & measuring other ports, & measuring =
open-circuit voltage at port /i short-circuit current at porti__  Short-circuit

Nanolab, Indian Institute of Technology Kanpur



Network Analysis basics contd.

* /-, Y-, and H-Parameters are an abstraction at high frequencies since
voltages, currents, and impedances can not be measured in a direct
manner

* Desired quantities are non-unique for non-TEM modes of propagation
* Require perfect open and short circuits which are difficult to achieve

* S-Parameters are preferred because they are based on the concept of
incident, reflected, and transmitted waves which are more easily

measured at high frequencies in terms of amplitude and phase angle
of the various waves

* Typically deal with 2-port network parameters for transistor compact
modelmg work : o

Nanolab, Indian Institute of Technology Kanpur



110GHz S-Parameter Measurement System

Network

Analyzer Computer

control

Semi-
Coplanar automatic
probes pro?e |

station

to DUT
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Excellent tip visibility Infinity Probe contacting Silicon RF device Small contact marks enable contack to small pads

Nanolab, Indian Institute of Technology Kanpur



——— e e e o — e e —— . —— —— —— . — —— ——— — — — ——— — — — ———

. . i . 5
Calibration 5 o
= E; 2 2] : g
@%i % thgr;&ﬁﬂrk % i % ag
i : 1
—— —_—

 Calibration of measurement setup required to account for parasitics
associated with connection of VNA to a DUT

* Connection results in additional losses, reflective discontinuities, & phase shifts

e 4-port S’ matrix implies 16 error terms

* Passive nature of error network implies that it is reciprocal such that transm|55|on
terms are equal and a 12-term error model suffices to describe the S>matrix

Nanolab, Indian Institute of Technology Kanpur



Calibration contd.

* Calibration achieved by measuring known standards located at DUT reference
planes (probe tips for on-wafer measurements, and applying algorithms to
determine the 12 error terms)

* Several calibration techniques available
e Open-Short
e SOLT (Short-Open-Load-Thru)
* SOLR (Short-Open-Load-Reciprocal)
* TRL (Thru-Reflect-Line)
* LRM/LRRM (Line-Reflect-Match/Line-Reflect-Reflect-Match)

* Different standards required for different techniques, but, in general, standards
must be precise with very low, known parasitics

e A spdecial Impedance Standard Substrate (ISS) with precisely defined standards is
use -
* Typically use SOLT even for 110GHz measurements B

Nanolab, Indian Institute of Technology Kanpur



Impedance Standard Substrate
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Impedance Standard S

Ubstrate contd.

Thru
Thru delay: 1.0 ps
Length: 220 um

Impedance: 50 Olm
(Nomimnal )

Note: Thru and
Verification line
lengths are signal

condictor l'l.li_"l,.'-ll E-
edge dimension.

Sho

hd THT N

Recommoended
{vertravel:

ACP
T5-125 um

Infinmy
S50=T5 um

Laoad

Precision
S0 Ohm Load

Note: Ensure the
bras supply 15 turned
off during
calibration. Applying
bias to the probe
durnng calibration
could cause the
resistance of the load
to change.

DC accuracys
+- 0.3 %

Note: For optimum
calibration ACCUracy
only the Red -
marked load
standards should be
used.

Verification Lines

ps nm
3 450
7 W)
14 | B0
27 3500
40 5250

pen
(O Subsirate

= k=

| 30 um
Alignment Marks

Note; By default.
an Open s
synthesized by
raising the probes
In 2ir 8 mingmum
distance of 250 mm
above the chuck
seirlace. A
Substrate Open
SIPUCIure 15 also
provided as an
alternative.
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S-parameter measurement

* S-parameters measured
using vector network
analyzer (VNA) %1
Agllent E5071C ENA W|t
frequency range of 100
kHz—8.5 GHz)

* De-embedding
— Use de-embedding to remove parasitics

— Probe/wire  parasitics are de-embedded using
calibration substrate

— Pads to device parasitics are de-embedded using
- OPEN- SHORT de-embedding

Nanolab, Indian Institute of Technology Kanpur



De-embedding

* Even with calibration, reference planes are still not at the
boundaries of the intrinsic device due to on-wafer test
structure interconnects (probe pads, transmission lines,
ground planes, etc.)

~+ Must measure additional on-wafer test structures to calibrate.
out (de-embed) the remaining parasitics

Nanolab, Indian Institute of Technology Kanpur



De-embedding contd.

* Most common on-wafer de-embedding technique is the OPEN-SHORT
method where
* OPEN test structure is designed to represent the parallel (G) parasitics
 SHORT test structure is designed to represent the series (Z) parasitics

* De-embedding results are valid if OPEN, SHORT, and DUT are linear
and time invariant (LTI) in nature
* OPEN and SHORT are passive and, thus LTI

* DUT is LTI if it behaves linearly with applied input power — care must be taken
in choo__sing power level for S-Parameter measurements

Nanolab, Indian Institute of Technology Kanpur



Open-Short De-embedding

De-embed from Open:

YEIUT.I'Dpen = Ytotal - Yﬂpm
Yﬂ'rnfﬂﬂpnn = Y-H'lur! e Tﬂp-nn

Convert to Z:

Znuwupen o Z(Ynuwnpm}
Zmunfﬂpnn = Z(YEIEH.FGPHH}

De-embed from Short;
ZII!I..IT = ZDUTTﬂpen - ZEurﬂﬂp&n

Convert to S
Sour = S{Zput)

Courtesy:Agilent Technologies
(a) (b) (c) —

Nanolab, Indian Institute of Technology Kanpur



De-embedding contd.

* OPEN-SHORT De-embedding Method:

1.
2.

3.

Measure the S-parameters of the DUT embedded in the padset (S,,.,.)-

Measure the S-parameters of the OPEN and SHORT de-embedding standards (S, and

open
S.hore reSpectively).

Convert S, .,and S, ., to Y-parameters (Y, ., and Y, ., respectively). Subtract ¥, ., from
Yehort TO yle'fci1 Y’ ﬁ%e Y-parameters of the short standard with the parallel capaC|t|ve and

résistive contribution from the pads and substrate removed).

ConvertY, .t0oZ . . Z o4+ NOW reo|3resents the combined network consisting of the
three seriée |mpedances 22 and Z3)

ConvertS, ...toY ... and subtract from it. Thisyields Y’ .. (the Y-parameters of the
DUT with the paré’ﬁeﬁ capacitive anofre5|st|ve contribution from the pads and substrate
removed). Convert Y’ to Z, ... Which still contains the series impedances associated
with Z1, 72, and Z3 in addition to the desired DUT terminal characteristics.

SubtractZ, ,, from Z to yield Z2” 5 (the Z-parameters of the DUT in the absence of all ‘
adset ara5|t|cs andr?mally, convert Z back into fully padset corrected S- parameters

5”meas for anaIyS|s of the DUT terminal cﬁaracterlstlcs

Nanolab, Indian Institute of Technology Kanpur
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An Introduction to ASM-HEMT

- About ASM-HEMT and its core
— Extraction flow




A brief history of HEMT models

Approx. Number Electrothermal Geometry Original Device

FET Models of Parameters (Rth-Cth) Model Scalability Built-In Context
Curtice3 [12] 59 No No GaAs MESFET
Motorola
Electrothermal (MET) [25] 62 Yes Yes LD MOSFET
CMC (Curtice/
Modelithics/Cree) [26] 55 Yes Yes LD MOSFET
BSIMSOI3 [24] 191 Yes Yes SOI MOSFET

(" CFET [5) 48 Yes Yes HEMT N
EEHEMT [13] 71 No Yes HEMT
Angelov [14] 80 Yes No HEMT/MESFET
Angelov GaN [11] a0 Yes No HEMT

\ Auriga [4] 100 Yes Yes HEMT )

Nanolab, Indian Institute of Technology Kanpur



Various classes of compact models

Table Based
C t Model /
ompact Models Threshold Voltage Based
(GaN HEMT) \

Surface Potential Based
Physics Based (ASM-HEMT)

Charge Based

(MVSG)

| Advanced SPICE Model for GaN HEMTs (ASM-HEMT) |

@ www.litk.ac.in/asm

Nanolab, Indian Institute of Technology Kanpur
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ASM-HEMT Team @ IIT Kanpur

Prof. Yogesh Singh Chauhan

Director

Ahtisham _ ke Dr. Aamir
Pampori = Ahsan

9))
—_
o)
Q
L)
0
>
)
O

Mohammad Y4 Hasnain : Dr. Avirup
Sajid A Ansari A B Dasgupta
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ASM-HEMT: Ssummary

Electrostatics

Transport

Higher-order
Effects

r

L

Analytical Solution of
Schrodiger's & Poisson’s

~

J

~

SP-Based Current &
Charge Model

~\

r

L

Noise, Trapping, Self-
Heating, Field Plate

~\

2-DEG Charge, Ef,
Surface Potential

~

-V, C-V, DIBL, Rd, Rs,
Vel. Sat., ...

J

Nanolab, Indian Institute of Technology Kanpur

DC, AC, Transient
Harmonic Sim.,
Noise, ...
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ASM-HEMT: Core Model

Gate C t
ate Curren CLM Dearadatic H Core Model Parameters
. I - A " v — — Parameter Description Extracted Value
Bias Deper_]denl\k Al -l /.j/ Field-Plate capacitance =
Ly
f

Senes Resistanc Vorr Cutoff Voltage —2.86V
Core Drain Current I Complete Drain Nracror Subthreshold Slope Factor 0.202
Self-Heating Model | Current Model Cpscp SS Degradation Factor 0.325V1
J Mo DIBL Parameter 0.117
_— S i - il i s it e Trapping effect U Low Field Mobil'ity 33.29 mm?/Vs
Nsoaccs AR 2DEG Density 1.9e + 17 /m?
Veloeity Saturation Sub-threshold Slope Ve s AR saturation velocity 157.6e + 3 cm/s
Flicker and Thermal Noise Rryo Thermal Resistance 22 Q

Real Device Effects Incorporated into the Model

Core drain current expression

I ‘fﬂ:a 1 : { r (IL—.LS . {;jd) ]
Las =T"CgNt | Vo — + Vin | Xt
d \/.1 H X 'ds I, givf go 9 th d

_ 5 7 - S D

1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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Extraction Flow |

Set L, W, NF, Tbar Extract LAMBDA, Improve
Device Dimensions VSAT, ETA from IDVD

Extract VOFF, NF, CDSCD,
ETA from log-IDVG, LINEAR Temperature Parameters

And Saturation

Extract Uo, UA, UB and RDS

from IDVG-LIN Capacitance Modeling

Extract VSAT,
Improve ETA
From LINEAR IDVG

AV " R S El—

1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]

Nanolab, Indian Institute of Technology Kanpur



Extraction Flow |l

< 20 J 1E2 EE'E E—E.ﬂ
el = L
E 1E-4 EE-“ g
= 1.5 N 1E-5 3 5 1.6
ol J1E-B (S RN Q . m——
& 1ET £ %lu - T
1.0 = e [Dwain Voltage (v
& 1E$ S = o3
: = Fnasued Daia
—— Mot {Btore)
0B 1E-4 0.8 —— o] {Afier)
1E-10
o

1EA1 ; = : : T
1

=]
[=]

Gate Voltage [V) Gate Voltage [V)

14 — Vy (Extract Uy)

Drain Voltage (V)

Ig — Vg (Extract Vorr» NracTor CDSCD) Iy = Vg (Extract NSOACCS)

1.4
1.2 =10 - Mestsured Daka
%" = Id — Vd (EXtraCt VSATACCS) 0.2 —ﬁ:ﬂﬂ!ﬂ I
o 1.0 iy
E é asl iu
= E = 0.
o 0.8 C
E a e
a 0.8 e 2 a .4
= B 1.0 =
E 0.4 Ciraim Voltsge (W) g Z
0.2 - .
0.2 e
: - I; — V4 (Extract Rypyo) =
0.0 0.0 . .
1] 10 16 20 ] 0 15 0
Drain Voltage (V) Drain Valtage (V]

11 S. A Ahsan et al., MOS-AK Workshop, Shanghai, [2016]

Nanolab, Indian Institute of Technology Kanpur



Extraction from Id-Vg curves

0.1 Start with I; — V, characteristics in the log scale
1o01
b ETAO - DIBL Parameter
1E-4
11E-5
| g NFACTOR - Sub-threshold slope parameter
1E-T
1i41Es CDSCD - Captures the drain voltage dependence on the sub-

1E-3 threshold slope.
1E-10

1E-11
.1

Drain Current (A
5 b

=
o

VOFF - Cut-Off Voltage

14 — V; characteristics in the linear scale

-
L]

U0 - Low field mobility

Drain Current (A)

=Y
=]

UA, UB - Mobility degradation parameters

,__.‘ Gate Voltage (V) et

1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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Extraction from Id-Vd curves

L2
o

i
o

)
=
Draen Curenl &)

I; — V4 characteristics

VSAT - Velocity saturation parameter

Drain Current (A)
L=4]

o Keaseed Daia

oot jaseny UA, UB - Mobility degradation parameters

Access Region Parameters extracted from I; — V,; characteristics:
NSOACCS(D) - 2DEG density in the access region.

VSATACCS - Saturation velocity in the access region.

==

UOACCS(D) - Low field mobility in the access region.

=
.

UO0ACCS (D) independently tunes the access region resistance around
Vds = 0 and helps extract g4, at that point.

Drain Current (A)

10 18
' Drain Voltage (V)
. ' —
1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]

Nanolab, Indian Institute of Technology Kanpur 46



Bias-dependent access region resistance model: Overview

= 1.2
5 D Ry = Sl f=35D '
" aiGaN ) GitnTie0 E 1.0}
: : 2 I |
| GaN g . %na &
i ! 5 m—f;——w— D 5 |
S ETIVE, = I
i Rd = f{Vig, Vid) 2 06l
e |
=
, = 04} O TCAD
Lo = Cuee* Vs = Qape * Vagt * VR/VRsat S | D
acc = “ace " Vs = Wacc ' Ysal 2 - 71; E 0.2} R,
_VYR 2 | S e GBI
|:1 _|_ ( E"H.w-'ul' ) :| E D

02 04 06 08 10 12 14 16
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[1]S. Ghosh et al., IEEE International Conference on
Electron Devices and Solid-State Circuits (EDSSC), [2016]
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Bilas-dependent access region resistance model: Results

Effect of high access region resistance at high V,

1.0 0.3
Symbols: Measuremaent 6 &
[ Solid Lines; Moded et 1 = Measurement » >

0&F = e 0.8 [=—"Model
Temparature = 25 °C g Vg from -3.510 3 Vgl
— '1'||rd o 01. ﬂﬁ. 1 al'ld H:l "I'I “r G 2 = D_? -@ 0.5 I'l"Stﬂp ._..." N "
e = | i
E 0.8p 8 Z06fT1=25c =
= - L Ll
E o i ~
S ﬂq_ é E ..... E
€ 01 2 TR o — 3.
g ozl Lo % 03k - e B - =
2 Co2f # - & 08 Vi o 12 10 3V
5 [ ; 805 Ve
0.0 | gu : : 0.0 0.1 | e ! )
PR TR o - i ¥ mrrpesilure = 285
N T e T T 1 2 3 0.0 s — A0 i . A :
Gale Voltage (V 0 C 4 8 8 10 0 8 -5 i ot 0
, pe ¥ Drain Voltage (V) Drain Vollage (V)

Id - Vg and trans-conductance

for the Toshiba power HEMT. lds-Vds and reverse |ds-Vds fitting with experimental data. The non-linear

Different slopes above Voff in Rs/d model shows correct behavior for the higher Vg curves in the Id -
gm-Vg: self-heating governs the Vd plot; the S-P based model can accurately capture the reverse output

first slope while velocity characteristics.
saturation in access region
affects second slope.

,_.._‘. .

[1]S. Ghosh et al., IEEE International Conference on
Electron Devices and Solid-State Circuits (EDSSC), [2016]
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Bias-dependent access region resistance model: Temperature scaling

The temperature dependence of R,,. model is extremely important as it increases significantly
with increasing temperature

Temperature dependence of 2-DEG charge 9
density in the drain or source side access sl 2 e AlGaN/GaN HEMT:
region: . T i = so} Lg=3pm, W=515um
i -2 = = | AlGaN layer thickness=25nm
_ wvepndre. {1 ey _ o £ | i
(1) = NSOACC (] KN 50 (TN{J_” I)) E gl E 6o | Al Composition= 0.25
E o
% 5F g
Temperature dependence of Saturation | % 40F
Velocity: - | E ]
(o] al C Measurement | £ 20F o Measurement
Viat [T) = VSATACCS - [1 + ATS(T - TNOM)] N ~—hodel . - —Mlﬂde' | | |
-40 0 40 a0 120 160 0 100 200 300 400 500
Temperature dependence of electron Temperature ('C) Temperature ('C)
Mobility:
T T EACC
weld ) = U0ACC « | =————
HacelT) (I A mr)
A SR M. e

[1]S. Ghosh et al., IEEE International Conference on
Electron Devices and Solid-State Circuits (EDSSC), [2016]
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ASM-HEMT: Temperature scaling results

b Tempemiumn = 100 °C

el L Temperature = 100 °C

oel B05VEE ASM-HEMT features a robust temperature sel V4=01.05 1and 10V
M W o scaling model which has been vglidated = P
§ 04 across a broad range of device § 04
O o temperatures. 3
:E 0.2 § 0.2

0.1 V (T) ":;;;;::

o T R R Y A T ¥ ¥ a2 4m % 7 3

i d
e = VosfpisL — |7———1|- KT1+ TRAPVOFF SR
Id - Vd at 100°C Tnom Id - Vg at 100°C
1.0
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bk Tomperstorn = 200 _oioeen
ﬂg =g from -1 8 o ._.,‘_-..'.EFI'_ ........ I=
[ @5 yamp e
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0BF wd=0.1,051and 10V

Drain Current (&)

AT

T
VSAT(T) = VSAT - [ =2~
TNOM

Y 4 T o 0 23
Drain Vollage (V) Gale Vollage (V)

- Id - Vd at -20°C e P |d - Vg at -20°C

[1]S. Ghosh et al., IEEE International Conference on
Electron Devices and Solid-State Circuits (EDSSC), [2016]
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Geometric Scaling |

Charges/Capacitances Current Scaling
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Access Region Resistance Scaling
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Geometric Scaling |

Thermal Noise and Flicker Noise Scaling

|l|I !:T Ifz:“ﬂ! h

I

-:Jl:i_,l'[_f:|=u-L?ler-' {:-;

+{(NOIA+ N

NOTAVRC,
’ : (QIII'

i G
OIBVACy)ln (é“ ‘}

eh =

+ (NOIB + NOICVRCo ) (= CQend + QGena) + -

2)

Q.

UH

(L, —0L, :]

5'“ = h—[ f,f,l’aﬂt” Eff_‘} (b‘;i;;-’_rd#_i_

yi— ¥

- Vo {Li — tf})

Gate Current Scaling

i
f@&ﬂfﬂﬂ—( i 1) *PF.TG'E] [F‘.‘I."f.'

Iﬂ.q =W-L-NF-

Iog=W-L-NF-

TNOM

v,rc*s K[,- Tdﬂ} ]

L i
IGDDIO dv___ 1)\.k76D| |ex { }—1
+(T.Nmﬂ-.r ) : ”‘”’p N, mﬂ v T ]

Nanolab, Indian Institute of Technology Kanpur



Ccontents

N\
‘ Nanolab - Characterization and Modeling Capabilities
’ An introduction to ASM-HEMT
‘ Modeling Power Devices using ASM-HEMT

’ Modeling RF Devices using ASM-HEMT

[
’ Characterizing Self Heating and its Modeling

‘ Trapping models in ASM-HEMT

Nanolab, Indian Institute of Technology Kanpur

53



Power

| a.CaB

Devices using ASM-

HEMT

- Modeling DC
- Modeling field plates

AAAAAAAAAAAAAA



Modeling DC: Room Temperature Output Characteristics

VY v veu we v g veu v
1E-1 b,

1E-2

- Output

conductance
versus Vd

wus (AIV) (1TIS) LOG]

ASM-HEMT accurately
captures the IV

characteristics of a
power GaN HEMT I
device. -

/

Id (A) (m/s) [E+0]
o
I I

Derivative of
output

S— conductance
L1 versus Vd

Gas' (AV2) (Mis) [ o
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Modeling DC: Room Temperature Reverse Output Characteristics

TNV IV Uy VY

| :l- | | | _,1'_ | | | é

Reverse Output

conductance
versus Vd

Gs (W) (M) (¢

Derivative of
reverse output

| conductance

vd [E+0]

Reverse Output Characteristics at
T=25°C

versus Vd
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Modeling DC: Room Temperature Transfer Characteristics

Vd @ 0.1, 0.5, 1 and 10V

Vd @ 0.1, 0.5, 1 and 10V 200 -
1.0 [ I | 1T 1 | I [ [ I I [ :
: 150 _—
- E C
0.8 — Transconductance e
B versus Vg £ T
N .
B CD 50 _—
0.6 — C
< N
-E : 0—6 4
0.4 —
0.2 — —
- Derivative of 2 L
B transconductance g|
0'0_6 ] 4 versus Vg e [
Vg (V) [E+O0] -

Transfer Characteristics at T=25°C
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Modeling DC: Room Temperature IV - Log Scale

Log (Id) - Vds (Vd>0) T=25°C Log (Id) - Vds (Vd<0) T=25°C

1E-1
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Modeling DC: Output Characteristics @ T=-20°C

1E+0

1.0
0.8 :_
06 F ‘ gy o
I Y g Output Output S
< oal L . Characteristics conductance ~
S - @ -20°C versus Vd @ -20°C %
02 >
0.0 § O
vd [E+0] The model scales accurately
. to sub-zero temperatures,
1E-1
o Log Output Derivative of output
= T Characteristics conductance
é—’\ \| 1E-2 @ -20°C versus Vd @ -20°C
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Modeling DC: Reverse Output Characteristics @ T=-20°C

Reverse Output Reverse Output

Characteristics conductance
@ -20°C versus Vd @ -
20°C

Yuo (11119) [E'3]

The model scales accurately

T to sub-zero temperatures.
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Modeling DC: Transfer Characteristics @ T=-20°C

The model scales accurately
to sub-zero temperatures,

100

MV Y W eV vy

1n_Tu

800 L — L — T LA B B
LA N B B B B B T T 50 1E-1 h o oocooo
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! ek il L d g
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Transfer Characteristics @ T=-20°C .

Transfer Characteristics (Log) @ T=-

20°C
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Modeling DC: IV Characteristics @ T=100°C

[SAVAV) -

Transfer 400
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Modeling DC: Reverse Output Characteristics @ T=150°C

Vg from -12to 3V @ 0.5V step

g 0B eSS Reverse Output Reverse Output L,
) | B Characteristics @ conductance versus ~
= S e 150°C Vd @ 150°C =

800, S S S The model can accurately capture high

v [E+0] temperature operation of the device.
This is particularly important for power
devices which generate a lot of heat. N

1E-1
T e - Log Output Derivative of reverse i
2 = Characteristics @ output conductance 2
E-. [ 150°C versus Vd @ 150°C 2
= °1E—3__ .

1E-4 | . . B
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Modeling field plates: Structure

Field plates flatten out the peak in the electric field caused by the sudden
drop in potential at the gate edge. TCAD showing field fluctuations leading to
a distributed field inside the device.

g
T T,
p St e Y TR
5 si di gpdi spdi d

A Gate Field Plate (GFP) and a Source Field Plate

(SFP) structure modeled as transistors in series.

_ 5 - S S _

[11S. A. Ahsan et al., IEEE Transactions on Electron
Devices (Special Issue), [2017]
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Dual FP GaN HEMT DUT

Top coat: Silicon

Gal HEMT
(Sub Source

Picture of the GaN device under test

5i0,
gsfp . sN__ [
.g L g
R Tl T2
s I L_l I GaN
s si di gpd spdi [ N —

Model representation of the device ~— . Schematic of the dual FP GaN device

[11S. A. Ahsan et al., IEEE Trans. Electron Devices, 63 (2), [2016]



Modeling field plates: Trends w.rt Drain Voltage

2 2 Measured Data o Mpasured Data
—— g FP, SFP Only ——No FP
o fith FPs, GFP Only a— GEP Cirily
V=18 = SFF Only
——Both FPs
u.% 6 Terminal Capacitance: Terminal Capacitance: Reverse Ll
& Input side (Ciss) (Crss)
5k
S R The plateaus in each capacitance curve ) o
0 25 50 75 100 125 itehing - @ 25 50 75 100 125
D Volans 0 denote the switching-off of one of the B ki
transistors in series as depicted in the
o Measured Data /Z)I’E?V/OUS slide. 20F1 i mi m ,
-] ——MNo FP ) Vv =15y T
— GFP Caly !T| OFF, a8 -
—SFP Oinly 0F ,I-ELF: i
<z 5t — ot FPs \ e | —
A p [ Vo= 15V : : , Activation of different series = ANV
2 e transistors with increasing drain TR
Output side (Coss) : 9 a0t F
g 3t voltage at a fixed gate bias o
2 Olna \!
T, 0N 1
'l 'l i i i —m i : ] A1 Il g i 'l
o 25 50 75 100 1z 0 50 100 150 200 250 300
Drain Voltage ':"'-'r:'r o IR, 0 T B Drain Valtage (V)
: : s 7 - - D o :

[11S. A. Ahsan et al., IEEE Transactions on Electron
Devices (Special Issue), [2017]
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Field Plate Models: Trends w.r.t temperature

T a3y, &5
1007 e 1587

Ciss (pF)

W =0V
Linas - Mocked

Symizods - Measured Oata

45
Gate Voltage (V)

Crss (pF)

Drain Valtage (V)

=30 15 0

Terminal Capacitance: Input e

side (Ciss) with gate voltage Input side (Ciss) with drain
voltage

Increasing temperature shifts the threshold
voltage in the negative direction - leading to a
corresponding shift in the capacitance curves.

Terminal Capacitance: Terminal Capacitance:
Reverse (Crss) Output side (Coss)

[11S. A. Ahsan et al., IEEE Transactions on Electron

Devices (Special Issue), [2017]

Ciss (pF)
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Mixed mode TCAD circuit using ATLAS

lI'I:

[11S. A. Ahsan et al., IEEE Transactions on Electron
Devices (Special Issue), [2017]

1l;

Schematic for Mixed-mode simulation using the
numerical GaN FP device generated in Atlas.

The FP-HEMT is put as the DUT with N 7 V. and O
V pulses of 1 MHz at gate.

The pulse has a pulse-width of 480 ns 20 ns rise
and fall times.

Supply voltage of 50 V' is chosen to capture the
maximum effect of cross coupling capacitances
on switching transients while an inductive load is
put at the drain.

Nanolab, Indian Institute of Technology Kanpur



Voltage waveforms

5 = > S
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plateaus due to accurate
prediction in sharing of the
gate drive current to charge

Turn-off by switching applied gate signal fromo VtoN 7
V, keeping applied drain voltage fixed at 50 V (FP vs No

Turn-on by switching applied gate signal from

N 7VtooV (FP vs ho FP)

S 60 4S Cgs and Cgd and the % ool 0 S
o ' 1, o associated gate-drain g 20 &
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-_'g' O ‘-. i . rom— A il - . . ‘E E -20 . L 220 E
= 850 1000 1050 1100 1150 = = 300 400 7 500{ j 600 700
me (NS

Time (ns)

Turn-on by switching applied gate signal from g Turn-off by switching applied gate signal fromo VtoN 7
N 7Vto oV (Mixed-mode vs Model) e V, keeping applied drain voltage fixed at 50 V (Mixed-
= — i mode vs Model)
1S, A Ahsan et al, IEEE Transactions on Electron
Devices (Special Issue), [2017]
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Current Waveforms

200
g 15|:i|-1 E
200 € 1004 =
Ehey | _ g™ :
< 50 -
£ 150} E g :
o S b 04 i)
€ 100 = " o] 7 Js”
@ @ 5o 1000 1050 1100 1150
S [ = Time (ns)
o S50F 3
i O Turn-on by switching applied gate signal fromN 7V to 0
{% ol "ﬂif V (Mixed-mode vs Model)
0 15 O
10
-ED 1 M L i 1 i 4
450 500 550 600 650 5
Time (ns)

Drain Current (m#A)

Comparison of modeled time-domain waveforms during turn-off
with and without cross-coupling and substrate capacitances.

N =
L]
Gate Current (mA)

Solid lines = Cross-Coupling(CC) and substrate model included Time (ns)
Dotted lines = CC and substrate model excluded.

Turn-off by switching applied gate signal fromo VtoN 7
V, keeping applied drain voltage fixed at 50 V (Mixed-
mode vs Model)

[11S. A. Ahsan et al., IEEE Transactions on Electron
Devices (Special Issue), [2017]
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- Extracting DC Parameters
- RF Model Extraction




Extracting DC Parameters

< J1e2 e <20

= 1E-4 E |
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1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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RF Model & Extraction |

Three step methodology
De-embed manifolds
Extract the intrinsic core model - Using low frequency Y-parameters
Extract Inductances - Using high frequency Y-parameters

Overlap

- Extrinsic

Manifolds

Model

Core surface potential based PDK
Access region resistances included in core
Bus-inductances in extrinsics

11 S. A Ahsan et al,, IEEE J. Electron Devices Society, Sep., [2017]
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RF Model & Extraction ll: Pad Parasitics

=0 _
Manifolds/Pads - Ry, Ry, | e;
Used to probe the device . Realv_ReaY, | =
Feed the signal to gate, drain & source bus-inductances for DMF it R
Measurements obtained using TRL Calibration ; : 115"
Transmission line type model " Frequency (GHz)
Reciprocal (may/may not be symmetric) ~ oo
De-embedded using "deembed” s2p components in ADS ey, Realy, 129 %
i 2
for GMF s Imag ¥y, e, ] o
- -1D.D£
- =125
W "“u'h\}'l.lﬁ.' m W * R 1 Frequency :GHJ:}
e Lynr Ryme | Rymr Lyur | SME 4f ik
—_— —_— S ik 1-5
Leyr for SMF & 1} Jus
= = = 3 W _ 120

10
Frequency [GHz)

Symmetric network used for GMF/DMF Single port SMF network

1S, A Ahsan et al,, IEEE J. Electron Devices Society, Sep. [2017]  IAGIESEIMIIEEL R TR R S llellele) A Clyl oIVl



RF Model & Extraction lll: Bus Inductances

20 2R e Key Pointers
Y1 = EE " E J g The effect of bus-inductances is ignored at low frequencies
1+w?Cge”R2 1+ w?2Cg R2 (assumption)
Drain & Source access region resistances ignored from
; hand analysis (not an assumption, it is an advantage)
. ;dz-[.'gd[_lgg Rg _im‘cgd Ilgnore some terms at low frequency (~ 10 GHz)
12.= = e Dn ; 3 (@assumption)
1+ w? Cfgg; Ré 1+ U-*"Ecgg Rﬁ Very simple - only need to adjust overlap capacitances &
gate finger resistances (advantage)
. 3, L
T GO Bm — W (15-:{(1ggng .l’“"-’tcgd + gmcggng} ! 3 )
41 — a2 - 2 2T W Ce” Ry + jurC — O Cag Rg — jwC
IR T i 1 +w?Cy; " R2 Y]~ m tE T Ol e
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- 12 1 1 1 1 ;
YE':I = &4 ~+ = “:Igﬂc ngg T Rg( gu'l(: gg”— Lx ngg” l:'ig.ri Cg{l C:lﬁ
= bds ) _
1 +w?Cy"R2 Em ‘Eas Rg
FOTT Y (2 2D \ 1 2
e .l“f{fgd“ T gmﬂg) + Jw Cgs;ci;d':-'g;gﬂ
+iwCas + . J

1 + w?Cy, °R2

(Im[Yn] + Im[Yys]) /o —Im[Yia)/w  Im[Yaz]/w = Cga (1 + I-f.mH:{}‘
Re[Yz] RefYga Re[Yn]/ («*C;)
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Fitting core model parameters using ADS

1.1 = Measured Dala 275F + Measured Data
_1oF Extract C¢so 250 [
A n
- 09} = [
o e ly I, = 10 - 100 mAmm
08F [ Extraction Range
200
07t
: 10
Frequency (GHz) Frequency (GHz)
* Measured Data aok . Maawmiﬂ I{Jstz:
Model 1, = 10 - 100 mA/mm Extraction Range @
300F  Extraction Range : _ . 1, = 10 - 100 mAmm
fg - —r e *—-—::-_-'-:*;:'1-- t.g 20
__--_'-'-'.T'T - E"ﬁ-
o i i il m ™
= 10 -
L . i Il -
1m L ] L] : : ' ERELIL *
L] [] # @ & B BSEaS 5k B
..... : e - 1 *
Frequency (GHz) Frequency (GHz)
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1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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Bus Inductance fitting

g g
= 1
o
5 5.
3'-: 9 :.-: I, = 100 m&/mm
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1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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L arge Signal HB Simulations
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Time domain waveforms of drain voltage & current. Load line

contours spanning the IV plane
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1S, A Ahsan et al, IEEE J. Electron Devices Society,
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Validation — Real and Imaginary Loads

Fairly accurate in predicting the maxima for Pout & PAE

il ; = s gident g WINFFE 0y, 4 o
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1S, A Ahsan et al, IEEE J. Electron Devices Society,
Sep., [2017]
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Load Pull simulations using ASM-HEMT
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Self- Heating Model

- The self-heating circuit is defined in a
thermal discipline.

Anlrinse Device AT - For the thermal discipline, power is the
\ equivalent of “current” and temperature is
the equivalent of “voltage”
:._...._._I_ ..: q g
- Y t) R B
: : b sl Under these conditions, applying KCL
pp—— p on the thermal subcircuit, we have:
diss
T =Ticur+AT _ Temp(R¢y)
Paiss = Ia X Vy P(Ren) = RTHO

: d
PR = 2 (remp - T
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Characterization

Tj1 = Tyoma + Ren X Pgissa lgs
Tnomz2 > Tnoma

Tr2 = Tnom2 + Ren X Pyiss2

At the intersection point:
le = T]Z
And Pg;s> = 0 (Pulsed at (0,0))

= Ren= ATnom/DPyiss

. DC @ Tnom 1

\With the ASM-HEMT model, the parameter . Pulsed (0.0) @ Tyow 2

RTHo is tuned till the simulated intersection

point overlaps with the measured intersection
point after thermal parameters like UTE, AT and Vy4
KT1 have been extracted. >

Extracting Ry, — Both curves are measured at the
same Vgs. The intersection point denotes a
common junction temperature.

Our model has been recently implemented in Keysight ICCAP.

11 T. Peyretaillade et al,, 1997 IEEE MTT-S International e
Microwave Symposium Digest, Denver, CO, USA, 1997.
doi: 10.1109/MWSYM.1997.5966190.
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Trapping models in ASM-HEMT

- Trapping Models in ASM-HEMT
- Extraction using pulsed measurements




Trapping Models in ASM-HEMT: TRAPMOD |

Key highlights

Dependent on drain voltage only
Bias-dependent and bias-independent options
Scales with signal power levels

Suitable for RF

Affects threshold voltage, DIBL, AR Resistance.

|74 1
+ cap —
Irrap = fF(Va) \ — * Vorr(Trap) = Vopr + (ATRAPVOFF + BTRAPVOFF - e Veap)
— 3
Rs(Trap) = Rg + (ATRAPRS + BTRAPRS - e Veap)
1 .
— — Rp(Trap) = Rp + (ATRAPRD + BTRAPRD - e Vear)

=
no(Trap) = 1o + (ATRAPETAO + BTRAPETAQ - e Vear)
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Trapping Models iIn ASM-HEMT: TRAPMOD ||

Key highlights

Dependent on both gate and drain voltages
Modulates just the drain side access region resistance

Suitable for PIV simulation

Vn'ﬂpl Vll‘ﬂpi Affects threshold voltage, DIBL, Subthreshold Slope,
_ 1 AR Resistance.
C) ("II'Elpl C) g ('Impl
: e & ——
M Riapi Liap2 Riyap2 Vorr(Trap) = Vorr + (Vorrtr - Viap2)
F {Vg} G (Vd) ”U{TFH'I]} =T+ [ffifl'l{ ) vlm;ﬂ}

Cpsep(Trap) = Cpsep + (CosepTr © Virap2)

H-rh-.[:rrr}-'llﬂ _ R:L!—i i (HTﬁl.‘l‘;t]'ﬂ]ﬂj i 5 {RTHE i ."i“:i.rn]f.?:'
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Trapping Models in ASM-HEMT: TRAPMOD |

Key highlights
th'-‘:lp Dependent on both gate and drain voltages
Modulates just the drain side access region resistance for
- dynamic Ron
| R C
trap t 7‘— t Suitable for simulating Power Devices
=F(Vg,Vd) & il Incorporates temperature dependence.
frap 1 { hn;l]

Il
)TALPHA

V(trapl T
L RD (Trap) — RD + ( p )( dev
5‘ '”'R‘““' ds """'RV'"" .d VATRAP \Tyoum
source | I drain
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Extraction using pulsed measurements

I
%ﬂ d Pulsed IV characterization in dual-pulse mode at a pulse

Vg U Increasing V4 |‘| frequency of 1000 Hz with a duty-cycle of 0.02 % is
/ Id qu ( performed under multiple quiescent drain and gate bias
Constant vg i conditions such that both the gate and the drain voltages
1 T \ = are pulsed simultaneously from the quiescent bias point.
ng 2 Iy The pulse width of 200 ns and the measurement window
: of 40 ns within these 200 ns is short enough to ensure iso-
: . 5 3 i thermal and iso-dynamic measurement of the pulsed-IV
! 2 have been extracted from I-:I. conditions & .
= I V, characteristics.
Pulsed-IV Scheme used to simulate the P-1V Characteristics
1.0 - I -V for V=12V
. Tg - Vg 10r Vg=2V 0.6 aValryy o2 f 88
EG'E: —y =5V, Iy =ImA %
E06F =V lg=90mA T 0.4 g0 ST . Pulsed - IV
g | — =20V, Ly SOmA E B Saturation current vm:w. lag™5mA chacteristics for
304 F —vy, =20V, 1, =00mA R, Increase O ; decreases = Vigq=2V, l3;=80mA - -
da dq I i multiple quiescent
= [ —DC |V {both V. and V) £ 0.2 f Rgy, Increases Viag=20V, |go=0mA - .
To2t v:8 e B V=20V, |5;=90mA conditions - using
o L Vo Shilt v o o ¥ Symbols=Measurement g
ook : are =1 { dq gmﬁ;;‘"ﬁ;m"m Sobdliness kel — Id'vg TRAPMOD Il
1 H L = i 4 L o L L 1 N 1 D.ﬂ i I ™ (] A ] a i i 1 i L i 1 & L i I i
-5 -4 -3 -2 -1 0 1 o 1 2 3 4 5 6 T & 8 Sl

Gate Voltage (V) Drain Voltage (V)
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Modeling the Impact of Dynamic rFin-width on the I-V, C-V and

RF Characteristics of GaN FIn-HEMTs

* New model handles the effective width of the 2DEG channel by considering
its depletion due to the presence of gates on the sidewalls of the fin.
e ASM-HEMT models 2DEG while BSIM-CMG models the bias-dependent

width-modulation due to the sidewalls. BSIM-CMG:
Calculate AW

Apply Terminal Volbages

aw < 07

BSi-CMG

AW
Zegleh; — Vy)
Werr = Wi — 2\/ ol
aNp
ASM-HEMT:
Caloulate charges and curments
USENGg Wy s
Gate Mebad
Swhatrata
: : . Fig. 5. Flowchart summarizing the modeling strategy adopted in this
Fig. 4. SGhematlp of the GaN Fin—HEMT ![GFDSS- section along gate). The article. The purpose of the smoothing functions is to prevent any discon-
gate covers the fin up-to a depth of Hy, in the GaN buffer. Also shown tinuities in the model, ensuring model convergence and robustness.

I5 the modeling approach of treating the structure as two transistors in P —

pafalhal—the EE_'E_G portion (shown II'T Y'f‘f”ﬂw]ﬁ"s'"%the ‘E'ESM;HEMT_"-'D?!EI A. U. H. Pampori, S. A. Ahsan, and Y. S. Chauhan, "Modeling the Impact of Dynamic Fin-

Eg?rl; Ef‘:ﬂ%ﬂalnggi part between the fin walls (shown in blue) using the  \igth on the 1=V, C-V and RF Characteristics of GaN Fin—HEMTs", IEEE Transactions on
; O Electron Devices, Vol. 65, Issue 5, pp. 2275-2281, May 2022.
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Fig. 13. Small-signal model used 1o simulate the S-parameters of the B2
dewvice, The as-dependent and parasitic capacitances are modeled as g 04
part of tha ASM-HEMT and BSIM-CME models. The AC sections used o
al the gate and drain provide a rough approximation for the manialds in A 0
tha absence of any de-ambaedding data. !;
14
Ll - o Y T 20§ 14
18
e L=~ Onmw/oMedel ... 355 g WS
=== B0 nm w/o Model e e
19 ) === 180 nm w/o Model ' , PR e RS Fig. 12. S-pammeter validation of the modal in the frequency range of 1-40 GHz for the device defined in Section [1-B. (a) Medeled reflection
o &0 nm Measured - n S-paramaters Sy, and S; show a perfect overlap with the measured data. Additional sub-circuits were added lo the small-signal model 1o compansate
1
o BOnm Messured for the manifolds in the device. (b) Modeled ransfer S-Parameters Sz and Sq have been scaled by a factor of 2.5 and 0.8, respectively. to fit them
E 1 an a single charl. Both 82 and Sy show a decent fit at low frequencies. The mismatch at high frequencies can be altributed To the lack of any
- O Lol neh Mastured ) de-embedding data, the measuremenis [28] have been shown as symbols and the model is demoted by lines.
B an = Model
noog
1f4
i5 -;ﬂ =5 L] g
V) N
Fig. 6. Subthreshold characteristics with fin-width scaling. The mea- e i B
— surements [4] are shown as symbols. The shift in threshold woliage and e b,

current levels is accurately caplured using the modified Vi gn and pgn :
expressions. The dotted lines represent the oulpul without the width- o s

depletion model. The kinks in the subthreshold siope at lower fin-widihs

are modeled using the deplation elfect. All curves are for a drain voltage

of01 W
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A Geometry-scalable model for self-heating in GaN HEMTs

Eymieal - Moaasured
ar Lifid - R, Madal -
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Symilsal - Magsured OC W ET 25 C 2] i B Weasured -| . W
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Vit Pevise e
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e ——i = el um
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5 10 i5 20 00 ) pres Toe -
Va (V) Total Width fumj

Fig. 1: (a) The output characteristics at V,, = 0V for all four gate peripheries are not captured with existing self-heating
model in ASM-HEMT. (b) DC and PIV output characteristics at V, = 0 V for all four gate peripheries. Lines represent
PIV measurements and symbols represent DC measurements. (c) R, calculated using the coincidence method for all
four gate peripheries and (d) DC output characteristics at Vg = 0 V for all four gate peripheries after implementing the

self-heating model.

R. Dangi, A. Pampori, P. Kushwaha, E. Yadav, S. Sinha, and Y. S. Chauhan, "A geometry-scalable SPICE compact

model for self-heating in GaN HEMTs", 80t Device Research Conference (DRC), Ohio, USA, June, 2022.
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Fig. 2: The transfer characteristics are accurately captured by the revised model for device peripheries (WxNF): (a)
4% 100 g (b) 4 5 125 pm (¢) 6 % 100 gm and (d) 8 x 100 gm .

- Fig. 3: The output characteristics are accurately captured by the revised model for device peripheries (WXNF): (a)
43 100 pm (b) 4 > 125 pm (¢) 6 x 100 gm and (d) 8 x 100 pm.
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S-parameter validation for different gate peripheries

Fig. 4. The model is able to capture the RF characteristics from 1 GHz to 8 GHz with high fidelity at V,; = 20 V for
different gate peripheries (WxNF): (a) 4 % 100 pm (b) 4 x 125 gm (¢) 6 x 100 gm and (d) 8 x 100 pm.
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A Width-Scalable SPICE Model of GaN-HEMTs for X-band Applications

Udpry = UA—UAy = W
VOFFe;; = VOFF +VOFFy x W
ETAO,, = ETAO — ETAQy x W

lee (A)

15 Rli]
Vs (V) il
1.6 30 wl a Symibni: Measurerment o [ N Pep—
' | st meomrement WenF=20v0um Lirv Uipatated Madal Lifve: Lipasisa Moosl
L. Evsting Mol o
15 & il \ 441 e o
" ,':_" L =- - BT A
___1.1] i) s {di :E- ) 5
E- 5”} ;:.- ) o 434 (0
3 3 = i
= - 2
0.5 u—'"-g.
0.5} of (@) o
- azT E,..-r"" |
0.0 0.0 I FET] P 244 280 700 710 240 260 W NP = 250 x 10
= i - g B ¢ = - 2 " « . Gate Width {pm) Gate Width (um)

Vis (V) Vs (V)
Fig. 2: (ap(b) Current - Voltage (fas = Fos) characteristics at Fos= -TV 10 -1V, Fig. 3: Model parameters ({74, ET40. and ¥OFF) calculated for different gare
step = 0.5V for different gate widths (c)-(d) Cwrent - Voltage (fos — Fos) widths.
charactensncs at Vo= 0V 10 30 V for different gate widths, With mcreasing
device width. the measured data (symbols) canmot be capiured by the existing
ASM-HEMT model (lines). A larger deviation can be noticed between
measured and modeled characteristics where the relative width difference is -
|31E',]1 berween the devices (1.e., 200~ Il},rmr and 250=10 umnr). , = — T

M. H. Ansarl R. Dangi, A Pamporl P Kushwaha, E. Yaday, S. Sinha, and Y. S. Chauhan, "A Width-Scalable SPICE Model of GaN-HEMTs for X-band RF Applications", IEEE
Electron Devices Technology and Manufacturing Conference (EDTM), Seoul, Korea, Mar. 2023.
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Width scalability for large gate peripheries

Fig. 4: Current - Voltage (fps

Fas) and mansconductance characteristics at Fupe= 0V w0 30V for different gate widths. The measurad data (svmbals) 1s well
captured using the updated ASM-HEMT model {lines}
1.5 1.5 2.0
W o MF = 200 - 10 Syl MBasureTent W = NE = 220« 10 um Syt Weasurement W« MF = 250« 10 um Syl Measursrmnant
L Upsdatied Mol Limee: Updated Modal

Limse: Updisted Mods!

1 (a)

lps (A)
Ips (A)

0.5t

© 5 10 15 20 25 30
Vs (V)

e Fig. 50 Current - Voltage (fps— Vos) charactensucs at Foe=—7 Vo -1 'V, step = 0.3 'V for ditlerent gate widths, The measured data (svmbols) 15 well capiured
using the updated ASM-I I_E MT model (lipes).

o
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Small and large signal RF validation for different gate peripheries

Fig. &: Measuped (symbols) and simulated {lines) S-paramerers at Fos= 30 F, FPgew -3.25 1 375 Fand fregq = 0.5 GHz 1o 435 GHz for (a) W > NF = 200 = [
gerin (B3 WV = NI = 2200 = ¥ i () W= NF = 250 = M s, 55 has been scaled with a suitable nimmber to improve visibility.

a0 40 = — 40 40
% « MF = 200 = 10 pm %#U:ﬂ]} W s NF = 220 = 10 pm 40 % () WJNFEESDKIﬂIH'I
= 30t 130 = | =30t > 130
5 s 3% oz 3 9
=20} 120— - | - .20 {20 =
lg E E 20} -EDE E H
.5 e | — ]
e Sees 19 En. -, | E'-"'L " p L 19

40 0 10 20 30 10 0 10 20 30 -10 0 10 20

Pin (dBm) Pin (dBm) Pin (dBm)

Fig. 7: Measured (svmbols) and snomlated (hnes) values of Gain, Pout, and PAE for different device wadilis obtamed for large-sigmal snmlanons at (a) 9 GHz,
For=-3.5 Vand Foc. =20V (b} & GHz, Fas=-3.5 Vand Fgs= 30V {c) 0.6 GHz, Fg=-3.3 V and Fos= 30V [T —
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Modeling of Blas-Dependent cifective Velocity and Its Impact

on Saturation Transconductance in AlGaN/GaN HEMTS

* There is progressive decrease in the saturation velocity in GaN
HEMTs with increasing Vgs.

* This is predominantly due to the scattering of electrons, forming
the high-density 2DEG, by optical phonons at high overdrive
voltages.

Measurement
V., = 8127382 em/s
v, = 2264901 cm/s

I, (ma)
i - % 2 £ 2 B EEE

e This dependence differs from the traditional mobility re
degradation models. 3 s R E _
R v 2 um x 100 um device
; 5 . ; r g3
. (.»;, Vo Vall It Via)] ~ %E:r.,n K vﬂ*f;‘;‘;?‘;u";im "
Vo 1 + 5 ) + 22(vg)™ “l  Dotted:v,, = 2264901 CM/S __ e :
E s} e )
of %
)
-1 3 ik

The difference in the modeled slope (colored areas)
Fia 5 v and s as mdacted from the model for the 2 um « 100 um jncreases with increasing drain bias. This is overcome
device after fitting, plotted againa! V. The dependance of vy on iy (blua

projection) follows & simdar trend as in [30] by COhSlde rl ng I blas_dependent Veff

A. U.VH. Pampori, S. A. Ahsan, R. Dangi, U. Goyal, S. K. Tomar, M. Mishra and Y. S. Chauhan, "Modeling of Bias Dependent Effective Velocity and its
Impact on Saturation Transconductance in AIGaN/GaN HEMTs", IEEE Transactions on Electron Devices, Vol. 68, Issue 7, pp. 3302 - 3307, July 2021.
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Fig. 5. {a) Transler -V characteristics of a 200 um = 2 um davice. The

drain vollage was swept from S0 mV to & Y with a step of 1 V. [b) Modal i
able 1o chosely Wallow ihe changes in o slopes of the g, charactenstics,
The dotted and dashed lines reprasant the minimum and maximum v,
axfracied fram the modal. used indepandanily,

Fig. S-parameters (500 MOHz—10 GHz) for three different drain-bias conditions
[(a) vd =10mV, (b) vd = 5V, and (c) Vd = 10V] and multiple gate bias conditions
[-6 (OFF-state) to -2 (Class A bias) with a step of 1 V]. Symbols — measurement,
model — lines. S21 for 5 and 10 V has been scaled by a factor of 4.5.

Device size: 2 um x 100 um.
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Fig. 7. |Hzy| plotted against frequency to evaluate fr for the 2 um =« Fig. 8. Model is closely able to follow the trends in fr at low gate voltages
100 pum device. The dotted line represents the unity gain. The inset  (where vey is higher), as well as at high gate voltages (where vgy is lower).
represents the change in fr with increasing gate bias. Measured data Data are shown for the 2 pum = 100 wm device.

are represented using symbols, while the model is represented using
lines.
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Modeling Cryogenic effects in GaN HEMTs
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Kink effect at cryogenic temperatures
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Fig: Measurement (Symbols) and Simulated (Solid lines) for V54 values shown in legends: (a) Ipg - Vpg characteristics at 10K with observable kink (b) Ipg- Vpg
characteristics at 60K with observable kink (c) I5g - Vg characteristics at 300K with no significant kink. :

Final expression for vpry with inglhesion of Kink is 2

Vicomn = b - Vies Vg

Veuk = Ve — sV iv g
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Kink effect at 3 different biases and temperatures
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Fig: Measurement (Symbols) and Simulated (Solid lines) for VDS values shown in legends: VDS = 5V denotes the pre-kink region and
VDS = (15V and 20V) denote the post-kink region (a) IDS - VGS characteristics at 10K. (b) IDS - VGS characterlstlcs at 60K. (c) IDS -
VGS characteristics at 3OOK with no significant kink observed. —
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RF Switch Modeling
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Figure. (a) Die micrograph of the 0.5 um node, 10 x 100 um dual- gate depletion-mode GaN-on-Si switch. (b) The
equivalent small-signal model of the dual-gate GaN switch device. The intrinsic model is shown in red and the parasitic
components are shown in blue. Elements with 'i' subscripts denote intrinsic capacitances, ‘fr’ subscripts denote fringing
capacitances and p subscripts denote parasitic elements. N . :
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[V and RF modeling for dual-gate GaN Switch

Symbols: Measured (b)
5 | Lines: Model

Vs =-12t00V

0.
<
8o,
0.
ul:lz -10 -8 -6 -4 -2 0
Vs (V) Vps (V)

Figure 2. Model extraction results for the 0.5 pm node, 10 x 100 pum
dual-gate depletion-mode GaN-on-5i switch, showing the (a) Transfer Char-
acteristics and (b) Output Charactenistics. Device characterization was limited
to a DC current of 400m .A.
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Figure 3. (a) Reflection and (b) Transmission S-Parameters of the 0.5 pm
node, 10 = 100 g dual-gate swiich in the common-gate mode from 500
MHz to 20 GHz with the parasitic network embedded. Gate bias was swept
from =20V to OV with a step of 0.5V at Vy, = 0V,
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Small signhal model including parasitic components
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Figure 4. The equivalent m-network of the parasitic components shown in
Fig. 1(b). The real part of the series components is used to extract Ry while
the imaginary part gives L, at high frequencies. C} is extracted from the
shunt branch at low frequencies. |
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Modeling harmonics and insertion loss for a switch
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Figure 5. (a) The impact of the developed model on the OFF-state
(Vs = —9V) harmonics is clearly observed. The dotted line represents the
standard ASM-HEMT model while the solid lines represent the new Harmonic
Distortion (HD) sub-model. (b) Insertion Loss for the measured device vs. the o
extracted model. Vs 1s swept from —20V to OV in steps of 0.5V,
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