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Abstract

Electrical equivalentcircuit modeling of active components is one of the most
important approaches for modeling hifsequency higkpower devices. Amongst the
most used microwave devicesAlGaN/GaN HEMTs demonstratedtheir superior
performance, making them highly suitable for 5G, wseland satellite communications
Despite the remarkable performance of AlGaN/GaN HEMTSs, these devices reside on
substrates that inke limitations onthe operatingrequency powerefficiency, and
current dispersion phenomenoAlso, there is a limitation in present parameters
extraction techniques being not able to consider both the substrate effect (Silicon, Silicon
Carbide, and Diaond) and the asymmetrical GaN HEMT structumethis thesis work, a
single extrinsic parametergxtraction techniquaising a single smastlignal topology
takes into accouriioth the asymmetrical GaN HEMT structure anddtfierent substrate
typeswith their parasitic conductiowill be developed and studiefdr the first time
Moreover,largesignal modeling using QuaBihysical Zone Division technique has been
applied to bth GaN/D and GaN/SiC to model the isothertmapping freedrain current,
and combined with a new simple technique for comparing performance between active
devices in terms of currexdlispersionThe modelsvereverified by simulating the small
signal Spaameters, largsignal IV characteristicsand singletone loadpull. High
accuracy was achieved compared to the measuredagatavailable in the technical

literature andbbtained from fabricated devices.
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Chapter 1: Introduction
1.1  Motivations

Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTs) are very
attractive devices for higlrequency higkpower applications, such as in satellite and 5G
communication systems HT]. In fact, GaNHEMTs ae commonly used nowadays for
the design of higlefficiency power amplifiers, mainly because of their large bandgap
energy (resulting in high breakdown voltages), and high saturation velocity, due to the
separation of the dopant atoms from the free chaeggers and polarization effects
(which mitigate the effect of the impurity scattering effects) [8]. Consequently, GaN
devices exhibit a large output power and high Power Added Efficiency (PAE). However,
the high power density of GaMEMTs results in anncrease in their operating
temperature, which deteriorates their PAE during normal and overloaded functioning
conditions [9]. This issue has led &oreduction in device lifetime as well as negative
current drift due to both the nucleation layer usethdmveen the GaN buffer and the
substrate (to reduce lattice mismatch between them) and the thermal resistance associated
with the substrate (this latter must be as low as possible to efficiently dissipate the heat
through the substrate) [9]. There shouldtiz@eoffs to have both reduced temperature
resistance and acceptable lattice matching between the substrate and the GaN buffer [10].
Therefore, in order to reach the full potential and capabilities of the KEaMT, one
should retain a substrate that haghbtow thermal resistance to reduce dwudhting
effects and high electrical resistance to reduce leakage current. Furthermore, it should
adhereto the GaN buffer by using a suitable material that provides a very little lattice
mismatch with the substraite order to reduce chargepping effects.

To address this issue, several substrate materials have been utilized fHIEGHN,
from which Silicon Carbide (SiC) and Silicon (Si) substrates are the most commonly
used [11]. The GaNHEMT on SiGsubstrate (@N/SIiC) is the statef-the-art GaN
HEMT. SiC exhibits moderate thermal conductivity with high electrical resistivity [9].
On the other side, the Si substrate of GaN oisubstrate (GaN/Si) has a thermal
conductivity that is about three times lower thaaNZSiC and high electrical resistivity

(comparable to GaN/SiC) [9]. Due to the lower thermal resistivity of the GaN/SiC
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compared to GaN/Si, it willdve a lower selheating effecassociated with it, which will
reduce the current dispersion and hence avgthe PAE. This feature shows the primary

reason behind the choice of GaN/SiC as a-sththe-art device.

In 2006, the GaNHEMT on a diamond substrate (GaN/D) was demonstrated in [12].
Diamond has a thermal conductivity that is fw@four-times thethermal conductivity of
SiC. Therefore, the GaN/D can haa40% reduction in channel temperature, leading to a
spacing between the gate fingers thtieees smaller compared to GaN/SiC, without
worrying about thermal crosstalk. This implies, in theory,eapected output power
threetimes larger than that of GaN/SiC while maintaining thermal reliability Ao,
diamond has an electrical resistivity of about 10 orders of magnitude larger than SiC.
Furthermore, its high substrate resistivity, with the pta& of having good matching
between the GaN buffer and diamond substrate, could lead to a tremendous improvement
in PAE by reduced selieating effects and leakage current induced by charge trapping
effects [9]. It is clear that GaN/D hadaluable pronses to the future of higlrequency
high-power amplifier design due to its increased reliability of thermal management

properties.

All of the above electrical characteristics, changgping and selheating effects,
should be modeled to efficiently cape their impact and learn how to mitigate them. The
electrical Equivalent Circuit Model (ECM) has been retained for the reason of good
compromise between the physical model and the behavioral model [13]. It can also be
relatively easyto integrate itin ComputerAided Design (CAD) tools. The current
dispersion due to buffethargetrapping, surfacehargetrapping and sekheating
effects can be modeled using the Equivalent Ciicargesignal Model (EGLSM) [14].
Furthermore, pulsed IV measurements adlow us with the help of the ECSM to
separate the three effects on current dispersion, allowing for more extensive studies on
each distinctive effecin order to reduce its impact. However, to develop an accurate
EC-LSM, an accurate mutbiased Equivient CircuitSmaltsignal Model (ECSSM) is
required [14]. The EEGSM can also describe the substrate electrical resistivity and the
parasitic conduction through the substrate, which induces leakage current caused by

buffer-trapping effects [15].
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However, based on the technicéterature, switching between different substrates
implies consideringlifferent circuit models, thus, different extraction techniques for each
circuit model. This approach increases complexity and obstructs the automation
capabilites of the extractoin addition to thatexistingextraction techniques do not take
into account both the asymmetrical GaN HEMT structure and the parasitic conduction
through the substrate together, which does not work for asymmetrical devices thit exhib
parasitic conduction through the substra#teneed for a single smatdlignal model that
uses a single extraction technique for all types of G#WTs should be studied
regardless of the type of substrate yseshould also take into account the asyrtnal

GaN HEMT structure and parasitic conduction effects in the extraction technique.

1.2 Literature Review

During the last three decades, numerous whike been proposed on developing
various models and extraction techniques for the GHMMT that describe various
physical and electrical characteristiéslarge-signal modeling approach was applied to
GaN/Si for RF higkpower applicationsas presented in [15]. This model takes into
account parasitic conduction through the substrate at lower fragaexscwell as charge
trapping effects and selifeating effects associated with higbwer applications. The
obtained values were optimized using a hybrid optimization method that combines
genetic and simplex optimization techniques. In 2004, a tempedgpendent model for
continuouswave (CW) and pulsethode operation was applied to GaN/SiC [16]. This
model used pulsed measurements at various biases and tempéeocatiessibe thermal
and frequency dispersion using smahd largesignal GaNHEMT modeds. In [17], a
generalpurposelarge signal model for GaN and SIRIESFET devices was developed
and evaluated usingC, S-parametersand largesignal measurements. This model takes
into account harmonics, wdih would describe physical dispersion and tinetay of
electrons to cross the channgltablebased largesignal model for GaNHEMT on SiC
substrate that takes into account chargpping and selheating effects was developed
in 2007 [18]. This model usdbke B-splineapproximation technique for meHelement
construction that improves intermodulatdistortion (IMD) simulation. The intrinsic

gate capacitances and conductarafebe smahsignal model were integrated in order to
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develop the gate charge and current source of the-s&ggal model.Pulsed 1V
measurements were used to characterize the current dispersion dudheatetf effects

and chargearapping effects under constant temperature. It was also found that using the
B-spline approximation improves thé&/lIsimulations. I19], an enpirical approach was

used to deal with nonlinearly dynamic thermal effects. The model was most suitable for
nonconstatHQYHORSH 5) DSSOLFDWLRQV VXFK DV LQ SXO\
nonlinear system modeling theory; however, the series was nbhf@rder to simplify

the model. All of the abovmentioned papers depend staticl-V measurements, pulsed

I-V measurementsand/orS-parameters measurements in order to devietiip the EC-

SSM andEC-LSM; they have also used different models depending on the type of
substrate used for the GANEMT.

As for the parameter extraction of the extrinsic part of theSIS®/, the existing
extraction techniques differ in terms of complexity, accuracy, and bfptopology
implemented in the extrinsic part. In 1988, a paper addressingsigral modeling for
MOSFETs was presented [20]. The paper describes a direct extraction of the extrinsic
and intrinsic parts of the smalignal model using few simple maix manipulations. It
ZDV YHULILHG WXpardamaters it weR GpHo2§.¥ GHn [21], dedicated on
wafer teststructures were used to model the RF behavior of the Dé&nderTest
(DUT). It proposes an improved thretep deembedding to suldct the influence of
parasitis and accurately model the RF behavior of the DUT. The paper in [22] showed
that extremely high gate voltagésve to be applied to correctly determine the series
resistances of the extrinsic part of GaN 0 7 §V -§&M. The athors in [20] and [22]
used cold pinctoff and forwardS-parameters measurements at high gate voltage, while
in [21], test structures were used to extract the extrinsic parameters. In 2006, a model
parametegextraction procedure for GaNEMT was introduceghowing that high gate
voltage is not necessary to extract the parasitic inductances and resistances [23]. An
efficient and accurate extraction algorithm for G4EMT was introduced in [24]; it uses
only cold devices to extract all the extrinsic paransewithout the need fdiorward S
parameter measurements. This model takes into account theldiayein the output
conductance as well. The work in [25] built a model that has 12 extrinsic components and

developed an extraction technique that uses onlid q@nchoff Sparameters
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measurements. This model is applicable for large G&WT devices witha 3.2 mm

gate periphery. It shows high accuracy with measurements without the néenvimd
Sparameters measuremenihe techniques described in [Z2P] used pinckoff S
parameter measurements to extract the extrinsic inductances and resistances without
relying on the forwardS-parameters measurementlthough GaN HEMT circuit
modeling is usually derived from linear conventioBgdarametes; nonlinear scattering
parametersor X-SDUDPHWHUV™ FDQ DOVR EH[26Y Hmramnh®elBRGHO V
are a superset obmaltsignal” Sparameters andargesignal” Sparameters. The main
reason for using thX-parameters for modeling GaN HEMT de\scis their ability to

include the device behaviour at harmoréghe fundamental frequency apecificbias

points. This leads to combining both the parameter extraction process and nonlinear
modeling by incorporating the nonlineXrparameter measurenisn However, it was

stated thatX-parameters lead to improvements in the extracted parameters only via
incorporating an artificial neural network, leading to additional complexity in the
extraction procedure [26]. In addition to thxtparameters do notedcribe the circuit
structure of GaN HEMT, which leads to different conversion rules and equations to
convert them taS-parameters, hence adding additional complexity [XBparameters

have great promising for the future of GaN modeling, thése behavigal-based

measurements still impose difficulties in the field of GaN modeling.

A performance comparison between GaN/D and GaN/SiC was present&{l ifhi2
GaN/D and GaN/SiC were modeled using anlESB/1 in order to compare the extrinsic
and the intrinsicparameters of both devices. However, no study was performed to
evaluatethe chargetrapping effects of both devices. The work i8][2sed an E€ESSM
that takes into account ambient temperature changes on the extrinsic and intrinsic parts of
the EGSSM forboth GaN/D and GaN/SiC. Sdikating effects were investigated 9] 2
between the GaN/D and GaN/Si by performandirect comparison between static DC
and pulsed-V measurements. It showed that dedfating effects are direr in GaN/Si
compared to GaN/Duwk to the excellent thermal conductivity of the diamond substrate.
No chargetrapping effects were studied in this reference. Most works in GaN/D are still
in their early phases, thus requiring more extensive studies in order to improve the
development and application of the GaN/D HEMT technoloy. [2
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The above literature review is certainly not comprehensive since that there has been a
great deal of work irthe field of GaNHEMTs modeling; however, it provides the

necessary information for the work presented in this thesis.

1.3  Objectives

As mentioned above, analyzing G4NEMTs with different substratewill imply

considering different topologies for the emsic network of the EESSM. This, in turn,

will require multiple extraction techniques thumcreasing complexity.The first
objective of this research work is to develop a single extraction technique for the extrinsic
part of the EECSSM of GaN HEMTSs, asuming a unique EGSM, regardless of the
substrate type. This model should be also applicabtifferent types of smalcaled

high mobility devices. This technique would simplify the automation of the extractor and
allows suchan extraction techniqueot be applied for different devices with different

substrate characteristics.

In [30], it was shown that due to asymmetrical deaxstreicture,a passivation layer
and buffer-trapping effects, there will be an electric field rearrangement that will cause
agymmetry between the gasmurce side and gatikain side as appose to typical
MOSFET structures. This asymmetry should be considered in our extraction technique.
To thebest of theD XW KR UV T N QR A0 éxiStihgextradetonl tddthnigle that takes
into account both the asymmetrical GaN HEMT structure angadanasitic conduction
through the substrategether The proposed extraction technigia&es into accountor
the first time,both the asymmetrical GaN HEMT structure and gheasitic conduction
effect The extraction technique and its correspondingI3B/ should be validated by
using other devices such as Graphbased FETs and as well as devices with different
characteristics than GaN/D and GaN/SiC, such as the GaN/Si, which has parasitic

conduction through the substrate at lower frequencies due to Hrdfgping effects.

The extracted parameters of the intrinsic and extrinsic parts will then undergo a new
optimization technique for firuning their values. The optimization technique is known
as Grey Wolf Optimizer, which was shown that has high accuracy and high chénces o

avoiding local minima if the scanning range is small enough, which is quite suitable with
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our extraction technique J333]. The next objective would be to implement the-E&EM
that takes into account the nonlinear characteristics of the €687 |V Gt $ource

current. The EGLSM, with the addition of pulsed IV measurements, will allow us to

separate the selfeating and chargeapping effects that are superimposed on the |

measurements. This step would, therefore, allow for a direct comparisoheof t

performance of the GaN/D vs. the stafghe-art GaN/SiC device, based on the

separated effects. The HGM will be implemented irnthe Advanced Design System

(ADS) for validation purposes and usedsimulate multipleclassAB power amplifies

(operatng at differentfrequency rangggo test bench our model and compare the results

with the technical literature.

The objectives of this work may be summarized as follows:

X

Develop an extraction technique that simplifies the automation of extracting
the extinsic part of GaN HEMT, even on different substrates.

Take into account the asymmetry between the-gaiece and gatdrain
electric field distribution due to asymmetrical devateucture, passivation
layer depositionand buffer chargéraps It should also take into account
parasitic conduction through the substrate.

Optimizing the extracted extrinsic and intrinsic parameter using Grey Wolf
Optimizer, this tool is suitable for this type of problem due to its high
accuracy and local minima avoidance dedlby the extraction technique.
Extraction technique validation by applying it to GaN/Si, GaN/SiC and
GaN/D, and by applying it on Graphehased FETSs.

Develop the EELSM for both GaN/D and GaN/SiC and using the puls¥d |
measurements in order to modeé selfheating and chargeapping effects

on current dispersion individually for each effect.

Implement the model using ADS for both GaN/SiC and GaN/D.

Test bench the models in ADS by applying the model imtitiple class AB
power amplifies targeted ér applications operating at the X baanad/orUHF

frequency range
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1.4  Original contributions

Original contributions can be highlighted from this work as:

X Proposing, for the first time, a single extraction technique for the extrinsic
network, whichuses a single EGSM that works accurately for major types
of substrates of GaMEMTSs. This extraction technique takes into account
both the asymmetrical GaN HEMT structuaed the parasitic conduction
through the substratevhich is a first in the fieldfdGaN HEMT modeling.

x $OVR IRU WKH ILUVW WLPH WR WKH EHVW RI WK
individual effects of selheatng, surfacdrapping and buffeftrapping effects
on current dispersion between GaN/D and GaN#&i€ed devices using

empiricalfitting parameters extracted from pulsed IV measurements.

15 Outline

Chapter 2 will be discussing thieeoretical background of GaNEMT necessary for
modeling its behavior. We will be detailing the reasons behind choosindtHG&N as a
candidate for higipower highfrequency circuit design, and its basic structures and
physics. 2DEG and polarization effects will be shown. Nidleal effects that are of
major concern when performing device modeling will be detailed. Thesedeah
effecs can be related to current dispersion due tehssifing effects and charge trapping
effects, parasitics within the devicand the substrate choice. Measurement data
necessary for this work will be discussed showing how each typeeaturemenis
consdered and how can they be utilized for building various circuit models. Finally,
modelng approaches will be discussed showing how the equivalent circuit model
compromises both the physidadsed and the behavioi#zsed model.

Chapter 3 is mainly divied into two parts. The first is related to the theory and
different smaklsignal modeling approaches of GR¥EMT. The second is related to our
work and contributions to the field of smalgnal modeling. In this chapter, we will be
showing the major pardies found in the smadignal model of GaNHEMTSs. Different
structures for the extrinsic part of G&NEMT will be studied sincé¢hey differ in terms

of extraction techniques and the amount of parasitics they con&#&eperformance
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metrics such as theansit frequency will be derived. Types of extraction approaches will
be provided. The proposed EXSM and extractiotechnique will be presented-depth
detailing the steps taken to extract the extrinsic parameters of HEEWIT and the
advantages behindhé proposed extraction technique. The extraction technique is then
applied toSparameters measurements obtained frioatechnical literature, specifically
2x100 um GaN/D[27], 4x50 um GaN/Sid34], 2x200 um GaN/S{35] as well as
Graphenébased FET36]. The extracted data will be discussed and validated for these
devices.

In Chapter 4, we will be modeling the nbinear drainto-source current with its
dispersive effects caused by chatggoping and selheating phenomena. First, we will
be looking at dferent topologies used for largggnal modeling, two of which
representing the intrinsicapacitances asharge components, while the third topology
will represent the intrinsic capacitances as current components. Werwill be
considering the techgues used to build the isothermal trappirege curren{18][37-38];
this latter can be developed using empirical methods such as extracting the isothermal
trappingfree current from pulsed IV measurements, or by using gpmsical models
such as the Surface Potentiabael [37] or QuasiPhysical Zone Divi®n model[38].
Wewill be retaining the Quasthysical Zone Division model in our research work ttue
its simplicity, high accuragyand lower number of fitting parametetempared tahe
Surface Potential odel. The position of the Fermi leveind the density of the-REG
will be numerically solved and fitted into a simplified expression, then the isothermal
trappingfree current will be derived taking into consideration mobility degradation and
velocity saturation. Finally, pulsd® measurements will be used for both GANand
GaN/SiC to develop the overall model that takes into account clram@ng and self
heating effects, we will be comparing the fitting parameters extracted from the pulsed IV
measurements between GaN/D and GaN/&i@ compare our insights with the

observatios from theliterature.

Chapter 5 will be related to model validation by implementing the overall model in
the Keysight Technologies Advanced Design System commercial soft8¢uéNe will

be showing how to implement the model using a Symudbli€efined Device and how
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to read the intrinsic components with the help of Data Access Components and Variables.
We will first simulate theS-parameters under small signal input and lesigmal DC bias

to verify their accuracy with measurements. Nexd,will be comparing the static DC IV
characteristics between simulations and measurementsoth GaN/D and GaN/SiC.
Loadpull and singleone simulations for class AB operation will be provided and

compared with measurements.

Chapter 6 willsummarise¢he work while giving research directions to future work.



Chapter 1: Introduction 11

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

References

K. Yuk, G.Branner and C. Cui, "Future directions for GaN in 5G and satellite
communications,’2017 IEEE 60th IntMidwest Symp. on Circuits and Syst.
(MWSCAS)Boston, MA, 27, pp. 803306.

Y. Pei, "GaN Technology for 5G Application?019 Irt. Conf. on IC Design
and Technol(ICICDT), SUZHOU, China, 2019, pp-4.

K. Kunihiro, S. Horiand T. Kanekq "High Efficiency Power Amplifiers for
Mobile Base Stations: Recent Trenalsd Future Prospects for 5GEICE

Trans. on Fundam. of Electronics, Commun. and Conguiencesvol. 101,
no. 2, pp. 374884, 2018.

T. Do et al, "743 GHz MMIC GaN HEMT VoltageControlledOscillators
(VCOs) for satellite applicatiorls2017 12th Eur.Microw. Integr. Circuits
Conf.(EuMIC), Nuremberg, 2017, pp. 2Z23.

J. Wang, H. Yu and F. Yang, "Design of GaN HEMT Cles$ower
Amplifier for Satellite Communication,2018 Int. Conf. on Microw. and
Millimeter Wave Techno(ICMMT), Chengdu, 2018, pp-3.

D. Maassenet al, "A 12-W GaNHEMT power amplifier for Kuband
satellite communication,’2016 21st Int. Conf. on Microw.Radar and
Wireless CommurfMIKON), Krakow, 2016, pp.-4.

K. Inoue, N. Ui and S. Sano, "High power and high efficiency G#WT
for microwave communication application2011 IEEE MTTS Int. Microw.
Workshop Semn Innovaive Wireless Power Transmiss.: Technol., Sgstd
Appl., Uji, Kyoto, 2011, pp. 26270.

D. Neamen,Semiconductor physics and devicéew Yak: McGrawHill
Higher Educ.2012.

F. Ejeckamet al, "GaN-on-diamond: The next GaNMicrow. J., vol. 57, no.
5, pp. 124136, 2014.

G. Riedel et al, "Reducing Thermal Resistance of AlIGaN/GaN Electronic
Devices Using Novel Nucleation Layers,"IlBEE Electron Device Leftvol.
30, no. 2, pp. 10306, Feb. 2009.

H. Amanoet al, "The 2018 GaN power electronics roadmajp'of Phys. D:
Appl. Phys, vol. 51, no. 16, p. 163001, 2018.

G. Jessen et al, "AlGaN/GaN HEMT on Diamond Technology
Demonstration,’2006 IEEE Compound Semicond. Inte@itcuit Symp, San
Antonio, TX, 2006, pp. 27274.



Chapter 1: Introduction 12

[13] G. Crupi and D. Schreurdvlicrowave deembedding Oxford: Acaamic
Press, 2014.
[14] A. Jarndal and G. Kompa, "An accurate shs@ginal model for AlGaN

GaNHEMT suitable for scalable largggnal model construction,” IFEEE
Microw. and Wireless Compohbett, vol. 16, no. 6, pp. 33335, June 2006.

[15] A. Jarndal, A. Z. Markos and G. Kompa, "Improved Modeling of GaN
HEMTs on Si Substrate for Design of RF Power Amplifiers,IHEE Trans.
on Microw.Theory and Technvol. 59, no. 3, pp. 64851, March 2011.

[16] J. Lee and K.Webb, "A temperaturdependent nonlinear analytic model for
AlGaN-GaN HEMTs on SiC," iIREEE Trans. on MicrowTheory and Techn
vol. 52, no. 1, pp.-®, Jan. 2004.

[17] l. Angelovet al, "On the largesignal modelling of AlIGaN/GaN HEMTs and
SiC MESFETSs,"Eur. Gallium Arsenide and Other Semicond. Ap8imp,
GAAS 2005, Paris, 2005, pp. 3332.

[18] A. Jarndal and G. Kompa, "Larggignal Model for AlIGaN/GaN HEMTs
Accurately Predicts Trappirgand SeKlHeatingInduced Dispersion and
Intermodulation Disortion," in IEEE Trans.on Electron Devicesvol. 54, no.
11, pp. 283836, Nov. 2007.

[19] I. Melczarskyet al, "Compact Empirical Modeling of Nonlinear Dynamic
Thermal Effects in Electron Devices," IBEE Trans. on MicrowTheory and
Techn, vol. 56, no9, pp. 20172024, September 2008.

[20] G. Dambrineet al, "A new method for determining the FET srrsiljnal
equivalent circuit,” inlEEE Trans. on MicrowTheory and Technvol. 36,
no. 7, pp. 115141159, July 1988.

[21] E. Vandamme, D. Schreurs and G. Dinther, "Improved tktep de
embedding method to accurately account for the influence of pad parasitics in
silicon onwafer RF tesstructures,” iNEEE Trans.on Electron Devicesvol.

48, no. 4, pp. 73742, April 2001.

[22] E. Chigaeveet al, "Determination of smakignal parameters of Gabased
HEMTSs," Proc. 2000 IEEE/ Cornell Conf. on High Performevices (Cat.
No0.00CH37122)lthaca, NY, USA, 2000, pp. 11B22.

[23] G. Chenet al, "A low gate bias model extraction technggior AlIGaN/GaN
HEMTSs," in IEEE Trans. on MicrowTheory and Technvol. 54, no. 7, pp.
29492953, July 2006.

[24] R. Brady, C. Oxley and TBrazil, "An Improved SmailSignal Parameter
Extraction Algorithm for GaN HEMT Devices," ilEEE Trans.on Microw.
Theay and Techn vol. 56, no. 7, pp. 1538544, July 2008.



Chapter 1: Introduction 13

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

J. ZamudicFlores and G. Kompa, "Improved measurertsaged extraction
algorithm of a comprehensive extrinsic element network for {aizge GaN
HEMTSs," The 5th EurMicrow. Integr. Circuits Conf, Paris, 2010, pp. 250
253.

R. Essaadaliet al, "A New GaN HBMT Equivalent Circuit Modeling
Technique BasednoX-Parameters," ilEEE Trans. on Microw. Theory and
Techn, vol. 64, no. 9, pp. 2758777, Sept. 2016

Q. Wuet al, "Performance Comparison of G®EMTs on Diamond and SiC
Substrates Based on Surface Po#&tiModel", ECS J. of Solid State Seind
Technad, vol. 6, no. 12, pp. Q17D178, 2017.

Y. Chen et al 7HP SHUDW X UdrméltskyisaH pe@orhtaiide  of
*D1(RQ(GLDPRQGnt. +X0afVNumer. Model.: Electron. Netw.
Devices and Fieldg. €2620, 209.

K. Ranjan et al, "Investigation of SelHeating Effect on DC and RF
Performances in AlGaN/GaN HEMTs on CMDiamond," inlEEE J. of the
Electron Devices Sacovol. 7, pp. 12641269, 2019.

J. FloresDevice characterization and modeling lafge-size GaN HEMTs
Kassel: Kassel UniPress, 2012.

S. Mirjalili, S. Mirjalili and A. Lewis, "Grey Wolf Optimizer"Adv. in Eng.
Softw, vol. 69, pp. 461, 2014.

A. Jarndal and Mal Sabbagh, "On Modeling of Substrate/Buffer Loading in
GaN HEMT UsingGrey-Wolf Optimization Technique,2019 8th In. Conf.

on Model. Simul. and Appl. OptifiCMSAQ) Manama, Bahrain, 2019, pp.
1-5.

A. Jarndal, S. Hamdan and M. Bettayeb, "On Neural Networks Modeling
Based on GA, PSO and GW Optimization Techniqua319 &h Int. Conf. on
Model. Simul. and Appl. OptifiICMSAQO) Manama, Bahrain, 2019, pp51

Z. Wen et al, "An efficient parameter extraction method for GaN HEMT
smalktsignal equivalent circuit modelint. J. of Numer. Model.: Electron.
Netw, Devices and #elds vol. 30, no. 1, p. e2122015.

A. Jarndal, R. Essaadali and A. B. Kouki, "A Reliable Model Parameter
Extraction Method Applied to AlGaN/GaN HEMTSs," itlEEE Trans. on
Comput:Aided Des. of IntegiCircuits and Systvol. 35, no. 2, pp. 21219,

Feb. 2016.

S. Wanget al, "Extracting Small-Signal Model Parameters of Graphene
Based FieleEffect Transistors"phys. status solidi (a) vol. 215, no. 24, p.
1800477, 2018.



Chapter 1: Introduction 14

[37]

[38]

Q. Wu et al, "A surface potential large signal model for AlGaN/GaN
HEMTs," 2016 11th Eur. Microw. IntegrCircuits Conf (EuMIC), London,
2016, pp. 34852,

Z. Wenet al, "A new compact model for AlGaN/GaN HEMTs including self
heating effects,2017 IEEE MTTS Int. Microw. Symp(IMS), Honololu, Hl,
2017, pp. 25255.



Chapter 2: Technical Background 15

Chapter 2: Technical Background

In this chapter, we will be discussing the basics of AlGaN/GdEMT. This
discussion includes the reasons behind choosing the AlGaNMHEAMT, its basic
structure,and its principle of operation related to the formation eDi@ensional
Electron Gas (2DEG) and poization effects. We will be also looking into the Rron
idealities of the AlGaN/GaNHEMT, mainly in terms of current dispersion effects,
parasitics, and substrate choice. The measurements required to model thdsalitms
will be discussed as well. Mgarements uncertainty is also an issue that should be
addressed while taking these measurements. Finally, we will be considering modeling
approaches, detailing their advantages and disadvantages.

2.1  Why GaNHEMT?

During the last decade, there has beedemand for higifirequency higkpower
semiconductor devices for microwave and radio frequency applications such as wireless
communications, satellite communications, and radars [1]. In the past, the Gallium
Arsenide (GaAs) MetaBemiconductor FiekiEffect Transistor (MESFETwas able to
achieve such demanding requirements by having a short channel length and increasing
the channel doping under the gate, which led to a high saturation current and high output
power [2]. However, reducing the channel lengid ancreasing the doping concentration
of the channel raised many issues such as velocity saturation and mobility degradation,
which makes it impossible for such devices to achieve the demanding requirements for
upcoming years [2]. The mobility degradatiand velocity saturation are caused by the
existence of a large number of dopant atoms and charge carriers in the same region (the
channel), where they at to experience multiple caions with each other causing a
reduction in the average mobility ofig carriers. This phenomenon kaown as the
impurity scattering effect [2].

In order to mitigate this issue, the free charge carriers must be separated from the
dopant atoms; this can be achieved by using two different semiconductor materials with
different bandgap energies that enable such separationiliaN and GaN. This type
of transistoris known aghe High Electron Mobility Transistor (HEMT). The idea is to
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cause a discontinuity at the metallurgical junction, which will create a 2DEG that has
only free charge carriers with no dopant atoms in the channel and, hence, the mobility of

charge carriers will increase greatly and the impurity scattering effects will be mitigated
[2].

The reasonfor choosing AlGaN/GaN heterojunction as HEMiemainly due to [2]:

X The large bandgap energy of the Galit causes the breakdown voltage to be
extremely high (which allows a large voltageing across it).

X The high saturation velocity, due to the separation of the dopant atoms from
the free charge caais, which mitigates the effect of the impurity scattering
effects (causing a large saturation cotr@nd large transconductance).

X The existence of both high voltage swarajd high saturation currents, which
allows HEMT deviceso exhibitlarge output powerand high PAE (making

suchdevices highly useful for highfrequency higkpower applications).

Figure 2.1 shows operating powers and frequencies for different tecteslegd in
developing RF poweamplifiers for various applications, underlining the fact that the

largest overlap is indeed covered by the GaN HEMT [3].

A
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[ SiC MESFET
100 —=|  Silicon GaN HEMT
3 GaAs HBT
5 10—
3
&
1 - GaAs HEMT
0.1 i | |
! 10 100

Frequency (GHz)

Figure 2.1 Operating power and frequencies for different technologies [3]
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2.2 Fundamentals of GaNHEMT

It is important to understand the basic physics behind AIGaN/@aMT operation
and the principles behind the formation of the channel that is responsible for current
conduction. It will be shown that AIGaN/GaN ishaterojunction that forms an electron
gas known as 2DEG. This 2DEG is formed either by free electrons donated by dopant
atoms from AlGaN or by polarization effects. The basic structure of AIGaN/EMT
will also be discussed. This fundamental theory isessary to understand the non
idealities that arise from suetomplex structure.

2.2.1 Heterojunctions

There are two different types of semiconductor junctions. The first is known as the
homojunction type where the two materials used to build this pmetre ofthe same
material and hence thdave equivalent bandga&mergy An example of a homojunction
is the typical pn junctionused to build rectifier Diodes. The second type is the
heterojunction type, where two different materials with different bapdenergies (such
as AlGaAs/GaAs or AlGaN/GaN) are used to build the junction [2]. Since the materials
used to build the heterojunction have different bandgap energies, it will result in a
discontinuity at the junction interface, causing the energy bangsnd depending on the
type and the density of dopant atoms in each material as well as the overlap amount
between the bandgap energies of both materials. The different combinations of types and
levels of doping of the materials, in addition to their dgap energy alignment, will

create several types of heterojunctions with different characteristics [2].

There are three possible alignments for heterojunctions, as shown in Figure 2.2a. The
first one is called straddling where the bandgap energy of the-gaiol material
completely overlaps the bandgap of the nargap material. Another type is the
VWDJIJHUHG DOLJQPHQW ZKHUH HDFK EDQGJDS FRYHUV D
energy(Figure 2.2b).The case where there is no intersection betweemtbhddandgap

energies is called the broken gap alignment [2]. The broken gap is shown in Figure 2.2c.



Chapter 2: Technical Background 18

Figure 2.2 Types of heterojunctions based on alignments: (a) Straddling, (b) Staggered and (c)
Broken Gap [2].

From thetype of dopants point of view, when both materials are doped using
different types of carriers such as nP or pN heterojunctions (the lower case letter is used
for the narrow bandgap material and the upper case letter is used for the wide bandgap
material),they are known as anisotypeterojunctions [2]. Isotype heterojunctions occur
when both materials are doped using the same type of carriers such as nN or pP. This
discussion about the heterojunctions and their different types is crucial for realizing

2DEG as will be seen in subsection 2.2.2.

2.2.2 AlGaN/GaN as a heterojunction and the formation of 2DEG

2DEG is a terminology that is used when electrons have quantized energy levels that
confine the movement of electrons in two dimensions only [2], i.e.Qraber to form
2DEG, the energy bands should bend in a way that confines the movement of electrons in
two dimensions only. 2DEG is formed by having isotype junction with bandgap energies
that havea straddling configuration as was shown in Figure 2.2a.rEi@u3a shows the
energy band diagram of AlGaN/GaN heterojunction before equilibrium condition, where
the wide bandgap material is astype doped AlGaN, and the GaN is an intrinsic narrow
bandgap material. In order to achieve equilibrium, the Fermi lesfelsoth materials
should be equal at equilibrium conditions. For that to happen, the bands should bend in
appropriate manners to achieve such conditions. Since the electrons density of the AlGaN
is higher than that of the GaN, the electrons will diffusenf AIGaN to GaN causing the
conduction band of the AlGaN close to the interface to bend upwards away from the

Fermi energy level. This will, in turn, increase the number of electrons at the GaN side,
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which will cause the conduction band at the edge ofirttesface of the GaN to bend
downward closer to the Fermi energy level. The resultant energy band diagram should be

similar to that of Figure 2.3b.

The major advantage behind such 2DEG formation is that the free electrons in the
GaN formed inside the poatgal well are separated from the donor atoms in the AlGaN,
which will mitigate the effectsof impurity scattering effectshus reducing mobility
degradation and velocity saturation [2]. Subsequently, the high electron mobility results

in large current desity and large transconductance of the device.

%;} """"""" E;
———————————— Ep
E,,
E7 : ;
n-AlGaN GaN n-AlGaN GaN

(a) (b)

Figure 2.3 AlGaN/GaNheterostructure energy band diagram (a) before equilibrium and (b) at
equilibrium [4].

2.2.3 Polarization effects and AlGaN/GaN as a HEMT

In AlIGaN/GaNHEMT, the formation of the 2DEG is not entirely due to the doping
density of the AlGaN wide bandgap material. It was found that a 2DEG can still be
formed regardlessf whether we dopor intentionally undope the AlGaN layer [4].
The formation of 2DEG in the casetbkundopedAlGaN layer is due to the existence of
an inherent electric field that has two components: one is due to spontaneous polarization
Pspand the other is due to piezoelectric polarizatter The polar nature of GaN and
AlGaN crystals generates a negative sheet charge at one face of the crystal and a positive

sheet charge on the other face. The generation of the sheet charge is mainly due to the
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high electrenegativity of the nitrogen [4].These charges will produce a burit

polarization field known as spontaneous polarization as shown in Figure 2.4a.

AlGaN and GaN crystals have differelatitice constants, which results tansile
stress on the AlGaN layer near the interface of the ¢jetestion. The stress does not
have any significant effect on the channel because, typically, the thickness of the GaN
layer is made larger than the AlGaN. This tensile stress induces static charge and a built
in polarization field due to the properties Mitride. The direction of the piezoelectric
polarization has the same direction as the spontaneous polarization, as shown in Figure
2.6b. Both types of polarization will result in a net positive charge at the AlGaN/GaN
interface and a net negative chaggehe top of the AlGaN layer, forming a polarization
dipole, as shown in Figure 2.6c. These net charges are similar to the polarization of
dielectrics, meaning they are not free charge carriers [4]. Due to the polarization dipole
and the electric field f=rinduced in the AlGaN layer, the 2DEG will be formed in order
to compensatdor the net positive charge at the interface of the AlGaN/GaN. The
formation of such 2DEG is possible even without doping the AlGaN layer [4]. However,
since the 2DEG is not sulgd from the AlGaN, it must have a different source of
electrons. The source is the surface donor states near the top of the AlGaN layer. To
achieve equilibrium conditions and generate the final charge distribution, the polarization
dipole should be comeimented by an opposite dipole; this dipole causes the formation of
the 2DEG at the heterojunction interface and the positive charge density at the top side of
the AlGaN layer [5]. This phenomenon is presented in Figure 2.4d.

AlGaN/GaN HEMT resides on a seifnsulating substrate that should have a good
lattice matching with the narrower bandgap material in order to reduce dhrapgeng
effects, otherwiseit induces leakage currents through the substrate andcescenergy
efficiency [5]. The drain and th&urce are made out of ohmic contacts to allow current
to flow from the drain to source or vice versa. The gate is formed from a Schottky contact
with the AlGaN wide bandgap material [5]. A basic structure of AlIGaN/G&WIT is
shown in Figure 2.5. The conl of the channetonductance is similar to the operation of
a ModulationDoped FieldEffect Transistor (MODFET): when a negative voltage is
applied at the gate, an electric field will be induced depleting the channel. If the voltage
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applied at the gatexceeds the pinebff voltage, the conductivity of the channel will
increase. Figure 2.6 illustrates how the 2DEG is depleted when the voltage applied at the

gate is well below the pinebff point.
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Figure 24 lllustration ofpolarization effects on forming 2DEG in AIGaN/GaN heterojunction:
(a) Spontaneous polarization before the heterojunction, (b) The junction creates tensile stress and
piezoelectric polarization, (c) interface sheet charges interact to form the polariiptteand

Enerand (d) The dipole andvgr form the 2DEG with electrons of surface donor states [4].
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Figure 2.5 Basic structure of AlIGaN/GaNEMT [5].
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Figure 2.6 Energy band diagram #1GaN/GaNHEMT with (a) Vo = 0 and (b) é< 0 [2].

2.3 Non-ideal effects of AlIGaN/GaN HEMT

GaN HEMT exhibits a great deal of nadealities due to the high mobility of its
electrons, and the structure of the device. Theseidealities can cause effectsat
reduce the performance of the device. The high electron mobility causes a large current
density that produces heat, which decreases the drain ¢lanehtin severe cases, the
current may collapse. Other effects are related to cemgedue to imperfections in the
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structure of the GaMEMT. There are parasitics associated with the device structure that
can lower the performance of the G&NEMT. The choice of the substrate greatly
influences the PAE of the GANEMT.

2.3.1 Current Dispersion due to self-heating and charge-trapping effects

Current Dispersion is the reduction in the value of dtaisource current under
staticDC and RF operation [6]. This reduction is dependent on the frequency of the RF
signal and the bias conditions [6[he current dispersion can be identified easily by
eyeballing the differences between static D&/ Imeasurements and pulsdeV
measurements, as shown iguwre 2.7. These differencasan depend on the pulse
repletion, theduty cycle, and the quiescent ®iaonditions at which the pulseeVi
measurements were performed [7]. Current dispersion due to operating frequency for
MESFET was explained by the finite times the electrons redjtiréorm or deplete the
channel, which lags the current response dubdadpid varying (higtirequency pulsed
[-V) to nonvariant (Static DC) or slowkyarying inputs [7].AlIGaN/GaN (called GaN
for simplicity) HEMTs have their currents highly dispersed and this dispersion is not due
to operating frequency only, but also @iited to other effects such as gadfating and
chargetrapping effects.
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Figure 2.7 Static DC (norpulsed) and PulsedM measurements for arbitrary G&NEMT [8].
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Since GaNHEMT devices are able to achieve very large posamsities, there will
be a hightemperature rise within their active regions. This high temperature can
deteriorate the performance of the GREMT during normal and overload operating
conditions, thus caugy current dispersion [4]. This thermal increase can also lead to
current collapse due to the reduction of elecamaturation velocity. The source of this
heat can be due to current flow in the active regions of the device, the ambient
temperaturgand/or the substrate thermal conductivity. The heat needs to be transferred to
other layers in order for it to dissipate; this dissipation depends on the thermal
conductivity of the GaN layer (called GaN Buffer), the nucleation layer (detailed later in
subsection 2.3.3) and the substrate. The finite thermal conductivity of materials results in
delays in transferring/dissipating the heat, which in result, will confine the thermal
heating in the active regions of the device, causingduction in the outputurrent and
the rated power [4]. Selieating effects lead ta correlation between the present state
and the output signals of the device, which causes the power amplifier to be dependent on
previous states or input signals. This is known as thermal nyef@h Seltheating
effects can be accurately modeled by employamgelectrathermal model using the
Equivalent GQrcuit-Largesignal Model (EGLSM), which will be discussed in chapter 4.

Other important factors in current dispersion are the chaagping effects;charge
trapping is the case of capture of an electron from and to the conduction band [9]. The
SODFH DW ZKLFK DQ HOHFWURQ LV FDSWXUHG LV FDOOH
electron from the conduction band and later emits ithie valence band, then this
capturing nature is known agecombination center or trap. Traps can exist at the surface
of the GaNHEMT, in the interfaces between layers or in the bulk of the semiconductor
layer [9]. The firsttype of chargdrapping effetis the surfacarapping effect, which is
related to electrons moving from the metal gate to the available positively charged states
in the surface layer of the GANEMT [9]. The positively charged surface states are due
to the polarization effect discued in subsection 2.2.3. Passivation layer added to the
surface of the GaNHEMT around the gate metal can prevent the surface states from
being neutralized by electrons, maintaining positive charge [10]. Figure 2.8 shows the
inclusion of a passivation lay& reduce electron traps. If the passivation process is not

perfect, which is usually the case, the electrons will be able to leak from the metal gate to
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the surface states abeé trapped. Such behaviour usually occurs under the influence of a
large eledtc field, which is the case under high power operation [11]. This reduction in
the surface charge will affect the equilibrium and the opposite dipole will cause

reductionto the 2DEG density in order to reach equilibrium, leading to surface traps

inducel current dispersion.

Passivation Layer

Trapped Surface
Electron State
Source i Gate l Drain Source Gate Drain

+ OO H +O0+04 | | ___1 t++H | s I
AlGaN AlGaN
e e e D e I S s o o s s S s e
2DEG 1 GaN GaN
Reduction
Substrate Substrate

(@) (b)

Figure 2.8 lllustration of passivation layer inclusion in G&NEMT: (a) trapped electrons on
surface and reduction in 2DEG density and (b) passivation layer preventing electron traps.

The othertype of chargdrapping effectis the buffertrapping effect related to traps
that exist at deep levels inside the GaN buffer or at the interface between the GaN buffer
and the substratd 0]. Under conditions of high draisource voltage and high electri
fields, electrons that are moving inside the 2DEG channel dmutdapped inside the
buffer traps. The long trapping time constant, in the order of 0.1 ms, prohibits the
electrons from following the higfrequency signal, making such electrons unavhilab
for current conduction [12]. The trapped electrons produce a negative charge, which
reduces the 2DEG density and reduces the channel current. This is calledrapfferg
induced current dispersion. The reason behind such traps l&sge number of
dislocations in the GaN buffer due to the large lattice mismatch between the GaN buffer
and the substrate [13]. Such dislocations will cause electrons to be trapped. A common
solution to reduce dislocations is to add a nucleation layer between the GaNabdffer
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the substrate. other source of bufferapsis the existence of background electrons due

to a small number of native donors. These donors can be compensated by adding acceptor
atoms. If the number of acceptor atoms was not enough to compensaieetuly

existent donor atomdeakage current during pinaff voltage can be induced through

the buffer and the substrate. However, overcompensation of the acceptor atoms will cause
more electron traps, and hence the number of acceptor atoms shouldrbeeoipto have

the minimum traps possible [10].

2.3.2 Parasitic effects in GaN HEMT

Parasitic effects in GaMIEMT are related to capacitive, inductive, and conductive
effects that are mainly due to device structure, electric field linkage, pad connections,
chargetrapping effectsand gate electrodes. In order to increase the output power of GaN
HEMT, we may require to enlarge the total horizontal area of the gate electrodes [4]. This
can be done by increasing the electrode width or adding more gate @sarmtl
connecting them in paralles if we are adding more transistors in parallel. However,
with an increased number of gate electrodes, the capacitive coupling and thermal
crosstalk effects are of great concern. Capacitive effects aré&meslin parasits related
to the separation between metal surfaces and the charge density on these surfaces. The
parasitic elements can be distinguished into two parts namely, the intrinsic part related to
the physical structure of the device and the extrinsic parttdueontact pads and

metallization effects.

The intrinsic elements are composed maiofyparasitic capacitances and parasitic
conductive phenomena. Figure 2.9 shows a structure of aHEANI showing the most
common capacitive components that can be fousdié the intrinsic part of the device.

The N+ GaN is used to provide improved contact with the drain and source electrodes
[14]. Cgstand Cyarare extremely small, and they are the capacitances associated with the
inter-electrode electric field linkage tveeen both electrode€gs1is due to the depletion
region under the gate, which couples the gate to the low resistivity 2DEG region
underneath the gap between the gate and the sourc&{iAs the fringing capacitance
between the gate and the GaN Cager under the source electrode. These three

capacitances can be lumped into a single ssagilal capacitanc€gys (will be shown
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later inthe EC-SSM). Cyqq hasa similar composition t&Cys and can also be lumped into a

singlesmaltsignal capacitance.

s ] D

n+GaN C_, XU,_ H/jﬂdz

undoped GaN

4H-SiC

Figure 2.9 Intrinsic capacitances of GANEMT [14].

Figure 2.10 shows typicdlys and Cyq plots for multibias points (differen¥gs and
different Vas) [14]. It can be noted fron€Cgs plot that Cys increases with/gs When the
GaN HEMT is below the pincloff voltage, Cgsis dependent only on the width of the
depletion region and hence has the minimal value of its distribution and is independent
(remain constant) o¥/gs variations due to the depletion of the 2DEG region. Wign
reaches the pinebff point, there will be asudden increase i€ys value due to the
formation of 2DEG and the decrease in the depletion width. Any increase in the value of
Vgs would only increasé&€ys by a small amount, indicatingn insensitive source edge-
gate to the depletion region [14gqplot shows thaCqdincreases with increasings, but
decreases with increasings The electric field has a peak value at the drain end and
decreases along the gatedrain length,which leads to a drop in charge. Abis
increases, the peak electrielfl point will be shifted alongvith the space between the
drain and the source, which causeseduction in the channel chaygend henceCyq

decreases [14].
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Figure 2.10 Typical Cq4sandCgyq plots under different bias conditions for GRIEMT [14].

A common assumption usually made is @gi= Cgyq below pinchoff point to reflect
the symmetry between the drain and the source with respect to their distances to the gate
electrode[4]. The locaion of the gate in a centered location between the drain and the
source is a common practice in small FETs. Any variation in the rat@s@g from 1
can be attributed to two main reasonsh@ying different distances between the source
to-gate and tl drainto-gate electrodes and (ii) chargapping effects and passivation
layers [15]. For example, an increased distance between the gate and the drain will
increase the breakdown voltage of the GaN HEMT, hence increasing its output power
even further 16]. Another scenario resembl@go versions of the 0.2hm AlGaN/GaN
HEMT that were studied in [15], one having SiN passivation layer and the other without
it. The paper mentioned th&%s increased in large magnitude below pinch point for the
device withSiN layer compared to the device that was not passivated. These effects make

the ratioCqdCgyd> 1 and should be taken into account during ssighal modeling.

For the extraction technique we implemented (as will be seen later in chapter 3), we
took into account thaCyd/Cgyq might be greater than one. It will be shown later that
GaN/D and GaN/SiC studied in this work will hav€g/Cqq ranging from 3 to 5 due to
the asymmetrical structure of the GaN/D and GaN/SiC, where the distances between the
gate and both the drain and the source were 2 um and 1 um, respgaijglg]. The
remaining intrinsic parasitic elements are the gate forward conduction, gate weakdo

conductionand drainto-source channel length modulation
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The gate forward and breakdown conductions are related tdogsdeirce and gate
to-drain active regions where diotlke behavior occurs, causing leakage current
depending on the bias condit® of the deviceThe drainto-source channel length
modulation is due to the shift in the location of the peak electric field from the drain edge
toward the source. This will cause an electric field in the depletion region, which
accelerates electrons #ite pinched point of the channel thus, increasing current. The

drainto-source conductance should decrease with incre&gaing

The extrinsic structure of the GaNEMT is related mainly to integlectrode and
crossover capacitances between the gate, scamdedrain [10]. It can also include the
capacitive effects of pad connections, measurement equipment, ,mantesobetip-to-
device contact transitions [10]. Irddition, there are some inductive effects related to
metal contact pads and access trassion lines. There are also some resistive effects at
the drain and source ohmic contacts and the gate metallization electrode [19]. Since the
probesand metallic conectiors are made at the gate and the drain of the G&WT,
the extrinsic elements shoubd symmetrical in values if the connections and the probes
are perfectly made; any deviation in the symmetry of these values can be related to
imperfections in therobesand connections asel as in the structuradymmetry. The
extrinsic section may include parasitic conduction through the substrate depending on the
leakage current through the substrate caused by Hrdfgping effects and lattice
mismatch between the substrate/nucleation layer/@affér [20]. Ths conduction will
be exhibited for both GaN/D and GaN/Si.

2.3.3 Substrate choice

As mentioned earlier, GaN devices exhibit a largégot power and PAE, which
leads to an increase in their operating temperature. This temperature increase leads to
selfheating induced current dispersion that can deteridtad®AE during normal and
overloaded functioningonditions. Two major reasons of such effect due to the
nucleation layer used 4dbetween the GaN buffer and the substrate (to reduce lattice
mismatchbetween them) and the thermal resistance associated with the substrate (this
latter must be as low as possible to efficiently dissipate the heat through the substrate)

[21]. There should be tradeoffs to have both reduced temperature resistance and
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acceptale latticematching between the substrate and the GaN buffer [22]. Therefore, in
order to reach the full potential and capabilities of the GHEWIT, we should retain a
substrate that has both low thermal resistance to reduckesgifg effects and high
electrical resistance to reduce leakage current. Furthermore, it should taditeré&aN
buffer by using a suitable material that provides a very little lattice mismatch with the
substrate in order to reduce buffempping effects. A full structure of GAHEMT that
includes all the layers added starting from section 2 is shown in Figure 2.11.

Passivation Layer (SiN)

Source Gate Drain

GaN Cap

AlGaN Barrier

2DEG W |[-- - -
GaN Buffer

Nucleation Layer (SiN)

Substrate (Si or SiC or Diamond)

Figure 211 GaNHEMT full structure with all defined layers.

To address this issue, several substrate materials have been utiliGaNRBIEMTS,
from which Silicon Carbide (SiC) and Silicon (Si) substrates are the most commonly
used [1]. The GaN/SiC is the staikthe-art GaNHEMT. SiC substrate exhibits 39050
W/m-K thermal conductivity and £al®® Y-cm electrical resistivity [21]. On the other
side, the Si substrate of GaN/Si has a thermal conductivity in the range-d5038/m
K and electrical resistivity of about 2.3>L8-cm [21]. It can be noted that, compared to
Si substratethe SiC substta presets a thermal conductivity thraemes higher as well
as a larger substrate resistance at low frequencies [20][21]. These features show the

primary reasons behind the choice of GaN/SiC as a-stdte-art device. In 2006,
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GaN/D was demonstrated [23]. Diamond has a thermal conductivity of 1&DO
W/m-K, i.e., two to fourtimes higher than that of SiC. Therefore, the GaN/D can have
40% reduction in channel temperature, leading to a spacing between the gate fingers
threetimes smaller compadeto GaN/SiC, without worrying about thermal crosstalk.
This implies, in theory, an expected output power thirees larger than that of GaN/SiC
while maintaining thermal reliability [21]Furthermore, the diamond substrate has an
electrical resistivity babout 18° Y-cm, which is 10 orders of magnitude larger than that

of SIiC substrate. The high substrate resistivity, with the potential of havgod
adhesive layer between the GaN buffer and the diamond substrate, could lead to a
tremendous improvemenn leakage current with an increased PAE. It is clear that
GaN/D holds valuable promises to the future of Higlguency higkpower amplifier

design due to its increased reliability and thermal management properties.

From an economical prespective, GaNgkhibits superior thermal performance in
terms of thermal resilience, which leads to lower cooling costs compared to both
GaN/SiC and GaN/gi21]. Even without cooling, GaN/D has lower mean titadall
and longer lifetime compared to both GaN/Si and @GaGliunder normal and overloaded
working conditions, which will lead to substantial energy savings for as long as 30 years
[21]. In addition to thatthe separation between the gate fingers of GaN/D can be brought
closer to each other without worrying abthtrmal crosstalk as apposed to GaN/SiC and
GaN/Si. This allows for increased fabrication density per wafer for GaN/D compared to
GaN/SiC and GaN/Sthus reducindabrication cost$21].

On the other hand3aN/D is, in fact, a relatively immature techogy that requires a
unigue fabrication process compared to other GaN HEMTs. GaN/D is fabricated by first
mounting a prdabricated GaN/SiC on a temporary carrier wafer (usually SiC) from the
GaN-cap side before depositing the active regions. Next, theen&®C substrate is
etched via plasma etching. A silicon mononitride (SiN) nucleation layer is subsequently
added on top of the GaN buffeRiamond is then deposited on the surface of the
nucleation layer via Chemical Vapor Deposition (CVD). Finally, therier wafer is
etched via plasma etchipgnd the active regions are deposited on the surface of the GaN

Cap layer [18]. This approach exposes the GaN buffer during the wafer transfer process
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thus, possibly introducindislocations and impurity atom comaations. Also, the SiN
passivation layer adds thermal resistivity to the device and slightly improves matching.
The resultant device incursicreased selfieating and buffetrapping effects as a
consequence (thus triggering leakage currents) TB&]séected substrate will greatly
influence the electrical characteristics of the GHNEMT. However, the particular
specificities of any retained substrate should be taken into account for efficient modeling
of the device behavior. For the GaN/Si, the lowegfrency impedance reduction of the

Si substrate should be considered [20]. This impedance reduction is due to the moderate
resistivity of the Silicon, which causes a-p diode formation (fsilicon/GaN/Metal)
inside the GaNHEMT [20]. For the GaN/SiC, theelf-heating effect is the most
dominant and should be modeled as well. Finally, for the GaN/D, théesihg effects
should be compared with the statethe-art GaN/SiC in order to determine the effects of

selfheating orthe current dispersion of ghtwo devices.

All of the mentioned effects, parasitics, and substrates, should be efficiently modeled
to predict the behavior of the GAEMT and to produce an accurate model that can be
used for building up various circuits. As will be seen in chaptee@® 4, there are
numerous smatsignal and largsignal models irthe literature that differ in terms of

complexity and their ability to modébe complex effects of modern GaNEMTSs.

2.4  Typical characteristics and measurements

In order to model th6&aNHEMT and its noridealities, we need to characterize the
device using different types of measurements. The necessary measureme$ts are
parameters measurements, Static BCrheasuremenisnd Pulsed-V measurements. It
is also imporant to take caref measuremenincertaintiegssociated with the equipment

as will be discussed in this section.

2.4.1 Two-port network parameters and their measurements

A two-port network has one input port and one output port, and a block that
represents transfer and impedance functions used to characterize {berttmetwork.
Numerous network parameters can describe a-povd network: impedanceZ-,

admittanceY-, hykrid H-, transmissionrABCD- and scatteringS-parameters. Of main
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importance to the modeling of GaNEMT are theZ-, Y-, and Sparameters. Thé&-

parameters are represented by a 2 x 2 matrix:

v, ° #Z, Z, oail °
< » L (2.1)
S{z Ya f221 Ly Yy}
where:
Vl
Zy Eliz 0 (2.2)
Vl
Zy, Elil 0 (2.3)
V2
Z,, Il' . (2.4)
V2
Z,, ILO (2.5)

whereZi1 is the opercircuit input impedanceZs is the opercircuit transfer impedance

from the input port to the output poHs; is the opercircuit transfer impedance from the

output port to the input porZz2 is the opercircuit output impedance [24]. Thé

parameters are mainly useful when trying to waiteexpression of series elements. The

Y-parameters are represented by a 2 x 2 admittaatex as follows:

eil ° a{n Y12 oevl ¢
» K X D 2.6
fz Y4 yZl Yo, 1242 1 (2.6)
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where:

Iy
Y11 71 v, 0 (2-7)
vy,
12 v, b o (2.8)
Y, 2
21 nx (2.9)
Vv,
Y22 C vy 0 (210)

whereYis is the shorcircuit input admittanceYiz is the shorcircuit transfer admittance
from the output port to the input poMz: is the shokrcircuit transfer admittance from the
input port to the output port, ané> is the shorcircuit output admittance [25]. Theé

parameters are extremely valuable when writing equations for parallel components of a
circuit.

Sparameters are represented basedrancident or reflected waves on the tport
network,a andb, respectively. Figure 2.12 shows a representation of gposonetwork

with the incident and reflected waves. Th@arameters can be represented by a 2 x 2
matrix as follows:

Bhe B $%%°
8% S S 7] @1
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where:

S, a k. o (2.12)
S, %alo (2.13)
Si %az . (2.14)
S, %alo (2.15)

wherea; anday are the incident waves at the input port and the output port, respectively,
and by and b, are the reflected wave&p is typically Y Si1 represents the input
reflection coefficient,S2 is the reverse transmission coefficie®, is the forward
transnission coefficient, an@gz is the output reflection coefficient [26].

ay az
—> <

by Two-Port b
<« Network _i

Figure 2.12 Two-port network forS-parameter measurement [27].

Sparameters are very useful for describing devices in the microwave range and they
are deined as traveling waveZ- andY-parameters measureméethniques do natork
appropriately in the higfrequency range due to the necessity of having short and open
circuit tests that cannot be implemented due to parasitic efg&jtdf deemednecessary
during the calculationsS-parameters can be convertedZtoor Y-parameters using well

knownconversion equations (Appendix ).
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In order to measure tl@parameters, we require a Vector Network Analyzer (VNA).
Figure 2.13 shows a typical measuent setup fo6-parameters measurements [28]. The
measurement setup has a VNA, Device Under Test (DUT), bias tee, power supplies, RF
cablesand Bias cables/NA measurements are done with respect to the reference plane,
meaning that the VNA does not ortgke into counts the waves at its terminals, but also
the effects of extra components in the network (shown in Figure 2.14). This requires the
VNA to be calibrated using either Sh@penLoadThru (SOLT) or LineReflect
ReflectMatch (LRRM) techniques[29]. The basic principle is to use dummy test
structures with different layouts (e.g. open, short) to characterize the area around the
DUT. The measurements obtained from different test structures can be used to remove

the reference plane effects and heoloinmeasurements that are more accurate.

RF cable Vector Network RF cable
o Analyzer (VNA) ©

Bias Tee Device Under Bias Tee
—© Test (DUT) ©

l o Power Supply o+
Bias cable Bias cable

Figure 2.13 Typical setup for measuring-parameterf28].
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Measurement Device Measurement
Plane J Plane’\ Plane
Coaxial mni:l A qmm Coaxial
Interface Interface
TEST FIXTURE

Figure 2.14 Difference between device plane reference and measurement plane reference on
accuracy ofS-parameters measurements [29].

2.4.2 Static DC |-V characteristics and measurements

The static DC vV measurements includde output characteristics and ttransfer
function. They describe the DC drain current with respect to the-tirgiource voltage.
This is done by sweeping the dradisource voltage for every gate-source voltage and
measuring the current at each voltage step. Figure 2.15 showsl tgpatic DC
measurements highlighting important regions, voltagesl currentsVps at which the
device is at the edge of the ohmic region and the saturation region is known as the knee
voltage ). Isatis the maximum current value achievable by thaaieduringthelinear
mode of operationV, is the pinchoff point (called threshold voltage) at which the device

enters the conduction modéy is the breakdown voltage [4].
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L

Saturation region

Pinch-off region
= Ves<=V,
Vbr VDS

O)

Figure 2.15 Static DC }V characteristics [4].

The measurement setup is done bywader probing station and DC voltage sources
that have current ammeter embedded with them. The supply voltage provides only
positive values, which requires modifying the connections such that idpsoxegative

voltage to the gate electrode [4].

2.4.3 Pulsed DC 1V characteristics and measurements

Drain current measurements are taken using pulsed voltages as the bias instead of
static DC bias. PulsedV measurements are done to remove the therffedte of the
device [4]. To remove thermal effects, the pulse width of the voltage pulses should be
significantly smaller than the time constants of the pulse width. If the duty cycle is low,
the heat produced by the current on each pulse will not bel agidat the next pulse. The
pulse voltages known as quiescent bias poiisdandVpsg should be superimposed
on statieDC bias poing characterized byssandVps. By choosing a particularssgand
Vbsqg We can build a family of curves by producing pulsegoint measurements, where
the points are the variedss and Vps [4]. Charge trapping effects are impacted by the
guiescent bias point and the pulse amplitude. Under pulse operation and when the devic
is initially pinched off, the electrons are injected into traps uadegh electric field. If
the pulse is short, electrons will not be able to escape the traps due to the low response
time to the short pulse [10]. However, if tlggiescent bias poinnhcreases fronthe
pinch-off point, electrons response time will increase and hence they will emit from the

traps. Hence, by steppiup the quiescent bias point above the pioffhvoltage, the
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amount of trapped electrgnand the amount of current dispem can be determined
[10].

The measurement setup for pulsed DC IV measurements incardes-wafer
probing station and a dynamid/lanalyzer. The dynamicV analyzer sets the quiescent
bias poins and generates the DC voltage pulses with the desugd aycle. It also

measures automatically the dynamic drain current of the device.

2.4.4 Uncertainties in measurements

Measurement uncertainties are classified as random uncertainties and systematic
uncertainties. Random uncertainties are statisticalufiicins that are random in nature.
They are due tohe precision limitations of the measurement device. Such uncertainties
are not reproducible. These types of uncertainties can be minimized through averaging.
Systematic uncertainties are the most impdrtggpe of uncertainties and they are
deterministic in nature and usually associated with the measuring equipment [30].
Systematic uncertainties can be minimized through the calibration of the measurement
system as was discussed in subsection 2.4.1. Hémeeneasurement accuracy is a
function of the calibration of the measuring equipment. It is important to calibrate the
measuring device to avoid inclusion of any parasitic effects that are not associated with
the GaNHEMT and to avoid such parasitics topapr in the EESSM. It was found in
[30] that due to the neidealities or imperfections of the calibration technique,
measurement errors increase as the frequency of measurement increases. Another
concern of higkifrequency measurement is the addition afggitic elements & high
frequency that are not included in the -B6GM. As will be seen in chapter 3, tBe
parameters measurements were taken up to a frequency of 40 GHz and measurement
uncertainties started to take effect at around 20 Gidmsinga small reduction in
accuracy of measurement recording. However, it was stated in [30] that the accuracy of
Sparameterds not greatly affected for small devices (i.e. < 400 um) in the -high
frequency range and hence measurement up to 40 GHzamatacenough to describe
the parasitic of the devicé. is important to know the frequency limit of the measuring
equipment at which it can provide the last accurate reading.
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2.5 Modeling approaches

Device modeling can be classified into three types: siglaybased model,

Behavioralbased modebnd Equivalent Circuibased model.

2.5.1 Physicatbased model

In physicalbased modeling, the device can be described using physical data such as
carrier transport properties, material characteristics, and el@gometry. The major
advantage of this model is the ability to contied device fabrication process in order to
enhance the described physics data. The response of the device is obtained by solving
nonlinear differential equations to describe the irakriteld of the device and the
electron transport theory. Numericahethods are needed to solve such complex
equations, requiringa very long time and large storage memory to process such

eqguations, which is not practical for the purposes of simple dewackeling [31].

2.5.2 Behavioral-based model

The lehavioralbased model treats the device as a black box that has inputs and
outputs. The basic principle is to inject signals at the input and then due to a response
from the black boxthe output will be poduced and measured. By testing the device
under vamus conditions, we can obtaoata from the output that can describe the
SEHKDYLRU ™ RI Wdf Hhe@bijof adventagesRf this modeling approachhate
() it is faster than the other modelimgpproachesnd (ii) it is a convenient modeling
approach when there is not enough information about the device. The drawback of
behavioral modeling is it does not provide meaningful information about the device from
the physical perspective. Thigx turn, makes it difficult to implement a model that
describes process variations in the device. It should also be noted that the acctlmacy of

model is limited to the range of measurements at which they were taken [31].

2.5.3 Equivalent Circuit -based model

Thelast modeling approach is known as Equivalent Circuit modeling. This modeling
approach compromises between physical and behavioral models [32]. In order to form
the equivalent circuits, we require both behavioral measurements and physical knowledge
of the device. Behavioral measurements canSqerameters measurements, static DC

measurementand pulsed DC measurements. Physical knowledge can be related to self
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heating, chargérapping effectsparasitics,and substrate effects on GA\EMT. The
Equivalent Circuit modeling approach is divided into two major parts, one is the
Equivalent Circu#Smallsignal Model (ECGSSM) which requires S-parameters
measurements in order to describe parasitic and substrate effects. The second part is the
Equivalent CircuilLargesignal Model (EGLSM) which uses static and pulseeV|
measurements to describe current dispersion due tdhesatihg and chargeapping

effects. The data from the E&®SM are necessary to build the E6M, and hence, the

final model should describe all of the mentioned effects of the G&EWT. EGSSM
parameters are extracted using direct extraction and hence they are much faster than the
physical modeling approaches. Optimization techniques can be added to enhance the
extracted pemeter values; however, optimization techniques may be computationally
exhaustive. Nevertheless, Equivalent Circuit modeling approach is still faster than
physical modeling. EEGSM will be discussed in chapter 3 while HEEM will be

discussed in chapter 4

2.6 Conclusion

In this chapter, we showed the importance of GaN HEMT devices in 5G, satellite
and wireless communications. This is due to the high mobility and high breakdown
characteristics of the AlGaN/GaN material. We presented the fundamentalaNof G
+(079V RSHUDWLRQ DQG SK\VWLFV VKRZLQJ WKDW WKH *I
bandgap energies that have the straddling configuration. This allows the formation of
2DEG in the quantum well, which separates the free electrons from the dopant atoms in
the AlGaN. Even if the 2DEG is not formed conventionally via the AlGaN/GaN
heterojunction (i.e. undoped AlGaN), 2DEG can still be formed thrélgpolarization
effect due to the polar nature of GaN and AlGaN crystals and the ehsgativity of
nitrogen. Nonideal effects of GaN HEMT on current dispersion were also discussed. One
of them is the selheating effect that produces shkating induced current dispersion.
Another effect is the surfadeapping effectcaused by positivelgharged states oraps
existing at the surface of the GaN HEMT near the gate. Another trapping effect is the

buffer-trapping effect due to traps existent in the interfaces between the GaN khéer,
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nucleation layerand the seminsulating substrate. If electrons getpjpad, they would

cause charge&apping induced current dispersion.

Parasitics within the GaN HEMT structure include intrinsic and extrinsic
capacitances, gate forward conduction, gate breakdown conduction, extrinsic resistances
and inductances. Among them, parasitic conduction through the substrate is an important
parasitic that existdue to buffeitraps and the finite resistivity of the substrate. The
effects of asymmetrical GaN structutbe passivation layerand buffeftraps on the

symmetry of the intrinsic capacitances wexposed.

The substrate choice affects greatly the electrical characteristics of a GaN HEMT.
Silicon substrate has a lefrequency reduction in the input and output impedance, which
leads to parasiticanduction through the substrate. Silicon Carbide substrate is affected
by the self-heating effect due to the moderate thermal conductivity of Silicon Carbide.
GaN on Diamond substrates have high thermal conductivity but may be affected by

buffer-traps dudo the wafer transfer process.

Developing a model that can describe the mentionedidesl effects require
measured data like&sparameters or/and static/pulsed IV measurements. Modeling
approaches were briefly introduced, showing that the Equivalenit modeling
approach is a good compromise between the empirical and physical modeling

approaches.

The theoretical background presented in this chapter builds the foundations needed to
develop the device EGSM and EGLSM. However, the development of HGM

necessitatethe development oEC-SSM, which will be presented in the next chapter.
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Chapter 3: Small-Signal Modeling and Proposed Extraction Technique

In this chapter, we will be mainly concerned with the topologies of the -sigakl
model and their extraction techniques. We wilirt by describing the parameters of the
intrinsic and the extrinsic parts of the structures of GEWTs. RF performance metrics
will be derived for the GaN HEMT. We will be showinige most common extraction
techniques for the extrinsic part while irdeacing our proposed extraction technique, a
convenient approach that takes into account different subsamdegarasitic conduction
for GaNHEMTs as well as the effects of asymmetrical strugtilme passivation layer
andchargetrapping phenomena on atge distribution. A recent optimization technique
will also be applied to tune the extracted parameter values. It will also show the high rate
of convergence of the optimizer and its capabilities of avoiding local minima points.
After that, a typical ininsic extraction technique will be applied to extract the intrinsic
parameters of GaRIEMTs. The proposed extraction technique will be applied to four
devicesf Sparametes measurements obtained from technical literatuzaN/D,
GaN/SiC, GaN/Siand Graphee-Based FET.

3.1 Small-signal model topologies

As mentioned in section 2.5, the srsitjnal model should be able to consider all
components that model the physical behavior of the device. The elements associated with
the active region of the device aradkvn as intrinsic elements. The intrinsic network
may include the channel capacitances, gate forward and breakdown conduction elements,
output impedanceand channel transconductance. The elements associated with the
outside network are known as extrinsiements. These elements may include capacitive
effects of pad connections, probasad probe tigo-device contact transitions. It can also
model the parasitic conduction through the substrate due to finite substrate resistance and
buffer-trapping effects Figure 3.1 shows parasitic elements and conduction elements

mapped on a basic GaN HEMT structure.
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Figure 3.1 Parasitic and conductive elements of GaN HEMT showing intrinsic (red) and extrinsic
(blue) elements [1].

3.1.1 Intrinsic Circuit

A typical intrinsic network is shown in Figure 3.2. This network considers all
intrinsic components that can be found in a typical GaN HEMT. In this figlgds a
lumped capacitance that comprises of three capacitance elemmiely,rthe capacitance
due to the depletion layer separating the gate and the 2DEG from the source side, the
fringing capacitance between the gate and the GaN Cap, and the capacitance between the
inter-electrodes of the gate and the souf@g.can be summaed as an intrinsic gate-
source capacitanceCyq is the intrinsic gatéo-drain capacitance and has the same
distribution of Cg4s but with the drain instead of the souré®&.and Ryq are resistances
associated with the charging and discharging of #pedion region from the source side
and the drain side, respectively [Bqst is the forward gate conduction a@jqr is the
gate breakdown conductance. These two conductive elements are due to tHkeliode
behavior occurring in the device active regioGmis the channel transconductance [2].
is the transit time of electrons to move from the source to the drain. The exponential
function is due to the reduction of the transconductance at higher frequencies due to the
HOHFWURQV Y Gylard Qavfardv tha Infilsic output impedance modulated by
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the drain voltageGgs can be attributed to drato-source channel length modulation and

Custo the intrinsic capacitance between the source and the drain [2].

od

no

Figure 3.2 Intrinsic smalisignal model of GaNHEMT [2].

It should be noted that the intrinsic parameters are bias depewtiait require S
parameters nasurements at different bias points. It is extremely important to guarantee
accurate estimates d@lgs, Cga and Cys under pinchoff point because these intrinsic
capacitances are correlated with the extrinsic capacitances and hence they affect the
extractedintrinsic elements at these multiple bias points. The Frbid intrinsic

elements can be used to build a simplelESBA.

3.1.2 Extrinsic Circuits

There have been multiple approaches on which extrinsic network best detueibe
extrinsic part of the GaMEMT. Figure 3.3 showshe most commonly used extrinsic
networks for the GaNHEMT [2-10]. All of them include extrinsic series resistandg&g (
R4, andRs) and inductanced §, L4, andLs). Rsand Ry are due tahe source and drain
ohmic contacts, respectivelfgy is due to the gate metallization [1g, Ls, andLq are
related to the inductive contribution of the metallic contact pads and access transmission
lines. The model in Figure 3.3a takes into considerali@xpected parasitic elements of
the device and reflects the physics of the device over a wide bias and frequency range [3].

This model is accurate for large gate devices where the electrode and crossover
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capacitances can be distinguished from pad capaas [3]. In this modeCgysi, Cqai and

Cusi are related to the int@lectrode and crossover capacitances between the gate, source
and drain.Cgp, Cgp and Cygp take into consideration the capacitances due to pad
connections, probes and probe-tpdevice contact transition [3]Cyg is assumed to be
equal to Cgp under the conditions of symmetry between the two pads or/and the
measuring probe<yqi is assumed to be equal to twice the valu€gp. If the spacing
between gatéo-source and gat®-drain ae equal, we can assur@gs = Cgyq. It was also

found that makingqsi= 3Cpa Mminimizes the error significantly [3].

The model in Figure 3.3b is used for small GaN HEMT devices where the
interelectrode capacitances and the crossover capacitances may be ignored [4]. As a
result, the model simplifies to an extrinsic networlCgf andCgponly. In this model, the
values ofCqp andCgpare tuned until a predefined error value is reached [4]. The extractor
should be designed carefully to make sure reliable values are achieved when the minimal
error is found. For exampl€gp, should not be significantly different fro@y, to take into
DFFRXQW WKH V\PPHWU\ RI WKH GHYLFHfV SDGV > @ +R.
3.3b do not take into account parasitic conduction through the substrate relétted to
finite electrical resistance of the substrate and burfégping effect. Parasitic
conduction is critically exhibited by GaN/Si devices and mildly exhibited by GaN/D [5],
[11]. GaN/SiC has a very good lattice matching between the GaN buffer and SiC
substrate. GaN/Si must include a substrate model meaning that the mod&a an@
3.3b fail to characterize the device [2]. The models in Figures -8)3fake into
consideration the substrate network to model parasitic conducti@][@igure 3.3c
introducesRyg, Cgg, Rid and Cya to model the parasitic conduction through substrate,
which induces a leakage current through the substrate. In this model, dularte
number of unknowns, it was assumed Bgatshould be equal t64q under conditions of
symmetry, andCgs should be at minimum value [2]. The model may alsauihela shunt
pad resistan&Ryp andRyp as shown in Figure 3.3d [7]. However, this model was tested
in [8] using open test structure for GaN/Si and showed that the vallgs aid Ryp are
very large compared to the impedasioé Cyp and Cqp at lower frequencies, hence the
model can be simplified to the one shown in Figure 3.3c. The model in Figure 3.3e was

also proposed to improve the accuracy of the substrate model for GaN/Si. The model
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proposes the inclusion of segments of RC network tdeithe pi-n parasitics of the-p

silicon/GaN/Metal

disadvantages of such topology is an increase in complexity of the extractor, as well as an

layers within the GaN/Si structure [5], -[80]. The major

increase in the number of parameters that need tpbmized, which makes it more

likely for the optimizer to fall in local minima points.
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Figure 3.3 Different circuit topologies for GaN HEMT (a) for large periphery gates with no
substrate model, (b) GaN/SiC model for smalides with no substrate model, (c) model for
small devices with substrate model (d) another configuration for substrate model arBQe) N

substrate model [Z]JLO].
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The extrinsic parameters are bias independent, and hence they are extracted only once
(andoptimized once) for all bias points (under the conditions that they are independent of
frequency and bias voltages). The extrinsic parameters can be extracted using various
methods and techniques as will be seen in section 3.3.

For our developed extraoti technique, we havedecided to choose the model in
Figure 3.3c. The model is suitable for evaluating the parasitic conduction through the
substrate as appose to the first two models. In addition to that, élba®r number of
components compared togeres 3.3d and 3.3¢hus, minimizingthe computational costs
for both the extractor and the optimizer. The model should also work even if parasitic

conductions are at minimal effects.

3.2 RF Performance metrics

There are two figures of merits used to chtraze the performance of GAEMTSs:
the unity currengain cutoff frequency: and the unity powegain cutoff frequencymax
fi and fmax set up the design constresnfor the GaN HEMT such as the operating
frequency, size, gajrand number of gate fingers. In order to figdve need to find the
magnitude of the shedircuit current gainhz4| first and then equate it to 1. With the help

of the simplified circuit in Figure 3.4, we can write the current equations as follows:

. Vii4C, C.) (3.1)
ly CnRVie (3.2)
R R Ry

whereCn, is the miller capacitance calculated using:

Cn Cy Cull G,e 1 RelR R)y (3.3)
Re R R

dividing (3.2) by (3.1) and taking the magnitude, we get:

Iout| Gdes (34)

|h21| ‘Iin ZCQS ng)(Ris Rj &) ngZBdes(Ri &)




Chapter 3: Smaibignal Modeling and Proposed Extraction Technique 52

given¥ = 2,’byf equating (3.4) to one and solving fave get the final equation:

f G (3.5)
2 scgs ng )(1 Gds ( Rs Rd )) Gngd (& Rd )
G Ry 13

lour

—— Cg,\‘ = Cn V,G,,,e Jer Cl) [] G (Ra+ Rs)

Figure 3.4 Smaltsignal model for calculations &f

In order to derive an equation ffarax we have to find the maximum power g&@max
and equate it to 1. However, the derivation requires the addition of a conjugate power
matching in order to achieve this maximpower gain. The equation in (3.5) may be
simplified to assist in the derivation. If we neglect the extrinsic series resistances and the

drain to ®urce channel length modulatiand assum€gys>>Cgyq, We can rewrite (3.5) as:

f # Cn (3.6)
28
and hence (3.4) can be written as:
lof _Gn T (3.7)
li,| 28C, f

we may use the circuit in Figure 3.5 to assist in the derivatiofmsf Under match

conditions, the maximum power gain can be written as:

1
—1
2 out R)ut 1 L)Z Raut (38)

G —(
EIiann 4 f Rn
2

max
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where the current is halved due to the current splitting between the load and the output

resistance (or the input and the input resistance) and quartered due to the resistance being
halved due to impedaacnatching.

Rout andRin can be formulated as follows:

R #(i ﬁ)l (3.9)
" Ris Cgs ng '
R R xR R#R R R (310)

hence substituting (3.9) and (3.10) in (3.8) and using (3.6), we can &juate 1 and
solve forfmax We get:

ft

ul
2

(3.11)

max

R

S G
i

Re
C

D
l ; ” match
Vi RL
gs )
- ViG et
1 ® [,

ds

Ri

Figure 35 Smaltsignal model fofnaxformulation.

We may surmise from the expressions in (3.5) and (3.11):that fnaxarereduced
due to the extrinsic series resistances and to the finite output channel condudgtaisce.

also affected by the series gate resistance, which can be reduced by adding more gate
fingers in parallel.
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3.3  Extrinsic parameters extraction techniques

In order to achieve high accuracy in extracting the intrinsic network of GaN HEMT,
we must guarantee accurate reliable extraction of the extrinsic network. There are two

different techniques used to extract the extrinsic network.

3.3.1 Extraction using open, short and thru test structures.

Test structures fabricated under different connections are used to simulate different
branches of the extrinsic network of the GaN HEMT. These tests are open, short and thru
structures [12]. Figure 3.6 shows all possitdst structures of GaN HEMT with their
equivalent circuitnodels in Figure 3.7. The open test structure (Figures 3.6b and 3.7b) is
patterned in a way such that all terminals of the GaN HEMT are isolated from each other,
hence under such conditions, orie tcapacitive admittances will be measured by the RF
probes [12]. In shorteststructure(Figures 3.6¢ and 3.7c), the gate, the drain, and the
source are shorted together. This test structure includes all inductive and resistive
impedances and capacitiamittances of the extrinsic network [12]. For the open
structure, we may perfori@&parameters measurements and convert theYrprameters
in order to extracltpi1, Yp2 and Yps by using tweport network techniques. The extracted
parameters then get -@entedded from the short structure by converting them fiém
parameters t@-parameters and removitp1, Zp2 and Zpz effects. This is known as two
steps deembedding technique [13]. Twmort network formulas can be used to determine
the series impedanc&s:, Zi» andZ 3. In order to improve the extracted parameters, thru
structure may be used (Three stepsd#edding technique) [12]. Figures 3.6d and 3.7d
show the thru structure. Thru structures occur when shorting the gate with the drain while
leaving thesource open. After being extracted, the parameters may be embedded together
to produce the final extrinsic network for the GaN HEMT, as shown in Figure 3.7a.
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Figure 3.6 Different test structures for GaN HEMT: @prmal, (b) open, (c) short and (d) thru
structures [12].
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Figure 3.7 Circuit models for test structures of GaN HEMT: (a) normal, (b) open, (c) short and
(d) thru structures [13].
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This technique provides high accuracy for éx¢racted extrinsic network due to the
isolation feature of the test structures. However, test structures might have to be

customized in order to characterize each fabricated device, which is costly.

3.3.2 Extraction using cold pinch -off and cold forward Sparameters measurements

In this technique, we can extract the extrinsic parameters by splitting the extrinsic
network into two different networks. We have tiparameters network consisting of the
pad capacitances and possibly the substrate model and@-plaeameters network
consisting of the series extrinsic resistances and inductances. The values of the elements
used to construct thé-network can be extracted under conditions of low frequency and
cold pinchoff point (i.e.Vesat minimal value an¥ps = 0V) [14]. After extracting thé-
network, we can dembed theY-network from theZ-network by converting the-
parameters int@-parameters and then subtracting their influence. The elements&f the
network can be determined under the conditionsigh frequency and cold pinebff
point [14]. TheY-network extracted earlier is embedded into Zheetwork to build the
extrinsic network of the GaNEMT.

The accuracy of the elements of tHAenetwork can be improved by having cold
forward S-parameters nasurements of the device [14], [15]. By-elmbedding they-
network from theZ-network, we can extract the series inductances and series resistances
at cold forwardS-parameters measurements (Mes = OV andVps = 0V). However,
involving forward S-paramegrs measurements will increase the complexity of the
extractor without significant improvement in accuracy [16]. The advantage ofasuch
extraction technique is that it can rely only on one se&pérameters measurements
(cold pinchoff) in order to extact all the extrinsic components; furthermore, it does not
require test structures for each fabricated device, which facilitates automation for
different devices.

3.4  Proposed extrinsic parameters extraction technique

Becausdlifferent substrates imply ffierent effects on GaMEMT performance (for
example parasitic conduction at lower frequencies for GaN/Si, buéfieping effects in

GaN/D and selheating effects in GaN/SiC), multiple circuit topologies were developed
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as was seen in subsection 3.1.2clEaircuit topology requires a unique extraction
technique in order to extract the extrinsic parameters of the GaN HEMT [2]. This
approach makes it difficult to automate the extraction process by having a library of
different models with different extraotn techniques. In addition to that, most existing
extraction techniques do not take into account the asymmetry beGyesmd Cyq due to

asymmetrical GaN structure, buffeapping effectsand passivation layer inclusion [17].

Our proposed extractiondieniqueuses only one extraction technique and one single
EC-SSM that can be applied to GaN HEMTs built on different substrates. It teelps
automatdhe extraction technique, a key issue in CAD approaches. Another advantage of
this extraction technique is that it takes into account the effects of GaN asymmetrical
structure, charg&rapping and passivation layer deposition on the asymmetry between
Cygs and Cyq values. It also takes into account the substrate conduction efdu.
extraction technique can be divided into two parts: the first is relatedetoeliable
extraction ofCgs and Cys values and the second is related to the substrate parameter

extraction. Figure 3.8 shows the proposed&EM.
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Figure 3.8 Proposed equivalent circtsmallsignal model [2].
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Before going into the proposed extraction technique, it is very important to determine
at which frequencies some of the extrinsic parameters may be neglected. This is very
important for the reasons of simplifying the extraction technique. Figure 3.9 shows
generic plot of the imaginary part of tiveparameters over vs. . Fhis plot is takn
under the conditions of cold pindif bias point, meaning that all conduction elements
inside the intrinsic network can be neglected; hence we are left off witexthasic

network and intrinsic capacitances [14].

We may notice from the plot that there are three regions at which thée@m
changes dramatically. The first region is at low frequencies. In this region, the pad
capacitance€,g and Cpq With the substite modelCyg, Ry, Cad and Raa and the intrinsic
capacitanceSCgs, Cqda and Cgs are most dominant [2]. The inductances and series
resistances have extremely small contribigianlower frequencies and hence they may
be ignored [2]. The second region ig ihtermediate frequency region. In this regigg
andRyq can be neglected and herEg and Cyg (Caa and Cpg) may be combined as one
element (as will be seen lateth the third region of high frequencies, the inductive
effects and series resistances are most dominant and hence they must be considered. It
should be noted that the intrinsic capacitances are existent at all frequencies [2]. It should
also be noted that s® devices that do not exhibit parasitic conduction through the
substrate have indistinguishable i@ & DW UHJLRQV , DQG ,, FRQVWDQ
in GaN/SiC.
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Figure 3.9 Imaginary ofY over¥ plot showing three differémegions of interest.

While extracting the extrinsic capacitances belthve pinchoff point at cold
conditions, we will be presented with more variables than the numb&rSDUDPHWHUV {
equations necessary for describing them [18]. It is a common approach to scan the pad
capacitance€qgp and Cqp until a minimal error is reachedhile making assumptions on
the other extrinsic and intrinsic capacitances28 These assumptions are made based
on the physics and the structure of the device. Few references, for example, l&yve set
= Cga and Cys = 0 assuming a symmetrical GaN HEMT structure [19][20], while others
assumed equivalent pad capacitances [21][22]. In our case, we have minimized such
assumptions and depended mainly on the scanni@gp@indCqp to extract the extrinsic
parameters. Thefore, our extraction technique will be suitable for both symmetrical and
asymmetrical devices regardless of the type of substrate used.
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3.4.1 Phase 1:Cyg and Cys estimation

The first phase is concerned with extracting reliable value€doand Cqs. Under
cold-pinch off bias voltageand low frequencies (Region I), the circuit in Figure 3.8 may
be simplified as shown in Figure 3.10. All conduction elements in the intrinsic network
are neglected with the extrinsic series inductaraoed resistances. Weaw write Y-

parameters expressions as follows [23]:

Yll Ygg jZCgs ng) (3-12)
Y22 Ydd J'chs ng) (313)
Yo Yn JZ:gd (3.14)
where

jZ:gp(l jz;ggRgg)
- 3.15
1] Ry(Cyp C) &)

| L2, ]

| Lol | LsaRuo) 316

“ 1 Ru(Cyp Cud)

Cgd
G O_T 4 i D
Cos :E = Cds
Cgp e i Ir Cdp
D
Co T [|Ree R4 —[ Cad
S o—& y | > S

Figure 3.10 GaN HEMT extrinsic network at Region | [23].
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The basis of the extraction technique is to scan the valuég ahd Cqp (as detailed
later) in order to determine the remaining values of the extrinsic parameters of-the EC
SSM. However, the values @y and Cqq require extracted values of bofys and Cgs,
which are difficult to estimate. Consequently, we should extract first the val@sasfd
Cus using a simpler model (Figure 3.11) valid at Region Rig(and Ry¢ are both
neglected) and, then, by combining the series combinations offgetnd Cyg (Cap and
Cqd) into a single capacitance. We confirm that this approach is valid and can be verified
by taking the limits of (3.15) and (3.16) @sapproaches infinity. Another way to verify
this simplification is by obseimg the plot that was shown kgure 3.9; where at Region
I, the ¥ Im[Y] plots are constant witafrequency indicating that the admittance is purely

capacitive. The corresponding new simplified equations can be set as [4]:

Yll jlcgp Cgs ng) (3-17)

Y22 jZCdp Cds ng) (318)

ng D
O
S

I 11T

1s

O+

Figure 311 GaN HEMT extrinsic model at Regioh[#].

It is clear that the expressions have been simplified greatly compared to (3.12) and
(3.13).Cgyd can be calculated by taking the imaginary part-¥f(y). Cys and Cyscan be
calculated from the imaginary part of (3.17) and (3.18) divided hyhile Cygp and Cqp
are already defined through the scanning processAfr extracting the extrinsic and
intrinsic capacitancesCgp and Cyp are deembedded from the overall cui¢ by

converting they-parameters intd-parameters and then subtracting their effects from the
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overall Z-expressions. By moving the extraction into high frequencies (Region ll1), the
inductance effects will appeéFigure 3.12, whereCy, Cs andCq resut from converting

Cys Cya and Cgs from delta to wyenetwork for simplification purposes. From Figure
3.12, we have [4]:

z, R R ja, L) (= 1

e c (3.19
. 1,1 1
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Figure 3.12GaN HEMT atRegion Il after deembedding the extrinsic capacitances.

We can then obtain the values of the inductances by multiplgingr the Z-
expressions in (3.198.21) and then taking the imaginary part [4]:

1 1
Im[ Z,,] Z2('—9 L) (C_ E) (3.22
g

S

1 1
Im[ Z,,] z (L L) (C_ E)
s (3.23

Im[ Z12] ZLS i
C

S

(3.29
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As seen from (3.24), we can get the valud. by plotting the Im§ 2] vs. ¥2 and
then calculating the slope using the linear regression technique. SimildtlyafiodLq by
using (3.22) and (3.23), spectively. The next step is to-debed the impedance of the
inductances from the stripp@dparameters. This can be achieved directly by subtracting
the impedance of the inductors from the stripped impedances. After that, the series
resistances can beteacted using the same technique as for the inductances; however,
the impedance expressions should be multiplied W3y in order to reduce the
nonlinearities caused by the incompleteedebedding of the extrinsic capacitances and
inductances [4]. After muftlying the impedances by? and then taking their real part,

we get

Re[ZZ)] Z(R, R)

(3.25
Re[ZZ,,] Z(R, R) (3.26
Re[ZZ,] ZR (3.27)

To getRs, we plotted Ref?Z17 vs. ¥2 and then used lineargeession to get its value.
Similarly for Ry and Ry by using (3.25) and (3.26), respectivallp to this point, all the
extrinsic components are extracted excéfp, Rdad, Cgg, Cdg, and the intrinsic

capacitances.

The main point behind the above extractias to reach a good estimation of the
values 0fCgs and Cys before including the remaining extrinsic components. To do so, as
mentioned above, botBy, andCqypare incrementally scanndéiedm 0 up to the maximum
allowable values in (3.17) and (3.18). At each iteration, using the new incremental values
for Cgs and Cgs, the resultant simulate§parametersS"™ are compared with measured
dataS"e@ until reaching a usedefined minimum errovalue, which expression has been
set as [24]:

i I\Il | Re( jSim I!Vleas) | | Im(SJSIm J_Meas) |

1
~ 3.2
N Iyl max] Re ")  max|Im(§"®)| (3.29

H
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The values that provide the minimum error will be used to estimate the final values of
CygsandCqys In the above equatioil is thenumber of data points. A plot of the scanning
process using (3.28) for the case of GaN/D and GaN/SiC can be seen in Figure 3.13. As
seen from the figure, there is a broad mofvalues at which the minimuwalue occurs.
However, the only reliable valus the one that gives us both the minimal error and close

values betweeflyp andCgp to take into account the symmetry of the pad capacitances.

€ (%)

Figure 3.13 Cy4p andCy, scanning plots to determine the minimum error for (a) GaN/D and (b)
GaN/SiC.

3.4.2 Phase 2: Substrate model extraction
After extracting the reliable values @ys and Cgg, Ryg, Rad, Cgg and Cqq are re

inserted, as shown in Figure 3.10. Knowing the valugSgeand Cgyq, (3.12) and (3.13)

can be reexpressed in terms of (3.14) as:

Ygg Yll le(l D (329

Yo Yo Yol 5 (3.30
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where

gd (3.31)

In order to extrac€Cyg andCqd, We have to consider the imaginary pariygfand Yy,
respectively. This should be achieved at Region Il where the influenéggaridRyqare
negligible. Under such calitions, we can substitute (3.15) and (3.16) into (3.12) and
(3.13), respectively, leading to:

Im(Y,,) ngcgp

C s C d

z ng Cgp ’ ’ (3.32
Im(YZZ) CddCdp C C
ds d

Z Cy4 Gy o (3.33

The values 0fCqyy and Cqq can be then extracte®yg and Ryq can be calculated by
substituting (3.15) and (3.16) into (3.29) and (3.30), respectively, and then by taking the
inverse of the real parf both sides and multiplying them hy?:

z 1 ng (Cgp ng)2
RelY, Y,(1 DOl RggCSD i Cop (3.39
Z 1 Cp C
2 dp  “~ddy2
RelY,, Y,(1 4] Rddep Rl Cdp ) (3.39

from these equations, the valuesRyf and Riq can be deduced by plotting (3.34) and
(3.35) vs.¥? and determining the slopes of the curves at Region I.

After extracting the pad capacitances and the substrate network of the circuit shown
in Figure 3.10, theY-parameters will be converted in@oparaméers and then de
embedded from the overaltparameter relations where tNenetwork contribution will
be removed. The resultant circuit will be as in Fig@rgé2, and hence the remaining

extractions of the series resistances and inductances can be edmplie same way as
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described above in phaseQy, andCqp will be scanned again from 0 to max(vaf]/¥)

and from O to max(Im{22]/¥ ) respectively. The extracted values of all extrinsic
parameters are chosen based on the minimal error calculated by (3.28). After extracting
the extrinsic components and the intrinsic capacitances, we can determine the i®sultant
parameters and compatem to measurements. However, it is recommended to optimize
the obtained values using an optimization technique in order to improve accuracy and
fine-tune them, as will be shown in the following section. A summary of the extraction

technique is shown in éflow chart in Figure 3.14.
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Figure 3.14 Flow chart of the extrinsic parameters extraction technique.



Chapter 3: Smaibignal Modeling and Proposed Extraction Technique 68

3.5 Proposed optimization technique

In order to improve the accuracy of our extracted parameters, we ran an efficient
optimization tool, i.e., the Grey Wolf Optimizer (GWO) [25]. The reasons for choosing
this particular optimization technique are its high accuracy, high convergence, and loca
optima avoidance capabilities [8][26]. In our extraction techniquegetehe possible
initial values for the extracted parameters, which minimize the probability of an
optimized value being trapped in a local optimum; it also simplifies the operdttbe o
optimization technique, leading to a high convergence rate.

In GWO, wolves are sent to hunt for multiple méfeasible solutions) and then their
social behavior is utilized to find the best prey (optimal solution) among the existing

multiple prey [8]. There are three phases for the operation of GWO:

1. Tracking, chasingand approaching the prey.
2. Encircling and forcing the prey to stop moving by harassing it.

3. Moving forward and attacking the prey.

In order to mathematically model the three phaseSWO, the wolf packs (search
agents)were divided into four different groups namely, alpia)( beta bw), delta (i)
and omegaXw) [8]. HereUy is the leader of the wolf pack, which resembles the optimal
solution. by and Uw represent the second and third best solutions, respectively. The
remaining of the solutions are defined by. The mathematical model of encircling the

prey is given as follows [25]:
(&7 oL —
D [CX, X()] (3.3
— — oLe
Xt 1) Xp(t) AD (3.39
where the coefficient vectors A and C are given by:
oK ¢

A 2ar, a (3.39)

Cc 2, (3.39
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wheret the current iterationX the Z R Opdsition vectorand X, WKH SUH\{V SRVLYV
vector.r; andrz are randonvectors ranging from 0 to, While the parameta is linearly

decreasing from 2 to O after eatération [25]. The vectoA representing theoefficient

vector of theupdated location of the search agents with respect to the preyealeases

with each iteration [8]. Whe\| becomes less than 1, the grey wolattack the prey. On

the other hand, ifA] becomes greater thdn the grey wolve diverge from the prey

hoping to find a better prey [8]. The adaptive values ahd A allow a goodbalance

between exploration and exploitation [8].A, andC are initially generated based on an

initial population random generator.

The hunt in GWO iged by alpha, betand delta wolves. Since the optimum solution
is not known at the beginning of the algorithm, the alpha will be assumed as the best
candidate solution while beta and delta wolves are considered second aruaeshird
solutions, respectie. Consequently, random values are assigned to these wolves. The
other wolvesy, depend on their leadets, bw, and i locations around the pray [25].
The¥w change their values according to (3.40). It can be noted from (3.40) and (3.41) the
effect of theU,, by, and Gv on the positios of the other search agents (o). In
summary, thdl,, bw, and U, wolves estimate the location of prey and the search agents
XSGDWH WKHLU ORFDWLRQV DURXQG WKH SUH\ 7KH IRUF

mechanism are as follows [25]:

& oL oL oL
Xt 1) 2 22 X (3.40)
where
X, X, AD, X, X, A D,
& & & &°° & (3.41)
X, X@ AB"D@
where

& & & (3.42)
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Figure 3.15 shows how tHgy, by andtiy estimate the location of the prey while the

other wolves update their locat®mrandomly around the prey.

)
&

=

w,, or any other hunters

00000

Estimated position of the
prey

Figure 3.15 Position Updates in GWO [25].

It is of great importance to guarantee reliable parameters iIEGR8SM that can
describe the physics and the parasitics of the device. Hence the GWO should only be
used for finetuning the parameters around their initial extracted values (from the
previous section). The purpose of the ftnaing is to improve the acracy of the
extracted parametesnce the scanning procedure for b@p and Cqp depends on a
limited stepVLIH H J LQFUHPHQWDO YDOXH RI " 1) ZKLFK
procedure to skip the optimal values. The reason for such limitation isrnhgutational
cost attributed to the small step size and the large range of values to scan. For instance,
VFDQQLQJ VWHS VL]HV “ 1) " 1) DQG " |) KDYH FRPSXWD
minutes and 19.27 minutes, respectively. So by choosing aopajate stegsize that
reduceshe FRPSXWDWLRQDO WLPH L H ° 1) DQG XVLQJ *:2
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JXDUDQWHH RSWLPDO DQG SK\VLFDOO\ UHOLDEOH SDUDP
2 minutes). Figure 3.16 shows the fast convergence towarchinimum error for both

GaN/D and GaN/Si@xploited by the initial values, while Rige 3.17 shows improved
Sparameters after running the optimizer on GaN/Si.
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Figure 3.16 Convergence of GWO for optimizing the (a) GaNiild (b) GaN/SiC parameters.
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Figure 3.17 Comparison betweefi: andS. for GaN/Si before and after optimization.



Chapter 3: Smaibignal Modeling and Proposed Extraction Technique 72

3.6 Intrinsic parameters extraction

After extracting the extrinsic parameters anded@edding them from the exall
EC-SSM, we can extract the intrinsic parameters of the GaN HEMT. Unlike the extrinsic
parameters, the intrinsic parameters are bias dependent and hence they must be extracted
at multiple bias points. We may use the circuit shown in Figure 3.2 tosamdwriting
the equations for the intrinsic network. The admittance of the intrinsietgataurceYgs

can be written as [27]:

Yos Y Yo Ot -Z:gs (3.43)
1 |%(Bgsf J ZF%cagsf
By defining a new variablB; as [27]:
2
\ G,..°
\ M - (3.44)
MY, ] XLy

hence, Cgs can be determined by finding the slope vD1 vs. ¥2 through linear

regressionBy defininganotherD- as follows [27]:

Y Ggsf (1 R Ggsf )

gs

2 Im[Y,] X

RCy, | (3.45)

gs

we can calculate the value Bf by finding the real part ofD: vs. ¥2 through linear
regressionGgst can be found from the real part 4s at low frequencies (below 1 GHz).
The remaining element8yq, Ry and Ggar can be extracted in similar manners to the

previous intrinsic elements by writing an equation¥Ygyas [27]:

G, jX
Yo Y o= 3.46
o - 1 Rgngdf J Rgngd ( . )
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In order to extracGm and () we need to writ@n equation of the admittance of the

intrinsic transconductance as follows [27]:

G.e "
Yom Yz ¥ e 3.47
g ,21 12 1 RGgSf J Z:gs ( )
we can defind®3 as follows [27]:
D, (G | L2 h G.e '
3 gsf J gs) Y me (348)

as

Gm can be found by finding the magnitudexdds vs. ¥ through linear regressiobimay
be found by plotting the phase dd3 vs. ¥ through linear regressiofrinally, we can
write an equation to describe the drtorsource admittance as folley27]:

Yos Y22 Yo Gi ] & (3.49)

S

Ggs can be determined by plottimgRe[Yqas] versusy and finding the slope by linear
regressionCgs can be found by taking the imaginary partvefvs. ¥ and determining the

slope.

3.7 Results and discussion

After extracting all the intrinsic and extrinsiagameters, we embedded them back
together to build the EGSM, hence we can compare the simulated circuits with
measurementsbtained from technical literatur&he first subsection shows the results of
the extrinsicextraction technique and the optimizéat were applied on a 2x100n
GaN/D and a 4x50 m GaN/SiC [28][29]. The second subsection is about the results of

the intrinsic parameters extraction.

3.7.1 Extrinsic parameters extraction results

To get the extrinsic parameter values, we first plotmafiYhd/¥, Im[Y22]/¥ and +
Im[Y12]/¥ to extract the pad capacitances and the substrate model parameters, as shown
in Figure 3.18 for both GaN/D and GaN/SiC. We may note from the figure that GaN/D

exhibits small parasitic conduction at lower frequencies due to the difference in values of
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the Y-parameters betwedow andintermediate frequency ranges. GaN/SiC alsolaehi
parasitic conduction at the drain side; however, through our extraction technique, it was
found that the substrate model has negligible effects on GaNd8dChence, it can be
removed. This was validated by the literature [2] aiebrefore, taken o account
automatically by our extractor. Equations (3.23.18) wereused to extract the extrinsic

network parameters.

5 x107 . ‘ ‘ . 42107
000 g6 0000000000 00000

3 «"O'e-"@@"e’G{F&GG’O 66606000
= & 335¢
y25; o x
Z —©—Cgs + Cgd + Im[Ygg)/ w Z 3| —o—
£ o £ Cgs + Cgd + Cgp
- &—Cds + Cgd+ Im[Ydd)/ w =
b Cad 1_ &—Cds + Cgd+ Cdp
ai ";32_5 L Cgd

o™~
g g
Eqs E 2/
5 - — Bg
:— Dua.un'D &5 5 585 g 88808 51_57 5588888068685 0500806
= 1 4 > |
E u E 1} 4

O5 = L 1 B i . i - 0_5 L 1 L L L L L J
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
w in rad/sec %108 w in rad/sec x10°
(a) (b)

Figure 3.18 Extrinsic capacitances and substrate parameters extraction for (a) GaN/D and (b)
GaN/SiC.

As already mentioned, extrinsic capacitances and the substrate model were first de
embedded from the total circuit. We then plottelin[Z11], ¥Im[Z22] and ¥Im[Z17] in
order to determine the values of the inductarige$q andLs, as shown in Figure 3.19.
We may notice the high accuraaghieved by the linear regression with theedebedded
structure. Equations used to determine the values of the inductances were322p
Next, the inductances were-debedded from the stripped structure to obtainvilees
of the resistanceRy, Ry, andRs. Due to the incomplete eéembedding of the parameters
of the GaN HEMT, nonlinearity occurregfter deembedding the inductances, while
extracting the extrinsic series resistances. The reduction of such nonlinearity can be done

by multiplying the strippedZ-parameters by?2. Hence, the intrinsic series resistances
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were extracted through plotting’Re[Z11], ¥2Re[Z22] and¥?Re[Z17 and using equations
(3.25 £3.27), as shown in Figure 3.20.
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Figure 3.19 Extrinsic inductances extraction for (a) GaN/D and (b) GaN/SiC.
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Figure 3.20 Extrinsic seris resistances extraction for (a) GaN/D and (b) GaN/SiC.

The extrinsic networksvere embedded together in order to compare the simulations

and measurementsis shown in Figure 3.21. The extracted extrinsic parameters of

GaN/D and GaN/SiC are shown in Talde&l and compared witthe literature. From

Table 3.1, we may see that during phase 1 for both devices, the substrate network was not
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considered for simplification purposes and, hence, denoted (N/A). The values extracted
from phase 1 for thatrinsic capacitances were then used in phasetB,the substrate

model included (as discussed in section 3.4). We may notice from the table that, after
optimization, the extrinsic capacitances are very close to each other in both pgse 1 (
8Cap) ard phase 2Qqgp// Cqg 8Cup // Cud), providedRyg andRua are extremely largéhis

was expected since the capacitances of the pad should be close to each other, as
confirmed with literature results. Although the valueRgfandRqq are finite for GaN/D,

they may be ignored due to their large values. However, their existence can be related to
buffer-trapping effects, which will be discussedChapter 4. GaN/SiC showelivergent

values for both Ryg andRyg Showing that the parasitic conduction is at mialimue to the
reduced lattice mismatch between the GaN buffer, SiN nucleation layer, and SiC
substrate.

For the extrinsic series resistances and inductagemdRy are very close to each
other for both GaN/D and GaN/SiC in all phases and after optimizeshowing equal
metallization resistances, which is reasonabjendLq are not very far from each other
for both GaN/D and GaN/SiC similar to previously extracted parameters in litef@ure.
andLs should be smaller in comparison to the other semsistances and inductances

due to their feedback nature and small metallization effects [1].

We may notice the ratio o€ys to Cyq is 3.2 and 4.2 for GaN/D and GaN/SiC,
respectively, which successfully models the asymmetrical structure of both devices.
Another point to address is the close values betv@@erand Cys for both GaN/D and
GaN/SiC. This may be attributed to the increadisthnce between the drain and the gate
electrodes, causing the contribution of the gat€gdoto be minimal compared to the
drain electrode parasitics. In other word%q and Cgs should have similar values
associated with the drain electrode parasitidss can be verified by looking at the
extracted values in [2§B0], where the extracted parametersGgi and Cqys were very
close to each other for the case of asymmetrical devices.

The proposed extraction technique provided ardy results with highaccuracybut
also reliable values for the extrinsic parameters that are related to the physics of the

device. The extraction technique can be applied to different GaN HEMT devices with
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different types of substrates, making it suitable for automating tihacéxn technique.
Additional validations are presented in section 3.8 where the extrinsic parameters of

GaN/Si and Graphergased FET were extracted and compared thigtiterature.

+0.5 o0 +0.5 =0

SN\

+j0.2/

0.0 P

Figure 3.21 Comparison between measurens(lines) and optimizef parametersimulations
(symbols) for the extrinsic network of (a) GaN/D and (b) GaN/SiC for frequencies from 0.1 to 40
GHz.

3.7.2 Intrinsic parameters extraction results

Once the extrinsic parameters areetebedded from the ESGSM, we are left with
the intrinsic circuit of the GaN HEMT. We then used equations (23319) to extract
all the parameters of the intrinsic GaN HEMT for both diamond and SiC substrates. The
extraction procedure depends highly on the accuracy of the linear regression used to find
the slopes of the curves. Figure 3.22 shows the curves needed to extract the intrinsic part
of GaN/D and similarly for GaN/SiC in Figure 3.23. We may notice that theardin
regression works well fo€gs, Ri, Cgd, Rgd, Gm, U Cas and Ggs for GaN/SiC. However, for
GaN/D, R andRyq accuacy got affected by measurementors discussed in subsection
2.4.4. Regardless, the accuracy of the model was not affected greatly 48/ the
measurement errors as will be seen later on when comparing the singietedneters

with measurements at different bias points.



Chapter 3: Smaibignal Modeling and Proposed Extraction Technique

78

Table 31 Extracted parameters for GaN/D and GaN/SiC under cold jmffchondition (*:

31 $'PISOLHVY WKH FRPSRQHQW' LYPSQIRHM BLIPG GKIDFBWLRQ RI V
WKDW RI1 )LIJXUH

WR DPBOULHY UDWQIODW QRW UHFRUGHG

2x100 um GaN on Diamond

4x50 um GaN on SiC

Model
clement Phase 1 | Phase 2| Optimized| Ref [29] | Phase 1| Phase 2| Optimized| Ref [28]
values | values values values | values | values values values
Cyp (fF) 0 270 269.1 0.3 5.6 1 16.408 24.378
Cap (fF) 0 126 109.42 0.37 6.9 7 4.5639 14.908
Cy(fF) | N/A* | 0.00432| 11.024 i N/A* i T T
Cua (fFF) N/A* 0 3.914 ¥ N/A* ¥ Tx Tx
Cys (fFF) 210.27 | 210.27 197.52 209.27 | 299.6 299.6 283.29 | 212.270
Cya(fF) | 59.70 | 59.70 61.52 59.70 | 67.77 | 67.77 67.94 60.39
Cas (fF) 65.56 65.56 61.63 64.56 | 78.705| 78.705 80.19 65.91
Rg( kY N/A* 88.28 | 97.713 i N/A* i T T
Raa( k Y N/A* 142.46 144.18 ¥ N/A* Tx TE TE
Ly(pH) | 83.41 | 83.42 84.07 98.16 | 43.92 | 4322 | 43.23 41.31
La (pH) 35.66 35.66 32.52 77.76 | 36.91 | 33.065 36.4 35.49
Ls(pH) | 7.39 7.4 9.65 7.6 9.01 8.66 10 10.22
Ry( Y) 4.87 4.87 4.68 488 | 1.7672| 1.44 1.49 2.11
Ri( Y) 4.76 4.76 4.72 472 | 1.0943| 1.13 1.75 1.4
Rs( Y) 0.06 0.06 0.08 0.03 0 0 0.018 0.36
U 0.0202 | 0.0204 | 0.0162 -* 0.0173 | 0.0142 | 0.0104 -*
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Since the largsignal model is dependeon the intrinsic parametersxtracted at
multiple bias points, we extracted the intrinsic paramete$ different bias points for
GaN/D and a63 different bias points for GaN/SiC. It is important to study each intrinsic
element map in order to verifthe extraction procedure, physics of the deyiead

potentially key insights.

Figure 3.24 shows a plot @lys at different bias points for both GaN/D and GaN/SiC.
It can be noted thalgsincreases witlVes Below pinch R 11 S R LIYWCys& constant
and depends only on the width of the depletion region and hencemthenum
capacitance value occund/henVgs reaches3V, there will be a sudden increaseGgs
value due to the formation of 2DEG and the decrease in the depletion Width.
increase in thevalue ofVgs after that point increaseSygs by a small amount, indicating
insensitive source edge-gate to depletion region. This observation is confirmed with
subsection 2.3.2.

Figure 3.25 shows a plot & for both GaN/D and GaN/Si(R is the resistace
associated with charging and discharging the depletion region in thégaterce side,
R is equal to the ratio of the potential drop in that part of the channel and the current;
since the current decreases Wits due to increase in seffeating and charge trapping

effects,R increases [3].

For bothGgyst and Ggar, we have not gotten important insights from their distribution
because of the nature of the gaiesource and gat®-drain Schottky diodes within the
device. Forward and breakdown conductions of parasitic Schottky diodes occur at high
gate voltage\(cs> 1.5V) and hence for operation below tiesvalue of 0V, Ggst and
Ggdr can be neglected due to their very small values [3]. Figure 3.26 and Figush8w27
the distribution of botlgsrandGgyarfor both devices, respectively.

Figure 3.28 show&yq distribution for both GaN/D and GaN/SiCgyq increases with
increasingVes, but decreases with increasiigs. The electric field has a peak value at
thedrain end and decreases along the-gatérain length inthe saturation region, which
leads to a drop in charge. Ass increases, the peak electric field point will be shifted

along the space between the drain and the source, causgeayction in the ltannel
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charge and, hence&yq decreases. These observations are confirmed with subsection
2.3.2. Since the charge distribution is uniform in the ohmic region and channel is not

pinched off at the drain sid€gqincreases dramatically with higfssand lowVps.

Rya represents the charging and discharging of the depletion layer underneath the
gateto-drain region. Since the depletion region is slightly dependeibgnRyq should
not change dramatically wit¥ibs. Rga should have the same characteristichWitsas in
R. We may notice the difference between GaN/D and GaN/SiC in Figure 3.29 due to

measurement errors [3].

The Gn plot is shown in Figure 3.3@n is highly dependent on the channel charge
density and the electron velocity [3]. The sharp incr@a& close to the pincloff point
is due to the linearity between the high mobility of GaN HEMT and the low electric field
by the gate voltage. We can also notice from the plot the linear relationship between the
Gm and Vps at the ohmic region. Wheles is increased greatly, the electric field

increases and the mobility of electrons saturates, caGsitg become constant wittcs

[3].

Uis the transit time of electrons to cross the charislexpected to increase as we
increase the drain voltage due to mobility degradation and velocity saturation, as shown
in Figure 3.31. It should also increase with increasing-tgaseurce voltage due to the

vertical electric field that causes mobilitggradation [3].

Because the drain electrode is widely spaced from the gate electrode in an
asymmetrical deviceCds should be very similar t€qq distribution as shown inigure
3.32. The only difference is th@4sis constant in the saturation region daéts electric
field linkage between the drain and the source electrodes [3]. Due toetahssarce
channel length modulation, we exp&is to decrease agps increases. As expected, we
may observe also very small values @& when the device is ithe saturation region.
When the device enters the ohmic regi@ys increases dramatically to take into
consideration the increase in the current values caused by the reduction of the depletion

layer. A plot ofGgs at different bias points is shown in Figus.33.
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Equations (3.5) and (3.11) were used to filandfmaxfor both devices as shown in
Figures 3.34 and 3.35, respectivehandfmax plots should be somewhat similar in shape
to Gm plot and that is the case for the utilized equations. We may notice dhdfmaxare
nearly constant witlVps, a major advantage when dealing with GaN HEMT devices. A
recordedmaximumf;for a 250 um GaN/D was 27.4 GHz [31], which is very close to our
maximumf; = 29.2 GHz for 200 um GaN/D. Figure 3.36 shows the calculated error using
(3.28). We may notice that the minimuma occurs around the pingff point for both
devices This is because the extrinsic parameters extraction technique is baseldl on
pinchoff S parameters measurements; hence, high accuracy should be expected in this
region.We mayalso noticethe high accuracy for both devices ihe saturation region
The error spikes up when the device is with Vps = 0 (around the coldorward
condition). This error could be attributed to the usage of-pwidh off Sparameters
measurements only to extract the extrinsic parameters of GaN HEMT. Possible
improvements could be achieved by using doldvard Sparameters measurements to
simulatethe Sparameters in the linear regi@nce they occur around the same bias
point. Extraction using coltbrward measurements was avoided to simplify the
extraction automation process. However, this error would not greatly affect devices

operating in the saturation region.

Since we obtaineche extrinsic and the mulbias intrinsic parameters, we embedded
all the parameters together to build the overah&EEM. We then compared simulatgd
parameters with measurements, as shown in Figure 3.37. The Figure shows high accuracy

with measurementscross multiple bias points for both devices.
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Figure 3.22Intrinsic parameters extraction using linear regression for GalWesat-2 V and
Vbs= 20 V showing (all¢s, (b) R, (c) Cya, (d) Rya, (€) Gm, (f) U (g) Cusand (h)Gys extraction.
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Figure 3.24 Cys at multiple bias points for (a) GaN/D and (b) GaN/SiC.
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Figure 3.25R at multiple bias points for (a) GaN/D and (b) GaN/SiC.
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Figure 3.26 Ggsrat multiple bias points for (a) GaN/D and (b) GaN/SiC.
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Figure 3.28 Cyq at multiple bias points for (a) GaN/D and (b) GaN/SiC.
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Figure 3.29 Ry at multiple bias points for (a) GaN/D and (b) GaN/SiC.
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Figure 3.32 Cys at multiple bias points for (a) GaN/D and (b) GaN/SiC.
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3.8 Additional model validations

In order to validate our extraction technique, we tested it on two devices that exhibit
different characteristics than the previously studied GaN HEMTSs. The first device is a
symmetrical 2x200 um GaN/Si [6] andetlsecond a GrapheiBased FET [32]where

the Sparameters measurements for both devices were obtained from technical literature

3.8.1 GaN HEMT on Silicon substrate

GaN/Si devices exhibit moderate substrate resistivity and lattice mismatch with the
GaN bdfer. This leads to tremendous parasitic conduction through the substrate at lower
frequencies and hence, we expect the valudy9tnd Ryq to be significantly smaller
than that of GaN/D [6].

Starting from phase 1, we can get the scanned valu&g;0hrnd Cgp that will
determinethe reliable values ofCgs and Cgys for such device. The scanned values are
shown in Figure 3.38, highlighting the minimum error point. From our knowledge of
GaN/Si, we know that such device will exhibit parasitic conduction through the
substrate. FPase JhasRyg andR4id removed for simptity and hence such effect cannot be
modeled. Figure 3.39 shows how the removal of the substrate model affects the accuracy

of the extractionyhich is solved during phaseo® the extraction technique.
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Figure 3.37 Sparameter measurements (lines) and simulations (symbols) for GaN/D (left charts)
and GaN/SiC (right chart) at frequencies ranging from 0.1 GHz to 40 GHz at bias points of: (a)
Ves= -2V andVps = 20V, (b)VGs= -1V andVps = 30V, and (C)\/Gs: -0V andVps = 10V.
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Figure 3.39 Inaccurate extraction due to the need of a substrate model for GaN/Si.

After extracting reliable values f@ys andCgys, we can start phasethat reincludes
the substrate modeRgy, Rad, Cgg andCad). We have scanned the valueOgh andCgpin
order to find the minimal error (Figure 3.40).
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Figure 3.40 Cy, andCyp scan for GaN/Si during phage

In phase 2, we can extract all the remaining extrinsic parameters as we have shown in
section 3.4. Figure 3.41 is used to extract the pad capacitances and the substrate
parametergrigure 3.42 shows the extracted series inductances and Figure 3.43 shows the
extracted series resistances. We can also see the high accuracy of the linear regression
technique in extracting such parameters. Figure 3.44 showstivergence of GWO
used fo fine-tuning the extracted parameters. High convergence and low chances of

encountering local minima is achieved by the initial values extracted by phase
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Figure 341 Plot for extracting the pad capacitances andstistrate parameters of GaN/Si.
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Figure 342 Extracted series inductances of GaN/Si
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Figure 343 Extracted series resistances of GaN/Si.

The optimized values are used to simulate Stparameters of the ESSM. Figure
3.45 shows the extrinsi&parameters simulations, highlighting a great improvement in
accuracy compared to the previously simuleggmhrameters shown in Figure 3.39. This
is mainly due to the inclusion of an accurate substrate model in ghd@sble 3.2 shows
all the extracted extrinsic parameters of GaN/Si during all phases and after running the
optimization technique. We can notice very similar results obtained afteretomcs
phase, the optimized valyesd the data reported in [6].
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Figure 344 Convergence of GWO during the optimization of GaN/Si parameters.
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Figure 345 OptimizedSparametersimulations (symbols) and measurements (lines) for GaN/Si
at frequencies from 0.1 GHz to 40 GHz under cold pivi¢ttondition.
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Table 32 (( WUDFWHG H[WULQVLF SDUDPHWHUV RI [ XP *D1 6L
involved nphase 1land” PHDQV GDWD QRW DYDLODEOH LQ WKH

Model GaN on Si

element | Phasel | Phase2 | Optimized| Ref [6]
values | values values values
Cap (fF) 41 340 332.70 340

Cop(fF) | 58 340 321.75 340

Cyg (fFF) N/A* 46.62 39.326 96

Ca(fF) | N/A* | 69.93 | 51.276 96

Cos(fF) | 292.49 | 292.49 | 293.68 | 260

Cea (fF) | 200.77 | 200.77 | 205.82 | 200

Cus(fF) | 8952 | 89.52 70 48
R( k Y N/A* 2.03 1.11 1.49
Rua( k Y N/A* 0.83 0.71 0.82
Ly (pH) | 128.48 | 134.95 | 140 145.8
La(pH) | 241.22 | 264.73 | 270 293.3

Ls(pH) | 17.12 | 1853 | 12.42 18.9

Ro( YY)l 4.29 3.95 3.47 2.91
Ra(Y) 4.12 4.728 5 7.93
Rs( Y) 0.56 0.11 0.27 2.9

U 0.048 0.066 0.012 -*
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3.8.2 Graphene-Based FET

In order to further tedbench the capability of our proposed extrinsic parameters
extraction technique, we applied it on a completely different deviceai.&raphae
based FET. Graphene is a teimnensional single layer of crystalline allotrope of carbon
[33]. It has hybridized carbon atoms connected togeth@rto extended benzeming
structure [33]. As a result, Graphene exhibits high electron mobility and large saturation

velocity, suitable for RF applications [32].

The main difference between Graphdrased FET and GaN/Si is that the first does
not exhibit high parasitic condtion through the substrate, and hence wgeet high
accuracy from phase 1 [32]. During phasen® scanned the values Gf, and Cgp in

order to determine the minimal error, as shown in Figure 3.46.
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Figure 3.46 Cy4, andCyp scan for GraphenBased FET.

During the second phasByy and Riq values diverged dramatically from the linear
slope and hence their contribution was minimal and can be ignored. It can also be shown
from Figure 347 that the plotted curves are almost independent of frequency
(low/intermediate frequency ranges). Series inductances and series resistances are

extracted using Figures 3.48 and 3.49, respectively. As was shown for GaN/Si, the GWO



Chapter 3: SmaiBignal Modeling and Proposed téaction Technique 96

achieves high convergea rate when optimizing the extrinsic parameters, as shown in
Figure 3.50.
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Figure 347 Pad capacitances and substrate parameters extraction for Gr&atsedeFET.
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Figure 3.48 Extrinsicseries inductances extraction for GraphBased FET.
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Figure 349 Extrinsic series resistances extraction for Graptizamed FET.
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Figure 350 Error convergence using GWO for optimizing the extrdgiarameters of Graphene
Based FET.

The optimized extrinsic parameters are embedded together to simulat® the
parameters and compare them with the measured ones. As can be seen from Figure 3.51,
high accuracy is achieved even without the need of a ststrodel. Table 3.3 also
shows very close values between our extraction technique and the extraction technique
from [32].
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Figure 351 OptimizedS-parameters simulations (symbols) and measurements (lines) for the
GrapheneBased FET at frequencies from 0.1 GHz to 40 GHz under cold-pifficlondition.
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Table 33 Extracted extrinsic parameters of Graph&ased FET (*:3N/A “means elements not
present during phase %,32means data was not given in literatute,” implies neglected
components and hea the circuit can be simplifiidom Figure 3.10 to 3.11).

Graphene BasedFET

Model
Phase | | Phase Il | Optimized| Ref [32]
element
values values values values
Cyp (fF) 24 290 305.73 23
Cap (fF) 24 190 170.47 25

Cyq (fF) | N/A* 26.17 | 39.326 | N/A*

Cu (fF) | N/A* 27.47 | 51.276 | NIA*

Cos(fF) | 147 147 150.31 148

Cwa(fF) | 124.78 | 124.78 | 124.94 125

Cus(fF) | 43.01 43.01 38.13 42
Rog ( kK Y N/A* T* T* N/A*
Raa( k Y N/A* T* T N/A*

Le(pH) | 43.68 | 43.68 | 41.91 42.8

La(pH) | 51.17 | 51.17 57.65 52.8

Ls(pH) | 8.74 8.75 6.55 8.9

Ry( Y)l 11.16 11.16 9.89 11

Ri( V) 22.49 22.49 25.24 22.8

Rs( Y) 7.83 7.83 9.16 7.9

U 0.0056 | 0.0056 0.005 *




Chapter 3: SmaiBignal Modeling and Ppmsed Extraction Technique 100

3.9 Conclusion

In this chapter, the smadignal model and the proposed extraction technique were
presented. The EGSM is composed of an intrinsic part and an extrinsic Jdre
intrinsic part usually has a general topology while extrinsic part can have different
topologies depending on the size of the device and its parasitic conduction phenomena.
Each extrinsic networkdiffers in terms of complexity, extraction techniques,
assumptionsand the parasitecthey model. RF perforance metrics namely, the unity
currentgain and the unity powegain cutoff frequencies were derivddifferent extrinsic
network extraction techniques were presented. The first uses the operarsthoinru test
structures to estimate the values of thl&iesic part of GaN HEMT. The second uses
cold-pinch off Sparameters measurements with or without the-tmaard S-parameters
measurements. The former extraction techniqgue may have high accuracy but is costly,
while the latter is less complicated andsg to automate. The proposed extraction
technique was applied to a single 566M and was developed to take into account the
different substrates of GaN HEMT described in the previous chapteavdsging using
multiple extraction approaches for multipl€SSMs, it allows the automation of suah
technique. Another advantage is that it takes into consideration the asymmetrical
structure of GaN HEMT, passivation layer depositiand buffertraps and their effects

on the intrinsic capacitancas well as pasitic conduction through the substrate.

The proposed extraction technique involves two phases. Phase 1 is concerned with
finding reliable values ofCys and Cgs while neglecting the substrate weirk for
simplification purpose The second phase is related to the extraction of the substrate
netwak. Grey Wolf Optimizer was used to fitene the extracted parameters due to its
high accuracy and high convergence rate. The intrinsic parameters were extracted as well
for both GaN/D and GaN/SiC. The extrinsic extraction techniques were applied to four
different devices (2x100 um GaN/D, 4x50 um GaN/SiC, 2x200 um GaN/Si, and
Graphene baseldET). High accuracy was achieved for all devices by simulatingsthe
parameters and comparing them with measurements. It was shown that for GaN/D, the
parasitic conduddn is very small, which in turn, might indicate possible buffapping
effects. GaN/SiC showed excellent lattice matching between the GaN buffer and the SiC
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substrate. GaN/Si showed high parasitic conduction at lower frequencies, as expected.
The extraton technique was able to model efficiently both symmetrical and
asymmetrical GaN HEMT structures withe passivation layer and bufféraps effects.

The results from the intrinsic parameter extraction were validated by plotting all the
intrinsic componats at multipleVesandVps, and comparing our insights with technical
literature for both GaN/D and GaN/SiC.

Since that, we extracted and validated the extrinsic parameters and the intrinsic
parameters at multiple bias points for both GaN/D @ad\/SiC. We can now move to
the largesignal modeling in order to model the nAlomear drain current of the device

with its dispersive effects.
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Chapter 4: Large-Signal Modeling

Smaltsignal models can accurately predict the parasitics of the device. However,
they cannotmodel the nonlinear characteristics of the drain current and its dispersive
effects. A largesignal model can, in fact, helf predictand model the isothermal
trappingfree current and the dispersive effects such as clieagping and selheating
effects. In this chapter, we will be showing the topologies and the techniques used to
model the largesignal characteristics of the deviddter determining the topology, the
isothermal trappindree drain current will be analytically calculated usiihg Quast
Physical Zone Division modeling technique. Finally, fitting parameters will be used to
empirically model the selfieating and chargeapping effects of both GaN/D and
GaN/SiC. The results will be discussed based on these fitting parameters.

4.1  Large-signal model topologies

In this section, we will be discussing the different topologies used to model the large
signal characteristic§ @aN HEMT. The first model, the quastatic, is the simplest EC
LSM that is based solely on the intrinsic parameters extracted at multiple bias points
during the smalkignal modeling technique; the second topolagimilar to the first
topologybut t&kes into account the quadratic frequency dependen¥ypafameters and

the time delay of the electrons to pass the channel. The last topology is the proposed one.

4.1.1 QuasiStatic Large-signal topology

In this topology, the dynamic characteristics ofNGHEMT are derived from the
static behavior of the device; hence thiginsic elements are voltagiependent only [1].
The datic behavior of the device means that any time related component in t88MC
should be neglected. We can writgparameters regpsentabn of the intrinsic EESSM
in Figure 3.2 as follows [2]:

v Byt Ggar 1 4Cqs Cqyq) Gyar | Lyq °
« i - > (4.1)
- Gn Gyar 1 Lyq Gys Ggar | ACys ng) 1

whereR, Rya andUare neglected due to their time constants contribution. We may notice
that the representation in (4.1) can be split into real parts relatkd ¢conductances and
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imaginary parts related to the intrinsic capacitances. Hence by integrating the reafl parts
the Y-parameters and integrating the intrinsic capacitances #iergppropriate voltages,

we can get lumped currendl£GdV), and charge componend=Cd\). The relations
are calculated as follows [2]:

V, Vds

gs
I g (Vgs1vds) g;gsf (Vgs1vds) ngf(vgs1vds)]dvgs 35gdf (Vgs'vds)dvds (4.2)
Vgso Vdso
Vgs Vis
Qg (Vgs’vds) &:gs(vgs’vds) ng (Vg 57Vds)]dvgs B:gd (Vgs’vds)dvds (4.3)
Vgso Viso
Vgs Vs
lg (Vgs’vds) mm(vgs’vds) ngf(vgsvds)]dvgs &ds(vgs’vds) ngf(vgs'vds)]dvds (4.4)
Vgso Viso
Vgs Vs

Qd(vgs’vds) Egd(vgs’vds)dvgs mds(vgs’vds)dvds ng(vgs’vds)]dvds (4.5)

Vgso Vdso

whereVys and Vgs are the intrinsic gatto-source and draito-source bias voltage¥gso

and Vaso are the initial (lowest) bias voltages [3]. The topology then can be drawn as
shown in Figure 4.1The quaststatic model fails in estimating the high frequency
dispersionm Gm as well as the charging and discharging time constants associated with
gateto-source and gat-drain regions, which help in modeling, in an essence, the
trapping effects of the transistor [2].

G O » » O D
+ +
I (Vi Vs) Q( Vs Vi) Qa(VasVis) | Ia( Vs, Vis)
Vgs Tés
S (—3 L ? & & 5 S

Figure 4.1 QuastStatic LargeSignal topology [2].
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4.1.2 Non QuasiStatic Large-signal topology

In this model R andRyq are inserted to model the quadratic frequency dependency of
Y11 and Y22 at high frequencies, this is caused by tihee delay related to charging and
GLVFKDUJLQJ WKH DUHD XQGHUQHDWK WKH JDWH IURP W
been included as well to model the high frequency reductiddninThe Y-parameters
representation of such network can be extréed from the intrinsicY-parameters in

(3.43)%3.49). We can find the current and charge components as follesys [4

Vgs
I gs(vgs’vds) ggsf (Vgs’vds)dvgs (4.6)
Vgso
Vs Vis
QgsNgS’Vds) xgs(\/gyvds)dvgs 3:ds(VQS!Vds)dVds (4.7)
Vgso Vdso
Vs Vis
I gd (VgS!Vds) ggdf(vgs’vds)dvgs Egdf(vgs1vds)dvds (4.8)
Vgso Vdso
Vs Vus
di(vgs’vds) Egd(Vgs’Vds)dVgs &:ds(vgs’vds)dvds ng(vgs1vds)]dvds (4.9)
Vgso Vdso
1 DC j Z W R
l 4s(Vgs: Vas) W' s (Vgs:Vas) W' s Vgs Vas) (4.10)

WherelgLC is the measured DC theRFis modeled with the same expression as in (4.4).
The topology for thidargesignal model is shown in Figure 4.2. The main disadvantage
of such topology is the numerical integration of all the intrinsic capacitances and
conducanceswhich fails to model the initial charge and leakage currents existent within
the device. Another disadvantage of this model is the inability to mbddD€ and RF

transitions at lowfrequency operation [.
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Igd ( Vgs, Vds)

Rgd(lqu.mfs)

GO L & I%& '7?' 9 OD
+ / +

di(%s; ]7“75 )

Iys(Vys, Vas w g Qgs (Vgs,Vas)
2 Iy (Vi Vi) Qj' 0

Rz’( V;’jb‘, Vds)

Figure 4.2 Non QuasiStatic LargeSignal topology [4].

4.1.3 Proposed Largesignal topology

The proposed largsignal topology uses the intrinsic network as in the 35/
without any integration, which simplifies the model without tleeessity of integrating
the intrinsic conductances and capacitances. We have neglggtadd Gydrdue to their
very small contribution as discussed in the previous chapeihave included a serie
RC branclkes at both the input and the output to imgve the lowfrequency transition
between DC and RF [2]. These branches are also important in modeling-thamieg
effects, as will be seen later in section 4.4. Figure 4.3 shows the proposesidaaje
model. The details ohswill become clearer by the end of this chapter.
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Figure 4.3 Proposed largsignal model.

4.2  Isothermal trapping -free drain current extraction

In order to model the effects of nagealities of GaN HEMT on the current
disperson, one should first develop a drain current that is a function of only the gate and
drain voltages. For simplicity, we will be calling this current assathiermal trapping
free currentsince it does not depend on secarder noridealities such as chge
trapping and selheating effects. Itould, however, depend on firstder nonridealities
such as channel length modulation. The isothermal tragpeegdrain current can be
derived either through empirical ways through static DC measurements witteli of
pulsed IV measurements, or through analytical expression through recently implemented

Surface Potential model or Quaahysical Zone Division model.

4.2.1 Empirical model

The empirical model requires both the static and pulsed IV measuremhbats, the
pulsed IV measurements are taken at certain quiescent bias points describing different
phenomena of the GaN HEMT [3h the empirical modethedrain current is composed
of the isothermal trappinfyee current plus three fitting parameters diéseg the non
idealities found in GaN HEMT. This equation, with the help of the static IV
measurements, and 4 pulsed IV measurements taken at different quiescent bias points,
can help in superimposing each rdeal effect alone and hendey solving linarly the
equation 4 times for each parameter in the equation, we can determine all the fitting
parameters including the isothermal trappgireg current [3]. This method, however,

extracts the isothermal trappifigge current without any relation to theygsics of the
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device, hence a closddrm solution is not derivable when choosing this model as appose

to the Surface Potential model and QtRisysical Zone Division model.

4.2.2 Surface Potential model

The Surface Potential (SP) model iptaysicatbased model used to model the drain
current of the transistor based on the surface potential of the GaN HEMT [6]. In order to
H[WUDFW W K Hisoihéarma( OapPivdree drain current, the position of the Fermi
level (Es) and the density of h2DEG () should befirst solved Their expressions are

given as follows [{7]:

2

C.c\Vog =
Ver VL ()] ()3
Ef Veff (1 2 411
Vi \ 23, CetVerr 3 (4.11)
Ver ) R
eff, q
‘6 Ceffveff %
Verr W1 IN(New )l —(——)
1 3 q
Ver@ My 28 ererys
Veffd 3 q
where
Vet K Vet K e 1 o
Ver Vs Vo, Ve ——m——, Vo ——o—oou, K —, 2 _
e e Ver”  K) " Ver” A7) * 4 * [ ! aby

and v is the thermal voltage2bmV at room temperatureest is the effective gate
capacitance per unit aregjs the electronic charg®) is the pinchoff voltage,D is the
effective density of quantum statesda, is a measuremeigtetermined parameter.

After finding Er andns, the SP at the source and draam de found asks E; and

/ss /sd
2 .

Iks Ef Vgs, respectively [6]. The average SP can also be calclaatég)
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Thens is used to find the gate charg@y) and the drain charg€)§), The derivation
of theisothermal trappindree drain current in terms of charge components is long and

complicated [6], hence we will be presenting only the final expression as [6]:

Eff CeffW

dso G (\/eff Vt /sm)( /sd /ss) (1 Nd s) (4 13)

whereler is the effective electron mobilityW the width of the transistot, the channel
length,andathe channel length modulation coefficietitakes into accourthe velocity

saturation.

The advantageof the SP modedre itshigh accuracy and physicedlevance [6]. The
major disadvantages that it uses 27 parameters to develop the isothermal trafyping
drain current expression [8]. We may have not providedydetails about the SP model
here in this subsection because we will be paying more iattetat the QuastPhysical
Zone Division model, which is a much simpler technique and accurate enough to describe
the isothermal trappinffee current of the GaN HEMT.

4.2.3 QuasiPhysical Zone Division model

This model will be retained in this thesis wddk building the isothermal trapping
free drain current. Quasthysical Zone Division (QPZD) model is a compact model that
divides the channel into three zones based on the location of the gate,addhitne
source and therby solving physicdased equens using boundary conditions, we can
obtain the final isothermal trappiffigee current expression [9]. The major advantage of
suchatechnique it can be easily scaled and adjusted according to the fabricated device

parameters [8].
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First approachas done in the previous subsection, is to findBhandns required to
build the isothermal trappinfyjee drain current. Since the equations in (4.11) and (4.12)
are very difficult to handle, we have decided to use the simplified formulas as follows
[91[10]:

a § E; E, . § E; E .0
n, Dvfrie™ " hni1e™ (4.14)
€ © 1 © 1y
2/3
E, Jns (4.15)
2/3
B Jns (4.16)
Cff
Ns ;(Veff E) (4.17)

wherek, is the lowest quantized energy in the 2DEgpjs the second lowest quantized

energy in the 2DEG amd is experimentallymeasured parameter.

After solving (4.14)£(4.17) to findEs andns, we can now use the zone division model
to find the isothermalrappingfree drain current. Under unsaturated operation, we can
divide the channel into 3 different zones, the Source Neutral Zgrtee Intrinsic FET
Zone Z» and the Drain Neutral Zong&s, as shown in Figure 4.4 [9]. Under unsaturated
conditions, the elctrons in the quantum well will be filled with electrons, causing the
space charge in the source and the drain neutral zones to be negligible [11]. This shows
that there is a complete screening of the positive polarization charge above the
AlGaN/GaN inteface, which causes the electron density in the channel at the drain and
source neutral zones to be constant and equal to the amount of positive polarization

charge in the upper side of the AlGaN/GaN interface [11].
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The vertical electric field is also nstant in the drain and source neutral zones. Figure
4.4 illustrates such condition. Hence at th#;, we can write the electron velocity taking

into account the velocity saturation as [9]:

L PRE
E .o (4.18)
1 (=)
EC
which can be rewritten as:
Ecldso
E 2 2 (4.19)
Isat Idso

whereEc = Vsaf[lettiS thecritical elecWULFD O ILHOG D WloZity kdEufateh@HFW UR Q
Vsatthe saturation velocitysatis the current at velocity saturation conditions giverishy
= Wqgny(Vgs)Vsa It should be noted that(Vys) is the density of the 2DEG as a function of

the gateto-source voltage [9].

We can use (4.19) in order to find the value¥$andVy in Figure 4.4 as follows [9]:

\V Eclsl dso

s T o (4.20)
Isat Idso

|
Vg Ve M

Jiz iz, (4.21)
sat dso

wherels andlq are the lengths of the source and drain access regespectively
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2DEG

Source

Lateral Electric Field
Electron Concentration in cm™

Position along channel (um)

Figure 4.4 QuasiPhysical Zone Division model illustration using zeigided GaN HEMT
structure and highlighting electron concentration and lateral ieléeid of ageneric GaN
HEMT device in each regid®][11].

Moving to 2, we will have a gradual channel that can describedusing the

following expression [9]:

Ceff
Ns(X) q Vet V(X)) (4.22)
whereng(x) is the electron charge density at positian-between the positions &% and
Vdi. Using E(x) = -dV/dxand substituting (4.18) and (4.22) 143, = Wgny(x)v(x), we can
get [9]:

L Vai

|
3dsodx 3\’/[\/\/ st Cett (Veff V(X)] ? (%)2 dv (4.23)

0 v/ c

si
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The integration in (4.23) can be solved numericditywever, a good approximation is
to neglect the first ternon the right side of the equation because it is very small
compared to the second term. After substituting (4.20) and (4.21) into the resultant
integration from (4.23) we get [9]:

Id (ECL Vds)lsat
SO
VEZ(s 10?2 (Bl Vy)?

(4.24)

note that,because the abowexpression does not result in a zero currentgat 0, EcL
has been equated to zero to allow that [9]. A linear equation describing the channel length

modulation has been added as well. The final expression is given as [9]:

Idso lsatVds(:L Nds)
VEZ(1, 107 (Bl V)’

(4.25)

The pinchoff voltage V, and the effective mobilityler are needed in the equations
shown in this subsection. They can be calculated using the following expressions [8][12]:

gNgd? g
4.2
2 '%GaN '%GaN ( 6)

Vo B TE(X

R

%ff 2
1 41Veff 42Veff

(4.27)

wheret g(x) is the Schottky barrier heighegEc(x) is the conduction band discontinuity at

the AlGaN/GaN interfaceNq is the doping concentration of AlGaNAcan is the
permittivity of AlGaN, d is the thickness of AlGaN layed, is the polarization induced
charge sheet densitp, is thelow-field PRELOLW\ Rl HQHFRWaaR €thg DQ G

parameters for theffective mobility.t g(x) andagc(x) can be calculated from [13], while

the remaining parameters are measured from the fabricated devices in [8] and [14].
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4.3 Results of QPZD modeling technique

The equations (4.14x(4.17) are highly notinear and diffiailt to solve analytically,
hence we have usedsel-implemented noilinear solver in MATLAB that is based @n
trial-anderror iterative approach. After solving these equations, we have plotted the
energy levels as a function ¥fs as shown in Figure 4.5Ve have also plottens as a
function of Vgs in Figure 4.6. The shape of these plots matches very well with previous
literature onthe QPZD model [T-[10]. It can be shown from Figure 4.5 that the Fermi
level exceeds the lowest energy in the quantum Eglgererating a 2DEG around the
pinchoff point (close to-3V), which is to be expected. To avoid using #ioear solver
and to reduce computational costs, a fitting equation has been useuk to tite results

of the nonlinear solver as follows [9]

ns A, tanh(d ™er) by) B, (4.28)

The values of the fitting parameters were obtained using GA&discussed
previously. Figure 4.6 also shows the results of the fitting model.

0.5

E.E,&E, (V)
o
]
|
|
<

0.5

-4 -3 -2 -1 0 1 2
Vgs (V)

Figure 4.5 Energy levels vsVys using numerical nofinear solver.
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Figure 4.6 nsvs. Vgs using nonrlinear solver and using fitting equation (4.28).

Isat used in (4.25) has been plotted in Figure 4.7. This plot is very important since it
allows us to verify the maximum current reached in the linear region of the device
operation. The maximurourrent is 140 mAvery close to the maximum current reached
during measurements before the device encounters current dispersion. A comparison
between the isothermal trappHige current and the measured static DC for both GaN/D
and GaN/SiCis shown in Fgure 4.8. We may notice how the peak currents of both
devices in the linear region for the maximifg (OV) are very close to the current given
by Isat at Vgs= OV in Figure 4.7. In addition to that, the isothermal trapgieg current
and the measuremenare well matchedt the linear region. The isothermal trappinee
current during saturation operation tracks well the measurements at intermediate values
of Vgs where dispersive effects are at minimal. However, it fails to predict the dispersive
effect at highVysduring saturation conditions due to the high dispersive effects, which is
expected. Dispersive effectdll be modeled in the next section. The two GaN HEMT
devices measured heweere fabricated under the sanoperatingconditions and hence,
one model was enough to model their isothermal trapjpeey currents. All the
parameters used in the equations necessary to build theslgnge isothermal trapping

free current and their values awemmarizedn Table 4.1.
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Figure 4.8 Static DC IV measurements (circles) and isothermal trapipgggcurrent simulations
(lines) atVgs=-4to 0 V at a step of 0.2 V ahlds= 0 to 30 V at atep of 1V for (a) GaN/D and
(b) GaN/SiC.



Chapter 4: Larg&ignal Modeling

Table 41 Parameters used to model the isothermattii@gaping current of 200um/200nm GaN

120

HEMT [8][13][14].
200 um/ 200 nm GaN HEMT Parameters
Parameter
Description Value Unit
D Effective density of quantum states 1x108 m2V1
Vi Thermal voltage at room temperature 0.026 \%
P Experimentallymeasured value foroE | 2.12x10% m*3"Vv
x Experimentallymeasured value foriE | 3.73x10% m*¥"V
Cett Effective gatecapacitance per unit area 0.0046 F/m
Vp Pinchoff voltage -3.0432 Vv
q Electronic charge 1.6x10'° C
Vsat Saturation Velocity 1.2x1C m/s
Mo Low-field electron mobility 0.035 m2/V*s
W Width of the channel 200 um
L Length of the channel 200 nm
ls 6RXUFH DFFHVYV UHJ 100 nm
la ‘'UDLQ DFFHVYV UHJLH 100 nm
L g(X) Schottky Barrier Height (V) 1.23 Vv
E(X) Conduction band offset at the AIGaN/Gs 0.422 Vv
interface
a( x) Polarization charge density 1.1x1067 m
¥ Dopingconcentration of #AlGaN layer 0 cm3
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Table 41 (continued)
d Thickness of AlGaN layer 20 nm
CAigan Permittivity of the AlGaN layer 9.14x10% F/m
First-order fitting parameter for the v
' 1 _ N 20x10’
effective mobility
Seconeorder fittingparameter for the 1/V?
)2 , » 15x10%
effective mobility
> Channel length modulation parameter 1x10° vi
An First fitting parameter forgequation 4.2x10° No unit
U Second fitting parameter fog equation 0.298 No unit
bn Third fitting parameter for yiequation -0.53 No unit
Bn Fourth fitting parameter forsequation 2.1x10° No unit

4.4  Chargetrapping and self -heating modeling

As was shown in section 4.3, the QPZD model cannot describe current dispersion

due to chargérapping and selheating effects. Mosmodels in literature ifnot all,

describesuch effectdbased orempirical fitting parameters that take into account such

norridealities [3[3][5][7]-[9][12][14].

In order to model such effects, we regupulsed IV measurements at certain

guiescent bias points that allow us to describe each effect independdfiily The

equation used to describe the drain current inctudinrent dispersion may be written as

[15]:

Ids

Idso %(Vgs Vgsq) [%(Vds Vdsq) EI) Idsqusq

(4.29)
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wherels, Ub andUr are fitting parameters related to surfapping, buffeitrapping and
self-heating effects, respectivelyysq and Vasq are the quiescent bias points at the gate
and the drain sides, respectively [1&}qis the quiescent bias drain current. The arhoun
of trapping depends on the rate of dynamic changes of the applied voWggasdVas)

with respect to the valudgsqandVgsqat the gate and drain sides, respectively [15].

In (4.29), we have four unknowns, namdlg, (b, Ur and lasg where laso was
extracted using QPZD in the previous section. As discussed in chapter 2, pulsed IV
measurements have a quiescent bias point at whiglpuised into a certain voltage. For
example, by pulsinggsqat -4 V to multiple Vgs values and keepinlyss fixed, we can
obtain a family of curves for that particukaalue ofVgsq Figures 4.9 and 4.10 show the
pulsed IV measurementbtained from technical literatufer GaN/D and GaN/SiC at
the necessary quiescent bias points, whegeptilsewidth is 500 ns and the duty cycle is
0.1% in order to neglect seieating effect$3][16].

Since surfacérapping effects are mainly associated with the gate voltage (surface of
the gate and the dislocationsthre passivation layer), we will behoosing two extreme
quiescent bias points fdfysq (-4 and 0 V in our case) to simulate the surface traps [15].
Vusqg however, must be\0in order to remove the setieating effects from (4.29). Since
we are not evaluating the dynamic changes at the didé the third ternon the right
side of (4.29) can be removed (buffempping can be neglected). By having two
guiescent gate bias points, (4.29) can be solved twice for each quiescent bias point as
follows [15]:

dsq Vdsqf

Vdsq Vdsqi Y
Idspl/ v (VgS!Vds) Idspl/ v (VgS!Vds)

% gsq Vgsqi gsq Vgsqf 430
Vgsqf Vgsqi ( )

where lgsp is the pulsed IV current from Figures 4.9 and 4.10 at such quiescent bias
points. Vgsqf and Vgsqi are 0V and-4 V, respectively, an®gsqi = Vasqt = OV. Figure 4.11
showsls values for both GaN/D and GaN/SiC.
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Figure 49 Pulsed IVmeasurements for 2x100 um GaN/D at quiescent bias points\4k{s)
OV, Vdsqz 0\/ (b) Vgsq= '4V, Vdsqz 0\/ and (C)Vgsqz '4V, Vdsqz 20V [16]
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Figure 410 Pulsed IVmeasurements for 4x50 um GaN/SiC at quiescent bias points\@E{a)
0 V, Vdsq = 0\/ (b) Vgsq = ‘4 V, Vdsq: 0\/ and (C)Vgsq = '4 V, Vdsq = 25V [8]
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Figure 4.11 s at differentVgs andVas for (a) GaN/D, (b) GaN/SiC.

In order to estimate buffdérapping effectsYusqmust be chosen at two extreme points
(e.g, OV and 20V). Since¢hesebuffer-trapping effects are close to the channel, they are
stimulated by the drain voltage [158]¢gsq must be-4V to remove power dissipation and
hence, selheating effects are neglected. Similalsqis a fixed value hence we are not
evaluating the @ of dynamic changes at the gate, which results in the removal of the
second term in (4.29). We can solve equation (4.29) twice for\éggvalueand get the

following expression [15]:

Vdsqf

Vdsq Vdsqi Vdsq
Idspl/ v (Vgs’vds) Idspl/ v (Vgs’vds)

[% gsq Vgsqi gsq “gsqf

Vdsqf Vdsqi

(4.31)

whereVasq = 0V, Vasqr = 20V for GaN/D and 25V for GaN/SiG/gsqr = Vgsqi = -4 V. b
for variousVys andVgsvalues are plotted in Figure 4.12 for GaN/D and GaN/SiC.
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Figure 4.12 (b at differentVys andVas for (a) GaN/D, (b) GaN/SiC.

Under normal operating conditions (stati®}sq= Vgs, Vdsq = Vds, and lasq = lds [15].
Hence, the second and third terms in (4.29) can be removed, which will allow us to write
theexpression for the seleating fitting parameter as follows [15]:

'Ids Idso
°—=—==2 for | 4Vys 10

B ®l4Vs o (4.32)
—0 JforlydVy O

A plot for Ur is shown in Figure 4.13.
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Figure 4.13 Ur at differentVgs andVgs for (a) GaN/D, (b) GaN/SiC.
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From Figure 4.11, we can notit¢kat during saturated operation of the devitiee
values oflks for both devices are very close to each other. This is related to the deposition
of the passivation layer that minimizes surface traps. This can also be observed in the
pulsed IV characteristics ed to evaluate the surface trapdere the pulsed IV barely
changed fromVgsq = OV 10 Vgsq = -4V at Vusq = OV. Some errors are observed in the

unsaturated region between the two devices.

In Figure 4.12[b showed an increase in GaN/D compare@#N/SiC. This increase
indicates increased bufteraps in the GaN/D compared to GaN/SiC. This increase is
mainly due to the wafer transfer process of the Diamond substrate during the fabrication
of the device, which caused dislocations and contaminatittimeanterface between the
Diamond substrate, the nucleation layer and GaN buffer. This observation is verified with
[14]. This effect will lead primarily to induced leakage current through the substrate and
an increase in the pinabff voltage which deeriorates the PAE characteristics of the

GaN/D as will be shown in chapter 5.

In Figure 4.13, selheating should occun regions of highVgs and highVgs values.
We can noticeghat theselfheating effect in GaN/SiC is direr than that in GaN/D, the
intersive yellow light in the plotaunderlinethis point. This is to be expected since
Diamond substrateBave a high thermal conductivity compared to SiC substri¥es.
can notesome error pulses at different regions in Figure 4Th#s may beattributed to
the fact that selheating parameter fitting is based on empirical fitting by using the static
DC measurements. lother words, the differencdmetween thesothermal trappindree
current and the measured currénhere sekheating effects are at minimakerefitted
togethey appeaing as error pulses itr; this disadvantage will be discussed in thst

chapter.

Another point that should be discussed is another limitation in (4.29). The Véejges (
- Vigsg), (Vds - Vdsg andlgsq vary depending on the quiescent bias operating condition of
the device, regardless if that bias was static or pulsed. Since we are measuring the
dynamic characteristics of the device using these average voltages and currents, they
need to be measuredneattime during the simulations of the model, which is difficult to

do through MATLAB but easier ithe ADS software. This requires a slight modification



Chapter 4: Largé&ignal Modeling 128

to the proposed model in Figure 4.3. The final lesgmal model is shown in Figure
4.14. The dynangi changes at the gate and drain sides are sens&dthend Ror,
respectively [2]. A circuit has been added to mea$isiasq (Or Vin), whereR is the
normalized thermal resistanand Ci» modelsthe rate of dynamic changes on the drain
side due to d&-heating effects [2]. The trapping time constd@tsand (bt are chosen to

bein the range o1x10* - 1x10° and the trapping time constdgtis chosen around 1 ms

[2].
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Figure 4.14 Largesignal model witlself-heating and charggapping models included [2].

4.5 Conclusion

This chapter was devoted to modeling the-hioear drain current with its dispersive
effects. We first, showed the circuit topologies used to model the drain current: Quasi
static topobgy is the simplest topology and depends solely on the intrinsic parameters
extracted at multiple bias points. This topolodywever, fails at modeling high
frequency dispersion im and the time constants associated with charging/discharging
the deplethn region at the source and drain sides. This was solved, holwgwesing the
non-quaststatic approach. Due to difficulties in modeling the intrinsic capacitances as
charge components, we have decided to use the intrinsic capacitances fromSBMEC
asis, in the largesignal model. RC branches have been added as well to help in providing
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a smooth transition between DC and RF operations. In order to develop a model for the
drain current that describes the dispersive effects, we have to first modsbttiermal

trappingfree drain current.

Three approaches were discussed. The first was an empirical approach based on static
and pulsed IV measurements, not directly related to the physics of the device. The second
was the Surface Potential model, whictsMengthy and had too many fitting parameters.
The chosen technique was the QtRisysical Zone Division model, which is accurate
and simple to implement. It is based on splitting the regions of the device based on
geometry and solving physissed equains taking into consideration the boundary
conditions to derive the isothermal trappifinge drain current. Results of Quddiysical
Zone Division model was presented with high relevance to the previous technical
literature results. The isothermal trapgiinee current was found to be highly accurate in
the linear region and at intermediate value¥g@fHowever, it failed to model the regions
affected bythe current dispersion. To solve this issa® empirical modeling approach
using pulsed IVmeasurements was used to model chéma@ping and selheating
effects. This approach has not only allowes to model the drain currebut also
superimposed each individual effect, which allowed us to study each individual effect
alone for both GaN/D ahGaN/SiC. Based on the extracted results, it was found that
GaN/SiC and GaN/D exhibit similar surface trapping effects in the saturation region due
to the deposition ahe passivation layer to both devices. GaN/D exhibited greater buffer
trapping effectcompared to GaN/SiC. GaN/D but presented lower thermal resistivity
compared to GaN/SiC. Further improvements to the model have been included to model

chargetrapping and selheating effects.

By the end of this chapter, we finished obtaining the datassaoe to build the
model in ADS and to validate all the work done so far. As will be seen in the next

chapter.
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Chapter 5: ADS model, Overall Results and Validations

In this chapter, we will be validatinthe smaHl and largesignal characteristics of
both GaN/D and GaN/Si@evicesand compare them to measuretseobtained from
technical literatureThis can be done by using the extracted ssigtial parameters from
the EGSSMs and the drain currents from the-E&Ms in implementing unified models
in the Advanced Design System (ADS)rcuit simulator The Sparameters of the
models, will first, be simulated and compatedhe measurements at which they were
extracted from. Static DC simulations will also be simulated and compared to
measurements. Finally, loguill and singletone simulations will beconducted and

comparedo the measurements.

5.1 ADS model

In order to use the device models in different circuit designs such as LNAs and PAs,
they should accurately describe the smajhal and largsignal characteristics using a
unified model foreach device. This can be done by implementing the model using ADS.
The extrinsic extracted EGSM parameters are used as lumped components (resistors,
capacitorsand inductors) eacbf themhaving a singular value. The intrinsic parameters,
however, aredescribedin CITlfile format, usually used by network analyzers such as
Agilent 8510 [1][2]. This file format also supports mudimensional datawhich is
suitable for our case since the intrinsic parameters are mapped to nidi@eaed Vps
values, as as seen in Figures 3.243.33. The intrinsic parameters and the lssgmal
parameters were read in ADS via Data Access Components or DAC as shown in Figure
5.1 for the case of GaN/D [3]. Variables were used to extract each individual data from

the DAC kased on the sensddsandVpsin the model, as shown in Figure 5.2.

The intrinsic parameters and the lagggnal drain current were built usindpe
Symbolically Defined DevicéSDD) block A 14-port networkhas beemsed to generate
such a cument in addtion to auxiliary measurements such as the electron time delay used
to model the higtirequency dispersion irGn, average voltage measurements for
trappingeffects, the power dissipation for selieating effectand differentiation for
determiningthe cap FLWDQFHVY YDOXHV 7KH ILUWVA ER&W LV UH(
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the currenin that port represents the capacita@ge The second port is the gatedrain
voltage (_v2) and its current represents the capacit@pcd’orts 3 and 4 represethie

intrinsic resistancelR andRyq, respectively.

' "
DataAccessComipdnent -
DACT Bl
File="Cgs_values.ds"
Type=ClITlfile
InterpMode=Linear
InterpDom=Rectangular. .
ExtrapMode=Interpolation Mode
vari=*vgs® -~ -+ - - -
iVal1=Vgs - Co
iVar2="Vds"

iVal2=Vds

o
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Figure 5.1 Data Access Components (DAC).



Chapter 5: ADS model, Overall Results and Validations 134

VAR VAR VAR [&] VAR [E] VAR
VAR24 VAR14 VAR2 VAR3 VAR4
Vgs=_v1 f_nom=1 GHz Cgs=file{DAC1, "CGS"} Ri=file{DAC2, "RI"} Cgd=file{DAC3, "CGD"}
Vds=_v6 . . S S . . .
Vgs_taw=_v11
[E] VAR VAR
3?35 VAR7 VAR9
Rgd=file{DAC4, "RGD"} Taw=file{DACS, "TAW"} Cds=file{DAC8, "CDS"}
VAR VAR VAR
VAR10 VAR19 VAR20 xﬁgm
IdS|so=ﬁIe[DACQ, IDSISO"} AIphafG=ﬂIe{DAC1_D. ALPHAf_G } _ AlpljafD=ﬂ!e{DAC11‘ ALPHAﬁD } " Alpha_ T=file{DAC12, "ALPHA_T7)
VAR
: VAR22
w=2*3.14*freq

Figure 52 Variables in ADS.

Conditional statements were written to remove negative valuBsafd Rys caused
by interpolation [4]. The fifth port represents the capacitaligeThe 6" port represents
the voltageVus (_v6) and its current is the draia-source currentys Pors 7 and 8
measurerespectivelythe average voltages acrd’st (_v7) andRpr (_v8), which are
used to estimate surfatepping and charggapping effects[4][5]. The ninth port
measure¥ (_v9) from the electrothermal model related to the-se#ting effects while
the tenth port measures the power dissipafiorli0) at the drain side [4][5]. Port 11
generates a voltage ¥fexpéj ¥ (VY11) used for the higfrequency dispersion iGm
[4][5]. Ports 12, 13 and 14 evaluate the differentiation required toCfndCga and Cys,
respectively. The implemented model is shown in Figure 5.3. The GaN/SiC schematic
model only differs in the extrinsic part but the intrinsic part is schematically,exadt

hence it will not be shown.

In detail each port in the SDD block can be represented by an explicit representation
I[X,Y], or by an implicit representation F[X,YJwhereX is the port number and Y the
weighting function [6]. Explicit representatios used when generating a current that is a
function of port voltages. Implicit representation is used when there are relationships
EHWZHHQ DQ\ SRUWVY FXUUHQWYV DQG YROWDJHV > @
function H[Z]. If Y = Z, then H[Z] will be used to indicate the frequendgpendent

expression used to modify the port currents [6]. H[0] for example, represents the current
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asis with no modifications. H[1] is the time derivative. Any values for Z > 1 are-user

defined. For our case, we defing response H[2] to be the multiplicationdxp¢j + U) .

A common way used to represent capacitances in ADS is by using charge elements
QgsandQgaas insubsectiond.1.1 and 4.1.2 [4][5]. However, upon trying to integrate the
capacitances manually, teenulatedS-parameters were not accurgbeobablydue to the
fact that there is an initial charge not taken into consideration while integrating [4].
Regardless, we fixed this issue by using the expredsionC dV/dt which can be
implemented as an expit expression as shownin Figure 5.3. However, the
differentiation in ADS is treated as multiplication py»n the frequency domain and
hence, if there are harmoniass(inlargesignal models) at extreryehigh frequencies,
they can cause a very sharp rate of change which causes the current to diverge [6]. This
has been fixed, however, by multiplying the explicit currentflay = 1 GHz which

makes the derivative less sensitive to harmonics [6].
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Figure 5.3 Full model in ADS for the case of GaN/D.

We can differentiate the ROWDJHV E\ XVLQJ WKH ZHLJKWLQJ IXQ

JRU H[DPSOH 3RUWsx §lZxflrodJwher® W12 g ti§e op@ircuit
voltage at porfi2 and is differentiated using F[12,1].

Another interesting tool is that implicit representations can be used to generate useful
expressions. For example, the power dissipation can be measured by multiplying the
drain current and #hdrain voltage (as iport 10)and allowing the resultarcurrent to
flow through a ong®hm resistanceyhich, in turn, saves the value of the power in that
particular port voltageThis latter can be usad another port to perform certain tasks
(i.e. thermal voltage measurentg by port 9).
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5.2  Sparameters simulations

To guarantee accurakergesignal simulations with respect to the measureménts,
necessary to guarantee accurstt@allsignal moded. Figures 5.4 and 5.5 show th&
parameters extracted frattme ADS model and compardd the measurements for GaN/D
and GaN/SiCAs shown in the figuresimulatedS;: andS;» parameters areery closeto
measurements. This is due to the fact that the input network of the model in ABS do
not differ from that of the EESSM, hence th&parameters should not differ [4][Sfe2
and S1 parameters arsomewhatshifted due to the removal @qgs and Gnm [4][5]. The
reason forsuch removal is that the largegnal drain current already takesaraccount
channel length modulation and her@g from the EGSSM should be removed. Since
the transconductanden is defined as the smadignal variations of the drain current to
the smallsignal input voltage variation§m from the EGSSMmust be neglected since it
is, in an essence, part of the lagignal drain current expressiddue to the dependency
of 1 on both the remove®m and Ggs, the switching from the removed components to

the largesignal drain current could caudiscrepanciet; S1andSo values.

Another point to discuss is that the models provide accurate results even on bias
points that were @t usedin extracting the intrinsic parameters (eMgs=-1.5V andVes
= -2.5V). This is due to the linear interpolaioside the DAC. We haveot used cubic
Spline interpolation because the number of bias points, from which we extracted the
intrinsic part, werenot sufficient; hence the Spline interpolation cauadtauge error due
to the large gaps ihetween bias points. This issue was more apparent in GaN/DSsince
parameters measurements at different bias points were much less thanghsseed for
GaN/SiC.
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Figure 54 Sparameters simulations (symbols) using the model in ADS and compared with
measurements (lines) of GaN/D at different bias points at frequencies from 0.1 GHz to 40 GHz.
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Figure 55 Sparameters simulations (symbols) using the model in ADS and compared with
measurements (lines) of GaN/SiC at different bias points at frequencies from 0.1 GHz to 40 GHz.
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53 Static IV-characteristics

Static IV-characteristis are very importanh any transistor modelg. They are also
very important in determining the quiescent bias points and the optiradl flar
designing PAs using lodihes. Since the E(SSM was accurate in describing the
parasitics of the device, tli&C-LSM is needed to be accurate in describing thelmaar
drain current andhe current dispersion due to chatggpping and selheating effects.
The model in ADS was configured to simulate the statichdracteristics as shown in
Figure 5.6 for bottGaN/D and GaN/SiC. High accurabgs beerachieved in saturation
due to the empirical fitting of the chargrapping and selheating models using the
Pulsed IV measurements. There are some errors in the linear region of the device
attributed to the QPZDmodeling approach and fitting errors from the pulsed IV
measurements in the linear region. There are some errors as well when surpassing the
highest measuring voltage in the pulsed IV measuremengseélrors, however, were
found to be small using a cdaat extrapolator in the DABlocksused for extracting the
fitting parameters related to current dispersion. It is not recommended, however, to work
at voltages much higher than the measurements due to the inability of the extrapolator to

accurately predt the device behavior beyond the measuremsrges

200 T T T T T .l 200

25 30

VGS V)

(a) (b)

Figure 5.6 Static IV simulations (lines) using the model in ADS and compared with
measurements (circles) fgks= -4 to OV with a step of 0.4V, ands = 0 to 30V using atep of
1V for (a) GaN/D and (b) GaN/SiC.
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5.4  Single-tone Load-pull simulations

Simple LNAs are designed with input and output matching networks that match the
LQSXW DQG RXWSXW WHUPLQDWLR Q% i&Rreduc&; &LV LV X
S ,Q0 D 3% PDWFKLQJ WKH RXWSXW WR Y LV QRW HIILF
due to limitations on voltage swing and breakdown characteristics of the device. Hence
loadpull measurements are done to match the load impedance depending on the
harmonics generated by the device and the output impedance of the network. In this
section measured fundamental load impedar@ed source impedancé®m technical
literaturewill be verified through loagbull simulations using the ADS models. Accurate
results from the simulated fundamental load and source impedances with respect to
measuremas would guarantee the accuracy of the current at the fundamental and the
output impedance networltoadpull simulations for the ADS models are shown in
Figure 5.7 at different frequencies and bias points. The source impedances were obtained
from technial literature from measurements at operating frequenofe® and 10 GHy
The source and load impedances at 2.4 @Huency selected because of the future
design of an amplifier fowireless Local Area Networkingpplications)were obtained
via iteratve approach by sweeping the input power and recording the PAE at each input
power until finding the input that determines the optimal PABble 5.1 shows a
comparison betweersimulated and measureldads. It displays very close values
indicating correctnodeling of the currents at the fundamental fezguies and the output
impedance.

Table 51 Comparison betweewnadpull simulations and measurements for both GaN/D and
GaN/SiC at different frequencies and bias points.

Device | Ves | Vps | Frequency| Measured Simulated Measural Simulated
V) (V) (GHz) Zs Y > Zs Y zZ Yy > Z Y

GaN/D | -2.15 | 20 6 22.45+j55.28| 22.45+j55.28] 108.21+j76.3 112.03+j76.75
-2.15| 20 10 9.7+j29.5 9.7+29.5 | 71.34+j81.1| 80.81+j84.9
25 | 28 10 9.7+j29.5 0.7+29.5 | 47.65+j107.4 49.88+j95

GaN/SiC| -2.5 | 28 10 10.51+j21.18| 10.51+j21.18| 43.12+j98.23  49.88+j95




Chapter 5: ADS model, Overall Results and Validations 142

Figure 5.7 Loadpull simulations for both GaN/D and GaN/SiC at differ&mspoints and
frequencies
































